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APPENDIX I1
Cellular Radiobiology

INTRODUCTION

Cellular radiobiology is a well-developed discipline, dating to almost
90 yr ago, when it was firat recognized that exposure to ionizing radiation
had biclogical consequences. Much information has since been accumulated
from studies with irradiated animals and plants and, over the last 50 yr
in particular, from studies of effects at the cellular, physical, and chemical
levels. Molecular and cellular radiobiology have contributed greatly both
to our understanding of the physical and chemical processes involved in
the induction of radiation effects and to our understanding of the responses
observed in whole organiems. Froin the vast store of radiobiclogical in-
formation, it is possible to draw a number of general principles.3¢.26,36.3¢
These principles sometime constitute our only rational basis for making
human risk assessments, for example, when direct empirical observations
on which to base such assessments are not available.

DOSE-RESPONSE CURVES

Many models have been developed to describe radiobiological re-
sponses, bui one broad generalization is that empirical dose-response
curves for cellular radiobiological effects, whether in vivo or im viiro,
take the general form:

Y = (a + a1 D + ,D?) exp{—az D — f30%), (I-1)

where Y is the response observed in a population, ¢ is the spontaneous
incidence, ay and §; are the coefficients for the induction of the obzerved
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repairable potentially lethal lesiona, first-order kinatics for correct repair,
and second-order kinetics for miarepair. Although the models have been
applied only to cell lethality in plateau-phase (stationary-phase) cells in
culture, they do take LET and dose rate into account. The principal
mathematical formulation i8 complex and embraces a power expansion,
but the first two terms also yield the @D + BD? expression. Such models
constitute valuable contributions in attempting to unify the most attractive
features of a number of others; the extent of their universality remains to
he determined.

Other models have also been developed, for example, the molecular
theory of Chadwick and Leenhouts,?! the kinetic model of Dienes,?® the
cybernstic model of Kappos and Pohlit,** the incomplete-repair model
of Thames,*® and the repair model of Braby and Roesch.!® Many are
limited, in that they deal either with only a small fraction of the many
radiobiological factors that must be taken into account {e.g., some are
limited to high dose rates and others to the question of repair, possible
misrepair, and dose rate), or in encompassing only particular endpointa
(e.g., some deal only with cell lethality, and others exclude it).

There is evidence that the various models can be reconciled, but it
seems unlikely that there will be general agreement or that the mechanistic
assumplions behind any of them will soon be proved,

None of the models in this category has the simplicity or the generality
of application of the quadratic model, and none is at the point of applica-
bility to the problems of predicting either genetic or carcinogenic responses
in mammalian systems. Thus, although they coniribute to our general
understanding and appreciation of problems remaining to be solved, they
cannot yet be applied in practical exercises that require the prediction of
risk associated with exposure to principally low-level radiation. Therefore,
it appears reasonable that the quadratic model be used.

APPLICATION TO RISK ESTIMATION FOR
INCORPORATED ALPHA-EMITTING RADIONUCLIDES

With some notable exceptions—such as Thorotrast-exposed patients,
radiem-dial painters, or urapinm miners—there ia generally little direct
information on the human health effects of the internally incorporated
alpha-emitting radionuclides. However, we can derive several generaliza-
tions that can be applied to the problem of extrapolating available empirical
evidence of the induction of human health effects by low-LET radiation.

First, even though the question of whether the low-LET effectz best fit
a simple linear doge-response model or a dose-squared model is unsettled, as
far as the epidemiological data on radiation carcinogenesis are concerned
(see Committee on the Biological Effects of Jonising Radiations [BEIR
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III]*8), we can be reasonably sure that the dose-effect curves of alpha
particles are linear (or essentially linear), at least for the low to moderate
doses of interest, for which saturation effects can be ignored. Second, the
evidence is that there are no dose-rate effecta for high-LET alpha particles
{with the one possible exception of in vitro cell transformation as discussed
below). Third, we can be sure that the vields of effects per unit dose of
alpha particles are greater than those per unit dose for low-LET x or
gamma rays, that is, that the RBE for alpha particles is greater than
unity. Althongh the appropriate RBE for a given alpha particle might
not have been empirically measured in an appropriate target-cell system,
generalizations on the basis of LET seem reasonable, provided that they
are based on RBEs determined in cells likely to have eimilar cell nucleus
and target volumes and based on doses that produce similar hit fractions
per rad. Thus, in considering the hasard of induction of a malignancy of,
say, the liver by deposition of plutonium, it seems reasonable to multiply
the low-dose risk coefficients for low-LET radiation available in the BEIR
I report®® by an appropriate RBE factor to derive a new estimate that
can be useful in the absence of empirical information on the overall rick
associated with the radionuclide of interest.

We present below the empirical evidence from cellular radiobiology on
RBE for alpha particles, with necessary background information, on which
to base estimates of expected effects of exposure of human populations to
alpha-emitting radionuclides.

MAMMALIAN CELL SURVIVAL

Althongh much work had been done earlier with prokaryotes and
unicellular eukaryotes, mammalian cell survival studies became possible
only with the development by Puck et al."? of a practical clonal assay for
the survival of single mammalian cells in culture, The general principles
already discussed in this appendix were elucidated mainly with low-LET
x and gamma rays and have been reviewed elasewhere,?®2% Much work has
been done with high-LET irradiation, particularly with neutrons, protons,
and beams of heavy ions, largely because of interest in their potential
application to radiation oncology. Much less has heen done on cell killing
by alpha particles from the radiomuclides of interest here. Therefore, it
is necessary to consider the larger body of data from other high-LET
radiation.

Extensive studies with fast neutrons of various energies have heen
done by Broerse et al.,® Berry,® and by the Radiological Research Labora-
tory group at Columbia University.39:%4 The last studies are of particular
interest because of the essentially monoenergetic neutron beams that the
group at Columbia University was able to use, Survival curves for Chinese
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irradiation geometry used, the rangee of LET through the cells were 127-
165 keV/pm and 100-135 keV/pxm, respectively, in the two studies. RBE
values of 7-10 were observed for high survival fractions.

Thus, there is general agreement that cell.survival curvee for alpha
particles, as well as other high-LET irradiation, are exponential with high
RBE, peaking at around 100 keV/um; are dose dependent; and reach
maximal calculated values of about 5~10 at low doses. Low-dose-rate, low-
LET ionizing radiation seems appropriate for comparison for the purposes
of this report (i.e., comparison of the o terms of the quadratic relationship
seeme appropriate). Therefore, the lowest dose and, consequently, the
highest RBE obeerved seem appropriate as a basia for extrapolating from
the BEIR III report®® and similar risk estimates to alpha-particle estimates
when direct human data are not available.

MUTATION IN VITRO

Mutation induction at the hypoxanthine-guanine phosphoribosyl
transferase (HGPRT) locus can be studied in vitro in Chinese hamster
or human cells by using selection in & thioguanine-containing medium.
Dose-effect curves have been determined in this way for both high- and
low-LET radiations. Thacker et al.%® and Cox and Masson?? determined
HGPRT mutation by heavy ions in Chinese hamster celle and human
diploid fibroblasts, respectively, Helium, nitrogen, and boronm ions with
LETs of 28-470 keV/um in the irradiated cells were used. Mutation-
induction curves were essentially linear, giving maximal RBEs of about 6
at 90-200 keV/um when calculated in terms of mutants per survivor and
compared with the initial elope of the curve for gamma rays.

Both Barnhart and Cox® and Thacker et al.4* have reported on the
mutagenicity of alpha particles from 298Py in Chinese hamster cells. The
study by Barnhart and Cox,® however, appears to have suffered from
technical difficulties; as noted by Thacker et al,, the latter found an RBE
of about 2 for the alpha particles, which had an LET range of 127-165
keV/um as they traversed the cells, compared with acute exposure to
250-kV x rays.

TRANSFORMATION IN VITRO

A few types of mammalian cells growing in tissuve culture can be
transformed in vitro from the growth patterns that characterize fairly
normal cultured cells to a new phenotype that more closely resembles
that of cancer cells. The basic change is from an orderly growth pattern
exhibiting contact inhibition on the culture veesel surface to a pattern
reeulting from the losa of contaet inhibition. That loss causes the cells
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nuclei and light-colored protoplasm that were often ciliated. Alveclar meta-
plasia of cuboidal cells, with darker protoplasm, appeared in peripheral
regions of the lungs.

o Adenomatous lssions of varied size and cell layers covered arcas of
the alveolar septa. Adenomas consisting of round tumors with cells often
clustered together occurred. Some adenomas showed malignant character-
istics,

» Malignant tumors of several different types occurred, often in the
same animal. These included epidermoid carcinomas, not always clearly
differentiated, often keratinized or necrosed, and occasionally extending
into the mediastinum; bronchiolar adenocarcinomas, scmetimes mucus-
preducing, containing numercus cellular anomalies, and characterized by
a high number of mitcses and invasion of other lung lobes, but seldom
metastatic; and bronchioloalveolar adenocarcinomas with few mitoses, but
later invading the mediastinum, diaphragm, and theracic wall.

s The relationship of exposure to tumor incidence, uncorrected for
life-apan shortening, was not linear over a wide range of exposures; the
incidence per unit exposure increased with decreasing high cumulative
exposure,

Later experiments, which confirmed these pathological findings,
extended the radon~-daughter exposures to approximately 20-50 WLM 578
Tumor-incidence and survival-time data and lifetime lung-tumer risk coef-
ficients are shown in Table IIl-1. Although the risk data are uncorrected
for life-epan shortening, hazard-function analysis demonstrated that when
the data are adjusted for competing causes of death, the excess risk of de-
veloping pulmonary tumors is appraximately linearly related to exposure

thronghout the range of exposures studied.'® Further findings are given
below,

« The tumor latent period, defined as the interval between the start
of radon-daughter exposure and death or killing, of the animal increased
with decreasing cumulative WLM. Mean latent periods of tumor-bearing
animals were around 750 days for exposures of less than 300 WLM and
650 days for exposures of over 1,000 WLM.

= Lung cancers in rats invaded pulmonary lymph nodes, but metas-
tases to other tissues were rare. Tumor size increased with increasing
curmnulative WM,

a  No radiation-induced small-cell carcinomas were obeerved in rats;
however, other histological types of lung carcinomas were similar to those
obgerved in hunans.
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TABLEI11-1 Summary of Tumors Primary to Lungs of Rats, Median Survival Times,® and Lung-Tumor Risk

Coefficients for COGEMA Raden-Daughter Exposures

Group Mean Nominal Exposurc Group Median dMean Lifetime
Expasurc Rate No. of Animals No. of Animals % Animals Survival Time Risk Coeflicient
(WLM) (WLM/wk) Examined with Tumors with Tumors (days} (10-%WLM)*
2-25 2-4 ~ 1,500 P} 1.7 684 7.5
50 2-8 ~ 1,000 10 2.9 6B7 5

0 2 21 2 10 610 3.3

860 370 20 4 20 672 2.8
L 470 370 20 5 5 66 L7
1,800 200 50 17 34 600 1.9
1.500 310 20 ? 35 548 18
2,100 20 54 23 43 593 2.0
2,800 310 180 74 41 560 LS5
2,000 370 40 17 43 670 1.4
4,500 3m 40 29 73 44 L6

*Drata from Chameaud et al.™™
b¥alues are uncorrected for lifc-span differences fram control animals. Lifetime risk coefficients based an raw incidenec at very low exposures are oonsid-

ered 1o define accurately the initial slope of the risk-cockficient curve.

“Value #5 corrected for lung-tumor incidence in control tats of the low-expasure group (0.83%); normal incidence in the absence of zppreciable back-
ground radon exposure is about 0.1-0.2%, Mcdian survival rime of control cais of the two lowest expositre groups was 792 4.
“Calculated value at this exposure level is 2.3.
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s Cutaneous epitheliomas of the upper lip and cancers of the urinary
system were the only two gites other than the lunge where cancers were
noted in exposed rats.

o The incidence of lung cancer increased with decreasing high radon-
daughter exposure rate. The greatest effect was noted in exposure-
fractionation experiments. Rate exposed to radon daughters for approxi-
mately 3,000 WLM, at 1,500 WL for 7 h/day or 1 or 5 days/wk {average
exposure rates are calculated to be above 50 and 300 WLM/wk) had a
nearly fourfold increase in cancer incidence with exposwre protraction.

o While the latency period decreassd, the lung-cencer incidence
did not change with increasing age at firsi exposure. For 3,000-WLM
exposures, the latent periods for ages at first exposure of 150, 280, 400,
and 520 days were 840, 510, 450, and 305 days, respectively.

s Synergism was obeerved between exposure to radon progeny and
whole-body cigarette-amoke exposures if the exposure to smoke followed the
exposure to radon daughters. However, if the cumulative cigarette-smoke
exposure preceded the radon-daughter exposure, no increase in cancer
incidence was noted over that produced by radon daughters alons, Thus,
the effect of cigarette smoke depended on the sequence of exposures and
was attributed to its promoting action.® The histological types of cancers
observed were not altered by cigarette-amoke exposures. The investigators
have not reported whether the latent period for cancer was influenced
by smoke exposure; the observation that tumors in the radon-daughter-
and emoke-exposed animals were larger and more invasive than those in
animals exposed only to radon daughters might be indicative of a shorter
latent period for emoking-related tumors.

The COGEMA satudies have produced more than 800 lung cancers in
about 10,000 rats expased to radon daughters with amhient aerosols and in
mixtures with other pollutants. The exposure.response relationship date
gshown in Table III-1 therefore constitute only a portion of the data from
these experiments. The derived range in mean lifetime risk coefficients,
uncorrected for life-span differences from control animals, is about 1.5 x
1074-7.5 x 10~1/WLM for exposures between about 20 and 5,000 WLM.
The risk decreases at larger exposures because of life-span shortening. No
evidence of a threshold below 20 WLM was apparent.®
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APPENDIX IV

Epidemiological Studies of Persons
Exposed to Radon Progeny

INTRODUCTION

The mircing of radicactive ores in the Erz Mountains in eastern Europe
was the Erst occupation associated with an increased risk of lung cancer.
Metal ores were mined in Schneeberg, on the German side of the mountains,
beginning in the fifteenth century, and in Joachimsthal, on what is now the
Czechoslovakian side, beginning in the sixteenth century.?®? Both areas
were later mined for radicactive ores. As early as the sixteemth century,
Agricola’ deseribed exceptionally high mortality from respiratory diseases
in miners in this region. The lung-cancer harard was first recognized by
Harting and Hesse!® and was reported in 1879. Their report provided
clinical and autopsy descriptions of intrathoracis neoplasma in miners,
which they classified as lymphosarcoma. In a work force of about 850 men,
Harting and Hesee counted 150 deaths from “miner's disease” between
1369 and 1877; in retrospect, most of these deaths were probably from
lung cancer. During the early twentieth century, histopathological review
of a series of cases established that the malignancy prevalent among miners
in the Ere Mountains was primary cancer of the lung.54®

The problem was not recognized in the miners on the Czechoslovakian
gide of the Ere Mountaina until 1929, when two casea of lung cancer were
reported in Joachimsthal miners. In 1932, Pirchan and 5ikl*® described
the antopsy findings in nine miners with lung cancer. These 9 miners wera
among 19 minera in Joachimethal who died during 1929-1930. Formal
epidemiological studies of the Schneeberg and Joachimathal miners were
not carried out, but published reports documented that about 50% of the
miners eventually died from lung cancer.?® Peller*® calculated lung-cancer

445
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TABLE IV-1 Results of Colorado Plateau Study (Summarized from
Principal Reports) of Male Uranium Miners

No. of Lung-

Followup Cancer Deaths
Cutoff No. of (Observed/
Date Sublects  Expected) Comment Reference
1959 2,666 6/3 Increase not statistically significant 2
1959 97 5/1.1° Cohort members with at least J yr of

experience 2
1962 3,656 15/4.2° Includes 1,156 workers with surface,

open-pit, or occasional under-

ground work, respectively, through

1960 65
1963 3,415 23/5.7% Response incroeses with cumulative

WLM 66
1967 3,414 62,10.0% Excess lung cancer in ali exposure

categories from <120 WLM to

3,730 WLM 32
1948 3,366 1071170 Most comprehensive report 33
1974 3,366 144729 40 Response increases with cumulative

WLM in all smoking groups 4
1977 3,362 185/38.4° WLM not considered in analysis &7
P < 0.05.
bp < 0.01.

‘SMR is 482, 95% lower confidence limit is 425,
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Hornung and Meinhardt?® used their power-function model to de-
velop risk estimates for occupational exposures. Quantitative relative-risk
estimates were made for occupational exposure beyond an asanmed back-
ground exposure rate of 0.4 WLM/yr. For a 30-yr working lifetime, risk
estimates were made for exposures of 30-120 WLM (1-4 WLM/yr). The
relative riske ranged from 1.42 at 30 'WLM to 2.07 at 120 WLM.

Whittemore and McMillan®® used a case-control approach to examine
additive and meltiplicative models for the relationship of lung-cancer mor-
tality to radon-daughter exposure and cigaretts smoking. The results of
their analyses are discussed briefly here and more fully in Appendix VII. A
multiplicative linear model, with excess relative risk given by the product
of the risk associated with radon-daughter exposure and that associated
with cigarette smoking, fitted the data better than an excess-relative-risk
model in which excese ricke aszociated with radon and smoking were added.
A geries of multiplicative relative-risk models was evaluated by the invee-
tigators, They found a better fit for a model that incorparated the effects
of emoking and WLM on relative risk as simple linear variables than for
one that included exponential representations of these factors. Cumulative
exposure variablea fitted the data better than measures of exposure rate.
Risk was not affected by age at the start of underground mining.

The PHS study cohort also includes nonwhite male miners, primarily
American Indians, These subjects are of particular interest becauss of
the low incidence of lung cancer in American Indiana of the Southweat—a
patbern probably attributable to a low prevalence of cigarette smoking.¥:¢°
Less information has been reported on the nonwhite subjects (Table IV-5),
No cases of lung cancer among American Indians were observed initially,
but a statistically significant excess was present in the 1974 follow-up.* In
fact, the expected numbers of cases were probably overestimated because of
the use of mortality rates for all nonwhites rather than for American Indians
alone. In New Mexico during 1969-1977, for example, the average annual
lung-cancer mortality rate in American Indian males was 8.8/100,000,
whereas the rate for non-Hispanic white males was 60.8/100,000.5° Lung-
cancer mortality rates for black males have generally been equal to or
higher than rates for white males,

Two other reports heve addressed lung-cancer risks in American In-
dians employed in the Colorado Plateau mines. Gottlieb and Husenl®
reported a case series of 17 Navajo males diagnosed as having lung cancer
at the Shiprock Indian Health Service Hospital. All but one had worked as
a uranium miner, and only two had smoked cigarettes; cumulative WLM
ranged from 59 to 2,125. Samet et al.%' conducted a population-based
case-control study Lo assess the nssociation between uranium mining and
lung cancer in Navajo males. Of 32 lung-cancer cases diagnosed between
1969 and 1082, 23 had a documented history of uranium mining. None of
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CZECHOSLOVAKIAN URANIUM MINERS

The retrospective cohort mortality study of the Czechoalovakian ura-
nium miners was initially reported in 1971,5% and periodic updates have
been published,2%:328.29,47.54.56.58 The cohort consisted of miners who be-
gan mining uranium ore in 1848-1957. However, the results in the more
recent reports are limited to 2,433 miners®® who began in 1948-1952. The
selection criteria for the cohort have not been specifically described. The
investigators have not reported whether the study cohort included all eligi
ble minere in a particular geographic area or only a sample, what procedure
was used and what records were reviewed to identify the cohort, the total
number of miners who died from any causes other than lung ¢ancer, and
the distribution of the cohort members by birth year, age, or age when
frst exposed.

Individual work histories were abstracted from payroll cards for all
miners (Langon Swent, personal communication, 1984) from 1948, For
each miner, WLM was estimated from radon gas measurements and the
number of months of employment at each mine in each calendar year. Since
1948, more than 120,000 radon gas measurements were made by measur-
ing ionization current in an ionization chamber by electrometer. Yearly
numbers of radon measurements were not given, but the lowest reported
mean number of measurements for a year was 101 + 8/mine. The range
of coefficients of variation of average yearly radon concentrations in mines
was 3.5-20.0%. Radon gas concentrations were converted to WL on the
basis of ventilation conditione and practices, emanation rates from different
types of ores, and after 1959, radon-daughter measurements. Since 1968,
each miner’s WLM has been determined from individual personal dosime-
try cards. Assessment of dosimetry errors was based on the magnitudes of
coefficients of variation, which do not provide information on the validity
of the dosimetry data,

The cohort waa followed with lung-cancer registrations administered
by the authors in health facilitias, the records of the hygiene service in
the uranium industry, and oncology notification cards from throughout
the country. The latter two served as independent follow-up sources after
1960, Until 1960, only 12 deaths due to lung cancer occurred. The success
of this approach for identifying lung-cancer cases is not established, and
the number of persone lost to follow-up is not given in the 1978 report by
Sevc et al.5% Except for a paper on skin cancer, health effects other than
lung cancer have not been reported.

In analyses of this cohort, observed lung-cancer mortality was com-
pared with that expscted on the basis of age- and calendar-period-specific
rates of the male population in Czechoslovakia. In the 1976 report by
Seve et al.,®® person-years at risk for each subject were classified by the
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TABLE IV-6 Lung-Cancer Mortality among
Czechoslovakian Uranium Miners®

Mo, of Excess

Cumulative WLM  Mean WLM*  Lung Cancers/1,000 Miners*
< 100 T2+ 18 11L5(—8.5, 54.3)

100-199 1015 46.6 (28.1, 69.8)

200-399 285 + 2.6 87.3 {66.9, 109.8)

400-599 570 % 6.0 116.4 {82.2, 154.2)

=600 137.3{89.0, 199.8)

Total —_ 80.9 {(68.4, 54.1)

“Based on data from Kunz et al.¥
*Values are means + standard devlation.
“The 95% confidence limits are glven in parentheses,

high exposure rate). Other analyses of the data?® indicated a significant
effect of cumulative WLM on excess risk, but not of expcsure pattern or
their interaction. From Figures IV-1 and IV-2, it appears that the 95%
Poisson-based confidence intervals are wide enough to allew nonlinear in-
terpretations of the relationship between excess risk and cumulative WLM
within eeparate groups of exposure duration or temporal pattern.

An earlier report?® of follow-up through 1973 is the only report on
the cohort of Czechoslovakian uranium miners that provided observed and
expected mortality rates per 10,000 person-year and observed to expected
lung-cancer mortality ratios, in addition to excess lung-cancer deaths,
However, only one independent variable, cumulative WLM (<100, 100
199, 200-399, and >400}, was reported (Table IV.7).

ONTARIO URANIUM MINERS

A retrospective cohort study of Ontario miners”~3® engaged in vari-
ous types of mining included a suhechort of uranium miners who met the
following criteria:

* received a miner's physical examination required annually by the
company any time in 1955-1977 (uranium mining began in 195% in On-
tario);

e worked at least 1 month as an underground uranium miner; and

» had not worked in a job with any kmown asbestos exposure, in
uranium processing (except in mills), or in any uraniuvm mining in another
province as an employee of Elderado Nuclear.

Radon-daughter exposure was estimated by different methods for 1967
and earlier and for 1968 and later. For 1968 and later, exposure records of
WLM maintained by the mining companies were used. For 1957-1967, the
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investigators calculated WLM by combining WL information with work
histories.”® Because of the variability of radon-daughter concentrations,
the investigators developed two separate sets of WL values for this earlier
period. The standard (or lower) WL values were the averages of the four
quarterly averages or three 4-month averages for a particular year. To
calculate the special (or upper) WL values, the investigators weighted the
average of the four highest quarterly measurements or the three highest
4-month measurements in headings, stoops, and raises (a total of 12 or
9 measurements, respectively) by 0.8 and the average of the four highest
quarterly or three highest 4-month measurements in travel ways by 0.2.
The difference between the standard and special WL values varied with
mine and year;?® for some mines in some years, the special and stan-
dard values were equivalent, but the special values were up to 4 times
the standard WL estimates in the years and mines for which both were
available.?® The investigators considered that the true exposure of each
man lies within this range. During 1958-1967, 13,081 measurements were
taken (Table IV-8). For one large mine, WL data for the 4 yr from 1957,
when the mine started operating, through 1960 had to be rejected, bacause
they were shown to be unreliable. The values for the missing years were
estimated by taking into account tonnage mined, ventilation, and dust
concentrations at various times.

Work-history information was obtained primarily from records of pre-
employment and yearly examinations carried out by Ontario government
agencies.?® Additional information related to the first 5 yr of employment
in the mining industry was collected from work-history cards.

The WLM values for 1955-1967 were calculated by combining the
work-history information with a matrix of annual WL values for each mine
in each year. Adjustment was made for deviations from normal working
hours in a mine, considered to be 2,000 h/yr. No estimates of WL were
made for prior gold-mining experience, but persons with such experience
were analyzed separately, because QOntario gold miners were at increased
risk of lung cancer.® It should be noted that the committee’s analysis of
the Ontaric miners, deacribed in Annex 24, excluded miners with previous
gold-mining experience,

Because the WL measurements did not cover the complete working
experience of the cohort, some estimation of expoeures before 1954 was
necessary. These years included the period of highest exposures and, as
Muller et al.3® reparted, 22% of the total WLM accumulated by the cohort
is based on extrapolation from measured values, with account taken of,
for example, ventilation. For one large mine, this percentage includes
extrapolation up to 1960. The period of extrapolation weighted by WLM
is, however, lesa than 2 yr.

Follow-up through 1981 was carried out by computer linkage with
national mortality data bases combined with manual cross-checking to
resolve problema. The mvestigators did not report on the percentage lost to
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follow-up or on the percentage of death certificates not obtained. However,
on the basis of a sample of known deaths, 6.3% were not identifiable as
deceased with the same follow-up method. Death certificates were the only
source of information on cauze of death.

Using the modified life-table technique, Muller et al.*® compared
observed with expected mortality (based on the Ontario general mals
population rates with adjustment for age and calendar period). Results for
causes of death other than lung cancer were available only for 1955-1977,
The authora did not have information on cigarette-emoking habits of the
miners.

The mean cumulative WLM of miners with no previous gold-mining
experience was 40 (lower estimate} to 90 (upper estimate). All other
descriptions of the cohort included those who had previcualy mined gold.
The median year of birth of the cohort was 1932, and the median year
firat employed in 2 mine in Ontario was 1957; thus, the median age at first
employment in a mine in Ontario was probably about 25 yr. The median
duration of work in 2 mine was 1.5 yr. )

Among uranium miners without any gold-mining experience, Muller
et al.3® found that observed to expected ratios for lung-cancer deaths
increased across the six categoriea of cumulative WLM (Table IV-9). When
the upper estimated exposures were used, the first definite excess occurred
at a cumulative WLM of 100-170 (mean, 130), with 14 observed and 6.9
expected lung cancers. When the lower estimated exposures were used,
there was a definite excess at a cumulative WLM of 40-70 smea.n, 53), with
13 observed and 7.0 expected lung cancers. Muller et al.>® reported that
linear regression of the dose-response relationship, weighted by number
of person-years at risk (PYAR), showed similar fita for the excess- and
relative-risk models.

A 5 and 10-yr exposure lag did not change the slope of the relative-risk
model (0.5% excess relative risk per WLM for the upper exposure estimates
and 1.3% for the lower ones}, but slightly increased the slope of the excess-
risk model (from 4.8 to 7.2/million WLM for the lower exposure estimates
and from 2.0 to 2.8 for the upper ones). With either model, the use of
the upper exposure estimates decreased the dose-response slope by more
than B0%. However, dose-response analysis for two age groups of PYAR
indicated that the alopes for the relative-risk model were age-independent,
whereas the elopes for the excess risk model were not.

ELDORADO URANIUM MINERS

Howe et al.?® conducted a retrospective cohort mortality study of
all 10,945 male employees who had worked at the Eldorade Uranium
Mine in Beaverlodge, Saskatchewan, anytime betwesn 1948 (when the
mine opened) and December 31, 1980. The cohort was identifisd from
company employment and payroll records. The final study group included
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TABLE IV-7 Lung Cancer Among Czechoslovakian Uranium Miners in Relation to Cumulative Radon-Daughter
Exposure? Based on Madified Life-Table Method?

Calculated No. of Lung-Cancer Deaths/10,000 Person-Years

Na. of Person- Observed Additional
Camulative WLM Years at Risk (95% Confidence Limits) Expected {Observed — Expecied) Observed/ Expected Ratio
< 100 9,380 (2.3F 6.4-(11.9) 5.5 0.9 1.2
1060-199 16,131 (17.7)-24.8-(31.8) 7.6 17.2 3.3
200-399 19,614 (3.0)-42.B(52.4) 7.7 315.1 5.6
=400 11,830 (54.8}-69.3-(85.5) 8.4 809 B.2
Total 56,955 (34.7)-37.2-(42.5) 7.5 29.7 5.0

“Start of exposute was 1946- 1952; the cutoff dale for analysis was December 31, 1973.

®Based on date from Kunz et al 2
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TABLE IV-8 Numbers of Mines and Measurements
in Study of Ontario Uranium Miners®

MNo. of Total No, of Mo. of
Yeat Mines Measurcments Measurements/Mine
1958 15 696 4%
1959 14 2,145 153
1960 12 1,879 137
1961 7 1,446 207
1962 5 1,563 260
1963 [ 1,170 198
1964 5 776 155
1965 4 985 246
1966 3 1,135 a7e
1967 4 1,286 322

“Personal communication, 1. Muller, M.D., 1986,

TABLE 1V-9 Observed and Expected Lung-Cancer Deaths by Cumulative
WLM among Ontario Uranium Miners with No Gold-Mining Experience”

Mo. of Lung-Cancer

Mean Cumulative Deaths

Observed/  No. of

Exposure® Expected  Person-Years
Exposure Group (WLM) Observed  Expecled  Ratio at Risk
Cumulative Special

WLM (upper

estimates)

9.1-10 5 14 9.5 1.47 45,058
10.1-40 2 15 17.4 0.86 62,173
40.1-100 64 12 13.2 0.91 47,154

100.1-179 130 14 6.9 2 22,041

170.1-340 215 13 6.4 2.03 18,249

3401+ 510 14 14 4.1 8,124
Cumulative Standard

(Jower estimates)

0.1-6 3 14 1.7 1.20 51,356

6.1-20 i2 13 17.2 0.76 61,623
20.1-40 29 15 11.0 1.36 38,751
40,1-70 53 13 7.0 1.86 13,313
70.1-140 98 12 6.0 2.00 17,345

140+ 20 15 4.1 .46 10,208

“Based on data from Muller et al.™
*No exposure lag or minimum latency peried was used in estimating the WLM.

8,487 subjects; 1,782 (18%) persons were excluded because of missing or
incorrect information, and another 678 {6%) were excluded because they
had worked at other company sites. The authora were unahle to detect any
bias due to these exclusions. Follow-up from 1950 through 1980 was carried
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out by linkage with & national mortality data base. Only one person was
lost to follow-up.

The WLM values for Beaverlodge uranium miners were calculated by
Eldorado Resources Ltd., which operated the mine, Different approaches
were used for 1996 and earlier years and for 1967 and later years, For 1966
and earlier, the WL estimates were based on all available measurements
of radon and radon daughters (Table IV-10). Equilibrium hetween radon
and its daughters was estimated by comparing paired measurements of
radon and radon-daughter concentrations. When paired measurements
were unavailable for a particular year, the average of the equilibrium
factors for adjoining years was interpolated. Because the distribution
of measurements was strongly skewed toward higher values, the annual
median, rather than the mean, was used to caleulate exposure for each
year.” For 1967 and later, radon-daughter measurements were generally
available. Geometric means or averages of geometric means were used for
the calculations, For some locations, adjustments were made on the hasis
of working conditions.

In calculating the WLM for the work force, the WL values for each
year were adjusted for the extent of underground exposure sustained by
workers in eight occupational categories. Dates of employment were ueed
to determine the number of weeks worked in each year. Four weeks of
holiday time each year were assumed, and adjuetments were made for the
changing duration of working hours over the study.

Silica exposures to this cohort were always very low, and diesel ma-
chinery was never used underground. Potential confounding from other
mining exposures was addressed in one analysis by excluding the 540 men
who were included in the Ontaric miner study®® and by excluding miners
who had reported previous mining experience elsewhere. No measures of
cigarette smoking were reported for cohort members individually.

The final cohort; consisted of three groups: surface workers only (48%),
underground workers only (45%), and both surface and underground work-
ers (7%). The mean years of first exposure for these three groups were
1968, 1966, and 1983, respectively, The mean ages at first employment
were 27.7, 28.8, and unreported, respectively. The mean periods of follow-
up were 13.9, 13.5, and 17.3 yr, reapectively. The mean durations employed

*A recant review of theso calculotions submitted to the committee, "Beaverlodge
Working Level Month Ceslculations,” Draft 4 by 8. E. Frost, has suggested possible
underestimation of axpasures, Mew calculations for some years indicate that the choica
of the median WL value and the method used to determine equilibrium factors might
have resulted in biss toward low WLM eatimates, For the years reviewed, use of the
arithmetic mean, rather than the median, incresses the annual WL value.
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TABLE [V-10 Numbers of Radon-Daughter and Radon Measurements in
Eldorado Beaverlodge Uranium Miner Study, 1954-1966°

Mo. of WL Samples Total Na. of WL Nuo. of Radon
Year in 1977 Estimates Samples Available Samples Available
1954 - 20 139
1955 — - 123
1956 38 3 382
1957 — — 299
1958 - - 373
1959 17 58 522
1960 — 4 952
1961 122 108 743°
1962 179 181 ]
1963 160 210 5
1964 1 163 —
1965 286 304 —
1966 459 413 526

“Based on data from Beaverlodge Working Level Month Calculations, Draft 4, by 8. E. Frost.
“Derived from RaA and RaC'’ measurements.
‘Docs not include additional 200 sheft Rn measurements.

were 22.2, 15.0, and 43.9 months, respectively. The means of cumulative
WLM were 2.8, 16.6, and 28.9, respectively.

A modified life-table analysis was carried out. Comparisons were made
with B-yr, age- and calendar-period-specific mortality rates for the general
male population of Canada.

The finding of no lung-cancer excess among those with Jess than 5
WLM (19 ohserved versus 18.36 expected) was interpreted as evidence
against strong confounding by cigarette smoking in the entire cohort.
Furthermore, among those with greater than 5 WLM, no excess of lung
cancer was found within the first 5 yr after exposure began. The authors
excluded the first 10 yr of follow-up from further analyses, to be consistent
with procedures in other studies, although an excess risk of lung cancer
was found at higher doses within 5-9 yr after first exposure {8 observed
versus 1.54 expected),

The SMRs for lung cancer increased menotonically (Table IV-11)
from the lowest to the highest category of cumulative WLM (0-4, 5-24,
25-49, 50-99, 100-149, 150-249, and 250+). The authors used weighted
least-squares regression to describe the exposure-response relationship.
Exposure within each category was represented hy the mean cumulative
WLM, and PYAR was used for weighting. The addition of a quadratic
term did not significantly improve the fit of the linear model to the data.
When the autbors multiplied simple linear functiona by exponential terms
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TABLE IV-11 Observed and Expected Lung-Cancer Deaths by Cumulative WLM, 1950-19B0 (First 10 Years
of Followup Excluded) Among Eldorado Beaverlodge Uranium Miners®

Mo. of Lung-Cancer

Deaths
Cumulative WLM Mean CWLMP Person-Years Observed Expected RR AR?
04 0.9 29,813 14 14.46 0.97(0.53. 1.62) —15 (—284, 3M13)
524 1.7 14.B15 12 6.48 1.85 (D.96, 1.24) 173 (— 19, 978)
25-49 35.6 5.554 5 2.64 1.89 (0.61, 4.41) 425 (—183, 1,625)
50-99 69.8 3,755 6 2.48 2.42(0.89, 5.16) 937 (—75. 2,B17)
100-149 121.1 1,607 7 117 5.98 (2.41, 12.35) 3,628 (1,024, 8,248)
150-249 187.4 1,051 8 0.76 7.89 {1.88, 17.10) 4,986 (1,269, 11,705}
250+ 294.9 J42 4 0.28 14.2% (3.87, 36.35) 10,877 (2,366, 29,165)
Todal 20.2 56,942 54 28.27 1.91 (1.43, 2.49) 452 (216, 741)

“Based on data from Howe el al.® Observed and cxpected deaths denote the number of deaths based on age-specific and calendar-year-specific Canadian
national mortality rates, 1950-1980.

Syeighted by person-years at risk.

* Relative risk: obscrved/expected (with 95% confidence limits).

4 Attributable tisk: [(Observed — Enpected)/PQ] X 10° (with 95% conlidence fimits).
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TABLE IV-13 Lung-Cancer Mortality by Cumulative Radiation Exposure
among Chinese Tin Miners®

No. of Lung-Cancer

Na, of
Person-Years Denths Observed/Expected
Cumulative WLM at Risk Cbserved Expected® Ratio
< 140 33,302 a1 7.1 4,4
140-279 28,468 44 6.0 7.3
28D-559 19,111 106 8.2 13.0
S60-839 6,436 92 3.8 24.3
840-1,399 7,045 1311 37 07
=1,400 1,774 45 1.0 43.6
Total cohort B6,136 433 29.8 14.5

“Based on data from Wang et al.%
*Based on Shanghai populatlon, apparently without adjustment for age, sex, or calendar period.

and followed them from 1976 to 1981 for leng-cancer incidence and mortal
ity. Information has not been reported on the selection of study subjects,
their duration of work, latency distribution, smoking distribution, follow-
up methods, or losses to follow-up. The age distribution of the cohort was
not given, but it has been reported that many persons began underground
mine work between the ages of 8 and 14 yr;®? this practice was phased
out around 1949, WLM were calculated from detailed individual werk his-
tories and systematic radon-daughter measurementz at underground work
boxes during 1972-1980. Only natural ventilation was used in the mines in
1953-1972, so exposures were assumed to be constant during this interval.,
Before 1953, some of the mines were smaller, no wet-mining methods were
uged, and proportionate adjustments were made. Another adjustment was
made for exposures before 1948, when more primitive mining methods,
including back-carrying of ore through narrow tunmels, were used.

During the follow-up period, lung-cancer incidence was 515/100,000
(499 cases) among underground miners, 41.3/100,000 (59 cases) among
surface workers. The investigators did not repart the incidence data by
dose, years worked, or latency. Lung-cancer mortality for the underground
miners was also compared with that of the Shanghai population (Table
IV-13), hut apparently without adjustment for age, sex, calendar period,
or emoking.

In addition to radon daughters, exposure to arsenic was considered to
play an etiological role in the lung-cancer excess. QOre samples contained
1.5-3.5% arsenic; the investigators estimated that a miner's respiratory
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owned by one company (LKAB). Selected for study were the 1,415 men
born in 1880-1918 who were alive in 1930 and whe worked underground
for more than 1 calendar year during 1897-1976. The cohort was identified
principally from company and union records of active and penszioned miners
that dated back to 1900. Additional men were identified from medical
surveys and a few were identified from parish records. Time worked
underground was determined from company and union records and medical
files. Work histories appear to coniain data only by year; July 2 was
assumed as a starting and stopping date for underground work. For those
who stopped and restarted in 1 yr or started and died in 1 yr, April 1
and October 1| were assumed, respectively. The extent to which the cohort
covered all employed miners was evaluated for the years 1942-1946 by
comparing person-years underground from two sources: the work histories
of the cohort and company records.

The WLM values for this analysis were those calculated by Radford
and Renard.4® As described in their 1984 repert, radon dissolved in water
was assumed to be a major source of radon daughters in the mines.
Comparison of radon measurements in water taken in 1915 with datz from
1972 and 1975 indicated constant radon concentrations in groundwater.
The first measurementa of radon in mine air were obtained in 1968. Radon
and radon daughters were later measured by the mining company and
by the National Radiological Institute. Past concentrations were then
reconstructed on the basis of these measurements in combination with
information on ventilation conditions. Radford and Renard assumed that
ventilation conditions in 1968-1972, when the measurements were made,
were not greatly different from those in the past. In support of this
assumption, they cited a2 pattern of natural convection and data on quartz
dust concentrationa that extended to the 1930s. Radon daughters were
found to be at about 70% equilibrium with radon.*

“A report submitted to the committes, “Comments to the U.8. Mine Safety
Health Administration for the American Mining Congress,” by Swent and Chamber,
questioned same assumptions underlying the hiatorical reconstruction of the exposures
for the years before measurements were taken, Bocause Radford and Renard®
assumed that water was the major source of radon in ths mines and its strength was
tonstant, Swoent ond Chambers argued that changing mining practices might alter
radon influx into n mine, even in the face of a constant concentration in water. In
eddition, changing ventilation practices over the years could have influenced expoaures.
In discussing potential bias in the expasure estimates used by Radford and Renard,*?
Swent and Chembers suggusted that the direction of changes in exposurss would have
been downwerd. If the exposures were, in fock, underestimated, tha estimated risk
confficiants would exapgerate the actual risk.
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Time worked underground was determined from company and union
records and from medical files. Adjustments were made for variation in
the average number of hours worked underground in a month. Average
yearly WLM were calculated for each 10-yr calendar period from the
average number of hours per month underground and from radon-daughter
concentration in each area, with weighting by the company data on the
numbers of person-hours worked underground in each section of the mines.

Follow-up of the cohort depended on parish records and was thorough
{only one person was untraceable through 1976). Of the lung-cancer
deaths, 70% had been confirmed by autopsy or thoracotomy, but only
death-certificate information was used for comparisons. The expected
number of cases was based on age- and calendar-year-specific national
mortality rates for males since 1951, Accordingly, PYAR and expected
deaths were calculated from the later of two dates: January 1, 1951, and
January 1 of the year after a miner began work underground. Induction-
latency periods were considered in two ways: by excluding PYAR for each
miner for 10.5 yr after mining was begun and by lagging the cumulative
WLM by 5 yr,

Information on cigarette smoking was not reporied for all cohort
membere individually, but only for a sample of the responses to a 1972-
1973 survey of active miners and surface workers and from a 1877 survey
of pensioners in the study cohort. In addition, smoking histories were
obtained for each lung-cancer death, The authore estimated smeoking-
gpecific lung-cancer SMRs for two categories: smokers combined with
recent ex-smokers and all others. They based these SMRe on the ratios
between a sample of the responses from the surveyed miners and a national
population study of the age-specific proportion of samokers and the amount
smoked. Interpretation of the SMRe must be constrained by the lack of
information for all cohort members on smoking as presently reported for
the surveyed miners (556 of 1,294, or 43%), by differences in the periods
associated with the questionnaire data from the miners {1972 and 1977)
and from the national population sample (1963-1972), and by the use of
information provided by the next of kin for deceased lung-cancer cases.

Other potentially confounding variables for lung cancer were consid-
ered. Silicosis, examined in a case-control study nested within the co-
hort, was found to be equally severe and prevalent in lung-cancer victims
{14/50) and in age- and work-period-matched controls {26/100). Diessl
equipment, witb its exhaust, was not introduced into the mines until the
19608, by which time 70% of the persons who later developed lung cancer
had terminated work. Arsenic, chromium, and nickel—known respiratory
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carcinogens—were virtually absent in analyses of bedrock, X-ray diffrac-
tion of airborne dust samples from the mine showed no identifiable asbestos
fibers. Indoor radon concentrations in miners' homes ranged from 0.002 to
0.03 WL, but had been measured in a sample of homes selected because of
potentially high concentrations. The lung-cancer rates among nonminers
in this region are lower than Swedish national rates.

Of the mining groups exposed to radon daughters, thisa cohort offers
one of the longer follow-up experiences. Over 41% of the cohort {532/1,294)
were deceased. The average year first emploved underground was 1932,
the average age at first employment was 27.8, and the average duration
underground was 19.5 yr. The average exposure rate was 4.8 WLM/yr,
resulting in an average cumulative WLM of 93.7 (range, 2-300 WLM).
Cause-specific and total mortality were assessed with a modifed life-table
analysis. Excesses of observed deaths were found for total mortality, lung
cancer (50 observed versus 12.8 expected), stomach cancer (28 observed
versus 15.1 expected), and all causes except cancer combined {393 observed
versus 312.6 expected). The latter excess was due to silicosis, occupational
accidents, and cardiovascular disease, according to Radford and Renard.%®

Lung-cancer mortality was studied in detail. Excess risk was not evi-
dent until at least 20 yr after the start of underground work. Significantly
increased risks were found for both emokers (32 observed versus 11.0 ex-
pected; SMR, 291) and nonsmokers (18 observed versus 1.8 expected; SMR,
1,000). The excess-risk coefficient for smokers was 21.8/million person-yr
WLM, and for nonsmokers, 16.3. The combined effect of smoking and
radon-danghter exposure was reported as nearly additive,® although for-
mal statistical testing, as described in Appendix VII, was not carried
out. (The rate ratio for smokers versus nonsmokers based on the Swedish
population study was estimated by the authors to be 7.4.)

Dose-response relationships were evaluated for five categories of lagged
cumulative WLM {049, 50~99, 100~149, 150-199, and over 199). An excess
of lung cancer was found even in the lowest dose category {8 observed versus
3.4 expected), and the dose-response data were equally consistent with
absolute- and relative-rigk models, as measured by weighted correlation
coefficients. Assessments of effects of age at beginning of work, year of
beginning work, and age at risk were undertaken separately and not by
multivariate modeling.

SWEDISH IRON MINERS: KIRUNA

A proportionate-mortality-ratio study waa carried ont in Kiruna, Swe-
den, to compare cause-specific mortality distributions among underground
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A recent extension of this case-control study!? included 69 deathe
during 1972-1982, but was limited to Kiruna and Gallivare. The median
age of the subjects was 68. WLM were not estimated, but lung-cancer
riske by duration of underground iron mining and lifetime number of
cigarettes smoked were found to fit a multiplicative-risk model based on
linear logistic regression. Unfortunately, atatistical testing of the model
wag not reported, and the data were limited by the small numbers of
nonsmoking miners (four) and nonsmoking nonminers (two} among the
cases,

SWEDISH IRON MINERS: GRANGESBERG

Edling® carried out a case-control study of all male residents known
to have died of lung cancer during 1957-1977 in the iron-mining town
of Grangesberg, Sweden. The unmatched conirols (897}, who all died of
other cavses, and cases were suhmitted to the local iron-mining company
far identification of history of underground mining. The authar found an
age-adjusted rate ratio for lung-cancer deaths associated with employment
at a mine (16.6) that was significant (85% confidence interval, 7.7-35.3).
Strikingly, 42 of the 47 lung-cancer cases had mined underground.

A separate analysis in the same report of the effect of cigareite
smoking'® added cases through 1980, but included only persons who had
heen underground miners. A new set of controls (individually matched for
age, sex, and year of death) who died from causes other than malignancy
and had been nnderground miners was selected (44 pairs). Smoking histo-
ries were obtained from next of kin by telephone. A risk ratio of 2.0 (95%
confidence interval, 0.7-5.7) was found for smoking and lung cancer; the
author interpreted that as not fully consistent with the general sxperience
of at least a 5-fold to 10-fold risk ratio.

A second case.control analysis on the same population!® used only
controls who died during 19661977 at ages over 50. The authors found a
lower age-standardized lung-cancer death rate ratio than in the previous
analysis (relative risk, 11.7; 95% confidence interval, 5.3-26,0). A separate
analysis of amoking similar to the one described above resulted in a risk
ratio of 1.5 (95% confidence interval, 0.4-5.3) for smoking and lung cancer,
on the basis of 28 matched pairs.

Edling and Axelson’® also estimated a lung-cancer excess risk per
million person-years WLM for miners aged 5064 (26 excenss cases) and aged
685 or greater (54 excees cases). These estimates were made by multiplying
the number of miner person-years at risk in Grangesberg during 1966—
1977, as estimated from town censuses, by the proportion of controls
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Edling and Axelson'®® conducted a similar case-control study in a
rural area of Sweden. The study subjects were residents of the island of
Oeland who died during 1960-1978. The geclogical characteristics of this
ieland wers thought to result in strong differences in background raden
concentrations within a small area. Inclusion in the study population
required at least 30 yr of residence at the same address before death; 23
lung-cancer cases and 202 controls who died from causes other than lung
cancer met this criterion. Most of the dwellings were monitored for radon
daughters during 3 months of summer and 1 month of winter. The dwellingz
were also classified on the basis of structural characteristics, as in the earlier
study by Axelson et al.,® and cigarette-smoking information was obtained
from next of kin. Lung-cancer risk was significantly associated with radon-
daughter exposure, as assessed by either the measured concentration or the
cbaracteristics of the dwelling, and both crude and smoking-adjusted risk
estimates were significantly increased. Logistic analysis yielded smoking-
adjusted odds ratio, comparing most with least exposed, of 3.9, and the
90% confidence interval was 1.5-10.0.

Pershagen et al.*® reported the findings of two small case-control
studies in Sweden on domestic radon-daughter exposure, one drawn from
a larger study in northern Sweden and the other from a twin registry.
The investigators assembled each series with 30 case-control pairs, divided
squally between smokers and nonsmokers. Exposure to radon was esti-
mated from information on dwelling type; the investigators attempted to
consider all residences lived in by the subjects. In the study group from
northern Sweden, imputed radon exposures were significantly higher in
smokers than in their emoking controls, Estimated exposures to radon
progeny were similar in the nonsmoking cases and controls in the series
from northern Sweden and in the smoking and nonsmoking cases and
controls in the second series (selected from the twin registry).

In the United States, Simpson and Comatock®” examined the relation-
ship between lung-cancer incidence and housing characteristics, During a
12-yr period in Washington County, Maryland, lung-cancer incidence was
not significantly affected by the type of basement construction or build-
ing material. No measurements of radon or its daughters were made.
Rather, dwelling-related variables were assumed to be surrogates for radon-
daughter exposure,

SUMMARY

Cause-specific martality risks for a number of the miner groups dis-
cussed above are listed in Table IV-16, Without exception, these studies
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TABLE 1V-16  Cause-Specific Risks of Mortality among Miners Exposed fo Radon Daughters®

Al Cavses Lung Cancer Tuberculosis Other NMRD Mephritis and Mephrosis
Study Obs. Exp. SME Obs. Exp. SMR Obs. Exp. SMR Obs. Exp. 5ME Obs. Eap. SMR
Colovado Mateas Urzoium
Miners®’ 950 600 158 IES  3B4 482 14 3 wm 8 166 499 9 37 M3
Ontario™™ 1,316 1,113 118 119 658 18 4 30 132 18 95 195
Ellioa Luke Ontario
Uranium Miners™® 999 54 {17 81 50 162 1 23 44 13 7.2 180
Bancrift Oolario Uranium
Miners¥® 44 20 1 30 124 MM 2 0.6 1M 4 LB 215
Eldorado and Ontario™® 98 1165 171 33 7.2 a8 1 04 250 2 1.0 200
Eldotado-Port radiom*!
underground 381 25 160 55 147 s 3 LY 17 3 44 8 2 .0 199
surlare M0 2% 131 28 160 175 g 1.8 0 B 56 143 0 1.2
FEldorado, Bezverlodge
underground 600 487 123 &4 300 - S| 2.8 16 6 85 T 3 21 140
surface?! 585 S 97 1 108 91 1 3.0 100 9 10.4 87 1 23 4
vranium miners> 6 S8 104 65 4.2 190
Swedish iron miners
Malmberget*® 512 409 130 S50 146 342
Nerwegian sipbium
workers®! 7H $7.9 115 12 a0 405
Newloundiand Nuorspar _
miners {rate ratios)}® 44 173 (141) 65 65 1,000 2Mf 44 550 " 54 167 ¥ 20 50
Cotnlsh tin miners
underground surface!’ 276 - 1 28 — 211 A — - 4% -
Colorado Plateau uranium
mriners*® 9 60 150 1 1.0 3 5 23 6 1 pe 153 9 120 75
Ontarip®-¥ 21 161 13D 6 5.8 M 4 4.9 a2 2 1.4 145 2% 274 95

(A 4
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TABLE IV-16 (Continued)

Lymph. and Hemao.

Stamach 151" Kidney 180° Skin 190, 191* Bone 1967 200-205

Study Obs. Fxp. SMR Ohbs. Exp. 3MR Obs. Exp. S5MR Obs. Exp. SMR ©Obs. Exp. 35ME
Elliot Lake Onlatin

utamiuvm miners™® 15 122 {31 4 44 % 2 1.1 187 22 21 M
Bancroft Ontario uranivm

miners™ 4 31 1% 2 1.1 i88 1 08 2z 0 0.2 0 3 4.8
Eldorado and Ontario™ 4 1.8 219 4] 1X3 o 0 0.5 0 0 0.1 0 2 2.7 74
Eldorado- Port radium*!

underground 5 42 119 1 1.3 Fi 0.7 147 0 0.3 o 10 9.4 107
surface 52 39 2 1.4 45 4 07 4] 1} 0.3 0 14 11.6 121
Eldoxado, Beaverlodge

undergronnd 10 84 120 2 16 % 0 1.6 0 0 0.6 o 9 17.6 51
surface¥! B 95 84 1 2.7 8 2 1.6 127 1 07 18 13 2.2 6l
uranivm minevs™ .
Swedish iron minees ® 15.1 189 7 47 149
Malmberger
Morweglan nlabium

workers®! 1 1 0 o
Mewfoundland fucrypar

mitiets (rate rathos)® 24f 12 {200)
Cornith tin miners

underground surface*’ 1w — 00

“Abbreviations: Obs., observed; Exp., eapected; NMRD, Mon malignant Respiratory Disease.
ENumbers are discase identifiers from ICD, Tth revisicn.

“Inctuding previous gobd miners, excluding Elderado sranium minges.
“Lymphoroa only.

“Mo significant excess.

Digestive system.

Flociudes silicosis.

“liﬂpiratory duease.

Genitonrimary disease.

ISitien tubercubosis.

*Silicosis alone.
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APPENDIX V

Nonmalignant Respiratory and Other
Diseases Among Miners Exposed to Radon

Epidemiological evidence on radon progeny as a potential risk factor
for nonmalignant respiratory disenses is restricted to uraniuin miners. As
discuseed in Appendix III, animal studies are consistent with an associ-
ation between exposure to radon progeny and nonmalignant respiratory
diseases. Animals so0 exposed develop emphysema and intersticial fibro-
gis. Pulmonary fibrogis and, to a lesser extent, emphysema are commeon
findings in hamsters, rats, and dogs exposed to radon progeny alone and
in mixtures with uranium-ore dust.”~%1% These effects are not produced
to any appreciable extent in groupe of animals until exposures to raden
daughters exceed several thousand working-level months {(WLM). Thus,
the clinical diseases of interest are chronic obatructive pulmonary disease,
in which airflow obstruction results from emphysema and airway changes,
and interstitial processes such as pulmonary fibrosis,

The occurrence of nonmalignant respiratory diseases lias been exam-
ined in miners from the Colorado Platean region and from Ontarie, Canada.
Several reparts from the U.5, Public Health Service study described excess
mortality from nonmalignant respiratory diseases, 2% Between 1950 and
1977, a fivefold excess of death occurred from nonmalignant respiratory
diseases, exclusive of tuberculosis, bronchitis, influenza, and pneumonia.?®
Canses of death wers primarily emphysema, fibrosis, and silicosis. The
effects of cigarette smoking were not considered.

In the Ontario miners, mortality from influenza, pneumonia, bron-
chitis, and asthma was not increased. However, mortality from silicosis
and chronic interstitial pneumonia was significantly elevated {11 deaths
observed, with 2.14 expected).

4489
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gamma radiation and used the dose estimates for assessing dose-response
relationships. The analyses did not provide & clear estimate of the effect
of alpha radiation, though they concluded that occupational alpha doses
flattened the dose-response relationshipa for radiation.

Relevant data are also provided by a study of cytogenetic abnormalities
in persons presumed to be exposed to high concentrations of radon in
household water.?? Chromosome aberrations were evaluated in 18 exposed
persons and 9 controls. Dicentrics, chromosome breaks, and cells with
chromosome change were significantly more frequent in the 1B exposed
subjects. However, exposures to radon daughters were not estimated, and
the suitability of the control group was not satisfactorily established.

To date, only the above-mentioned limited data are available on
cytogenetic abnormalities in radon-daughter-exposed populations. The
study of Colorado Plateau uranium miners indicates exposure-response
relationships for chromogome aberrations. However, confirming evidence
iz not available from other populations, and the biclogical significance of
these observations baa not been eatablished.

EFFECTS ON REPRODUCTIVE QUTCOME

Recent and primarily descriptive data have renewed speculation that
uranivm miniog is associated with adverse reproductive outcomes. Muller
and colleagues'® 418 made the firet reports on this subject in a series of
papers on Czechoslovakian uwranium miners that were published during the
1960s. For 1,000 underground male workers, the numbers of children in
relationship to age did not deviate from that expected from nationwide
data.!? However, in this sample and in another with 415 uranium miners, *¢
the secondary sex ratio (male to female births) declined following the start
of underground employment from 1.08 to 0.85 in the former sample and
from 1.18 to 0.99 in the latter.

Potential reproductive effects of uranium mining received little further
evaluation until the early 1980s. At that time, deacriptive data from New
Mexico were interpreted as suggesting the adverse reproductive effacts
caused by uranium mining, by affecting either uranium miners or those
living in the vicinity of mines and mills.?”

This more recent interest in reproductive effects caused by uranium
mining followed reports of high rates of congenital malformations and spon-
taneous abortion at the Shiprock Indian Health Service Hospital, located
in San Juan County, New Mexico, which serves Navajos in the north-
enstern portion of the Navajo nation. Goodman subsequently examined
the sacondary sex ratio in New Mexico and Navajo births.!? His analyses
showed a temporal decline in the sezondary sex ratio for New Mexico,
in comparison with naticnwide data, that occurred during the period of
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the over-representation of centrally located tumors. Both squamous- and
small-cell carcinomas tend to be located in the larger airways, but at the
time of this investigation the former may have been more readily diagnosed
by cytology alone.

Navajo miners who worked in the Colorado Plateau are of intereat be-
cause only a small proportion smoked cigarettes, with average consumption
by the smokers of only a few cigarettes each day.*32 Gottlieb and Husen!?
described 16 Navajo miners diagnosed with lung cancer at the Shiprock
Indian Health Service Hospital from 1985 through 1979. Based an record
review, they reported that 10 of the cases were small-cell carcinomas.
Butler et al.” reviewed histopathological material for 26 of 32 lung-cancer
cases diagnosed among all Navajo males between 1969 and 1982, A panel
of three pathologists examined all slides. In contrast with the earlier study
of Gottlieb and Husen,'! small-cell carcinomas did not predominate in
the 21 cages of lung cancer occurring in Navajo uranium miners. Seven
of these cancers were small-cell carcinoma, eight were squamous-cell car-
cinoma, four were adenocarcinoma, and two were large-cell carcinoma
While small-cell carcinoma was not the predominant cell type in this se-
ries, the proportion with this cell type (33%) is far greater than expected
from the distribution of lung-cancer histopathology in nonsmokers., The
discrepant findings of these two reports may reflect the use of medical
records by Gottlieh and Husen!! to determine the diagnoses.

Recent reports from Canada and New Mexico document 2 contin-
ued excess incidence of small-cell carcinomas in contemporary uranium
miners.®® In iron-ore miners in Great Britain and Sweden, also exposed to
radon daughters, small-cell carcinoma has occurred in excess.59:12 The pat-
tern has been consistently observed in populations of miners whe smoked
cigarettes, Data for nonemokers are sparse and conflicting. Saccomanno
et al. ?! reported that most cases of lung cancer in nonsmokers from the
Colorado Plateau region were smallcell carcinomas. Butler et al.” found
a cell type distribution in Navajo miners comparable to the cbserved dis-
tribution in the general population. Thus, available infarmation does not
strongly support the association between uranium mining and small-cell
cancers in nonsmokers, although this association in smokers is supported
by the available data. This pattern appears to change as miners who smoke
age and the interval since cessation of uranium mining exposure lengthens.
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July 1982. For each case, one deceased control was drawn from the
National Registry for Cause of Death, matched by sex, year of death, age,
and municipality; suicides and lung carcinomas were not included in the
contral group. A second living control for 60 cases aged 80 and under was
selected from the Bwedish National Population Registry and matched by
sex, year of birth, and municipality.

As recognized by the authors, smoking-related risks that are based
on deceased controls may be underestimated, since tobacco use was likely
to have been greater by the deceased than by the gemeral population.
However, use of controls required to be alive until 1982 may overestimate
relative rinks since their smoking rates may be may have been {ess than
those of the general population at risk.?! Nevertheless, the results presented
by Damber and Larrson’® were generally comparable, regardless of control
group.

Interviews were conducted with the index subject or the next of kin
to obtain information on amoking practices and work history, Members of
the study group who worked underground in an iren mine were considered
exposed to radon. Since no accurate measurements of direct radon exposure
were available, the surrogate variable, years underground, was used for
analysis,

Smoking data consisted of the year tobacco use started the number of
cigarettes smoked per day, and the year of cessation of smoking. Smokers
were individuals who consumed one cigarette daily for at least 1 yr. For
cigar and pipe smokers, 1 g of tobacco was equated to one cigarette.

Results were tabulated by three categories of lifetime tobacco use:
nonsmoker, low (<150,000 cigarettes); and heavy (>150,000 cigarettes)
consumption. For cases and deceased controls, relative risks rose from
the baseline 1.0 for nonsmokers to 2.4 to B.4 for aboveground workers
and from 5.4 to 21.7 to 69.7 among underground miners. Similar results
were reparted for cases and the combined conirol group of all living and
deceased subjects. Although based on small numbera {23 cases had no
or low tobacco consumption, of which only 3 had no underground-mining
experience), the results suggest that radon exposure and amoking combine
multiplicatively rather than additively on a relative risk scale,

As outlined in Appendix IV, Radford and Renard®” reported a his-
torical cohort study of 1,415 miners from the Malmberget and Koskoskulle
areas of Sweden. Data on current smoking habits were reported from
388 questionnaires administered in 1972-1973 to active miners and surface
workers (35% of the contemporary work force) and from 168 pensioners.
Pipe smoking was considered equivalent to cigarette smoking. Although
pipe smoking has been related to lung-cancer risk, the affect of this as-
sumption is difficult to assess since information on the percentage of pipe
smokers and their inhalation patterns was not provided. The authors state
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TABLE VII-1 Relative Risks from Selected Studies of Cigarette Use, Radiation Exposure, and Lung-Cancer Risk

Study Arca Design Resulis Comments
Kiruna and Gallivare, Cases (69) from death register Cigarette Use” Smoking data from interviews of
Sweden'! 1972-1982; two types of - subjects or next-of-kin; results
conirols: alive from general gn-dergmu.nd fnsE {l] < ng 4 > ]5(8} 4 eonsistent with muitiplicative,
population (50) and deceased Yo 5.4 21 '7 f.g.? relative risk (RR} model,
from register {67) e : i ’ although formal testing not
presented
Malmberget, Sweden™ Cohort study of 1,415 miners, Nonsmoker Smoker Resulis snggestive of
with 50 cases of lung cancer Monminer 1 1 :Rhmum?l:lllca::!v:i:l:?el for
Miner 10.0 2.9 » posmnly ’

Hammat, S5weden®

Colorado!

Cases (29) listed in death register
1957-197h; controls (174) also
from regisler, maiched on year
of death

Cohorl study of uranium miners
examined through 1960;
follownp [rom 1964-1967 wilh
J9 cases of lung cancer

RR far miming 16,6 (90% confidence imlerval,
7.8-35.3); RH for smoking among miners 0.5
{90% confidence interval, 0.1-2.2}

Cigaretie Use
Lung Cancer Rate ¥ (0% No Yes
Miners 7.1 42.2

Expected® 1.1 4.3

calculation of REs not
precisely described; formal
madel fitting ool presenied

Suggeslive of a protective effect
of smoking among miners;
results subject to biases (see
text}

Mulliplicative combination is
suggested; analysis of cases
shows shorter lalency period
for smokers
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Colorado?®

Colorado (Appendix

¥I1, Part 2, this
yolune)

Gram] Junction
Colorado™

Nested case contral study from

3,362 miners followed from
1964-1977, with 194 cases and
776 conirols; exposures lagped
10} years

Cohort study of 3,362 miners

followed through 1982, with
256 observed cases of lung
cancer, exposures lagged 5
years

Cases (489} and controls {992)

drawn from cohort of 9,817
miners followed from

1960- 1980, fram whom
sputum specimens were
repitlarly obiained; cases
delined as moderate or worst
cell atypia

Cigarette Use {pack yr)

WLM 0-10 10-20¢ 20-30 30+
0-21 1 9.1 4.2 1.7
22-119 (.1 116 6.5 19.0
120-359 3.6 16.0 8.8 AN
JoD-339 7.8 2 16.2 46.8
840-1,799 5.2 7.6 274 42.7
1,800+ 1B.2 i37.6 526 146 .8
Cigarette Use (no./day}
WLM -4 5.19 20-30 0+
0-59 1¢ 2.7 7.8 29
60-119 0o 0.0 5.6 26.6
120-239 24 9.1 15.3 9.3
240-479 B4 as 14.6 258
480-959 17.8 12.6 320 340
960+ 27,6 6.0 63.4 M3
Cigaretie Use (pack yr)
Yr Underground [} 1-20 1+
0 1 0.3 2.9
1-10 7. 4.1 18.2
11+ 9.6 9.8 26.0

Analyses formally reject additive

RR model; data consistent
with multiplicative model

Data fit well with muktiplicative

model (P = 0.53), while
additive was rejected

(P = 0.03); aHhough not
statistically superior to
muliiplicative model, best
fiting power mode! was
submulftiplicative

Study is of ccll atypia; suggests

muliiplicative cfTects, although
statisfical testing not
prescoted

0%
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TABLE VII-1 (Continued)

Study Area Design Results Comments
New Mexico (Appen-  Cases (52) and controls (222) Cigarette Use (no./day) Bolh multiplicative and addilive
dix V11, Part 2, extracted from cohort of Yr Mining RR models consistent with
this volume) uranium miners Underground <5 5-14 15-24 125 date, althrugh former exhibils
better fil
< 10 i 5.1 7.0 8.2
10-14 1.0 12.0 6.7 6.2
15-19 a7 4.2 17.5 0.0
20+ 0.0 9.9 4.0 30.1
Uranium City, Followup for J yr of Cigaretie Use Study is of cell atypia; fow events
Saskatchewan, underground miners and among nonsmokers; data and
4 .. . WLM No Yes . .
Canada controls whe participated in analysts insufficient to assess
lung cancer screcning 0 1 2.7 interaction of exposares
program; cases defined as <120 16 37
moderate or worst o1l atypia =120 1.2 i2.6
Qeland, Swedea ' Cases {22) and controls (178} Cigaretie Use Data were sparse, and no formal
drawn from death registry . o models were fit, but ERs
1960- 1978; smoking babits Honsing Type No Yes suggest multiplicative
obtained from nexi-of-kin 0 1 2.7 interaction, or at leasl grealer
using mail questionnaire 1 L3 3.6 than additive
2 4.4 9.3
Jzt;mmi‘i Cohart study of 40,498 A-bomb Cigarctie Use Bath multiplicative and additive
survivors for whom smoking . RR madels [it data equally
dala are available; there were Radistion Exposore (rad) No Yes well
181 long-cancer deaths <10 1 2.4
059 1.1 24
> 100 2.3 36
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Japan (Appendix V1, Cases (445) and cantrols {1,089)
Part 2, thiz volume) identilied during 1971-1980
from Life Span Study among
A-bomb survivars

Cigarette Use (po./day)}

Radiation
Exposure
{rads) 0 1-10 11-20 >X
Males
<10 1 3.7 6.9 26.5
10-9% 1.3} 2.4 6.6 13.2
> 100 13 7.2 0.6 24.8
Cigarette Use
0 1-10 >10
Females
<10 1 23 4.2
10-99 0.7 2.5 2.1
> 100 5.2 5.2 —

Both multiplicative and additive
RE models fit data equally
well

“Lifetime numbet in thousands.
#Incidence based on rafes in mountain states.

“Baseline categury based on 0,7 expected cases compared Lo 0 observed.

dSen text for category definitions.
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that approximately half the workers who were gtill living at the time of
the study took part in the survey of smoking habits, Smoking histories for
lung cancer patients were obtained from next of kin or, in a few instances,
from the subject. Evaluation of the quality of tobatco consumption data is
not poesible, eince no attempt was made to compare aubjects from whom
smoking data were obtained to those for whom data were unavailable.
The smoking rate among miners is probably underestimated, since surveys
covered only living workers.

The preciee method of analyeis of smoking is not completely clear in
the published report. Among miners, smokers were defined as those who
had stopped smoking within 10 yr of the interview or who were currently
smoking, while nonsmokers were defined as subjecte who stopped emoking
10 yr or more years to the interview or who had never smoked. The anthors
assumed that risk of lung cancer for smokers relative to that for nonamokers
ie constant over age. The smoking status of miners was then compared
with & national emoking survey of 25,000 men carried out in 1963.3° It was
determined that the miners had a higher proportion of amokers. Although
apparently no adjustment was made for the different time periods of the
two surveys, the mortality experience of the national survey® was applied
to the miners and a relative risk of 7.4 for smokers versus nonsmokers was
obtained. The method for deriving the relative risk of 7.4 was not explicitly
deacribed. The subsequent relative risks for miners to nonminers were 2.9
for smokers based on 32 lung-cancer cases and 10.0 for nonemokers based
on 18 cases. The authors concluded that mining- and smoking-related risks
combine additively. This conclusion seems to go beyond the evidence as
presented. Radford and Renard’s®” results, however, do tend to suggest
that risks for the two exposures are submultiplicative.

Within the parish of Hammar, Sweden (population, 4,000), Axelson
and Sundell® compared smoking and mining (zinc and lead} experiences in
29 lung-cancer cases deceased between 1956-1976 with 174 referents who
died of causes other than lung cancer and who were matched to cases by
time of death. A subject was exposed if he appeared on employee files of
the mining company, For workers with mining experience (21 cases and 19
controls), foremen who were contempararies of the subjects were contacted
and queried about the amoking status of the subjects. Smoking atatus was
not determined for nonminers.

Among miners, emoking appeared to be protective for lung cancer,
although the 90% confidence interval was large {relative risk, 0.49; 90%
confidence interval, 0.1-2.2). The authors explained this finding by sug-
gesting that smokers have a lower radiation-induced risk because of a
thickened mucus layer in critical bronchial segments.

Axelson and Sundell® did not evaluate the eflects of smoking among
nonminers or of mining exposure by smoking category. Because of this

Copyright © National Academy. of Sciences. All rights reserved.
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lack of information on smoking in monminers and on duration of radon
exposure in miners, the study could not address the mode of interaction
between radon and smoke exposures, Nevertheless, as noted in Table VII-1,
the protective effect of smoking does suggest that an interaction could be
additive ar subadditive. However, potentially biased exposure agsesament
procedures (for example, inadequate company files and recall bias by
the foremen}, inappropriate conirol selection (inclusion of referenta with
tobacco-related causes of death), or simply the possibility that nonamokers
spent more time underground than emokers are alternative explanations.

STUDIES AMONG COLORADO PLATEAU MINERS

Several published reports based on the U.S. Public Health Service
cohort of uranium miners of the Colorade Plateau have evaluated in detail
the roles of radiation and cigarette smoking in the production of lung
cancers,}132,34,32,38

The earliest report, by Archer et al.,! included 39 cases of lung cancer
that arose in a well-defined, physically examined special study group during
a 4-yr observation period (1964-1967), Compared to lung-cancer rates
among white male residents of mountain states, 1.1 and 4.4/10,000 person-
yr for nonsmokers and smokers, respectively, the rates among uranium
miners were 7.1 and 42.2/10,000, respectively. These comparisone, which
show a ¢-fold population-based excess for smoking and a 5.9-fold miner
excess, guggest a multiplicative interaction of these agents.

Another analysis by Archer et al.,* reported in the same paper, focused
on a larger sample of 207 cases, whose ascertainment of health status and
population were less clearly defined but which included the 39 special study
group cases. This second analysis relied solely on comparisons of age at
lung-cancer diagnosis between groups of smoking and nonsmoking miners,
Mine-related variables, such as age at ztart of mining, cumulative working-
level monthe (WLM), and years of other hard-rock mining, were controlled
through matching. The induction-latent period was shorter for emokers
than for nonemokers. The authors argue that the agents act synergistically.
This analysis i& questionable, however, regarding the form of the model,
gince in a survival model introduction of a second disease.related expoaure,
that ia, radon, increases age-specific hazard rates and thus increases the
probability of a tumor appearing earlier.

Lundin et al.?? evaluated 62 lung-cancer cases that developed in the
cohort of 8,368 white uranium miners followed from first medical exam-
ination through 1968, Smoking data came from periodic surveys carried
out prior to 1970. Lundin et al. used tobacco consumption information
from the last examination. Analysis was based on a log-normal model for
estimating a yearly effective radiation dose, which weighted exposure in
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categories or a single age parameter in a logistic model. The adequacy of
this adjustment is hard to assess. Bias is also possible from the method of
control selection; controla were aclected from all noncase members of the
cohort, regardless of length of follow-up, instead of from ¢ohort members at
rizk at the time of case ascertainment.?! Controls were therefore likely to
be healthier and to have received less exposure to radon and tobacco. Case
selection bias, that is, more infense disease evaluation of higher-exposure
workers, could have occurred, since workers who were more highly exposed
to radon or cigarettes may have been more health conscious and therefore
more likely to submit sputum specimens and ultimately categorized as a
cage. The authors did not give the mean number of specimens evaluated
prior to ascertainment for cases or at equivalent follow-up for controls.
Sputum specimens were obtained during follow-up and were used to de-
fine cases. However, men who were hospitalized or died with suspectad
lung cancer were apparently also classified as cases, although their atypia
status should have been based on evaluated cytology records. Again, this
deviation from the case definition ¢riteria may have biased resulta of this
study.

Using data from the 1982 follow-up of the Colorade Plateau cohort
initiated by the U.5. PHS, this committee extended the analysis of radon
daughters and cigarette use, which was carried out by Whittemore and
McMillan.®® The results of our analysis of 256 lung-cancer deaths are
summarized in Table VII-1 and presented in detail in Part 2 of this
appendix. They support Whittemore and McMillan’s conclusions with
acme qualificationa. The multiplicative relative-risk model fit the data
quite well (P = 0.48), while the purely additive excess-relative-risk model
was rejected (P = 0.005). To help clarify these results we studied a
larger class of models, which were defined through a mixture of competing
models,?4 in which both the additive and multiplicative models were nested.
This inveatigation ehowed that the best-fitting model was submultiplicative,
although it did not provide a statistically significant improvement in fit over
the multiplicative model. The fitting of a sequence of models suggested
that the data are consistent with a wide range of submultiplicative to
supramultiplicative models, and there is no clear & prior reason to accept
the multiplicative model, except parsimony.

STUDIES AMONG NEW MEXICO URANIUM MINERS

In the second part of this appendix, an evaluation is presented of the
agsociations of cigarette smoking and duration of underground employ-
ment in a uranjum mine with lung cancer in case-conirol data extracted
from a cohort of New Mexico uranium miners. The results (Table VII-1)
suggest that a multiplicative combination of the two exposures is more
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Sea, where a narrow strip of uranium-containing alum shale is found on
one side of the island. Cases of lung cancer and noncancer referents were
obtained from death recorda between the years 1960 and 1978. In addition,
all aubjects were aged 40 yr or more and had to have hived for 30 yr or
more at their death address. There were 22 cases and 178 controls for
whom data were available,

For each subject, investigators classified blindly the type of housing
as: wooden without a basement or on normal ground (category 0); woaden
with a basement on radiation ground [alum shale) or stone, brick, and
plaster with a hasement on any ground or without a basement on radiation
ground (category 2); or all other types (category 1) (e.g., wooden without
basement on radiation ground). Next of kin provided information on
smoking statue through mail questionnaires.

Among nonsmokers, relative risks by the three categories of housing
type were 1.0, 1.3, and 4.4, respectively, while among smokers risks were
2.7, 2.8, and 9.3. Although the data were sparse, a greater than additive
interaction is suggested {Table VII-1}).

STUDIES AMONG JAPANESE ATOMIC-BOME SURVIVORS

Studies of lung-cancer mortality among atomic-bomb survivors in Hi-
roshima and Nagasaki offer information for assessing combined exposure
to tobacco smoke and low linear energy transfer (LET) radiation received
at a single time point. However, the relevance of auch analyses for under-
standing the combined eflect on lung-cancer riek of smoking and protracted,
high-LET radiation is uncertain, In Part 2 of this appendix, the committee
gives results of ita own analysis of combined exposures ¢o the atomic-bomb
survivara.

Prentice et al.?® combined data from several different surveys among
atomic-bomb survivors: approximately 20,000 participants from the Adult
Health Study who were interviewed in 1083-1964, in 1964-1968, or in
1968-1970;® a subset of males from the Life-9pan Study cohort who were
surveyed by mail in 1965;'® and a subset of females from the Life-Span
Study who were surveyed by mail in 1969-1870, A total of 40,498 subjects
were available.

For analysis, Prentice ¢t 812 used T6SDR dose estimates for total
radiation exposure. Information on tobacco use came from the various
surveys., Although the questionnaires differed, current smoking pattern
at the time of interview could be categorized into nonsmoking; about 5,
10, 20, or 30 cigarettea/day; and 0-4, 5-9, 10-14, 15-19, and 20 or more
years of cigarette use. Smoking data, for suhjects surveyed more than
once, were taken from the earlieat interview. To avoid bias resulting from
healthy subjects surviving longer and hence having a greater likelihood of
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interview, follow-up started at the initial interview and continued to death
or the end of the study. A total of 281 lung-cancer deaths occurred. The
Cox proportional hasards model was used for analysis.” Because of the
relatively short 15-yr follow-up period, variation in radiation and smoking-
induced lung-cancer risk with follow-up time was not evaluated.

Using categorical variables in the proportional hazards regression
model and stratifying on city, sex, age at time of bombing, and sur-
vey date, relative risk of lung cancer among nonsmokers rose from 1.0
to 1.1 to 2.3 with expoaure to <10, 10-99, >100 rad, respectively, while
among smokers risks increased from 2.4 to 2.4 to 3.6, respectively (see
Table VII-1). Additional analyses incorporating more detailed smoking
information revealed no significant departures from either a multiplicative
or an additive model, with the maximum likelilhood values being nearly
identical to each other.

Kopecky et al.l? considered essentially the same data, but excluded
those not in the city at the time of bombing and extended follow-up through
1980. A total of 29,332 subjects were in the study cohort; 351 lung-cancer
deaths were observed. The results of Kopecky et al.'? were similar to those
of Prentice et al.?® The additive-excess-risk model was shown to fit the
data quite well, and neither superadditivity nor subadditivity was strongly
puggested. However, Kopecky et al.l® did not it a multiplicative model so
that results could be compared across models. Thus, while some preference
for an additive model was suggested, these two analyses of atomic-bomb
survivors are inconclusive in favoring a specific model.

In addition to these cohert studies, two case-control studies have
been conducted. Lung-cancer cases, which were found among an autopay
peries from the Life-Span Study cohort during 1961-1970, were paired
with non-lung-cancer autopay controls, matching on inclusion in the Adult
Henlth Study, city, sex, age at death, and year of death.!® Interviews with
next of kin were conducted to ascertain information on tobacco use and
occupation. A total of 180 case-control pairs were analysed. Risk among
lightly exposed (<1 rad) smokers was 3 times that of similarly exposed
nonsmokers, Relative to lightly exposed nonsmokers, the risks to heavily
exposed (2004 rad) smokers and nonsmokers were 8.6 and 6.2, respectively.
Although sample size was small and detailed evaluation was missing, this
suggeste an additive model for the two effacte.

Blot et al.® have presented preliminary results of a second case-control
study of 582 lung cancers identified during the years 1971-1980 from
members of the Lifs-Span Study cohort. Controls, also from the Life-Span
Btudy cohart, were selected for each case and matched on date of birth,
sex, city of participation in the Adult Health Study, and vital status.
The 1,306 controls were selected from persons without cancer or chronic
respiratory diseases. Interviews were conducted with 485 cases (83%) and
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where ¢(yr) and $(n/day) denote the individual excess RR estimates for
categories of years of underground mining and number of cigarettes amoked
per day, respectively, and are defined so that $ takes a value of sero at the
baseline category.

More complex models that incorporate more than one variable can be
defined. For example, for years of exposure and number of cigarettes per
day, one can specify a multiplicative or additive combination of RR effects,
namely:

RR =1+ ¢{yr)]|1 + #{n/day)] or (V1I-3)
RR = [L+ ¢yr) + d{n/day}]. {VIL-4)

These are not nested models, since they involve the same number of
parameters. However, each of these formulations can be imbedded in a
richer Rt model and compared to it.

In our evaluation, we also applied the transformation proposed by
Thomas.*! The relative risk for combined exposure is defined as followa:

RR = {1+ ¢{yr)][1 + #(n/day)}*[1 + (yr) + 4(n/day)['~*.  (VIL-5)

At A = 1, RR reduces to the multiplicative model, while at A = 0, RR
reduces to the additive model, as in Equations VII-3 and VII-4. Through
the parameter A, this richer model defines a smooth transformation in RR,
which incorporates both additive and multiplicative models. Models given

in Equations VII-3 to VII-5 can be compared to the saturated model given
by:

RR =1+ §(yr,n/day), (VII-8)

were ¢ represente the excess RR in each cell of the cross-classification. If
there are four categories of each variahle, then $(yr,n/day) represents 15
free parameters, with the baseline parameter being fixed at zero.

Analogous to methodology described in Annex 2A, we fit Poisson
regression models to the data on smoking and exposure to radiation de-
scribed below. We assumed that the expected number of svents in each cell
of a cross-classification is the product of the person-years accrued times the
lung-cancer disease rate, which is modeled as an age- and calendar-period-
gpecific rate among nonexposed persons times a relative risk function,
namely:

person — yr X o, X RRt, (VIL-7)
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TABLE VII-2 Data on Smoking Rate and Radiation Exposure from Case
Control Study of New Mexico Uranium Miners by Various Variables”

NS FS s KS C+Pr/S B/S F+8 C+P+§ Total

Cases 2 0 13 14 8 1 0 5 63
Controls 49 3 17 56 28 1 3 5 266
RR? 1 - 74 6.6 7.8 226 — 13.7

Na. of Cigarettes Smaoked/day
<5 5-14  15-24 25+ Total

Cases 3 16 18 5 52
Controls 56 72 77 17 222
RR? 1 5.7 83 7.0

Years of Undergrounding Mining
<10 10-14 1519 20+  Total

Cases 28 15 §2 14 64
Controls 3§51 §9 kY. 24 272
RRY 1 1.5 1.7 4,4

“Abbreviations: NS, nonsmoker; F3, former smoker; C5, current smoker: KS, known to smoke:
type, amount, and duration unknown; C+P/§, cigaretle smoker who also used pipe or cigars;
P/8, pipe or cigar smoker; P+ 8, smoked both pipe and eigars; C+F+35, smoked cigarcties,
pipe, and cigars.

*Estimated from matched data,

from the full 15-parameter model. Although based on only 52 cases, the
resulte suggest that the multiplicative model provides a better fit. The
committee also fit the model defined by Equation VII-5 by fixing a sequence
of X values. The maximum log-likelihood {MLL) as a function of A was
rather flat, reaching a8 maximum at A = 4.0 with 2 ¥ MLL = —-127.2, a
value not much different from the simple multiplicative model {cf. Table
V1I-3).

CASE-CONTROL STUDY FROM THE LIFE-SPAN STUDY
COHORT, JAPANESE ATOMIC-BOMB SURVIVORS

The committee’s current analysis of radon-exposed miners has revealed
substantial differences in the effects of radiation on lung cancer in miners in
comparizon with the Japanese atomic-bomb survivors. Most notable is the
decline in excess risk by time since exposure, whereas there is little evidence
of such decline in risk with time since expoeure for atomic-bomb survivors.
It is important to characterize differances and similarities in exposure
effects among different radiation-exposed populations to provide insight
into mechanisms of action for the exposures. The committee presents a
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TABLE VII-3 Data from Case Control Study of New Mexico Uranium

Miners
Years of Underground Mining
<10 10-14 15-19 20+
Na, of
cigarettes/ No.of MNo. of No. of No. of No. of No. of No. of Mo, of
day Cases Controls Cases Controls Cases  Controls Cases  Controls
<5 { 7 1 15 l 7 0 5
5-14 7 40 5 15 2 14 2 1
15-24 7 Ja § A 7 14 8 11
254 2 8 1 4 0 | 2 3
Total 17 106 13 55 10 16 12 2
felative Risks
<10 10-14 15-19 20+ RR® RR?
<5 1 1.0 .7 0 1 1
5-14 5.1 12.0 4.2 39.9 6.8 5.7
15-24 7.0 67 17.5 24.0 B.6 .6
25+ 8.2 6.2 0.0 3.1 8.2 6.2
RR* 1 1.8 3.9 14.6
RR® 1 1.3 1.6 38
Na. of
Regression Models Parameters 2xMLL P-Value
1: 1+ dlyr, n/d) 15 —121.8
2 1+ ¢yl + dlard)] 6 ~127.6 0.76
31 1+ dlyr} + din/d) 6 —129.6 0.55
4 1 + ofyr) 3 ~1359 0,29
31+ lmsd) 3 ~—133.2 0,50

“Relative risks from additive model, Equation VII-2,
#Relative risks from multiplicative model, Equation VII-1.

new analyais of radiation exposure and cigarette use on lung-cancer rigk,
using data from a recent case-control study among atomic-bomb survivors,
to formally evaluate their combined effacts,

The details of this study have been described by Blot et al.? Cases
include diagnosed lung cancers from participants of the Life-Span Study
cohort {LSS) during 1971-1880. Death certificates were used to identify
lung cancers among members of this cohort who resided outside of Hi
roshima and Nagasaki, so that the 582 cases do not constitute, precisely,
an incident series. Controls were selected from LSS members and matched
by date of birth, sex, city, Radiation Effects Research Foundation sample
status, and survival status. Two controls were selected for each Hiroshima
case, and three were selected for each Nagasaki case. Smoking and other
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TABLE VII-6 Data on Duration of Cigarette Smoking and Radiation
Exposure from a Case Control Study of Lung Cancer among
Japanese A-Bomb Sutvivors®

Radiation Exposure (rads)

<10 10-99 100+ Tatal
Years of
Smaking Cases Controls Cases Controls Cases Controls Cases Controls
. Males
0 6 65 3 1% 3 8 12 92
1-34 9 24 47 12 1 3 14 k']
35-44 6 38 5 16 4 4 15 S8
454 64 78 16 28 9 4 89 110
Females
D 51 151 15 59 16 14 82 224
1-34 5 17 2 8 3 1 10 26
A5-44 7 3 4 5 0 1 i1 g
45+ 9 7 4 4 4 1 17 12

"Based on data from Blot et al ®

TABLE VII-7 Relative Risks from Matched Analysis
for Radiation Exposure and Years of Cigarette Use
among Japanese A-Bomb Survivors

Radiation Exposure (rad}

Years of
Smoking <10 10-%9 100+  RRY RR?
Males
] 1 1.0 8.8 1 1
1-34 1.8 2.0 1.2 1.6 1.1
35-44 L6 4.9 9.6 2.0 1.9
45+ 18.4 13.2 87.2 14.0 113
RR® i 1.4 55
RR? 1 1.0 3.4
Females
¢ 1 0.6 4.6 1 1
1-24 0.9 1.2 8.5 1.0 1.1
35-44 14,9 2.6 0.0 5.6 7.3
454 5.8 2.9 7.2 45 4.4
RR* 1 0.7 48
RRY 1 0.6 4.1

“Relative rlgks from additive model, Equation V11-2.
bRelative risks from multipiicative model, Equation VII-1,
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TABLE VII-8 Results of Fitting Additive and Multiplicative Relative Risk Models to Evaluate Radiation Exposure
and Number of Cigarettes Smoked per Day or Duration in Years of Cigarette Use among Japanese A-Bomb Survivors

:14]

Males Females

HMo. of Mo. of
Modei Parameters 2 = MLL P Vatuc Parameters 2 ® MLL P Vaiue
1: 1+ a(rad, =/d) 11 —273.7 & —21%.1
2: [1 + e(rad}l[1 + ¢insd)] 5 —276.0 0.89 4 —220.8 0.79
3: 1 + $lrad) + @in/d) 5 —275.9 090 4 —219.8 0.95
4: 1 + @lrad} 2 —3154 <0.01 2 —234.3 0.02
53 1+ ¢lnsd) i —-279.1 0.71 2 —215.7 0.0l
t: 1 + ¢{rad, dur} 11 —140.B 11 —191.4 0.84
2 [1 + glad)l! + ¢{dur)] 5 —144.7 .69 5 —193.8 0.80
3: 1+ ¢drad) + d(dur) 5 --146.1 051 5 - 1945 D.80
4: 1 + ¢{rad) 2 —187.9 < (.01 2 —212.5 0.01
5 1 + déidur) k] —150.5 029 ] —208.8 0.03
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RR =1+ ¢{w,n,a), (VII-11)

where ¢ denoted 46 parameters, including 23 parameters for the cross-
classification of cumulative WLM and cigarett{ea per day for ages <65 yr
and 23 parameters for exposures for ages >85 yr. The baseline rate ro(s)
incorporates nine parameters for multiplicative offects of age and calendar
year.

The class of models characterized by Equation VII-10 reduces to Equa-
tion VII-5 when q(e) = é(a) = 1 for all a and includes the multiplicative
(A = 1) and additive (A = 0) models. The inclusion of v and & (actually the
exponential of each) permits formal likelihood ratio testing of age effects
for cumulative WLM exposure and cigarettes per day. As seen in Annex
24, the effects of cumulative WLM decline with age at risk.

Table YII-10 shows predicted relative risks by age group based on
various models (risks relative o the lung-cancer rate in the entire cohort),
while Table VII-11 givea results from model fittings. Tahle VII-11 indicates
that age at risk is an important modifier for cumulative WLM exposure
(P = 0.005), but not for cigarettes per day (P = 0.8). The estimate of
the effect of age modification for cumulative WLM ~{a) is 0.1 for ages 65
or over for both from R[w(a),n(a);A] and R[w(a),n;A], with A = 1.0 and
with the maximum Lkelihood estimates for A. Note that this confirms the
analyses of Annex 24, in which cigarette use is not included.

Therefore, it is appropriate to consider a reduced form of Equation
VII-10, R[w(a),n;}], where §{a) = 1 for all . Focusing on modela labeled 2
and 3 in Table VII-11, additive effects for WLM and cigarettes per day are
rejected relative to the mixture model, while multiplicative effects are not.
The maximum likelihood estimates for A are 0.4 under R[w(a},n(a);A] and
0.6 under R|w(a),n;A]. However, the maximized likelihood with A = 0.4
{or X = 0.8) i very similar to the likelihood with X fixed at one, indicating
a comparable fit. It should be noted that the likelihood in A was very
flat for A > 0.3, which precludes precise specification of A, The value A =
0.4 (or A = 0.6) does not indicate that the true model is halfway hetween
additive and multiplicative models. Rather, because of the variability in A
and skewness of the distribhution of possible valuea of A, one cannot be more
precise than to zay that the data are consistent with a range of joint-effect
models, from submultiplicative to supermultiplicative.

The committee’s analyses of the Interaction between smoking and cu-
mulative exposure support the conclusions of Whittemore and McMillan 38
An additive model is rejected in the committee’s analysis, while a multi-
plicative combination of relative risks provides an acceptable fit. However,
the committes also found that by embedding the simple models into a larger
class of mixture models, a range of submultiplicative to supramultiplicative
models was equally compatible with the data.
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TABLE VII-11 Resnlis for Fitting Various Relative
Risk Models to Colorado Plateau Miners’ Cohort

No, of
Model” 2 x MLL Paramaters
1 1 + ¢lw, n, a)] —-338.8 55
2Aa}  Rlwla), mla); A = 0.4] —376.6 20
2w R[w(a), ala); A = 1.0] =-3774 1%
2{e) R [w(a), nta); A = 0.0] =382.6 1%
3a)  R[wia), n;h = 0.6] 3.0 19
o)  Rlwla), m;x = 1,0] —377.5 18
3i¢c) Rw(a), n; A = 0.0] —384.8 18
Ha)  Blw, nig) h =0.2| —381.4 1%
(b} R[w, n{a); » = 1.0] =385.4 18
) Rw, n{a); A = 0.0] —364.3 18
5a) Riw, n: h =0.3] —383.4 18
5b) Riw, a4 x =10 —385.4 17
5{c} Rw, n; 3 = 0.0] —388.2 17
Testr of hypothesis:
Chi-Sq {d.1.) P value

Fit of mixture model:

2ayvs 1 7.8 (35) 0.343

Ka)ws 1 38.2 (36} 0.370

Ha)vs 1 42.6 (36) 0.208

5{(a)vs 1 44,6 (37) 0.183
Age cffects for WLM

4b} v 2(b} B.O (1) 0.005

by vs 3(b} 7.0(1) 0.005
Age effects for cigareties per day:

Hb) vs 2(b) a1 {1} 0.752

&(b) vz 4(h) 0.0 (1) 0.541
Moultiplicative flt:

2(b) vs 2(m) D.R(1) 0.371

Xb) vs 3(a) 0.5(1) 0.480
Additive fit:

ey vs 2n) 6.0 (1) 0.014

He)vs I(a) 7.8(1) 0.005

“Sex footnote o to Table V11-10.
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TABLE VII-12 (Continued)
Age {yr) Exposure Ends

Age (yr)
Started 10 20 30 40 50 60 il 80 110
Exposure Rate = 10.00 iWLM yr)

0 1.6BO  2.275 2801 3293 3,756 4.068 4.196 4.234 4239
10 1.681 2,281 2.841 3367 1728 3875 3920 3926
20 1.687 2,326 2925 1336 350 21564 357
30 1.730 2,415 2,887 J.091 3.155 3.164
40 1790 2,337 2,577 2.655 2.656
50 1.645 1932 2.026 2.041
&0 1,337 1.449 1,467

Exposure Rute = X.00 ( WiMyr}

0 2275  3.252 4.014 4,647 51071 5466 5562 5585 S5.587
10 2,276 3262 4073 4738 5121 5249 5281 5.284
20 2287 3,323 4,187 4.684 4858 4903 4.908
20 2364 1470 3,121 4357 34420 4928
a0 2466 3,337 le6d  A7ES 1,766
50 2,205 2672 2807 .82
60 1.641 1,833 1.859

 Estimated with the committee’s TSE model {Chapter 2) and a multiplicative interaction be-
tween smoking and exposure te radon progeny.
Ry, the calculated lifstime risk for unexposed male smokers, is 0.123.
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TABLE VII-13 Lifetime Risk (R,) by Age Started and
Age Exposure Ends for Various Rates of Annual
Exposure® for Male Smokers

Age {(yr) Exposure Ends

Age (y)
Started 10 0 30 40 50 &0 70 80 110
Exposure Rate = 016G {WLM/yrf

4 0124 0,125 0126 0127 0128 0128 0139 0129 0,129
10 0024 0.125 0.126 0127 D128 0.128 0,128 0.128
X 0.124 0,125 0.2 D127 0127 0127 027
0 0,124  0.125 0.126  0.126 0.126 0.126
40 0.124 0,125 0,125 0.125 0,125
50 0.124 0124 0,124 Q.14
L1 0123 0.123 0,124

Exposure Rate = 0.20 {WLM/yri

0 0.125 0.126 0,128 0.130 0,132 0134 0135 0135 0133
10 {125 0126 0128 0330 0,132 0133 0133 0133
20 0.125 0127 .12 0130 0431 0,332 0.132
30 0.125 0.127 0129 0.129 0.330 0,130
40 0.125 0.127 0,28 0.128 0.i28
50 0,125 0,135 0126 0.124
&0 0,124 0,124 0.124

Expasure Rate = 0.50 (WLM/yr}

0 0.127 0.432 6136 0,141 0.146 0.150 0.152 0.153 0,153
10 0.127 0.132 0137 0.142 0.146 0.148 0.14%9 0.149
20 0.127 0.132 0137 0.141 0.144 0,144 {(.144
30 0128 0133 0.137 0.139 0.140 0.140
40 0,128 0,131 0,134 0135 0135
50 0.127 0.129 0.130 0.130
&0 0.125 0.126 0,126

Expusiure Rate = 1,00 (WLM/yr)

] 0.132 ©141 0,149 0.158 0068 0.176 0.180 Q.18 0.182
1o 0.132 0.141 0,150 0.160 0.168 0,172 &.173 0.173
20 0.132  0.141 0,151 0159 0.164 0165 0,165
30 0,132 0.143 0.151 0.155 0,157 0Q.157
40 0.133 ©.142 0.146 0,147 0.148
50 0.131 0.136 0.137 0.137
60 0.127 0129 0.129

Exposure Rate = 4.00 (WLM/yr}

0 0.158 0,191 0.222 .25 287 0311 0323 0327 0.328
10 0.158 0,191 0.225 0259 0285 0.297 0302 0.302
20 0.158 0,194 0.230 0257 0.271 0275 0.276
30 0.160 0.199 0228 0.242 0.247 0.247
40 0.164 0.194 0.20%9 0.215 0.216
50 0,156 0,172 0178 0479
60 0,140 0.146 0.147
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TABLE VII-13 {Continued)

Age (ym) Age (yr) Exposure Ends
Started 10 ] kiv) 40 50 &0 70 B) 110

Exposure Rate = 10.00 (WLM yr/

0 0.206  0.280 034 (405 0462 0500 0516 0.520 £.521
1 0.207 0280 0.349 0414 0.458 047 0.482 (0.4B2
20 0207 0286 0359 0.410 0431 (438 0439
i 0.213 0297 0J55 0380 0388 0.389
40 0.220  0.287 0,317 0326 0.328
50 0.202 0.237 0.249 {.251
60 0.154 0.178 0,180

Expoasure Rare = 20.00 {WLM/yr)

V] 0.280 0400 0493 0571 0.635 0.672 0.684 0685 0.687
10 0.280 0401 0500 0582 0.629 0.645 0649 0.649
20 0.281 @410 0515 0576 0597 0.602 0.603
30 0200 0426 0506 0535 G543 0534
40 0.303 0410 0.45¢ 0461 0463
50 0.271 0328 0345 0347
60 0.202 0225 (.228

9 Estimated with the committee’s TSE model {Chapter 2} and a multiplicative interaction be-
tween smoking and exposure t0 radon progeny. Mote that &, includes Ry, the calculated lifetime
risk for unexposed male smokers, 0.121,
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TABLE VII-14 Years of Life Lost, (L; — L.) by Age

Started and Age Exposutre Ends for Various Rates of

Annual Exposure? for Male Smokers?

Age {y1) Age (yr} Exposure Ends
Started 10 20 a0 40 50 &0 70 80 110

Exposure Rate = 0.10 {WLM/yr)

0 0.02 0.03 0.08 0,08 0.08 0.09 Q.10 0.10 0.10
10 002 003 0.05 007 008 008 008 0.08
20 @02 0.03 005 0.06 0.07 007 0.07
30 0.02 004 005 005 0.05 0.05
40 002 003 003 003 003
50 001 002 002 0.02
&0 0.00 0.00 0.00

Exposure Rate = 0,20 (WLM/yr}

0 003 006 009 013 016 019 019 019 0.9
10 0.03 Q.06 0.10 0.13 0.16 0.16 0.18 0.16
20 0.03 0.07 g10 012 013 013 Q.13
0 0.03 0.07 0.09 0.10 0.10 Q.10
40 0.04 0.06 0,07 0.07 Q.07
50 0.02 0.03 0.03 0.03
60 000 001 001

Exposure Rate = 0,50 (WLM/yr)

0 008 015 021 0.32 040 046 0.48 048 0.8
10 008 015 0.24 03r 038 040 041 04l
20 008 0.16 025 031 033 033 033
30 0.09 0.18 0.23 0.25 0.26 0.2%
40 0.09 a.15 0.17 0.17 0.17
50 0.06 0.08 0.08 0.08
60 0.02 0.02 0,02

Exposure Rate = [.00 {WLM fyr)

0 0.15 0.30 046 0,62 080 091 094 095 055
1] 0.15 0.3 0,48 0.65 0.76 0.80 0.80 0.80
20 0.16 033 0,50 0.61 0.65 0.66  0.66
k) 0.17 0.35% 0.46 0.50 0.51 0.50
40 018 0.29 0.33 0.34 0.34
50 0.12 0,15 0.6 0.16
&0 004 008 0.04

Exposure Rate = 4.00 {WLMyr)

0 0.60 1.18 1.75 2.36 2.97 3132 3.43 3.45 3.45
10 060 120 183 245 283 294 296 2.9
20 0.62  1.27 192 231 243 245 245
30 0.68 135 176 189 192 191
40 070 113 127 1L L2
50 0.46 060 0.63  0.62
60 0.15 0.8 018
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TABLE V11-14 (Continued)

Age (yr) Exposure Ends

Age (yr)
Started 10 20 Jo 40 50 60 70 80 110
Exposure Rate = 10.00 (WLM/yey

Q 1.46 2.80 4.05 5.32 6.48 7.09 7.25 7.28 7.28
10 1.47 2.83 4.21 5.48 6,17 6.35 6.38 6.38
20 1.50 3.00 4.40 5.16 5.37 5.40 5.40
3o 1.65 318 4.03 4.27 4.1 431
40 1.70 .66 2.93 2.9% 1.98
50 1.10 1.42 1.48 1.48
&0 0.37 0.44 0.43

Exposure Rate = 20,00 (WLMyr}

] 2.80 5.14 7.18 9.06 1061 11.28 1141 114} 11.43
10 2.80 5.20 7.43 9.26 1009 1026 1628 1{0.28
20 2.86 5.50 7.68 B.70 B.92 8.56 B.96
K[H 314 5.76 7.03 7.32 7.37 7.37
40 3.2l 4,82 5.20 5.27 5.27
50 2.09 2.63 L2 .72
650 0.70 0.83 0.83

?Estimated with the committec’s TSE model {Chapter 2) and a multiplicative interaction be-
tween smoking and exposure to radon progeny.
Ly, the caleulated lifetime risk for unexposed male smokers, is 69.0 yr.
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TABLE VII-15 (Continued)

Age (y1) Age {yr) Exposure Ends

Started i0 20 X 40 50 60 70 4] 110
Expogure Rate = [0.00 (WLM/yr)

0 1.783 2.556 3.328 4.140 5.012 5716 6.080 6.218 6.244

10 1,783 2.564 3,385  4.267 4,979 5349 5488 5515

179G 2,621 3.513 4,234 4,608 4,750 4777

3 1,840  2.743 3473 3,852 3.99% 4.0

4 1.914 2653 3038 3.184 3212

50 1.749 2,140 2,286 2317

(L 1] 1.396 1.547 1.576
Exrposure Rate = 20.00 (WLMyr}

0 2,586 4077 5577 7135 8.789  10.102 10.771 11.0M8 11.064
10 2.556 4.091 3.687 7378 8723 G410 9.665 9.712
20 2571 424 59M 7312 B0M7 8280 8.9
) 2671 4442 5854 6578 6,849 6.899
40 2816  4.264 5009 5.288  5.341
50 2.489 3.357 3546 3.601
b0 1.789 2,087 2.143

9 Estimated with the committee’s TSE mode] {Chapter 2) and a multiplicative interaction be-
tween smoking and exposure to radon progeny.
Ry, the calculated lifetime risk for unexposed male nonsmokers, is 0.0112.
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TABLE VII-17  (Continued)

Age (1) Age (yr} Exposure Ends

Started 10 b1 30 40 S50 &0 70 &0 110
Exposure Rare= 10.00 (WLM/yr)

] 014 0.28 0.42 0.58 0.74 0.84 0.87 0.88 0.B8
10 0.14 0,28 0.44 0.60 0.70 0.74 0,75 0.74
W0 Q.14 0.30 (.46 0.57 0.60 0.61 0.61
30 0.16 0.32 0.43 .46 0.47 0.47
40 0.16 0.27 0.31 0.32 0.32
S0 o.11 0.15 0.15 0.15
&0 0.04 0.0% 0.04

Exposure Rate = 20.00 (WLMyr)

)] 0.28 0.56 0.83 1.13 1.44 L. 1.70 1.71 1.1
10 0.28 0.56 0.87 1.18 1.38 1.44 1.46 1.46
w0 0.29 0.60 091 .12 1.18 1.20 1.20
30 0.31 0.04 0.584 091 0.93 0.93
40 0.33 0.54 0.61 0.63 0.62
50 0.22 0.29 0.30 0.30
&0 .07 0.09 0.09

? Estimated with the commitree’s TSE mode! (Chapter 2) and @ multiplicative interaction be-
{ween smoking and exposure to radon progeny.
Lg, the calculated lifetime for unexposed male nonsmakers, is 70.5 yr.
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TABLE VII-18 (Continued)

Age (1) Age (yr} Exposure Ends
Started 10 20 kit 40 50 60 g LT 110

Exposure Rate = 10,00 (WLM fyr}

1.787 2,531 3244 1.969 4.680 5,197 5,430 5528 5.539
19 1.788 2542 3310 4.071 4610 4858 4963 499
20 1,799 2,612 3418 3988 4250 4365 4.400
30 1.B6L 2,714 3320 3.601 3.7 3.759
30 1.908 2554 2854 2984 3025
0
&0

1631 2413 2153 2198
134t  1.490 1.538
Expogure Rare = 20.00 (WLM/ypri

0 2,530 3.89¢ 5134 5323 7.430 8160 8.474 3.600 &.634
10 2531 3917 5247 0485 7305 760 7.803  7.843
20 2553 4.042 5427 6347 6743 6912 6.959
30 2.670 4224 5259 5714 5901 5.956
40 2.75%  3.934 4.454 4670 4734
0 2346 2%6 31% 1IN
&0 672 1955 2.043

“Estimated with the comminee's TSE model (Chapter 2) and a multiplicative interaction be-
tween smoking and exposure ta radon progeny.
fty, the calculated lifetime risk for unexposed female smokers, is 0.0582.
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TABLE VII-19 (Contirued)

Age (1) Age (yr) Exposure Ends
Started 10 20 30 40 50 60 0 BO 110
Exposure Rate = 10.00 {WLM/yrl

o 0.104 0.147 0.18 0231 0273 0302 036 0322 0.324
10 0.104 0,148 0193 0.237 0268 0.283 0.289 0.291
20 0.105 0152 0.199 0232 0.248 0.25¢ 0.256
0 0.108 0,158 0193 0210 0.217 0.219
40 0.l 0149 0166 0174 0.176
50 0.098 0,117 0,125 0.128
60 0.078 0.087 0.090

Exposure Rate = 20.00 fWLM )

0 0.147 0227 0.299 D368 0.432 0.475 0493 0500 0.503
10 0.147 0228 0305 0377 0425 0446 0.454 0.457
20 0,149 0.235 0316 0.369 0393 0402 0.405
30 0,155 0246 0.306 0333 0343 0.347
Ll 0161 0229 0289 0.272 0.2%
S0 0.137  0.171  0.186  0.190
50 0,097 0.114 0119

“Estimated with the commirtee's TSE madel {Chapter 2) and & multiplicative interaction be-
tween smoking and exposure to radon progeny. Note that R, inciudes Ry, the caleubated lifetime
risk for unexposed female smokers, 0.0582.
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TABLE V11-20 {Continued)
Age (yr} Exposure Ends

Age ()
Started 10 20 30 40 50 60 0 BO 110
Expasure Rate = 10.00 (WLM/yr)

0 0.93 I.82 2.70 3.65 4.55 5.04 5.17 5.19 5.17
10 0.93 1.85 2.84 3.7 4.28 4,41 4.43 4.41
0 096 198 295 348 3463 365 363
ko) L.07 2.07 2.64 2.78 2.81 2.78
40 1.05 1.64 1.80 1.82 1.80
50 0.52 0.79 0.82 0.79
&0 017 02 017

Exposure Rate = 20.00 (WLM/yr)

0 1.82 3.50 sl 6.78 8.26 9.01 9.20 8.23 9.22
10 1.82 35 535 695 7.8 199 B.02  B.OO
20 1.87 .81 5.54 6.45 6,68 6.71 6.69
30 2.09 3.97 4.96 5.21 5.26 522
40 2,06 3.16 3.44 3.48 345
50 1.22 1.54 1.59 1.54
60 0.34 0.40 0.34

“ Estimated with the committee's TSE model {Chapter 2) and a multiplicative interaction be-
tween smoking and exposure to radon prageny.
Ly, the calculated lifetime for unexposed famale smakers, is 75.9 yr.
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TABLE VII-21 Ratio of Lifetime Risk (R./R,) by Age

Started and Age Exposure Ends for Yarious Rates of

Annua] Exposure® for Female Nonsmokers®

Age (vr) Age (yr) Exposure Ends

Started 10 20 30 40 5¢ 0 0 80 110
Exposure Rare = 0.10 (WLM/yr)

0 1.008 1017 1025 1,034 1.0d4 1.051 1,038 1057 1,057
10 1.ODB 1017  LO0X6 1.035 1.043 1047 1048 1.049
0 1.008  1.018 1.027 1.035 1.038 1.040 1.040
0 1,009 1019 1,026 1.030 {03 1,032
40 L.010 1.7 1,021 1.022 1,023
50 1.007 1011 1013 |01
60 L.og4 1005 1006

Exposure Rute = 0.20 (WLM /yr}

0 1.017  1.033 1,050 1.069 1.088 1,103 L1 1113 1144
10 L.O17 1.034 1052 L1071 1.086 1.093 L.096 1.097
20 1.017 1035 1.08% 1.06% 1,076 1.080 1.081
30 1.018  1.038 1.052 1059 1.063  1.064
40 1.019 1.034 1.041 1,044 1.046
30 .05 L0022 1025 1.026
60 1.007 1010 1012

Exposure Rate = 0.50 {fWLM/yr)

0 1.042 1.083 1026 $171 1,220 1.25% 1.274 1282 1.285
10 1.042  1.0B4 1,130 1178 1215 1233 1241 1244
i) 1.042 1088 1.136 1173 1191 1199 1,202
30 1.0d6  1.094 L1310 1149 1,157 1,180
40 1.048 1.085 1.103 L.111  t11d
S0 1.037  1.08% L063 1.066
&b 1,018 1.026 1.029

Exposure Rate = 1.00 (WLM/vr)

0 1,083 1.167 1.251  1.343 1,439 1.512 1.548 1.564 1.570
10 1.083 1.168 1,259 1.356 1.429 1465 1.481 ].487
20 1.085 1176  1.273 1.346 1382 13985 1.403
30 1.091 1.188 1261 1.297 1313 1319
40 L0&7 170 1.206 1.222 1228
50 1073 L3109 1126 11N
&0 1.036  1.052 1.058

Exposure Rate = 4.00 (WLM/yri

0 1,334 1,666 2003 2.366 2,748 3,037 3.179 1233 3,265
10 1.33  1.671 2,035 2418 2,708 2850 2.914 .93
20 1,339 1.703 2,087 2377 2520 1.584 2.607
30 1,365 1.750 2041 2184 2,249 2271
40 1.386 1.678  1.821 1,836 1.908
50 1,283 1.436 1501 154
b 1144 1,209 1,232
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TABLE VII-21 (Continued)

Age () Age {yr} Exposure Ends
Started 10 20 k[H] 40 50 60 70 80 110
Exposure Rate = [0.00 (WLM 'y}

0 1,83 2,660 3.495 4.39F 5332 6040 6,386 6.542 6,595
10 1,832 2672 3573 4520 5232 5.580 5737 579
20 1.845 2751 3,703 4419 4770 4928 4.98]
kH 1911 2869  3.589 3,942 4101 4.155%
40 1.963 2680 3044 3204 3.259
50 1.730 2,088 2249 23085
60 1360 1,522 1578

Exposure Rate = 20.00 i WLM/yr)

[+ 2660 4301 5048 7,703 9535 10,904 11.569 [(L.B67 11.967
10 2,660 4325 6,101 7,934 9,340 10,013 10315 10.417
20 2.685 4.481 6.355  1.757 8.439 8745 B.B4B
ji 2.817 4.713 6132 6823 7133 1.238
40 2.920 4,357 5.058 5,372 5.479
50 2.457 3,167 3.4B6 3.595
&0 1.718 2,041 2,152

? Estimated with the commitiee’s TSE modsl {Chapter 2) and a multiplicative interaction be-
tween smoking and exposure to radon progeny.
Ro. the crlculated lifetime risk for unexposed female nonsmokers, is 0.00602.

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

Copyright © National Academy of Sciences. All rights reserved.



Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

554 HEALTH RISKS OF RADON AND OTHER ALPHA-EMITTERS

TABLE VII.22 (Continued)
Age (yr) Expasure Endy

Age (yr}
Started 10 0 0 40 50 &0 0 80 110
Exposure Rate = I0.00 (WLM/yr)

0 0.011 0.0l 0021 0.026 0032 0036 0.038 0.039 D0.040
10 0011 0016 0022 0.027 032 9034 0.03° 0.035
X 0.011 0017 0,022 0037 0029 0030 8.030
30 0,012 0.017 {022 0.024 0.025 0,025
40 0.012 0016 Q018 0.019 0.020
S0 0010 0.013 0.014 0.0t4
60 0008 0.009 0.010

Expasure Rate = 20.00 (WLM/yr}

0 0,016 0.026 0036 0.046 0057 0.066 0070 0.071 0.072
10 0.016 0.036 0.037 0.048 0.056 0.060 0.062 0.061
20 0.016 0027 0.038 0.047 0051 0,055 0.05)
0 0.017 0.028 0.037 0,047 0.043 0.044
40 0.018 0.026 008 ©£.032 0.033
50 0015 Q.09 0021 0,022
60 0.010 0012 0.013

9 Estimated with the commitiee’s TSE model (Chapter 2} and a multiplicative interaction be-
tween smoking and exposure to radon progeny. Note that R, includes Ry, the calculated lifetime
tisk for unexposed femnale nonsmokers, 0,006032,
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In assessing the consequences of combined exposure to cigarette smoke
and radon daughters, consideration must be given to these diverse effects
of smoking {Table VII-24), as well as to interaction between the two
agents in the process of carcinogenesis itself. Smoking-related changes
in the lung’s structure and function might alter the dese to target cells
at any particular level of exposure. In comparison with nonsmokers,
dose might be increased in smokers by the greater central deposition, the
increased airways permeability, and the slowed mucociliary transport. Dose
might be reduced in smokers by mucosal edema and the increased average
mucus thickness due to the heightened mucus production in the airways of
smokers. A conclusion concerning the net effect of these smoking-related
changes on the dosimetry of radon daughters cannot be reached at present.
Nevertheless, the effect of radon daughters in the presence of smoking must
be interpreted in the context of the changes in lung structure and function,
which can be readily demonstrated in many smokers. %

In this regard, several pulmonary disease processes resulting from
cigarette smoking have been associated with increased lung-cancer risk:
chronic bronchitis and chronic obstructive pulmonary disease, By epidemi-
ological convention, chronic bronchitis refers to chronic sputum production.
Clinical diagnosis of chronic obstructive pulmonary disease occurs in pa-
tients with disabling and irreversible airflow cbstruction. At times, clinical
diagnoses such as chronic bronchitis, emphysema, and chronic obstruc-
tive pulmonary disease may be applied to persons with irreversible airflow
obstruction, regardless of other features,

Nevertheless, epidemiological studies show that these diagnoses are
associated with increased risk of lung cancer, even with adjustment for
cigarette smoking. In an early case-control etudy, Doll and Hill*® found
that lung-cancer cases yield a history of chronic bronchitis significantly
more often than controls. In two subsequent case-control studies, diag-
nostic terms applied to patients with chronic airflow obatruction were also
associated with lung cancer, even with control for cigarette smoking.%:%7
Davis'? showed that the incidence of lung cancer in patients with chronic
obstructive pulmonary discase was higher than expected in comparison
with rates in smokers.

Two studies have demonstrated that mucus hypersecretion, as as-
certained by a questionnaire, predicte increased lung-cancer occurrence.
Rimington?® determined lung-cancer incidence in male participants who
had given information on their smoking habits and sputum production for
a radiological screening program. In all categories of cigarette smoking,
lung-cancer incidence was higher in those with a history of daily sputum
production for 5 yr at the time of enrollment. Peto et al.25 examined
mortality of 2,618 British men during a 20- to 25-yr follow-up period.
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ghould not be dismiszed and may provide a more accurate description of
the underlying relationship.

A clear pattern of risk among studies of miner's exposure to radon
and tobacco smoke has not yet emerged. A few small studieg have shown
mixed results, while the largest study of the issue by Whittemore and
McMillan®® indicatez a multiplicative interaction. While the committee's
analyaes of the Colorado Plateau uranium miners in Part 2 of this appendix
gupport this conclusion, the analyses also support submultiplicative and
supramultiplicative relationships.

The committee’s analysis of the Japanese atomic-bomb survivor data
shows that for these data, neither an additive nor a multiplicative model
can be rejected on statistical grounds; indeed, their maximum likelihoods
are nearly identical. This is consistent witb the results of Prentice et al.2®
In summary, the atomic-bomb survivor data appear amenable to either a
multiplicative or additive model for the relative risk. The most recent case-
control study by Blot et al.? based on a large number of lung-cancer cases
sustains this interpretation., The relevance of these studies of atomic-bomb
survivors to the interaction of radon and smoking in their relationship to
lung-cancer induction, however, muat still be determined.

Our review suggests that this issue has yet to be resolved. Areas for
further study that are needed to clarify the combined effect of these two
exposures include the following:

¢ the impact of smoking rate (cigarettes per day) and smoking
duration, as opposed to rate and/or the combined pack-years, on the
radiation association with lung cancer;

+ implications of low- versus high-LET radiation;

* the role of smoking cessation on the effect of radiation-associated
lung cancer;

e the effect on interactione of tobacco use before and after radiation
exposure;

+ the role of cigaretie use on the histological distribution of radiation-
associated lung cancer;

¢ the relationship of smoking to other measures of radiation expo-
sure, for example, working-leve] rate, cumulative WLM, and duration of
exposure; and

o the role of other agents associated with lung diseases, such as
asheatos, silica, and arsenic.
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ApPENDIX VIII

Previous Estimates ofthe Risk Dueto Radon
Progeny

Several expert groups and individual investigators have published
estimates of the risk associated with exposure to radon progeny. In this
appendix the committee examines some of the more widely cited studies
both for their underlying assumptions and for the numerical value of the
estimated risk.

Like the committee’s lifetime risk estimates developed in Chapter 2,
two ateps are usually involved in eatimating the risks from radon exposure:
the development of an appropriate risk coefficient from epidemiological
studies, and the projection of risks over a defined exposure and follow-
up periods. Table VIII-1 lists risk coefficients developed in a number of
epidemiological studies. Two types of risk coefficients are shown; those
for absolute excees risk, the number of cases per person-years at risk per
working-level month (WLM]}, and the excess relative risk, the proportional
increase per 100 WLM. Estimates from Annex 2A, using a constant relative
risk mode] are included in Table VIII-1 in cases in which the same cohorts
were considered by this committee. Except for the Malmberget miners, the
results of the Poisgon regressione for internal and external controls used in
Annex 2 are not too different from those obtained by other investigators
using standardized mortality ratios.

As important as the risk coefficients are in estimating the risks as-
sociated with radon exposures, the assumptions in the projection models
often have a larger numerical impact. The committee examines these
assumptions for particular studies in the following sactions,
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TABLE VIII-1 Published Risk Coefficients for Exposure of Underground Miners to Radon Progeny

Attributable Excess Risk
Dealhs/ 10* Person-Year Excess Relative

Cohorl Study at Risk/WILM Risk/100 WLM  Basis of Risk Estimate
Colorzdo Plateau  BEIR (11" 3.5 0.45 Group average, 0-3,719 WLM
Whittemore and McMillan'® 6.0 08 Groap Average, 0-360 WLM
0.31 Regression, nonsmoker
L.44 Regression, Mpack year smoker
NIOSH* .1 Proporiional hazasd regression at 120 WLM
Aunex 2A 0.6-0.6 Regression on exposures, < 2,000 WLM*
Czechoslovekia BEIR IIT" 19 1.8 Group average 0-300 WLM
Onlario Multer® 72 1.3 Regression, standatd WLM
28 0.51 Regression, special WLM*
Anmnex 2A 1.4-1.2 Regression, standard WLM“
Beaverlodge Howe® 20.9 324 Regression
Annex 2A 2.6-2.6 Repression”
Malmbergel Radford and Renard®? i | — Group average for smokers
Annex 2A 169 — Graup average for monsmokers
19 3.6 Group average
1.4-1.6 Regression®
Mewfoundland BEIR 111" 17.7 B.0 Group aversge
Morrison ct al.? 5.6 — Regression

“Tables 2A-2 and 2A- for internal and external controts, respectively, using a conslant relative risk model, not the time since expasure model recom-
mended by this Committee.
& Maximum estimated cxpasure, sce Appendix IV.
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the “mosat defensible upper bound of the lifetime risk to the general popu-
lation is 100 lung cancer deaths per 10° WLM.” This coefficient reflects &
reduction in unit exposure for the general population, in comparison with
miners, hecause of differing exposura conditions, smoking habits, and age
and sex distributions of the two populations.

Evane et al. acknowledged the infermality of their approach for de-
termining a risk coefficient for the general population. They did not uae
modela directly, either to derive a risk coefficient from the miner data or
to extrapolate from miners to the general population. They alac assnmed
an attributable-risk model and did not specifically address the effects of
cigarette smoking.

1877 UNSCEAR REPORT

The 1977 report of the U.N. Scientific Committes on the Effecte of
Atomic Radiation (UNSCEAR})'® provided an attributable-risk coefficient
for lung-cancer incidence of 200-450/10° WLM, which described a full, for
example, 40-yr, expreasion of the carcinogenic effect on lang tissue of radon
and of its daughter products. The report revieswed data from American
uranium miners, Swedish underground miners, Newfoundland Buorspar
miners, ircn.ore miners in the United Kingdom, and Csechoslovakian
uranium miners. The upper bound of the attributable-risk range was
clearly derived from analysis of the Czechoslovakian data; the derivation of
the lower limit is unclear, althongh the Swedish data reported by Snihs*
apparently were considered. The Colorado Plateau data do not appear to
have been used in setting the range.

The UNSCEAR report emphasised the Czechoslovakian study, be-
cause of long latency after the onset of exposure and the availability of
appropriate mortality rates. The authors cited the dose-response rela-
tionship of excess risk to exposure as 230 x 107%/WLM; this coefficient,
however, was taken from the 1978 report!? that was based on an incorrect
method of analysis, To obtain the upper bound of 450 x 10-%/WLM,
the aunthors merely doubled the value reported by Seve et al.l® That
calculation was justified by assuming that the average follow-up in the
Czechoslovakian study (20 yr) represented the median latency for a 40-yr
complete expresgion of the effects of exposure. The report did not provide
evidence to support the biological model that is implicit in the doubling of
the risk coeflicient.

The Swedish data were also characterized as appropriate for consid-
eration, although the original report by Snihs'* did not provide complete
information. The present committee does not regard these data as adequate
for risk estimation. For a 40-yr period, Snihs estimated the attributable
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Glossary

Absorbed dose. The mean energy imparted to the irradiated medium,
per unit mass, by ionizing radiation. Units: gray (Gy), rad.
Activity. The mean number of decays per unit time of a radioactive

nuclide. Units: becquerel (Bq), curie (Ci).

Activity median aerodynemic diameter (AMAD). The diameter of a
unit-density sphere with the same terminal settling velocity in
air as that of the aerosol particulate whose activity is the median
for the entire aerosol.

Additive interaction model, This model ia used to find the combined
risk for risk factors which have no interaction with each other.
For example, the combined mortality risk of cigarette smoking
and automeobile accidents is the sum of the separate risks.

Adenosercoma. A mixed tumor which consista of a substance like
embroyonic cannective tiszue together with glandular elements.

Alpha particle. Two neutrons and two protons bound as a single
particle that is emitted from the nucleus of certain radioactive
isotopes in the process of decay or disintegration.

Aneuplotd. Having numbers of chromosomes not equal to exact
multiples of the haploid number. Down syndrome is an example,

Background rediation. Radiation arising from radioactive material
other than that under consideration; background radiation due
to cosmic rays and natural radioactivity is always present; there
may also be background radiation due to the presence of radioac-
tive substances in building material,

B77
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578 GLOSSARY

Bayesian analyeis. Analysis in which Bayes’ theorem is used to derive
posterior probabilities from assumed prior knowledge together
with observational data, For example, bioclogical informaticn on
the relationship between species and hazardous substances can
be combined with data on interspecies dose response to calculate
the response of human populations.

Becquerel (Bg). SI unit of activity. (See Units.)

Bremsstrahlung. The production of electromagnetic radiation (pho-
tons) by the acceleration (positive or negative) that a fast,
charged particle (usually an electron) undergoes from the ef-
fect of an electric or magnetic field; for instance, from the field
of another charged particle (usually a nucleus).

Bronchioles. The small branches of the tracheobronchial tree of the
lung.

Cell culture. The growing of cells in vitro, in such a manner that the
cells are no longer organized into tissues.

Chromosomal nondisjunction. Either a gain or a loss of chromosomes
that occurs when cell division leading to either egg or sperm
production goes awry. This results in aneuploidy.

Ciliated mucosa. The mucous membrane in the lung covered with
small hairlike structures which serve to move the mucus.

Competing risks. Other causes of death which affect the value of the
risk being studied. Persons dying from other causes are not at
risk of dying from the factor in question.

Constant-relative-rick model. A risk model which assumes that, after
a certain time, the ratio of the risk at a specific dose to the risk
in the absence of the dose does not change with time.

Contact inhibition. The cessation of migratory activity and some-
times other functions, including mitosis, when adjacent cells
establish firm contact.

Coz proportional hazards model. A relative-risk model that permits
the use of internal comparison groups as controls for confounding
variables such as cigarette smoking and age.

Curie {Ci). A unit of activity equal to 3.7 x 10'° disintegrations/s.
(See Units.)

Daughter product. An isotope formed as a result of radioactive decay.
One daughter atom is formed for each particle emitted,
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Latent period. The period of time between exposure and expression
of the disease. After exposure to a dose of radiation, there is a
delay of several years (the latent period} before any cancers ars
seen.

Life-spen study (L8S). Life-span study of the Japanese atomic-bomb
survivors; the sample consists of 120,000 persons, of whom 82,000
were exposed to the bombs, mostly at low doses.

Lifelime risk. The lifetime probability of dying of e specific disease.

Lifetime risk ratio. The ratio of the lifetime risk (R.} of an exposed
person to the lifetime risk of an unexposed person (Rg). This
number minus 1 is the proportional increased risk associated
with exposure (R, — Ry).

Linear dose model. This model postulates that the excess risk is
linearly proportional to the dose.

Linear energy transfer (LET). Average amount of energy lost per
unit track length.
Low LET, Radiation characteristic of electrons, x rays, and
gamma rays; the distance between ionizing events is large on
the scale of a cellular nucleus.
High LET. Radiation characteristic of protons and fast neutrons;
the distance between ionizing events is small on the scale of a
cellular nucleus. Average LET is specified ta even out the effect
of a particle that is slowing down near the end of its path and to
allow for the fact that secondary particles are not all of the same
energy.

Lymphosarcoma. A sarcoma of the lymphoid tissue, This does not
include Hodgkin’s disease.

Minute volume. The amount of air moving through the jung per
minute; the product of the breathing rate times the volume of
air per breath.

Multiplicative interaction model. A model in which independent rigk

factors interact so that the combined risk is the product of the
relative risks due to each factor alone.

Neoplasms. Any new and abnormal growth, such as a tumor; neo-
plastic disease refers to any disease that forms tumors, whether
malignant or benign.

Nonstochastic, Describes effects whose severity is a function of dose;
for these, a threshold may occur; some nonstochastic somatic
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effects are cataract induction, nonmalignant damage to skin,
hematological deficiencies, and impairment of fertility.

Nuclide. A species of atom characterized by the constitution of its
nucleus, which is specified by its atomic mass and atomic number
(Z), or by ite number of protons (Z), number of neutrons {¥),
and energy content.

Oncogenes, Genes which carry the potential for cancer.

Person-gray. Unit of population exposure obtained by summing
~ individual dose-equivalent values for all people in the exposed
population. Thus, the number of person-grays contributed by 1
person exposed to I Gy is equal to that contributed by 100,000
people each exposed to 10 uGy.

Person-years-at-risk (PYAR). The number of persons exposed times
the number of years after exposure minus some lag period during
which the dose is assumned to be unexpressed (latent period).

Prevalence. The number of cases of a disease in existence at & given
time per unit population, usually 100,000 persons.

Progeny. The decay products resulting after a series of radioactive
decays. Progeny can also be radioactive, and the chain continues
until a stable nuclide is formed.

Quadratic-dose model A model which assumes that the excess risk
is proportional to the square of the dose.

Quality facter (@). A linear energy transfer dependent factor by
which absorbed doses are multiplied to obtain (for radiation-
protection purposes) a quantity which corresponds more closely
to the degree of biclogical effect produced by x or low-energy
gamma rays.

Rad. A unit of absorbed dose. Replaced by the gray in SI units, {See
Units.)

Radioactivity. The property of some nuclides of spontanecusly emit-
ting particles or gammea radiation, emitting x radiation after
orbital electron capture, or undergoing spontaneous fission.
Artificial radioactivity. Man-made radioactivity produced by
fizsion, fusion, particle bombardment, or electromagnetic irradi-
ation.

Natural radicactivity. The property of radioactivity exhibited by
more than 50 naturally occurring radionuclides.
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Rodioisotopes. A radioactive atomic species of an element with the
same atomic number and usually identical chemical properties.

Radionuclide. A radicactive species of an atom characterized by the
constitution of its nucleus,

Radiosensitivity. Relative susceptibility of cells, tissues, organs, and
organiams to the injurious action of radiation; radioeensitivity
and its antonym, radioresistance, are used in a comparative sense
rather than an absolute one.

Recessive gene disorder. This requires that a pair of genes, one from
each parent, be present in order for the disease to be manifest.
An example is cystic fibrosis.

Relative biological effectivencss (RBE). Biological potency of one ra-
diation as compared with another to produce the same biological
endpoint. It is numerically equal to the inverse of the ratio of
absorbed doses of the two radiations required to produce equal
biological effect. The reference radiation is often 200-kV x rays.

Relative mutation risk, The ratio of the risk of a genetic mutation
among the exposed population to that in the absence of exposure.

Risk coefficient. The increase in the annual incidence or mortality
rate per unit dose: (1) abaolute risk coefficient is the observed
minus the expected number of cases per person year at risk for a
unit dose; (2) the relative-risk coefficient is the fractional increase
in the baseline incidence or mortality rate for a unit dose.

Risk estimate. The number of cases (or deaths) that are projected
to occur in a specified exposed population per unit dose for a
defined exposure regime and expression period: number of cases
per person-Gray or, for radon, the number of cases per person
cumulative working-level month.

Rem. A unit of dose equivalent. Replaced by the sievert. (See Units.)

Sedimentation. The gravitational foree on a particle is partially
balanced by the viscous force of the air. The resultant velocity
toward the earth is the sedimentation velocity. Important for
particles with intermediate aerodynamic diameters.

Sez-linked mutation {or X-linked). A mutation associated with the
X chromosome. It will usually only manifests ita effect in males
{(who have only a gingle X chromosome).

57 units. The International System of Units as defined by the General
Conference of Weights and Measures in 1960. These units are
generally based on the meter/kilogram/second units, with spe-
cinl gquantities for radiation including the becquerel, gray, and
sievert.
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Sievert. The SI unit of radiation dose equivalent. It is equal to dose
in grays times a quality factor times other modifying factors, for
example, a distribution factor; 1 sievert equals 100 rem.

Specific activity. Total activity of a given nuclide per gram of a
compound, element, or radioactive nuclide.

Specific energy. The actual energy per unit masa deposited per unit
volume in a given event. This is a stochastic quantity as opposed
to the average value over a large number of instances (i.e., the
absorbed dose).

Squamous cell carcinoma. A cancer composed of cells that are scaly
or platelike.

Standard mortality ratio (SMR). Standard mortality ratio is the ratio
of the disease or accident mortality rate in a certain specific
population compared with that in a standard population. The
ratio is based on 100 for the standard so that an SMR of 200
means that the test population has iwice the mortality from that
particular cause of death.

Stochastic. Describes random events leading to effects whose proba-
bility of occurrence in an exposed population (rather than sever-
ity in an affected individual) is a direct function of dose; these
effects are commonly regarded as having no threshold; hereditary
effects are regarded as being stochastic; some somatic effects, es-
pecially carcinogenesis, are regarded as being stochastic.

Stepping power. The average rate of energy lcss of a charged particle
per unit thickness of a material or per unit mass of material
traversed.

Straggling. The statistical variation in the range of a particle caused
by the large number of interactions and scatterings within the
material being traversed.

Sutrface-geeking radionuclide. An internal emitter that is deposited
and remains on the surface of bone for a long pericd of time. This
contrasts with a volume seeker, which deposits more uniformly
throughout the bone volume.

Target theory (hit theory). A theory explaining some biological effects
of radiation on the basis that ionization, which occurrs in a
discrete volume (the target) within the cell, directly causes a
lesion that later results in a physiological response to the damage
at that location; one, two, or more hits (ionizing eventa within
the target) may be necessary to elicit the response.
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indoor exposures, 2, 4, 7, 10, 25

for lifetime exposure, 8, 50, 52-61,
8485, 63-89, 76, 438

lifatime risks, 8, 5568, 58, 60-G6,
88-71, 76, 78, 436, 440,
533-536, 530~54%, §45-548,
551-554

for males, 47489, 53, b5~68, 81-67,
74, 78, 623-5256, 633-544

mathematical basis for, 131-134

precision of, 10

survival time data, 433-434

temporal expreasions of, 51-52

TSE mode] vs. constant-
relative-risk modsl, 57-58, 60

tumor incidence, 433-434
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uncertsinties in, 8, 18-16, 37,
40-52, 440

for uranium miners, 81, 77; see alsc
Miner coborts

years of life lost, 53, 55-58, 58-59,
61, 86-67, 72-13, 537-5638,
543-644, 549-5560, 655-658

M

Maatoid air cells
physiology of, 215-218
a¢e abio Sinus/mastoid carcinoma
Miner cohorts

age-at-firnt-sxposure effects on,
38-38, 49-50, 85, 530-531

nge-specific rigka, 81, 108-111, 114,
116-118, 120-121, 123, 125,
127, 129

anslytical spprosches, 32, 34; ace
also Lung-cancer risk snalyses;
TSE model

BEIR I risk estimates for, 565,
639570

Caneadisn {Eldorado) uranium
miners, 8, 32, 40, 43, 97,
101-103, 108-107, 109-1140,
115117, 121, 123-124, 461-467,
483~-484, 500, 508, 515, 565

Canadian flucrepar miners,
470-471, 488, 498-499, 565, 573

cause-specific risks of mortality
among, 481-484, 489

characteristics, 33, 153, 164

Chinese tin miners, 468-470

cigarette smoking in, 32, 34, 45, 50,
294, 462, 478475, 478, 408,
504-518, 520-521, 527-531

Colerade Platean uranium miners,
6, 32, 34, 36, 40, 45, 50, 83,
100-103, 106-110, 112-118,
121-122, 120-130Q, 250-281, 294,
446-454, 483, 489494, 4968499,
508-507, 511-514, 527-531, 580

combined analyses of, 114-119

Committes analyses of, 32-35, 37,
43, 45, 4648, 84-134

constant relative risk, 40, 118-117,
11%

Cornish tin miners, 468, 483484

cumulative exposures, 101, 103,
123-130

cytogenetic abnormslities in, 79,
492-453

Copyright © National Academy of Sciences. All rights reserved.



594

Ceechonlovakian urenium miners,
456-469, 462, 498, 498-499,
565, 673

dose celculation for, 149

dose-responas ralstionships for,
481463, 409, 471, 474, 47T7T-478

durstion-of-exposurs affects on, 38,
34, 109-110, 112, 114, 124, 124,
128, 130

excess relative risk, 103-107,
116-}17, 123-130, 476, 505,
B06-511, 522

exposure estumate errors, 43

external population rates for risk
estimation in, 95-98, 100, 101,
102-105, 108-110, 115-119,
121-122

extrapolation of data to indoor
environments, 6, 7, 10, 18-19,
34, 85, 52

final lung-cencer risk model for,
119-130; aee alre TSE model

French uranium miners, 460—488

haalthy worker effect in, 98, 101,
205

histological types of lung cancer in,
498-501

internal analyses of, 34, 88, 94,
98-100, 108-109, 111, 115-119,
121-122

lifetime obsarvations in, 51

limitations of studies, 31

lung-cancer deaths in, 33, 103,
123-130, 332, 446, 455457,
481-463, 466-471, 474477, 479

lung-cancer occurrence in, 6, 24,
28, 30, 77, 470, 478

mean exposure, 106-107

mortality patterns, 201-287,
481484, 508

NCRP risk estimates for, 585-550

Navajo uranium miners, 493-494,
S00-501

New Mexico uraninm miners, 50,
490, 494, 500, 514-515, 520-522

ponmalignant health effects of
radon in, =10, 15, 79, 451,
485494

Norwegian niocbium miners, 478,
483-484

Ontario uraninm miners, 5, 32, 40,
43, 101, 103, 106-107, 108-111,
116-117, 121, 125-126, 457-403,
4B3-4B4, 489, 491, 565

paralle] anslyses of, 36, 100

pattern-of-risk model for, 38
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person-years at risk, 100, 101, 103,
106-107

precision of estimated risk derived
from, 10

pravious estimates of redon risks,
564=-575

reproductive outcomes, adverse, 10,
403-404

separate snalyses of, 105-114

skin cancer in, 491

strengths of studies, 464

Swediah iron miners (Grangesberg),
476477, 498, 501

Swedish iron miners (Kiruna),
474475, 498, 501

Swedish iron miners (Kiruna and
Gallivare), 475-476, 489, 6O1,
504, BOG

Swedish lead-zine miners
[I-la.mma.l?, 477478, 506, 510

Swedish (Malmberget) metal
miners, 6, 29, 32, 40, 43, 51,
101, 1023-104, 106, 110, 113,
116-117, 121, 127-128, 471-474,
483-484, 505-508, 508-510, GG

Swedish (Qeland) miners, 515-516

Swadich minere (general), 477

time-gin¢e-exposure oifocte, 85,
108-110, 112, 114-118, 120-122

uranivm dust effects, 291-204, 297

UNS?EAR risk estlmates for, 585,
573

Models/modeling

alkaline earth metabolism,
183-185, 195

alpha-particle energy losa in tissue,
220

carcinogenesis, 8

computer, 28-20

doge calculations for miners, 149

dosimetry, ses Dosimetry modals

health sffects, computeriged,
367-368, 371, 379

lung, for radcn exposure, 140-149

risk, se¢ Risk modsling and
methodologies

uranium metabolism by humsans,
279, 297

N

National Cancer Institute
Surveillance, Epidemioclogy, and
End Results program, 185-188,
217, 218
National Council on Radiation
Protection and Mensurements
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fetal effects, 387

functional changes in nnimals from,
187

histopathology in animals, 165-168

hot-particle theory, 171

human studies, 11, 167-16%

importance, 159

isotopes, 159

life-span-shortening effects, 184

lung-cancer role in smokers, 24,
160, 166, 170

long damage/eancar from, 24, 180,
166, 331

meximum permissible burdeun, 168

metsholism in bumans snd
animals, 11, 181, 162-183, 189

in milk of Inctating animals, 184

nonmslignent health effects, 166,
167-168

nuclear properties, 137, 159-160,
162, 167, 188

physical properties, 138

placental transfer, 387

Po-210, 10, 24, 156-180, 163, 184,
168, 170-171, 321, 422, 441

Po-214, 24, 137-138, 159-160

Po-2186, 188

Po-218, 10, 187-138, 168-160

in radium-dial painters, 168

relative biological effectiveness, 422

research recommendations on, 19

risk estimation approach, 11, 169,
171-172

sonrces and uses, 10, 169-160,
166-171

targat tisaues and cells, 10,
181-162, 167-168

tisane distribution and excretion,
163-164, 166-170

in tobacco, 188-170

toxicity, 10, 162, 164, 172

tracer studies, 167

USSR studies, 166-188

R

Radium

nccidental sxposure, 177

mnemias from, 225-224, 228, 230

snimel studias, 12, 15, 186, 188,
190, 214, 222-223, 257-258, 349

biomolecular complex formation,
161, 178

bons-cancer induction, 11-12,
16-20, 185-215, 232, 236-237

calls at risk, 1EB, 191
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chemistry, 178
clearance rates, 184, 185
dietary intake, 192
dose localisation, 162
dose-response data, 11-12, 15, 182,
194-214, 222, 225, 288, 236-237
dosimesry, 188-193, 195, 237
{etal effocts, 387
fibrotic tissue development from,
182-193
der-specific risk, 231
ealth effacts date on, 3, 11,
176178, 181
isotopes, 178
leukemia from, 225-230
monitoring in humans, 181-182
nuclear properties, 178-179
research recommendetions on,
15-20, 237-238
risk estimntion approach, 196213,
232-237
risk from, 12, 19, 176-177, 236-237
similarity to caleium, 179, 183
sinus/mastoid carcinoma induction,
197, 215, 225
soil concentrations, 139
sources, 24, 138
target tissues, 11-13
threshold doses, 177, 213-215
tissue distribution, 179, 181,
183-185, 188, 237, 281
toxicity, 10, 164, 172, 226
U.8. research consolidaetion, 197,
226
nses, 176
in water, 176, 202, 206, 228,
230232
Radium-224
bone-cancer induction, 19, 186-187,
188, 193-104, 195, 206-213,
229, 233-236
decay series, 180
dose-reapense relationship,
208-213, 233
doae to bone, 252
epidemiological studies of exposure
to, 2, 11, 20, 120, 205-206, 210,
228-229
fibrotic tissue development from,
183
formation, 19, 246247
half-life, 188, 195, 228, 236
importance, 13
leukemia from, 228-230
measyres of exposure, 232
risk estimation spproach, 232236
target tisanes, 13
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uncertainty in riok estimated for,
12
uses, 206-208, 328230
Radium-226
animal studias, 188
bone-sarcoma induction, 12, 19, 20,
177, 185-188, 193-205, 222,
2ET-288
decay products, 24, 168, 181
depesition on bone, 189
dose-response relationahips,
106~205, 233
dosimetry, 189-193, 195, 221
epidemiological studies of exposure
1o, 2, 11
half-life, 120
lifs-span-shortening effects, 1684
measurss of axposure, 232
phyaical properties, 138
placents! transfer and prenatal
affects, 387
risk estimation approach, 196-206,
232-233, 235-238
ainua{mutoid cercinoms induction,
12, 20, 217
sources, 24
toxicity in animals, 10~11
Radium-228
bone-sarcoms induction, 12, 18, 20,
177, 185-188, 103-205, 232-233,
236-236, 287-288
decay series, 180
depesition on bone, 189, 348
dosge-respaonse relationships,
108205, 233
dogimetry, 189, 191~183, 195, 221
epidemiclogical studies of exposure
to, 2, 11
half-life, 196
intake pathway, 248
fung cancer from, 48D
risk estimation epproach, 196-205,
232-233, 235-2348
sinus/mastoid carcinoma induction,
13, 20, 217
target tissuas, 13, 195
Radon and daughtars
sercsol carrier influence in, 431
age st exposurs ta, 38, 48-50
air concentrationa, 138, 401
ambient concentrations, 78
enimal studies, 3, 6, 3030, 430-442
background, 140, 481
body Buid concentratious, 141
carcinogenicity, 5, 9, 24, 25, 30, 77,
79, 431; se2 also Lung-cancer
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risk from radon progeny,
estimaten/prajectiona

cells atf risk, 144, 164-156

cigarette-smoking interaction with,
6, 7, 9, 28-30, 45, 50-51, 79,
322, 435, 437, 439, 454, 458,
504--560

clearance from respiratory tract,
144, 151

couditional lifetime effects, G1-T4

condisions increasing concentration,
24

decay, 10, 24, 28, 137-140, 180,
162, 179, 185, 188

deposition in humen lungs, 28, 31

diffusion in human blood, 179

dose to bronchinl epithelium, 25, 28

dogimesry, 26-29, 52, 137-156

fetal affocts in utero, 386-387

gaps in information on, D, 79

genetic effects, 10, 79, 492-402

health benefita of sliminating
exposure, 61, 74

histopathology of lung cancer
correlated with, 487-501

human and snimal studies, 3, 5, 25,
28-30; se¢ alo idamiclogical
studies; Miner cohorts

inhalation studies, 430-439

intervel exposure to, 59-61

isotopes, 24, 25, 159

life-span shortening, 435, 437, 439

lifetime risk of lung-cancer
mortality; see Lung-cancer
mortality from radon

lung function raduction, 9

lung-cancer risk estimation, see
Lung-cancer risk analyses;
Lung-cancer risk from radon
Progeny, estimates/projections;
TEE madel

maasures of risk from, 5257

most important daughters, 137

movement through tissue adjacent
to bone, 185

nonmalignani hoalth effects, 9, 432,
437, 485494, 558

occupational expoaurs, 24, 30; sce
afto Miner cohorts

aceupational limit, 7, 78

placentsl transfer, 387

polonium contribution to dose
from, 159

polonium risk estimation from, 171

prenatal mortality from, 396-387

Copyright © National Academy of Sciences. All rights reserved.



508

projection of risk megociated with,
47-TT; s¢c alar Lung-cancer risk
from radon progeny, eatimates/
projections
properties, 138-141, 179
guantitiea and nnits of exposnre, 7,
8, 26-27, 100, 140, 141
Rn-222, 1-2, 10, 12, 24, 137-138,
179, 287, 401
reproductive effects, 10, 70
research recommandstions on, 54,
18-19, 79-80
reapiratory tract behavior, 430431
retention in bone, 188
risk estimates from other studies,
504-575
sinus/muastoid carcinoms role, 12,
219, 287
skin cancer from, 491
eoil releases, 139
sources, 25
unattached fraction, 37-28,
139-141, 144, 1468-147, 149155
in wabter, 470, 472, 480, 493
Raden in indoor environments
aeroso] sigs, 162
association among smoking, lung
cancer, and, 516518
concentrations, 5, 7, 10, 25, 30, 77,
248, 470480
cumulative exposuye, 27
EPA survey, T8
epidemiological studias, 10, 31,
70-80, 476-481, 516-516
exposure measures, 478—480
lun%-ca.ncer incidence and deaths
rom, 2, 480-481
mean dose, 144, 155
residantial characteristica, 480~481,
516
unattached fraction, 152-154
Respiratory tract
breathing effects ou radon doss,
148-147
cigarette-smoking effects on,
5857-550
clearance rates for radon, 144, 151
inhalation and depesition of
transuranic elements in,
308-313, 515-322
mathematical modeling, 143
Weibel model, 144, 261
Risk
carcinogenlc, lifetime, of slpha
radiation exposure, 2, 11, 17
see alpo Lung-cancer risk analyses
temporal expressions of, 51-52
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Risk modeling and methodelogies

absolute risk, BE-20

additive nnd/or multiplicative, 41,
48, 77, 87-88, 91-92

sge trestment in, O4-95, 114-1186,
119, 208-210, 232, 234, 234,
327, 331

basic, B7-90

Bayssian, for combining radiation
studies, 333-334, 364-360

binscs in, 37, 44, 86, 114, 166-187,
388; see albo Uncertsinties in
risk soalysis/projections

bielogical syetems differences in,
352, 367-368

bone cancer, 185-206, 237,
333-334, 248-366

carcinogenesis mechanism
treatment, 363

¢ellular biclogy applicstions to,
420421

combined effect of cigamtte
smoking and radon exposure,
531

combining animal and human
studies, 354-366

comparing fit of two models, B7

constant-relative-risk, 3940, 48,
E1-52, 57-58, 60, B8, 00, 98,
104, 109-110, 115-117, 119,
122, 528-529

determinants of risk in, 89

dosa-responsa calculation, 97,
196-305, 232-236, 332-334, 355,
385, 418-420, 452

dose scaling, 349

for epidemiclogical cohort analysis,
84, 86, 93-100

epithelial cancers, 39

excess cancar risk, 8693, 102-107

exposure characterisation in, B7,
119, 232, 331

extrapolation from animal studies,
3,16, 17, 172, 237, 381, 848-366

extrapolation from occupational
settinge to indoor domestic
environment, 7, 27, 39; aee also
Miner cohorts

extrapolation to high-LET
radiations, 38, 89

fitting, basic npproach, 98-95

fitting of multiple relative risk
models to miner cohort atudy,
532

gender treatment in, 91, 92-93, 96,
232-233, 371
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genstic defects, 387-308, 371-375,
377

grouped date version of Cox
regression, 94, 104

hazard functions, 237, 332, 351, 433

hyperparnmeters in, 356-357, 344

Indirect, from other alpha-emitters,
11, 16

interspecies comparisona, 3,
340-301

latency treatment in, 352-353,
J63-364, 66

life-table analyses, 208, 208

liver cancer aftor Thorotrast
injaction, 2867-289

lung-cencer risk from radon, see
Lung-cancer risk anslyzes; TSE
model

Mantel-Haanszal stratifiad nnalysis,
294, 286, 480

maximum likelihood estimation,
97-98, 119

metn-anaiysis, 349, 366

multiple isotopes in, 197, 199-201,
2356-286, 353-360

maultiplicative vs, additive, 91-92,

453, 612, 514, 526

paralle[ analyses of animal and
human atudies, 351-354

plutonium, 16, 348-366

Poisson probai)ility model, 98-97,
a51, 354, 362

polonium, 11, 169, 171-172

prolonged axposure, 36, 90-81, 104,
419

proportional hasards, 206, 209,
452, 617

radium, 196-213, 232-236

radon and progeny, see
Lung-cancer risk analysis; TSE
model

regrassion techniques, -7, 83-84,
9596, 5B-99, 354

relative risk vs. absolute risk, 7, 35,
86-84, 452

standardized moertality ratio, 84,
93, 54-95, 57-98, 100-101, 102,
113-116, 117, 327

statistical vs. multistage, 86-87

survival time data in, 6-7

time-gince-exposure model, sec
TSE model

uncertainty in, 9, 45-47; see obe
Uncertainties in risk
annlysis/projections
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Sinus/mastoid carcinoma

enimal studies, 12

causs, 218-219

cells at risk, 12-13

doge-response relationship, 12,
222-224

dozimetry, 20, 2186, 219

isotopes reaponaibiﬂ, 12, 20, 219,
223

latency period, 12, 221-222, 224

locations and histologic types,
217-218

mortality rate, 217

naturally occurring, 218

radium-induced, 12, 20, 217

radon induction, 215

resenrch recommended on, 20, 238

risk analysis approach, 223-225

risk satimates, 12

plutonium induced, 317

symptoms, 217

thorium-induced, 218

tumor rate, 217

Strontium-80
clearance rates in humans, 164
life-span-shortening effects, 185

T

Teratogenic effects

snimal studies, 385

dose-sffect relationship, 381, 384,
284

dosimetry, 386

sffecta of embryonic development
stege on, 382-384

extrapolation from animal studies,
281-383

fetal period, 384-385

mental retardation, 384

organogeneasia stage, 383

placental transfer of alpha emitters,
381, 384-391

preimplantation stage, 383

pronatsl and postnatal periods,
384, de8

risk estimates, 392

threshold dose, 383, 302

types, 381

Thorium

alphs emissions in humens,
249164

snimal studies, 255-258

svorsge body content, 248, 248
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biological properties and behavior,
14, 248-240, 255, 271
bone-sarcoma induction, 257258
decay chein, 169, 161, 172, 245, 248
dose-responsa relationship, 478
doaimatry, 13, 21, 346264, 267,
288
environmental pathweys, 246, 248
excretion rates, 250
henlth affects data on, 3, 20, 287
inhelation snd ingestion rates, 246,
248
intake routes, 246, 248
liver sod spleen tumors, 255-258
luntcancar mductmn, 478
oucleat prop erties, 13, 245, 248
poloninm mk estimation from,
171-172
research recommendations on, 21
risk astimates, 13-14
soll concentrations, 246
Th-228, 13, 248-249, 257-258
Th—232 13—-14 246, 248-250, 478
tissue d,.lstrlbuhon, 13, 172, 245,
248-249, 257, 262
toxicity, 267
uses, 245
Thoron
characteristice, 25
decay chain, 168
dose to tracheobronchial
epithelium, 26
Thorotrast
anemias from, 268, 280
animal studien, 253, 267
bone tumors from 257-258, 260,
262, 283, 270-272
causaz of tumor induction by, 255
characteristics, 246
c¢hromosomal aberrations from, 266
Denish atudy, 13, 248, 258, 260,
206, 260-2T0
dose-response relationship, 247,
255-258, 260
dosimetry, 21, 246-248, 250,
252-253, 258, 264-265, 200271
epithelial tumors from, 245
excesd risk estimntes, 281, 267-272
German study, 2, 13, 20, 248, 254,
258-262, 204, 268-270
human studies, 259-267
Japanese study, 13, 247, 250, 254,
258, 260, 283-266, 288
latancy period for cancer, 254, 255,
259, 263, 264, 266, 268-269
leukemias from, 194, 246, 269,
262-363, 266-267, 269-272

Health Risks of Radon and Other Internally Deposited Alpha-Emitters: BEIR IV

INDEX

life shortening by, 255

liver cancer from, 246, 251, 254,
253-289, 271-272, 335

liver cirrhosen from, 258-259,
262-266

lung cancer from, 260-262, 268

medical applications, §, 13, 246,
258, 259, 2162, 268, 266

mortality ratas, 283, 260

nonmelignant heelth efects, 258,
358-260, 362-205

Portuguess study, 13, 246, 258,
262~263, 268-270

risk estimation approach, 287-269

upteke and distribution in tissues,
172, 247, 245-250, 254, 255,
258, 261

1.5, study, 13, 266-267

Tranauranic elements

absorption factor, 308

animal studies, 21-22, 237, 315-327

asutoradiographic studies, 307

biomolec in.r complex formation,
141

in bone and bone matrow, 314,
323-325, 337

bone-cancer induction, 18-17,
333334

chromosomal damage, 322, 376

cofactors in cancer risk, 322

deposition in humans, 18, 305~315,
336-337

apidemioclogical studiss, 327-328

fetal effects, 388-391

gastrointestinal intake, 806,
308-309, 336

health affects data on, 3, 3, 21,
305, 315-327

hematclogical effects, 325-326

human uptake of, 15-18, 306-315

inhalation, 309-313, 315-322

lenkamia induction, 325, 336

live; r;tention, 313-315, 322-323,

3

livar-cancer induction, 322-323, 335

lung-cancer induction, 16, 320,
326-323, 337

in lymphocytes and lymph nodes,
3256~326, 337

matabolism, 310-311

mutagsuicity, 16

nonmelignant heslth effects,
§15-319, 334

occupational hasarde, 305

particle size considerations,
309-310, 312, 320

Copyright © National Academy of Sciences. All rights reserved.



INDEX

percutanecus shsorption, 306-308,
Jaa

research recommendations on,
21-22

reapiratory tract deposition, 305,
336~-337

risk estimetion approaches, 337,
229-336

risk satimaten, 332, 334, 337

solubility considerations, 16,
306-307, 305-312, 336

sources and uses, 15, 308-305, 327,
334

aee alao specific elements

TSE model

assumptions in, 48, 51, 77-78

calendar time treatment in, 38-39,
94, 104

computer program for calculations
n,

contrasted with conatant-
relative-risk model, $7-58, @0,
100, 122

exposure variables, 37, 43-44, 44,
B4, 94

extrapolations of riak in time and
age, 46

fitting, beaic approech, 53-95

for age-specific lung-cancer
mortality rate, 38

gender treatment in, 38-39, 54, 78,
B3

general populetion applications, 47,
-

interpretation, 38

miner cohort data trestment in,
22-35, 87, 43, 45, 46-48,
B4-134; aee alav Miner cohorts

recommanded use of, 39

relative risk treatment in, 8~7, B,
24-35, 77, B4—84, 98-99, 101

reaults obtained with, 370, 66,
62-73

smoking treatment in, 38-39, 45,
48, 50-51, 53-55, 78

standard error in, 41, 47

strength of, 84

temporal expressions of risk, 61

uncertainties in, 9, 37, 40-47, T8,
111

U

Uncertainties in risk
analysls/projections

sdditive factors, 41
age at exposure, 48-50
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age-spacific risks, 41

ambient radon concentrations, T8

bone cancer from plutonium, 334

calculation from standard
deviation, 224-225

choice-of-model errors, 48, 58

cigarette pmoking, 9, 47, 50-51

dosimetry ecrors, 41-42, 111, 119,
3348

exposure estimate errors, 43

extrapolation from mining
environmeut to indoor
anvironment, 39, 52

gender-based, 47-45

genetic effects eatimptes, 3TO

at low doses, 203-205

lung-cancer from raden, 9, 18-1%,
37, 40-52, 440

miner cohort date, 32

misclassification of disease, 44-45,
111, 118

modeling, 8, 45-47

multiplicative standard error, 41,
47, 110-111, 113, 119, 121-122

nenuniform deposition in tissues,
14

{or radium, 12, 19

sempling errors, 41-42, 47, 111,
196-197, 228

sources, 4, 9, 42-44

statistical, 40-42

temporal expressions of risk, 51-52
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NORM/TENORM Information Sheet

Re: Comments to the Railroad Commission of Texas on the August 2024 Proposed Rulemaking
on Rule 8 and Subchapter B.



OHIO DEPARTMENT OF HEALTH
NORM/TENORM
INFORMATION SHEET

Ohio

Department of Health



ODH NORM TENORM Information Sheet

OHIO DEPARTMENT OF HEALTH

Naturally Occurring Radioactive Material (NORM)

Technologically Enhanced Naturally Occurring Radioactive Material (TENORM)
INFORMATION SHEET

Naturally Occurring Radioactive Material (NORM) is radioactive material present in the environment;
(i.e, soils, air and water) that is not man-made. NORM such as uranium (U), radium (Ra), and thorium (Th)
emit low levels of naturally occurring radiation.

FAQs
What is NORM?

NORM, by definition, is naturally occurring and can be found everywhere. Since these materials are
found in the natural environment, NORM is exempted from regulation by the U.S. Department of Energy,
the U.S. Nuclear Regulatory Commission, and the State of Ohio.

Common examples of NORM include the following:

radon gas that homeowners may detect in basements and living spaces;
potassium-40 in all plants and animals, including humans;
krypton-80 that is in the atmosphere and air we breathe;

carbon-14 that is taken in by all organic matter and can be measured thousands of years later to
determine its age in the process known as “carbon dating”;

uranium and thorium and their decay products commonly used in stone work, including granite
countertops used in residential kitchens; marble used for cemetery markers, statues, and building
veneers; and granite and limestone walls used in buildings;

radium in deep drinking water aquifers that causes additional burdens to water treatment plants; and

uranium while it is still in the ground, before it is mined and processed into fuel rods for use in
nuclear reactors.

What is TENORM?

When NORM is used for commercial purposes, processed, separated, or in some other manner has its
radioactivity concentrated (intentionally or unintentionally), it becomes another category of radioactive
material called Technologically Enhanced Naturally Occurring Radioactive Material (TENORM), which is
regulated by the Ohio Department of Health. TENORM is the same group of NORM radionuclides, but
it has been modified or “technologically enhanced” resulting in a man-made concentration higher than
NORM.
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Common examples of TENORM include the following:

phosphate industry wastes including phosphogypsum and slag;

phosphate fertilizers that are commonly used;

coal industry wastes including fly ash, bottom ash and slag;

oil and gas industry wastes including scale and sludges;

water treatment plant wastes including sludges and resin filtration systems;

metal mining and processing industry wastes including rare earths, zirconium, hafnium, titanium, and tin;
large volume industries including copper and iron; and

geothermal energy production wastes.

Where can | find Ohio TENORM regulations?

ODH TENORM rules were finalized in April 2012 and can be viewed at the following web link:
http.//www.odh.ohio.gov/en/rules/final/3701 1-43-TENORM.aspx

How are Oil & Gas drilling-related TENORM wastes regulated in Ohio?

The state of Ohio has some of the most restrictive regulations in the country
regarding TENORM.

Ohio does not allow hydraulic fracturing water, flow back water, produced water, or other liquid
wastes defined as brine to be used as drinking water. Since brine may contain elevated levels of
NORM and other chemical constituents, Ohio requires this material to be sent to a permitted un-
derground injection control-well where it can be safely disposed underground and not come into
contact with drinking water supplies or wells.

Oil & gas drilling-related waste, other than brine, that is TENORM must be tested before leaving the
well pad to determine the concentration of radium-226 and radium-228.

Wastes containing TENORM cannot be disposed of at an oil and gas drill site.

Solid waste landfills can only accept TENORM wastes for disposal at concentrations less than 5 pico-
curies per gram above natural background.

If a solid waste landfill or other facility wants to dilute TENORM wastes with concentrations greater
than or equal to 5 picocuries per gram above natural background prior to disposal, this activity
requires authorization from the Ohio Department of Health.

If solid wastes cannot be managed at a solid waste landfill because of elevated levels of TENORM, the
waste must be sent to a low-level radioactive waste disposal facility.
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Where can you find NORM & TENORM in the Oil & Gas Drilling Process?

The radioactive material categories found in Oil & Gas exploration and production (E&P) associated with
drilling and hydraulic fracturing include the following:

(1) Exploration: preparing for production (includes drilling, hydraulic fracturing, produced fluids):
"Earthen material”from the drilling process — NORM
“Earthen material” with residual coating of refined-oil based muds - NORM
Recycled drilling mud - TENORM

Recycled hydraulic fracturing water / flow back water including some Brine (likely concentrated)
— TENORM

Spent tank bottoms - TENORM

Filtrate, either liquid or solid, that results from, created during, processing and/or recycling of
used hydraulic fracturing water, flow back water, or produced water - TENORM

Used hydraulic fracturing sands — TENORM

(2) Production: pumping out gas, oil, and brine (a separation station is used to separate the gas, oil,
and brine.)
Gas
Oil
Brine - NORM
Pipe scale (buildup) - TENORM

What are the relative risks from radiation exposures to the Public?

Radiation exposures from TENORM will vary based on individual activities. The relative exposures from
TENORM are low compared to the risks from other sources of radiation. See exposure comparisons below.



Comparison of Radiation Doses

0.01 millirem (mRem)

0.1 mRem

10.0 mRem 10.0

100 mRem

1000 mRem (1000 mRem = 1 REM)

Eating a banana

Natural radiation in the human body

Using a cathode ray tube monitor for a year

Dental x-ray

Background dose received by an average person on an average day
Flight from New York to Los Angeles

Living in a stone, brick or concrete building for a year

Chest x-ray

Release limit for a nuclear power plant for a year

Annual radiation dose received by a resident growing their own
food and living in a home built on land with a five meter thick
layer of topsoil containing a concentration of combined
Radium-226 and Radium-228 equal to 5 pCi/g, excluding natural

background.!

ODH yearly limit on radiation exposure to a member of the public
resulting from licensed radioactive material activities

Spinal x-ray

Natural background radiation a human body is exposed to per year

Mammogram

Average CT scan

Smoking 1.5 pack of cigarettes a day for a year

Maximum annual dose permitted for US radiation workers

'The 79.4 mRem value was generated using the U.S. NRC’'s RESRAD 6.5 software program developed by the US. Department of Energy’s Argonne National Laboratory.
The "Resident Farmer” scenario that was used is the most conservative model and will produce the highest radiological dose potential.

TENORM concentrations > 5 pico-Curies per gram (5pCi/g) are not allowed in Ohio landfills.
REM (Roentgen Equivalent Man) is the standard unit of measure for absorbed dose or dose equivalent to humans. A millirem is one thousandth of a rem (1000 mrem = 1 rem)

Source: President’s Blue Ribbon Commission on America’s Nuclear Future Report to the Secretary of Energy January 2012
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EXHIBIT A-24

Ohio Department of Health, Bureau of
Radiation Protection, Acceptable TENORM
Analytical Methods for Radium-226 and
Radium-228

Re: Comments to the Railroad Commission of Texas on the August 2024 Proposed Rulemaking
on Rule 8 and Subchapter B.



ACCEPTABLE TENORM ASSAY METHODS FOR
RADIUM-226 AND RADIUM-228

At the request of the Ohio Department of Natural Resources (ODNR) and in coordination
with the Ohio Environmental Protection Agency (OEPA), the Ohio Department of Health
(ODH) has established this list of methods for assaying Radium-226 (Ra-226) and Radium-
228 (Ra-228) to assist ODNR permit holders in determining the concentration of Ra-226 and
Ra-228 in materials as required by Ohio Revised Code 1509.074 and to assist OEPA
permitted solid waste disposal site operators in verifying that:

e All solid waste containing Technologically Enhanced Naturally Occurring
Radioactive Material (TENORM) has been accurately assayed for Ra-226 and Ra-
228 using an acceptable method; and

e The reported “combined Ra-226 / Ra-228" concentration for solid waste being
received for disposal, satisfies the exempt TENORM concentration criteria listed in
paragraph (A) of rule 3701:1-43-07 of the Ohio Administrative Code, making the
waste acceptable for disposal at their facility.

NOTE:
Exempt TENORM concentrations for solids are <5 picocuries per gram (<5 pCi/g)
combined Ra-226 / Ra-228 excluding natural background radiation. Statewide natural
background for combined Ra-226 / Ra-228 is 2 pCi/g. ODH may approve a request for
an alternate location-specific background on a case-by-case basis.

e TENORM loads accepted at solid waste landfills permitted by OEPA pursuant to Ohio
Revised Code Chapter 3734 must be accompanied by lab results identifying the
analytical method(s) used from Table 1 and/or Table 2 below.

e A representative composite sample! must be obtained from each conveyance of solid
waste defined as TENORM that is presented for disposal at a landfill in Ohio.

1 Note: Taking one sample for a production operation or geographic region is not acceptable.

Revised 10/7/2019



TABLE 1 Analytical Methods for Radium-226 and Radium-228 in TENORM Solids
PARAMETER METHOD REFERENCE METHODOLOGY
Ra-226 901.1M EPA, 1980 Gamma spectroscopy (after 21-
www.epa.gov/waste/hazard/testmethods | day ingrowth period) - water
/sw846/index.htm method modified (M) for solids.
Ra-226 903.1 EPA, 1980 Radiochemistry
http://www.epa.gov/homeland-security-
research/epa-method-9031-radium-226-
drinking-water-radon-emanation-
technigue
Ra-226 9315M Florida NELAP Accreditation #E87688 to Radiochemistry
Summit Environmental
Technologies, Cuyahoga Falls, OH
(330) 253-8211
Ra-226 Ra-03-RC HASL-300, 28™ edition, 1997 Radiochemistry
Volume 1, Section 4
http://www.orau.org/ptp/PTP%20Library
/library/DOE/eml/hasl300/HASL300TOC.
htm
PARAMETER METHOD REFERENCE METHODOLOGY
Ra-226, Ra-228 | EMSL-LV- EPA, 1979 Radiochemistry
0539-17 EMSL-LV-0539-17 (pgs. 19 - 32)
http://nepis.epa.gov/Simple.html
Ra-228 904 EPA, 1980 Radiochemistry
www.epa.gov/waste/hazard/testmethods
/sw846/index.htm
Ra-228 9320M Florida NELAP Accreditation #E87688 to Radiochemistry
Summit Environmental
Technologies, Cuyahoga Falls, OH
(330) 253-8211
Ra-228/Ac-228, | 901.1M EPA, 1980 Gamma spectroscopy - water

Pb-212, Bi-214

www.epa.gov/waste/hazard/testmethods
/sw846/index.htm

method modified (M) for solids.
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TABLE 2

Waste for Disposal.

Screening Methods for Radium-226 and Radium-228 in TENORM Solid

PARAMETER

METHOD

REFERENCE

METHODOLOGY

Ra-226, Ra-228

ODH 901.1M
- Ra226
Direct

Approved method for ODH radioactive
materials use licensee(s):

® #03225150000 - Shale Testing
Solutions LLC, Warren, OH
(330) 502-7882

® #03122780029 - Summit
Environmental Technologies, Inc.,
Cuyahoga Falls, OH
(330) 253-8211

® #03123850006 - Microbac
laboratories, Inc. Marietta, OH
(740) 373-4071 x 4172

® #03219150000 — Armada EP OH,
New Concord, OH
(740) 255-0357

® #03219160000 — Buckeye Brine LLC,
Uhrichsville, OH
(740) 295-9331

e #03219150001 — K2 Environmental
Leetonia, OH
(330) 277-7686

Gamma spectroscopy -

Ra-226 by 186.2 keV (sumpeak
with U-235 185.7 keV),

Ra-228 by Ac-228 peak

Ra-226, Ra-228

ODH In-Situ
Radium

Approved method for ODH radioactive
materials use licensee(s):

® #03219070000 — Austin Master
Services LLC, Martins Ferry, OH
(740) 609-3800

Limited to in-situ Gamma
spectroscopy of containerized
TENORM solids.

Revised 10/7/2019




Ra-226, Ra228 ND-DOH North Dakota Department of Health Gamma spectroscopy (utilizing
Screening for Approved Screening for Disposal Ra-226 186 keV peak with 0.571
Disposal Method. correction factor),

Ra-228 by Ac-228 peak

For a list of ND-DOH approved labs, see:

https://deq.nd.gov/ag/Radiation/TENOR
M.aspx

NOTE: Accredited laboratories located outside of Ohio may have approved screening for disposal methods equivalent
to those identified in Table 2 above. To be added to Table 2, the out-of-state lab must submit a copy of the approval
documentation from its state regulatory authority by email to BRadiation@odh.ohio.gov with the subject line
“TENORM Method Approval”. If the state regulatory authority’s review and approval process is similar to or stricter
than Ohio’s review process, then the lab will be added to Table 2.

Revised 10/7/2019


https://deq.nd.gov/aq/Radiation/TENORM.aspx
https://deq.nd.gov/aq/Radiation/TENORM.aspx
mailto:BRadiation@odh.ohio.gov
mailto:BRadiation@odh.ohio.gov

Exhibits to Marc Glass Report on Beneficial Use of Drill Cuttings

EXHIBIT A-25

List of List of Sites Authorized for Beneficial
Use of Drill Cuttings from Marcellus Shale
Gas Wells in the Commonwealth

Re: Comments to the Railroad Commission of Texas on the August 2024 Proposed Rulemaking
on Rule 8 and Subchapter B.



Permit Number Name of the Permittee Address of the Permittee Permitted Activity Authorized by the Permit Location of the Permitted Activity (Processing Site) Location of the Permitted Activity (Beneficial Reuse at) Permit Status

WMGRO097R017 Clean Earth, Inc. 334 S Warminster Rd Research and development project to process and beneficially re-use drill cuttings and Williamsport Drilling Mud Processing Facility Canal Road Effective 11/29/2011
Hatboro, PA 19040-3430 drilling solids/sediments from natural gas extraction wells as a construction material 212 Colvin Rd 269 Canal Road Expired 03/01/2017
at Act 2 sites and as construction material for road subbase. Williamsport, PA 17701 Fairless Hills, PA 19030-4305

Falls Township, Bucks County

NJ Zinc Brownfield, LLC
1120 Mauch Chunk Rd
Palmerton, PA 18071-1110
Carbon County

Hazelton Creek Properties, LLC
Route 924 Mined Lands

City of Hazleton, PA 18201
Luzerne County

Bobst Mountain Hunting Club

Little Gap Run North Abandoned Strip Mine Site
Cogan House Township, Williamsport, PA
Lycoming County

WMGR097R027 NJ Zinc Brownfield, LLC 1120 Mauch Chunk Rd Research and development project to process and beneficially use drill cuttings and NJ Zinc Brownfield, LLC Effective 08/18/2015
Palmerton, PA 18071-1110 sediments generated from shale gas exploration to construct a protective cap at the 1120 Mauch Chunk Rd Rescinded 09/01/2016
former NJ Zinc Company West Plant remediation site. Palmerton, PA 18071-1110

Carbon County

WMGR097R025 Range Resources Appalachia LLC 3000 Town Center Blvd Research and development project to process and beneficially use drill cuttings from Dog Run Hunting Club UNIT 4-6H OG ESCGP Effective 08/01/2014
Canonsburg, PA 15317 natural gas wells as an aggregate in a stabilized soil pavement for construction of 725 Hickory Swale Rd Expired 08/01/2016
Marcellus Shale and Utica well pads and access roads. Jersey Shore, PA 17740

Cummings Township, Lycoming County
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EXHIBIT A-26

Pennsylvania Department of Environmental
Protection (PADEP). 2024b. Management of
Fill policy

Re: Comments to the Railroad Commission of Texas on the August 2024 Proposed Rulemaking
on Rule 8 and Subchapter B.



DEPARTMENT OF ENVIRONMENTAL PROTECTION

DOCUMENT NUMBER:

EFFECTIVE DATE:

TITLE:

AUTHORITY:

POLICY:

PURPOSE:

APPLICABILITY:

DISCLAIMER:

Bureau of Waste Management
258-2182-773
January 16, 2021
Management of Fill Policy

This document is established in accordance with the Solid Waste
Management Act, 35 P.S. §§ 6018.101 et seq. (SWMA); the Clean
Streams Law, 35 P.S. §§ 691.1 ef seq.; Section 1917-A of the
Administrative Code, 71 P.S. § 510-17; and the Land Recycling and
Environmental Remediation Standards Act, 35 P.S. §§ 6026.101 ef seq.

A person placing solid waste onto the ground is generally required to
obtain a disposal permit from the Department of Environmental Protection
(Department or DEP). A person is not required to obtain a permit under
SWMA if the person can demonstrate that the material qualifies as clean
fill in accordance with the municipal and residual waste regulations,

25 Pa. Code § 271.101(b)(3) and § 287.101(b)(6).

This policy provides DEP’s procedures for determining whether fill is
“clean fill,” as defined in the municipal and residual waste regulations at
25 Pa. Code § 271.1 and § 287.1, respectively, or “regulated fill,” as
defined in this policy. Regulated fill may not be used outside of a project
area or right-of-way of a project unless a SWMA permit has been issued
to the person using the regulated fill.

This policy shall be used to evaluate whether a person is required to obtain
a permit under the SWMA for the use of fill in accordance with the
municipal and residual waste regulations, 25 Pa. Code § 271.101(b)(3) and
§ 287.101(b)(6). This policy describes the type of fill that qualifies as
clean fill or regulated fill. This policy does not apply to mine land
reclamation activities subject to a permit or fill used within the same
project area or project right-of-way. Excavation, movement or reuse of
fill within a project area or right-of-way of a project is not an activity that
requires a SWMA permit. This policy does not apply to fill that has been
determined to be clean or regulated fill prior to the effective date of this
policy, unless the fill is moved to a new receiving site or off the project
area or project right-of-way after the effective date of this policy. This
policy does not apply to fill that has been determined to be clean or
regulated fill prior to the implementation of revised clean fill
concentration limits or regulated fill concentration limits, unless the fill is
moved to a new receiving site or off the project area or project
right-of-way after the effective date of the revised limits.

The policies and procedures outlined in this guidance document are
intended to supplement existing requirements. Nothing in the policies or

258-2182-773 / January 16, 2021 / Page i



PAGE LENGTH:

procedures shall affect regulatory requirements. The policies and
procedures herein are not an adjudication or a regulation. There is no
intent on the part of the DEP to give the rules in these policies that weight
or deference. This document establishes the framework within which
DEP will exercise its administrative discretion in the future. DEP reserves
the discretion to deviate from this policy statement if circumstances
warrant.

26 pages
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DEFINITIONS:

Acid-producing rock — Stone, rock or other mineral materials that, when exposed to air and water, cause
a low pH discharge that adversely affects or endangers public health, safety, welfare, or the environment
or causes a public nuisance.

Act 2 — The Land Recycling and Environmental Remediation Standards Act, 35 P.S. §§ 6026.101 ef seq.

Act 2 site — A site as defined in Section 103 of Act 2, 35 P.S. § 6026.103, for which a notice of intent to
remediate has been submitted to DEP.

Background — The concentration of a regulated substance that is present at a site but not related to the
release of regulated substances from a specific point source or activity at the site.

Background reference area — The area identified for sampling that: will be used to establish
background; is sampled and analyzed to determine the concentration of regulated substances found at or
within a close proximity to the donor site, at a depth comparable to that of the area to be excavated at the
donor site, in the same soil layer as the donor fill; is unaffected by a release of regulated substances from
a specific point source or activity at the site; and meets one of the following criteria:

1. The concentration of regulated substances in the soil is attributable to the parent material from
which the soil was derived and the natural processes which produce soil, or

il. The concentrations of regulated substances in the soil resulted from an atmospheric deposition,
including lead or polynuclear aromatic hydrocarbons, but are not attributable to a specific point
source or release of a regulated substance. For the purposes of this definition, “atmospheric
deposition” refers only to the ubiquitous, widespread deposition of regulated substances from the
air that is incapable of being traced to a specific point source or multiple point sources. For
example, chromium that has condensed on the ground outside an electroplater air vent would not
be due to “atmospheric deposition” because the presence of the chromium is a result of a
discharge from a specific point source, even though the chromium was released into the air
before being deposited on the ground. However, the presence of lead or benzo-a-pyrene (BAP)
in an urban or industrial area that can be traced to the operation of motor vehicles may be due to
atmospheric deposition if the concentration levels are demonstrated to be pervasive over the
greater urban or industrial area.

Clean fill — Uncontaminated, nonwater-soluble, nondecomposable, inert solid material used to level an
area or bring an area to grade. The term does not include materials placed in or on the waters of the
Commonwealth. Although the placement of clean fill in or on waters of the Commonwealth cannot be
managed under this policy, placement of clean fill in or on waters of the Commonwealth may be
approved under a separate DEP authorization. The term includes only those materials that are identified
as “fill,” as the term is defined in this policy. The term does not include fill that has been blended,
mixed or treated with the purpose of meeting the definition of “clean fill” and that without being
blended, mixed or treated would fail to meet the numeric limits identified in the definition of
“uncontaminated material” contained in this policy.

Clean fill concentration limits (CFCLs) — With the exception of PCBs and chloride, the concentrations
of regulated substances that do not exceed the numeric values specified in Table 3 [Medium-Specific
Concentrations (MSCs) for Organic Regulated Substances in Soil] and Table 4 [Medium-Specific
Concentrations (MSCs) for Inorganic Regulated Substances in Soil] of Appendix A in 25 Pa. Code
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Chapter 250 (relating to administration of land recycling program). The applicable numeric limit is
determined by comparison of the Generic Soil to Groundwater Value' with the Direct Contact
Residential Value? and selection of the lower of the two values. For PCBs, the sum total of the
concentration of all PCB aroclors (total PCB concentration) may not exceed 50 ppm. Fill containing a
concentration of total PCBs greater than 2 ppm may be subject to regulation under the Toxic Substances
Control Act (TSCA), 15 U.S.C. Section 2601 et seq., and 40 C.F.R. Part 761, which is administered and
implemented by the U.S. Environmental Protection Agency (EPA). EPA’s TSCA requirements are
independent of any use of fill that is otherwise in accordance with the Department’s policy and
regulations. An applicant should be aware that its characterization and handling of any soils through the
guidance of the Management of Fill policy does not necessarily satisfy a potential EPA TSCA inquiry,
and that an applicant may need a separate approval from EPA should EPA require it. For all such
material, DEP recommends that you contact the PCB Coordinator for EPA Region 3 by email at
R3_PCB_Coor@epa.gov to determine whether PCB-containing fill may be used and to obtain
information relating to the associated EPA procedures for collecting and analyzing samples. For
chloride, the value obtained using the Synthetic Precipitation Leaching Procedure, (SPLP, SW-846,
Method 1312) may not exceed the numeric value specified in Table 2 [MSCs for Inorganic Regulated
Substances in Groundwater] of Appendix A in 25 Pa. Code, Chapter 250.

Composite sample — A sample collected across a spatial range that typically consists of a set of discrete
samples that are combined or “composited.” A composite sample should not be confused with a discrete
sample that is created from multiple increments taken at a single location to obtain a sample of the
desired size, shape and orientation.

Discrete sample — A sample that represents material from a single location. A discrete sample can be
composed of more than one increment.

Donor site — The area from which fill originates that is separate from a receiving site. Multiple donor
sites may be identified on a single project area.

Environmental due diligence — Investigative techniques used to determine whether fill from a donor site
has been affected by a release of a regulated substance. Examples of investigative techniques included
in this term are visual property inspections, electronic data base searches, review of ownership and
historical use of a property, Sanborn maps, environmental questionnaires, transaction screens, analytical
testing, environmental assessments, audits, or procedures outlined in ASTM standard E1527-13. A
single investigative technique may not be used as the basis for environmental due diligence.
Environmental due diligence includes visual property inspection and a review of ownership and
historical property use, at a minimum, unless analytical sampling is performed in lieu of a review of
ownership and historical property use.

Fill — The term is limited to clean, regulated and historic fill that is soil, rock, stone, gravel, used asphalt,
brick, block or concrete from construction and demolition activities that is separate from other waste and
recognizable as such, and “dredged material,” as the term is defined by the municipal and residual waste
regulations, 25 Pa. Code §§ 271.1 and 287.1, whichever is applicable. The term does not include
reclaimed asphalt pavement, naturally occurring asbestos, mine spoils or acid-producing rock.

Grab sample — A discrete sample, consisting of one increment, collected specifically for Volatile
Organic Compounds (VOC) analysis.

! Numeric values based on generic leaching modeling for soils at residential properties overlying used aquifers with total
dissolved solids at concentrations less than or equal to 2500 mg/L.
2 Direct contact numeric values for soils at residential properties.
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Historic fill — Material, excluding material disposed in landfills, waste piles and impoundments, used to
bring an area to grade prior to 1988, and consisting of a conglomeration of soil and residuals, such as
ashes from the residential burning of wood and coal, incinerator ash, coal ash, slag, dredged material and
construction and demolition waste. The term does not include iron or steel slag that is separate from
residuals if it is a coproduct, as the term is defined in 25 Pa. Code § 287.1 and satisfies the requirements
of 25 Pa. Code § 287.8. The term does not include coal ash that is separate from residuals if it is
beneficially used in accordance with 25 Pa. Code §§ 290.1 —290.415.

Increment — Material collected in a single operation of the sampling device.

PCB — A chemical substance that is limited to the biphenyl molecule that has been chlorinated to
varying degrees or a substance that contains that substance.

ppm — Parts per million.

Project area — The boundary within which earth disturbance activities occur, including areas in close
proximity to the earthmoving activities that are necessary for the completion of a construction project, or
other human activity which disturbs the surface of the land, including land clearing and grubbing;
grading; excavations; embankments; land development; agricultural plowing or tilling; operation of
animal heavy use areas; timber harvesting activities; road maintenance activities; linear projects such as
utility line work; oil and gas activities; well drilling; mineral extraction; and the moving, depositing,
stockpiling, or storing of soil, rock or earth materials. The term includes the boundary within which all
earth disturbance activity, construction, materials storage, grading, landscaping and related activities
occur.

Reclaimed asphalt pavement (RAP) — Small particles, typically less than one inch in size, of bitumen and
inorganic materials produced by the mechanical grinding of bituminous pavement surfaces that have not
been subject to a release of regulated substances or mixed with other solid waste. The term does not
include “used asphalt,” as the term is defined in this policy.

Receiving site — The area to which fill is proposed to be relocated. A receiving site is separate from a
donor site and not part of a project area or right-of-way.

Regulated fill — “Fill,” as the term is defined in this policy, that has been affected by release of a
regulated substance and is not “uncontaminated material,” as the term is defined in this policy. The term
does not include fill that has been blended, mixed or treated with the purpose of meeting the definition
of “regulated fill” and that without being blended, mixed or treated would fail to meet the regulated fill
concentration limits, as the term is defined in this policy.

Regulated fill concentration limits (RFCLs) — With the exception of PCBs, the concentrations of
regulated substances that do not exceed the numeric values specified in Table 3 [Medium-Specific
Concentrations (MSCs) for Organic Regulated Substances in Soil] and Table 4 [Medium-Specific
Concentrations (MSCs) for Inorganic Regulated Substances in Soil] of Appendix A in 25 Pa. Code
Chapter 250 (relating to administration of land recycling program). The applicable numeric limit is
determined by comparison of the Generic Soil to Groundwater Value® with the Direct Contact
Non-Residential Value* and selection of the lower of the two values. For PCBs, the sum total of the

3 Numeric values based on generic leaching modeling for soils at non-residential properties overlying used aquifers with total
dissolved solids at concentrations less than or equal to 2500 mg/L.
4 Direct contact numeric values for soils at non-residential properties.
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concentration of all PCB aroclors (total PCB concentration) may not exceed 50 ppm. Fill containing a
concentration of total PCBs greater than 2 ppm may be subject to regulation under the Toxic Substances
Control Act (TSCA), 15 U.S.C. Section 2601 et seq., and 40 C.F.R. Part 761, which is administered and
implemented by the EPA. EPA’s TSCA requirements are independent of any use of fill that is otherwise
in accordance with the Department’s policy and regulations. An applicant should be aware that its
characterization and handling of any soils through the guidance of the Management of Fill policy does
not necessarily satisfy a potential EPA TSCA inquiry, and that an applicant may need a separate
approval from EPA should EPA require it. For all such material, DEP recommends that you contact the
PCB Coordinator for EPA Region 3 by email at R3_PCB_Coor@epa.gov to determine whether
PCB-containing fill may be used and to obtain information relating to the associated EPA procedures for
collecting and analyzing samples.

Regulated substance — The term includes hazardous substances and contaminants regulated under the
Hazardous Sites Cleanup Act, 35 P.S. §§ 6020.101 et seq.; and substances regulated by the Clean
Streams Law, 35 P.S. §§ 691.1 ef seq.; the Air Pollution Control Act, 35 P.S. §§ 4001 et seq.; the Solid
Waste Management Act, 35 P.S. §§ 6018.101 ef seq.; the Infectious and Chemotherapeutic Waste Law,
35 P.S. §§ 6019.1 ef seq.; and the Storage Tank and Spill Prevention Act, 35 P.S. §§ 6021.101 ef segq.

Release — Spilling, leaking, pumping, pouring, emitting, emptying, discharging, injecting, escaping,
leaching, dumping or disposing of a regulated substance into the environment in a manner not
authorized by the Department. The term includes the abandonment or discarding of barrels, containers,
vessels and other receptacles containing a regulated substance.

Uncontaminated or Uncontaminated material — The term means either of the following:
(1) Fill unaffected by a release of a regulated substance or,

(2) Fill affected by release of a regulated substance, if the concentrations of regulated substances in
the fill do not exceed the clean fill concentration limits, as the term is defined in this policy.
Analysis should be carried out for only those regulated substances that are suspected to be
present due to a release.

The term does not include fill that has been blended, mixed or treated with the purpose of meeting the
definition of “uncontaminated material.”

Used asphalt — Pieces of bitumen and inorganic materials from the demolition of bituminous pavement.
The term does not include “reclaimed asphalt pavement,” as the term is defined by this policy.

REFERENCES:

25 Pa. Code Chapters 287 to 299 (residual waste regulations)

25 Pa. Code Chapters 271 to 285 (municipal waste regulations)

Solid Waste Management Act, 35 P.S. §§ 6018.101 ef seq.

Land Recycling and Environmental Remediation Standards Act, 35 P.S. §§ 6026.101 ef seq.
Section 1917-A of the Administrative Code, 71 P.S. § 510-17

The Clean Streams Law, 35 P.S. §§ 691.1 ef seq.
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TECHNICAL GUIDANCE:

A.

Purpose and Applicability

Fill is used in construction or earthmoving projects across the Commonwealth to level an area or
bring an area to grade. These projects may involve using fill as a subbase or to fill in low-lying
areas. The manner in which fill may be used depends on whether the fill is clean fill or regulated
fill. This policy provides procedures for determining whether fill is clean fill or regulated fill
and describes how each category may be managed after a fill determination has been performed.

This policy does not apply to the following activities:
o Mine land reclamation activities subject to a permit.

. Management of waste from land clearing, grubbing and excavation, including trees,
brush, stumps and vegetative material.’

. Movement or use of fill within a project area or right-of-way of a project.

o Use of reclaimed asphalt pavement in accordance with DEP’s industry-wide coproduct
determination.

J The use of clean fill or regulated fill prior to January 1, 2020, unless the fill is moved to

another receiving site, project area or off the project right-of-way after January 1, 2020.

In general, fill that is demonstrated to be clean fill can be used in an unrestricted manner,
provided it is not placed in waters of the Commonwealth; it is used in compliance with 25 Pa.
Code, Chapters 102 and 105 (relating to erosion and sediment control; and dam safety and
waterway management); and it is managed in accordance with Section D of this policy. Persons
using fill must also comply with the fugitive emissions regulations under 25 Pa. Code,

Chapter 123 (relating to standards for contaminants) issued under the Air Pollution Control Act,
35 P.S. § 4001, and shall comply with all the applicable provisions of 25 Pa. Code §§ 123.1

and 123.2 (relating to prohibition of certain fugitive emissions and fugitive particulate matter).
Depending on the manner in which it is generated, clean fill may be a “waste,” as that term is
defined in the municipal or residual waste regulations, 25 Pa. Code § 271.1 and § 287.1,
respectively, whichever is applicable.

This policy does not apply to fill that has been determined to be clean or regulated fill prior to
the implementation of revised CFCLs or RFCLs, unless the fill is moved to a new receiving site
or off the project area or project right-of-way after the effective date of the revised CFCLs or
RFCLs.

Fill that is demonstrated to be regulated fill can be used by persons who have applied for and
obtained coverage under the Department’s General Permit No. WMGR096, Beneficial Use of

5 In accordance with 25 Pa. Code § 271.101(b)(4), a person managing waste from land clearing, grubbing and excavation,
including trees, brush, stumps and vegetative material, shall implement best management practices developed by the
Department. Refer to Document No. 254-5400-001 - Best Management Practices for the Management of Waste From Land
Clearing, Grubbing, and Excavation (LCGE).
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Regulated Fill. Coverage under General Permit No. WMGRO096 is not required in the following

instances:

. Remediation activities undertaken entirely on an Act 2 site, pursuant to the requirements
of § 902 of Act 2.

. When fill from an Act 2 site is used as construction material at a receiving site that is
being remediated to attain an Act 2 standard, provided the procedural and substantive
requirements of Act 2 and the conditions specified in Section C.2.a. and b. of this policy
are satisfied.

. Use of the regulated fill is limited to the excavation, movement or use of the regulated fill
within a project area or right-of-way of a project.

Regulated fill is a “waste,” as that term is defined in the municipal or residual waste regulations,
25 Pa. Code § 271.1 and § 287.1, respectively.

Procedure for Performing a Fill Determination

Prior to the movement of fill to a receiving site, either the person proposing to provide the fill
from a donor site or the person proposing to receive the fill determines whether the fill is clean
fill or regulated fill pursuant to this policy. Use the following steps to make that determination:

1. Determine Eligibility: A material is eligible for management as clean or regulated fill

under this policy if it satisfies the following criteria:

a.

The material is “fill,” as the term is defined in this policy. If the fill under
consideration contains acid-producing rock, it is specifically excluded from the
definition of fill. Appendix B contains information relevant to identifying
acid-producing rock.

The fill does not contain regulated substances that were intentionally released.

The fill has not been blended, mixed or treated with the purpose of meeting the
definition, or applicable numeric limits, of “uncontaminated material,” “clean fill”
or “regulated fill.”

The fill does not exhibit a characteristic of toxicity, as determined by 40 CFR

§ 261.24 (relating to toxicity characteristic). The toxicity characteristic is of
concern only when environmental due diligence indicates that the fill being
considered for use may have been affected by a release of a regulated substance
that is included in Table 1 in 40 CFR § 261.24. If the total concentration of the
substance exceeds the limit for the substance in Table 1 of 40 CFR § 261.24 by a
factor of 20 or more, the issue regarding potential toxicity should be addressed
either by performing the Toxic Characteristic Leaching Procedure (TCLP), in
accordance with Method 1311, found in the most recent version of EPA’s
publication, Test Methods for Evaluating Solid Waste, Physical/Chemical
Methods, also known as SW—846, or providing additional description of the fill,
indicating that the substance is bound in the matrix and not leaching.
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€. PCB-containing Fill: If the environmental due diligence indicates that the fill
may have been subject to a release of PCBs, test it for the presence of PCBs. Fill
containing a concentration of total PCBs greater than 2 ppm may be subject to
regulation under the Toxic Substances Control Act (TSCA), 15 U.S.C. §§ 2601 et
seq., and 40 CFR Part 761, which is administered and implemented by the EPA.
EPA’s TSCA requirements are independent of any use of fill that is otherwise in
accordance with the Department’s policy and regulations. An applicant should be
aware that its characterization and handling of any soils through the guidance of
the Management of Fill policy does not necessarily satisfy a potential EPA TSCA
inquiry, and that an applicant may need a separate approval from EPA should
EPA require it. For all such material, DEP recommends that you contact the PCB
Coordinator for EPA Region 3 by email at R3_PCB_Coor@epa.gov to determine
whether PCB-containing fill may be used and to obtain information relating to the
associated EPA procedures for collecting and analyzing samples.

Perform Environmental Due Diligence: Once determined that the fill is eligible for use
under this policy, evaluate the fill to determine whether it has been affected by a release
of a regulated substance by performing “environmental due diligence,” as the term is
defined in this policy. Except for historic fill, analytical testing of the fill is not necessary
unless environmental due diligence indicates that the fill may have been affected by a
release of a regulated substance. However, a person performing a fill determination may
choose to perform analytical testing in lieu of conducting a review of ownership and
historic property use to satisfy the minimum condition for performing environmental due
diligence.

The use of historic fill as clean fill under this policy is limited to historic fill that is a
conglomeration of soil, residuals and fill. Historic fill that is comprised primarily of
residuals does not represent a conglomeration of soil, residuals, and fill and therefore,
cannot be used as clean fill. Pockets of residuals, such as ash or slag, should be removed
and managed separately from other historic fill prior to making a determination that the
historic fill can be used as clean fill. Perform analytical testing to demonstrate that the
historic fill meets the definition of uncontaminated material. To qualify for use as clean
fill, historic fill should be tested for the parameters included in Table 1, below, as well as
any additional parameters that are suspected based on historic property use or review of
records. The placement of historic fill as clean fill may not contaminate groundwater.
For regulated substances detected in the historic fill, the value obtained using the
Synthetic Precipitation Leaching Procedure, (SPLP, SW-846, Method 1312) may not
exceed the numeric value as identified in Table 1 [MSCs for Organic Regulated
Substances in Groundwater] and Table 2 [MSCs for Inorganic Regulated Substances in
Groundwater] of Appendix A in 25 Pa. Code, Chapter 250.

a. If due diligence shows no evidence that the fill may have been affected by a
release of a regulated substance, the fill may be managed as clean fill in
accordance with the Section D of this policy (relating to management of clean fill)
unless during movement, transport or placement there are observable indications
(such as appearance or odors) which indicate evidence of a release of a regulated
substance.
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If due diligence shows evidence that the fill may have been affected by a release
of a regulated substance, test the fill to determine if it is clean fill or regulated fill.
Perform the testing in accordance with Appendix A of this policy. Analysis
should be carried out for only those regulated substances that are suspected to be

present

ii.

iii.

due to a release or based upon historic use of the donor site.

Except as provided elsewhere in this policy, if testing reveals that the fill
contains regulated substances at concentrations that are below the CFCLs,
the fill may be managed as clean fill in accordance with Section D of this
policy (relating to management of clean fill). A person may not blend,
mix or treat fill that would otherwise fail to meet the CFCLs with the
purpose of meeting the definition of uncontaminated material or clean fill.
For the purposes of completing Form FP-001 for the certification of clean
fill, the CFCLs in effect on the date of submission should be used to
evaluate whether the fill qualifies for use as clean fill.

Except as provided elsewhere in this policy, if testing reveals that the fill
contains regulated substances at concentrations that exceed the CFCLs but
are at or below the RFCLs, the fill may be managed as regulated fill only
if coverage under General Permit No. WMGRO096 is obtained. A person
may not blend, mix or treat fill that would otherwise fail to meet the
RFCLs with the purpose of meeting the definition of regulated fill.
Manage regulated fill in accordance with the Section C of this policy
(relating to management of regulated fill).

Except as provided elsewhere in this policy, if testing reveals that the fill
contains regulated substances at concentrations that exceed the RFCLs, the
fill may not be managed as clean fill or regulated fill. Fill exceeding the
RFCLs may require disposal in accordance with the hazardous, municipal
or residual waste regulations, 25 Pa. Code, Articles VII, VIII or IX,

respectively, whichever is applicable.

TABLE 1: Screening Parameters for Historic Fill

Regulated Substance CASRN Regulated Substance | CASRN Regulated Substance | CASRN
Aldrin 309-00-2 PCB-1254 (Aroclor) 11097-69-1 Copper 7440-50-8
Anthracene 120-12-7 Phenanthrene 85-01-8 Iron 7439-89-6
Benzene 71-43-2 Pyrene 129-00-0 Lead 7439-92-1
Benzo(a)anthracene 56-55-3 Toluene 108-88-3 Manganese 7439-96-5
Benzo(a)pyrene 50-32-8 Trichloroethane, 1,1,1- | 71-55-6 Mercury 7439-97-6
Benzo(b)fluoranthene 205-99-2 Trichloroethylene (TCE) | 79-01-6 Molybdenum 7439-98-7
Benzo(ghi)perylene 191-24-2 Xylenes (Total) 1330-20-7 Nickel 7440-02-0
Chrysene 218-01-9 Aluminum 7429-90-5 Selenium 7782-49-2
Cumene (Isopropyl

benzene) 98-82-8 Antimony 7440-36-0 Silver 7440-22-4
DDD, 4,4 72-54-8 Arsenic 7440-38-2 Thallium 7440-28-0
DDE, 4,4 72-55-9 Barium 7440-39-3 Vanadium 7440-62-2
DDT, 4,4 50-29-3 Beryllium 7440-41-7 Zinc 7440-66-6
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TABLE 1: Screening Parameters for Historic Fill

Regulated Substance CASRN Regulated Substance | CASRN Regulated Substance | CASRN
Dichloroethylene, cis-1,2- | 156-59-2 Boron 7440-42-8 Ammonia 7664-41-7
Dieldrin 60-57-1 Cadmium 7440-43-9 Chloride 7647-14-5
Ethylbenzene 100-41-4 Chromium(III) 16065-83-1 Fluoride 7681-49-4
Fluorene 86-73-7 Chromium(VI) 18540-29-9 Sulfate 7757-82-6
Ideno(1,2,3-cd) pyrene 193-39-5 Chromium (total) 7440-47-3

Napthalene 91-20-3 Cobalt 7440-48-4

C. Management of Regulated Fill

Regulated fill must be managed in accordance with the Department’s municipal or residual waste
regulations, 25 Pa. Code § 271.2 and § 287.2, respectively, whichever is applicable, and may be
beneficially used in accordance with General Permit No. WMGR096.

Coverage under General Permit No. WMGRO096 is not required in the following instances:

1. Remediation activities undertaken entirely on an Act 2 site, pursuant to the requirements
of Section 902 of Act 2.
2. When fill from an Act 2 site is used as construction material at a receiving site that is

being remediated to attain an Act 2 standard, provided the procedural and substantive
requirements of Act 2 and the following are satisfied:

a. Regulated substances contained in the fill are incorporated into the notice of intent
to remediate and the final report for the remediation taking place at the receiving
site.

b. Movement of fill between Act 2 sites is documented in the final reports for both

the donor site and receiving site.

c. Except as provided elsewhere in this policy, placement of the fill does not and
will not cause the receiving site undergoing remediation to exceed the selected
Act 2 standard.

3. Use of the regulated fill is limited to the excavation, movement or use of the regulated fill
within a project area or right-of-way of a project.

A person or municipality interested in obtaining coverage under General Permit No. WMGR096
must apply to the Department in accordance with the application instructions provided in the
permit. The terms and conditions of General Permit No. WMGRO096 are available on the
Department’s website.

Management of Clean Fill

Pursuant to 25 Pa. Code § 271.101(b)(3) and § 287.101(b)(6), use of clean fill does not require a
permit under the SWMA or the municipal or residual waste regulations. Clean fill may be used
in accordance with all applicable requirements governing the placement or use of clean fill,
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including 25 Pa. Code Chapter 102 (relating to erosion and sediment control) and 25 Pa. Code
Chapter 105 (relating to dam safety and waterway management). Persons using fill must also
comply with the fugitive emissions regulations under 25 Pa. Code, Chapter 123 (relating to
standards for contaminants) issued under the Air Pollution Control Act, 35 P.S. § 4001, and shall
comply with all the applicable provisions of 25 Pa. Code §§ 123.1 and 123.2 (relating to
prohibition of certain fugitive emissions and fugitive particulate matter). The use of clean fill
may be regulated under other environmental laws and regulations.

If the uncontaminated brick, block or concrete from a construction or demolition activity is
intended for use as clean fill, best management practices (BMPs) should be followed prior to
demolition activities to remove from a building or structure all materials that do not meet the
definition of clean fill, such as materials or surfaces covered with lead-based paint, friable
asbestos, and hazardous materials such as mercury switches, PCB ballasts, tritium-containing
exit signs, and fluorescent light bulbs.

Clean fill may not contain any free liquids based on visual inspection and cannot create a public
nuisance (such as an objectionable odor) to users of the receiving site or adjacent properties.

If any person wants to use clean fill under this policy, complete Form FP-001, Certification of
Clean Fill, and submit it to DEP electronically on the DEP website at
https://www.dep.pa.gov/Business/Land/Waste/SolidWaste/Residual/Pages/default.aspx.
Complete and submit the FP-001 prior to movement of clean fill to the receiving site. Complete
and submit FP-001 regardless of whether sampling and analysis are performed as part of
environmental due diligence.

If the donor site has undergone or is undergoing cleanup or remediation under a local, state or
federal regulatory program that requires site characterization, or if the fill proposed to be
managed as clean fill has otherwise been subject to analytical testing or other procedures
identified in the definition of “environmental due diligence,” attach the following to

Form FP-001:

o Copies of the sampling plan developed for the fill,
. All laboratory reports,

o Documentation and data associated with a background determination and equivalent site
evaluation conducted as part of the fill determination, including the identification and
location of point sources, the proximity of identified point sources to the background
reference area, identification of areas of imported fill other than imported clean fill, etc.

If a person receives fill from multiple donor sites, a separate Form FP-001 is necessary for each
donor site. DEP will accept the completed FP-001 electronically via a link on the DEP website.

If a background demonstration is made, as described in Appendix A of this policy, use the
FP-001 to include documentation of the background demonstration along with documentation
demonstrating that an equivalent site evaluation has been performed and the provisions of
Appendix A have been satisfied.
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Both the donor site and the receiving site are responsible for maintaining copies of the completed
Form FP-001 for a period of five (5) years. Copies of the form and all supporting
documentation, including analytical test reports, should be made available and provided to DEP

upon request.
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Appendix A
Sample Collection and Analytical Testing Protocol for Performing
Environmental Due Diligence

Prior to movement of fill to a receiving site, use Sections B-D of the Management of Fill policy to make
a fill determination. Analytical testing of the fill is not necessary unless environmental due diligence
indicates a release of a regulated substance. This Appendix provides guidelines for using analytical
testing as part of the environmental due diligence.

A.

Sampling Plan Development

The first step in a chemical evaluation of fill is to develop a plan for sampling. To use analytical
testing as part of the environmental due diligence, develop and implement a scientifically
credible sampling plan in accordance with the most recent version of the EPA’s publication, 7es?
Methods for Evaluating Solid Waste, Physical/Chemical Methods, also known and hereinafter
referred to as SW-846, and the RCRA Waste Sampling Draft Technical Guidance,
EPA530-D-02-002. Chapter 9 of SW-846 describes procedures for developing a sampling plan
and the statistical treatment of data. Where there is disagreement between the procedures
outlined in this Appendix and the referenced EPA documents, follow the procedures contained in
this Appendix.

Employ a systematic planning process, such as the Data Quality Objectives Process identified in
the RCRA Waste Sampling Draft Technical Guidance, to set objectives for the type, quantity and
quality of data needed to demonstrate with a known level of assurance that the applicable
standards for clean fill or regulated fill are achieved. The level of complexity and detail needed
in the sampling plan are directly related to the size, scope and level of complexity of the donor
site.

The following are the minimum scientific objectives of a sampling plan developed under this
policy:

o Identify and quantify known or suspected contaminants in the fill.

J Collect samples that will allow measurements of the chemical properties of the fill that
are both accurate and precise.

J Collect representative samples, which for the purposes of implementing this policy are
samples exhibiting typical properties of the whole volume of fill.

. Collect enough samples, and in no case less than eight discrete samples or two composite
samples, to sufficiently represent the variability of the fill.

. Obtain a statistically valid and reliable estimate of the fill’s chemical properties.
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Characterize the fill both horizontally and vertically to represent the entire volume of fill to be
transported off the donor site and used at a receiving site. A thorough characterization will
provide the following information:

o Identity of regulated substances associated with a release that are present in the fill, the
concentration of each identified regulated substance, and the spatial variation in
concentration of each regulated substance both horizontally and vertically.

. The physical characteristics of the fill in which the regulated substances associated with a
release are present. Examples of these include the fill type (such as soil, rock, dredge),
texture, dry bulk density, permeability, organic carbon content, porosity, and moisture
content. Include documentation of physical characteristics and any significant variability
over the donor site.

In the sampling plan include a summary of existing information about the donor site, including
any previously performed sampling or analysis information, preliminary estimates of summary
statistics such as the mean and standard deviation, process descriptions and materials used,
spatial boundaries of the donor site to be managed under this policy, information about what is
known or suspected at the donor site, releases, and release mechanisms. Document this
information by written descriptions of site conditions supported by maps, cross-sections, site
diagrams, or other descriptive, graphical, or tabular illustrations necessary to characterize the site
conditions.

Sampling units for fill managed under this policy should represent the total volume of fill being
characterized pursuant to Sections B and C of this Appendix. Sampling plans may include a
combination of probability sampling and authoritative sampling designs depending on conditions
at the donor site. Probability sampling should be used to characterize the fill as a whole. Some
sites may require additional, more focused sampling, such as authoritative sampling, to evaluate
problem areas, such as localized areas that are suspected to contain the highest levels of
regulated substances, or “hot spots,” or areas that may require further evaluation. For example,
areas that housed an underground storage tank or experienced a release of regulated substances
should be sampled authoritatively and more frequently than other areas of the donor site. The
remaining area of the donor site should be sampled using probability sampling, in which all parts
of the fill being characterized have a known probability of being included in the characterization.
Samples collected to delineate a “hot spot” are typically in addition to those collected for the
overall site characterization.

Sampling Procedures for Fill Stored in Piles

There are several variables involved in the sampling of fill stored in piles, including the size and
shape of the pile, compactness of the fill, and physical properties of the fill. The size and shape
of the pile should be used to calculate volume and plan for the correct number of samples to be
taken. Simple random sampling or stratified random sampling should be used to obtain
representative samples from a fill pile, in accordance with SW-846 and Sections 5.2.1 — 5.2.2,
and 5.3 of the RCRA Waste Sampling Draft Technical Guidance, EPA530-D-02-002. A method
of random sampling, such as simple random or stratified random sampling should be used unless
one of the following conditions exists:

° There are known distinct strata.
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. An objective of the sampling is to prove or disprove that there are distinct strata.

J The number of samples is limited, and an objective of the sampling is to statistically
minimize the size of a “hot spot” that might not get sampled.

Stratified random sampling can be employed only if all points within the pile can be accessed. In
such cases, the pile should be divided into a three-dimensional grid system. The grid cubes
should be numbered, and the grid cubes to be sampled should be chosen by random number
tables or generators.

Generally, stainless-steel shovels, trowels, or scoops should be used to clear away surface
material before samples are collected. Depth samples may be collected using a decontaminated
auger. For a sample core, thin-wall tube samplers or grain samplers may be used. Near surfaces,
samples can be collected with a clean, stainless-steel spoon or trowel. All samples collected,
except those for VOCs analysis, should be placed into a Teflon-lined or stainless-steel pail and
mixed thoroughly before transfer to the appropriate sample container. Since volatilization of
VOCs can occur rapidly once the matrix is disturbed, grab samples are necessary for VOCs
analysis. Grab samples should be handled as intact cores and transferred immediately to the
container that will be used for analysis. Refer to SW-846, Method 5035, for container and
preservation details specific to samples for VOCs analysis.

The sampling and subsequent analysis of fill stored in piles may be performed by collecting
composite or discrete samples.

1. Procedure for Using Composite Samples:

a. Do not use composite sampling if the integrity of the individual sample changes
because of the physical mixing of discrete samples.

b. For up to 125 cubic yards of fill, collect and handle eight discrete samples (plus
two grab samples for VOCs) as follows:

1. Prior to compositing, field screen the eight discrete samples to identify the
two that are most likely to contain the highest concentrations of VOCs.

il. In accordance with SW-846, Method 5035, collect grab samples for VOC
analysis from the two points identified by the field screening described
above.

iil. For all other substances, combine the eight discrete samples collected into

two composite samples comprised of four discrete samples each. Perform
the analysis on the two composite samples in accordance with SW-846.
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For greater than 125 cubic yards and up to and including 3,000 cubic yards,
collect and handle 12 discrete samples (plus three grab samples for VOCs) as
follows:

1. Prior to compositing, field screen the 12 discrete samples to identify the
three samples that are most likely to contain the highest concentrations of
VOCs.

il. In accordance with SW-846, Method 5035, collect grab samples for VOC
analysis from the same sampling points as the three discrete samples
identified by field screening.

1il. For all other substances, combine the 12 discrete samples collected into
three composite samples comprised of four discrete samples each.

Perform the analysis on the three composite samples in accordance with
SW-846.

For each additional 1,000 cubic yards of fill or part thereof over the initial

3,000 cubic yards, collect four additional discrete samples (plus one grab sample
for VOCs). Composite and analyze the four discrete samples in accordance with
SW-846.

2. Procedure for Using Discrete Samples:

a.

For up to 125 cubic yards of fill, collect and analyze a minimum of eight discrete
samples (plus two grab samples for VOCs). For volumes of fill greater than

125 cubic yards and up to and including 3,000 cubic yards, collect and analyze a
minimum of 12 discrete samples (plus three grab samples for VOCs). For each
additional 1,000 cubic yards of fill or part thereof over the initial 3,000 cubic
yards, collect and analyze a minimum of four additional discrete samples (plus
one grab sample for VOCs).

For VOCs analysis, perform grab sampling as described in subsection B.1 of this
Appendix.

Sampling Procedures for In-situ Fill

For the purposes of this policy, “in-situ fill” refers to fill that is undisturbed in its original
location at the donor site or fill that has previously been used as clean or regulated fill and will
be subsequently excavated and moved to a receiving site. If conducting sampling on in-situ fill
to evaluate whether that fill can be managed as clean or regulated fill, characterize both the
vertical and horizontal extent of the fill to be transported and used at a receiving site. Where
multiple zones of contamination are possible due to site-specific conditions, including separate
and discrete releases or the manner in which fill was originally placed, the characterization and
demonstration that the fill meets the CFCLs or RFCLs apply individually to the separate zones.
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For in-situ sampling where the purpose of the sampling is to characterize a specific release at the
donor site, discrete samples collected using a focused sampling technique, such as authoritative
sampling, must be used for analysis. These areas may be:

o Localized areas that are known to contain levels of regulated substances that exceed the
CFCLs or RFCLs, whichever is applicable, based on analytical results, or

o Localized areas suspected to contain levels of regulated substances that exceed the
CFCLs or RFCLs from a specific release, whichever is applicable, based on the historic
use of the site.

Once the specific release at the donor site has been characterized, composite samples may be
used to confirm that the remaining fill to be excavated and transported to a receiving site and
used as clean or regulated fill meets the CFCLs or RFCLs, respectively.

To characterize the remaining area, the area should be sampled using a method of random
sampling, such as simple random or stratified random sampling. Composite samples can then be
used to verify that the fill intended for excavation and transportation meet the CFCLs or RFCLs,
whichever is applicable. When composite samples are utilized for in-situ samples, the sampling
plan must demonstrate that localized areas that are known to contain regulated substances
exceeding the CFCLs or RFCLs, whichever is applicable, are not included in the portion of the
site evaluated using composite samples.

Apart from known hot spots, which may require further sampling and analysis, as discussed
above, the donor site should be divided into a three-dimensional grid. Where possible, each grid
unit should be of similar size and shape and be comprised of equal volumes of fill. A method of
random sampling, such as simple random or stratified random sampling, should be chosen based
on knowledge of the donor site as set forth in SW-846 or the RCRA Waste Sampling Draft
Technical Guidance, EPA530-D-02-002.

The number of sample points is determined by the volume of fill being characterized. Sampling
frequency should account for the depth of donor fill to be removed. If an area of donor fill will
be excavated to more than one depth (for example, three feet in one part and six feet in another
part), then the samples should be distributed accordingly at multiple depths to be representative
of the full depth of each cut. Determine the minimum number of samples using the procedure
outlined in subsection B.2 of this Appendix. Additional sampling may be necessary based on
site-specific conditions.

Evaluation of Data

Evaluate sample data generated in accordance with Sections B and C of this Appendix in
accordance with the following:

1. For a composite sample collected in accordance with subsection B.1, the measured
numeric value for a parameter may not exceed the CFCL for that parameter for the fill to
be managed as clean fill, or the RFCL for that parameter for the fill to be managed as
regulated fill.
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For a grab sample collected for VOC analysis in accordance with the above sections, the
measured numeric value for a parameter may not exceed the CFCL for that parameter for
the fill to be managed as clean fill, or the RFCL for that parameter for the fill to be
managed as regulated fill.

For discrete samples collected in accordance with subsection B.2, the measured numeric
values for a substance in 75% of the discrete samples may not exceed the CFCL for that
parameter for the fill to be managed as clean fill, or the RFCL for that parameter for the

fill to be managed as regulated fill. For persons using the discrete sampling method, no

single sample may show regulated substances at a concentration that is more than twice

the CFCL or RFCL, whichever is applicable, for any parameter.

Alternate Evaluation of Data

In lieu of Section D of this Appendix, a person may use the 95% Upper Confidence Limit (UCL)
of the arithmetic mean to determine whether the fill meets the CFCL or RFCL, whichever is
appropriate, for a parameter. The calculated 95% UCL of the arithmetic mean should be below
the appropriate CFCL or RFCL for that parameter. Persons intending to use this method for the
treatment of data should determine a minimum number of samples in accordance with SW-846
and the RCRA Waste Sampling Draft Technical Guidance, EPA530-D-02-002. The application
of the 95% UCL of the arithmetic mean should comply with the following performance
standards:

1.

The null hypotheses (Ho) is that the true arithmetic average concentration is at or above
the CFCL or RFCL for that parameter, whichever is appropriate, and the alternative
hypothesis (Ha) is that the true arithmetic average concentration is below the CFCL or
RFCL for that parameter, whichever is appropriate.

Meet the underlying assumptions of the statistical method, such as data distribution.

Compositing cannot be used for VOCs.

The censoring level for each non-detect is the assigned value randomly generated that is
between zero and the limit related to the practical quantitation limit (PQL).

Tests should account for spatial variability, unless otherwise approved by the
Department.

Statistical testing should be done individually for each parameter for which a single
sample result or multiple results exceed(s) a limit.

Where a fill has distinct physical, chemical or biological characteristics, or originates
from different areas, do the statistical testing separately.

Document the following information:

a. A description of the original areas of the fill and physical, chemical and biological
characteristics of the fill.

258-2182-773 / January 16, 2021 / Page 13



b. A description of the underlying assumptions of the statistical method.

c. Documentation showing that the sample data set meets the underlying
assumptions of the statistical method.

d. Documentation of input and output data for the statistical test, presented in tables
or figures, or both, as appropriate.

e. An interpretation and conclusion of the statistical test.

Use of the Synthetic Precipitation Leaching Procedure (SPLP, SW-846 Method 1312) to
Establish an Alternative Soil-to-Groundwater Value

Fill may be analyzed using SPLP to provide an alternative soil-to-groundwater value for use in
making a fill determination. The value obtained using the SPLP represents a concentration of a
regulated substance in the fill that does not produce leachate in which the concentration of the
regulated substance exceeds the applicable groundwater MSC identified in Table 1 [MSCs for
Organic Regulated Substances in Groundwater] or 2 [MSCs for Inorganic Regulated Substances
in Groundwater] of Appendix A in 25 Pa. Code, Chapter 250. For both clean and regulated fill,
the groundwater MSC for used aquifers with TDS <2,500 mg/L should be used to compare the
SPLP result to Tables 1 or 2. For clean fill, use the groundwater MSC for residential use (“R”)
for comparison. For regulated fill, use the groundwater MSC for non-residential use (“NR”) for
comparison. If SPLP is used to identify an alternative soil-to-groundwater value, the alternative
value is only applicable to the fill that was tested using SPLP.

Use the following procedure to determine an alternative soil-to-groundwater value based upon
the SPLP:

1. During characterization of the donor site, obtain a minimum of ten samples from the
proposed fill. For volumes of fill less than 125 cubic yards, collection of a minimum of
eight samples is acceptable. Submit the four samples with the highest total concentration
of the regulated substance for SPLP analysis. Samples obtained will be representative of
the soil type and horizon impacted by the release of the regulated substance.

2. Determine the lowest total concentration (TC) that generates a failing SPLP result. The
alternative soil-to-groundwater value will be the next lowest TC.

3. If all samples result in a passing SPLP level, the alternative soil-to-groundwater value
will be the TC corresponding to the highest SPLP result. Additional samples may be
collected.

4. If none of the samples generates a passing SPLP, additional samples may be collected

and concurrent TC/SPLP analyses performed to satisfy the above conditions for
establishing an alternative soil-to-groundwater value.

5. The alternative soil-to-groundwater value is then compared to the direct contact
residential value for clean fill or the direct contact non-residential value for regulated fill
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found in Chapter 250, Appendix A, Tables 3% or 4’. The lower of the compared values is
the applicable numeric limit.

G. Performing a Background Demonstration and Equivalent Site Evaluation

A background demonstration may be utilized for both clean fill and regulated fill determinations.
For clean fill determinations, use the CFCLs. For regulated fill, use the RFCLs. If fill from the
donor site contains regulated substances at concentrations exceeding the CFCL or RFCL,
whichever is appropriate, for that parameter, a demonstration may be made to show that the
exceedance is due to background at the donor site. If a successful background demonstration is
made, perform an equivalent site evaluation prior to movement of fill to a receiving site. The
equivalent site evaluation ensures that no new regulated substance is placed on the receiving site
other than a regulated substance already determined to be present and that the concentration(s) of
regulated substance(s) in the donor fill has been compared to the concentration(s) of the same
regulated substance(s) at the receiving site in accordance with subparagraphs G.3.b.i-ii. of this
Appendix. Regulated substances detected in the donor fill that are below the CFCL or RFCL,
whichever is appropriate, for that parameter, do not require a background demonstration or an
equivalent site evaluation.

Generally, only naturally occurring metals, lead and some ubiquitous organics, such as
polynuclear aromatic hydrocarbons (PAHs), from widespread atmospheric deposition, are
eligible for a background demonstration. When data or other information indicates that a
regulated substance has migrated onto the donor site from the release of a regulated substance at
another site, the regulated substance is not due to background of that substance at the donor site.
Pathways for the migration of a regulated substance due to an offsite release include surface
runoff from specific sources (such as runoff from parking lots and storage facilities where spills
have occurred); spills at railroad facilities and in railroad rights-of-way; and air deposition of
regulated substances from specific sources.

Previously collected background data published by an accredited source with appropriate peer
review may be considered, provided the information is sufficiently focused and contains the level
of detail on the area used to determine background necessary to legitimately compare it to the
donor site. The description of the sampling and analysis performed should be detailed enough to
provide statistical validity.

Use the following guidelines when performing a background demonstration under this policy:
1. Select a Background Reference Area:

The first step in making a demonstration that the presence of a regulated substance is due
to background at the donor site and is not due to a release is to select a background
reference area, as the term is defined in this policy, to collect samples for the purpose of
establishing background at the donor site. Samples may be collected from the
background reference area to demonstrate that an exceedance of a CFCL or RFCL, as
appropriate, can be attributed to background, as the term is defined in this policy.
Background reference areas should not include areas affected by a known or suspected

¢ Direct contact numeric values for soils at residential properties
7 Direct contact numeric values for soils at non-residential properties
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release of a regulated substance, including areas impacted by road runoff, areas near
railroads affected by engine exhaust contaminants, and areas near buildings contaminated
by paint chips. In urban areas, background reference areas may include areas where
widespread, ubiquitous contamination is present that cannot be traced to a specific
source.

Background reference areas should be as similar as possible to the donor site. Every
attempt should be made to reduce the factors that are different between the background
reference area and the donor site. This does not mean that a sample collected at a
location that is a considerable distance from an area known or suspected to have been
affected by a release of a regulated substance is unacceptable merely because the known
or suspected regulated substance is detected in the sample. The presence of regulated
substance outside of the area known or suspected to have been affected by a release may
indicate that the presence of the regulated substance is truly ubiquitous, widespread and
incapable of being traced to a specific source. In this case, the regulated substance may
be part of the background at the donor site.

A background reference area, as the term is defined in this policy, should be selected for
use in the background demonstration.

Sampling, Analysis and Evaluation of Data:

Establish background by a sampling methodology that is statistically valid and consistent
with the methodology used to perform the fill determination. Use the same analysis
methods for the background samples that were used for performing the fill determination.

Compare the analytical results of the background samples with the results obtained from
the fill determination. Use the following statistical methods for the comparison:

a. Demonstrate that the highest measurement from the donor site is not greater than
the highest measurement from the background reference area. The Department
may accept insignificant variances in numbers. The minimum number of samples
to be collected is 10 from the background reference area and 10 from each donor
site. Analysis should be carried out on discrete samples.

b. The Department may accept another appropriate statistical method if it meets the
conditions below.

1. For nonparametric and parametric methods, the false-positive rate for a set
of data applied to a statistical test may not be greater than 0.05. The
minimum number of samples to be collected is 10 from the background
reference area and 10 from each donor site.

il. For parametric methods, the censoring level for each non-detect (ND)

should be the assigned value randomly generated that is between zero and
the limit related to the PQL.
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Equivalent Site Evaluation:

The equivalent site evaluation ensures that no new regulated substance is placed on the
receiving site other than a regulated substance that is already determined to be present
and that the concentration(s) of regulated substance(s) in the donor fill has been
compared to the concentration(s) of the same regulated substance(s) at the receiving site
in accordance with subparagraphs G.3.b.i-ii. of this Appendix. Regulated substances
detected in the donor fill that are below the CFCLs or RFCLs, as appropriate do not need
to be included in the equivalent site evaluation. Perform the equivalent site evaluation
prior to the movement of fill to a receiving site. Include documentation in the FP-001
demonstrating that the equivalent site evaluation has been performed and is satisfied in
accordance with this section.

a. Develop a Plan for Sampling the Receiving Site.

Make a background determination on the receiving site to determine whether the
same regulated substances present in the donor fill due to background are also
present at the receiving site, and if so, determine the concentrations of the
identified regulated substances. Development of a sampling plan in accordance
with Section A of this Appendix is necessary to characterize the receiving site.

In the sampling plan include a summary of existing information about the
receiving site, including any previously performed sampling or analysis
information, process descriptions and materials used, spatial boundaries of the
receiving site, information about what is known or suspected at the receiving site,
releases, and release mechanisms. Document this information by written
descriptions of site conditions and supported by maps, cross-sections, site
diagrams, or other descriptive, graphical, or tabular illustrations necessary to
characterize the site conditions.

The receiving site should be sampled using probability sampling, in which all
parts of the site being characterized have a known probability of being included in
the characterization, except for areas of the receiving site that are known to be or
suspected of being affected by a release of a regulated substance, including areas
impacted by road runoff, areas near railroads affected by engine exhaust
contaminants, and areas near buildings contaminated by paint chips, unless the
entire receiving site is part of a larger urban area where ubiquitous, widespread
contamination is present that is incapable of being traced to a specific source.

Select the area of the receiving site used for the equivalent site evaluation in
accordance with the following:

1. The area sampled is unaffected by a release of a regulated substance.

ii. The area sampled should be at a depth comparable to the area where donor
fill is to be placed on the receiving site.

1ii. The concentration of regulated substances in the area sampled is
attributable to the parent material from which the soil was derived and the
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natural processes which produce soil; or the concentrations of regulated
substances resulted from an atmospheric deposition, as the term is
described in the definition of “background reference area,” but are not
attributable to a specific point source or release of a regulate substance.

Sampling, Analysis and Evaluation of Data.

Establish the background by a sampling methodology that is statistically valid and
consistent with the methodology used to perform the fill determination. Use the
same analysis methods for background samples that were used for performing the
fill determination.

Compare the analytical results of background samples for the receiving site with
the results obtained from the donor fill. Use one of the following statistical
methods for comparison:

1.

ii.

Demonstrate that the highest measurement from the donor site is not
greater than the highest measurement from the receiving site. The
Department may accept insignificant variances in numbers. The minimum
number of samples to be collected is 10 from the receiving site and

10 from each donor site.

The Department may accept another appropriate statistical method if it
meets the conditions below.

(A)  For nonparametric and parametric methods, the false-positive rate
for a set of data applied to a statistical test may not be greater
than 0.05. The minimum number of samples to be collected is
10 from the receiving site and 10 from each donor site.

(B)  For parametric methods, the censoring level for each non-detect

(ND) should be the assigned value randomly generated that is
between zero and the limit related to the PQL.
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Appendix B
Recognition and Identification of Acid-Producing Rock

Pennsylvania’s municipal and residual waste regulations define clean fill, in part, as inert solid material.
Acid-producing rock reacts when exposed to air or water and therefore does not meet the regulatory
definition of clean fill. In addition to presenting abrupt and adverse environmental concerns, exposed
acid-producing rock can also have long-term damaging effects on highways and highway structures,
including corrosion of concrete and steel structures; destabilization of cut slopes and fill slopes; ground
heaving of structures and pavements; toxicity to roadside vegetation and aquatic life; and degradation of
drinking water supplies.

Determining whether or not fill contains acid-producing rock begins with determining the presence of or
likelihood of encountering acid-bearing rock (ABR), which is widespread in Pennsylvania. The primary
source of acidity in Pennsylvania sedimentary rocks is sulfide minerals. Although there are many
minerals that contain sulfur, those containing pyrite, or ferrous disulfide, are the major contributors to
the release of acid. While pyrite minerals are not always large enough to be visible to the unaided eye,
larger crystals have a yellowish, metallic appearance. Deposits containing pyrite concentrations greater
than 0.5% have the potential to be significant sources of acid. Various other forms of sulfide minerals
are of lesser concern due to their chemical stability, and include chalcopyrite (CuFeS2), galena (PbS)
and sphalerite (ZnS), but can be problematic when present with pyrite.

Although there are more than 200 common minerals that contain sulfur, only those classified as iron
sulfide are of potential concern due to the ability of these elements to promote oxidation, hydration and
the release of acid. In Pennsylvania, there are four potential sulfide deposit types, listed as follows in
descending order of pyrite oxidation reactivity:

. Veined Rock Deposits;

. Sedimentary Rock Deposits;
. Mine Spoils; and

. Acid Sulfate Soil Deposits.

Typically, the upper 25- to 35-feet of bedrock does not contain pyrite because pyrite is not stable under
atmospheric conditions and will weather away. Therefore, if excavations are shallower than 30 feet, the
risk of acid release is generally minimal. This is particularly true if a site is located south of the glacial
margin. Within the glaciated regions of Pennsylvania, weathered bedrock may have been removed by
glaciers and pyrite may exist closer to the surface. Unconsolidated sediments, such as glacial till, sand,
and gravel, are not acid-producing and can be excavated without risk of acidic drainage. With regard to
characterization of fill excavated to depths greater than 25 feet, environmental due diligence should
include details demonstrating that the fill does not contain acid-producing rock.

The following publicly available resources may also assist in assessing the likelihood of encountering
ABR:

. The Pennsylvania Geological Survey’s a map of potentially acid bearing rocks (OFMI
Report 05-01.1);

. The Pennsylvania Department of Transportation’s (PennDOT) Geotechnical Engineering
Manual, Publication 293 (4/18) (PUB 293 (4/18)); and

. DEP’s Fact Sheet titled, “How to Avoid and Handle Acid-Producing Rock Formations

Encountered During Well Site Development” (PA DEP Link)
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http://www.dot.state.pa.us/public/pubsforms/Publications/Pub%20293.pdf
http://www.depgreenport.state.pa.us/elibrary/PDFProvider.ashx?action=PDFStream&docID=4802&chksum=&revision=0&docName=5600-FS-DEP4284.pdf&nativeExt=pdf&PromptToSave=False&Size=186518&ViewerMode=2&overlay=0

If ABR is anticipated in the fill based on published information or identified during due diligence,
testing should be done to estimate the acid-producing potential. For more information on testing
procedures and acid-base accounting procedures, please refer to PennDOT’s “Geotechnical Engineering
Manual, Publication 293 (4/18) (PUB 293 (4/18)),” DEP’s “Coal Mine Drainage Prediction and
Pollution Prevention in Pennsylvania (Coal Mine Drainage Prediction and Pollution Prevention)” or
DEP’s “Evaluation of Acid-Base Accounting Using Computer Spreadsheets (Evaluation of Acid-Base

Accounting).”
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ABBREVIATIONS, ACRONYMS, AND SYMBOLS

Ac Actinium

ALARA As Low As Reasonably Achievable

o Alpha

ANSI American National Standards Institute
API American Petroleum Institute

ATD Alpha Track Detector

Ba Barium

BaCOs3 Barium Carbonate

BaSOq Barium Sulfate

Bef billion cubic feet

B Beta

Bi Bismuth

BRP Bureau of Radiation Protection

Ca Calcium

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act
CFR Code of Federal Regulations

CLP Contract Laboratory Program

cm centimeter

cpm counts per minute

CWT Centralized Wastewater Treatment
DAC Derived Air Concentration

DCNR Department of Conservation and Natural Resources
DEP Department of Environmental Protection
DEP Laboratory DEP Bureau of Laboratories

DER Duplicate Error Ratio

DOE U.S. Department of Energy

DOT U.S. Department of Transportation
dpm disintegrations per minute

DQL Data Quality Level

EIC Electret lon Chamber

EPA U.S. Environmental Protection Agency
Fe [ron

FSP Field Sampling Plan

ft foot/feet

ft? square foot

ft? cubic foot

g gram

GIS Geographic Information System

GM Geiger-Muller

GIS Geographic Information Systems

GPS Global Positioning System

HASL Health and Safety Laboratory

HCI Hydrochloric Acid

HDPE High Density Polyethylene

HNO;3 Nitric Acid

HPS Health Physics Society

May 2016 xi



PA DEP TENORM Study Report — Abbreviations, Acronyms, and Symbols Rev. 1

hr hour

IAEA International Atomic Energy Agency

ICP Inductively Coupled Plasma

K Potassium

keV kilo-electron volt

1 liter

LLD Lower Level of Detection

uR/hr microroentgens per hour

purem/hr microroentgen equivalent man per hour

mcf thousand cubic feet

MDC Minimum Detectable Concentration

Mg Magnesium

Mn Manganese

mph miles per hour

mrem millirem

MS Matrix Spike or Mass Spectrometry

MSD Matrix Spike Duplicate

Na Sodium

NaCl Sodium Chloride

Nal Sodium lodide

NELAP National Environmental Laboratory Accreditation Program
NIST National Institute of Standards and Technology
NJDEP New Jersey Department of Environmental Protection
NORM Naturally Occurring Radioactive Material
NPDES National Pollutant Discharge Elimination System
NRC U.S. Nuclear Regulatory Commission

0&G Oil and Gas

OSHA Occupational Safety and Health Administration
%R Percent Recovery

+ plus or minus

Pa Protactinium

PA Pennsylvania

Pa. C.S. Consolidated Statutes

PASDA Pennsylvania Spatial Data Access

Pb Lead

pCi picocuries

Perma-Fix Perma-Fix Environmental Services, Inc.

pH Potential Hydrogen

Po Polonium

POTW Publicly Owned Treatment Works

PPE Personal Protective Equipment

ppm parts per million

PSIA pounds per square inch absolute

QA Quality Assurance

QAM Quality Assurance Manual

QAPP Quality Assurance Project Plan

QC Quality Control

Ra Radium
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RCRA
RESRAD
RG

Rn

RPD

SOP

Sr

Sv

TDS
TENORM
Th

Tl

TPU

U

pohm
UNSCEAR
U.S.
USACE
U.S.C.
USGS
WL
WWTP
XRF

yr

ZLD

Resource Conservation and Recovery Act
Residual Radiation

Regulatory Guide

Radon

Relative Percent Difference

Standard Operating Procedure

Strontium

Sievert

Total Dissolved Solids

Technologically Enhanced Naturally Occurring Radioactive Materials
Thorium

Thallium

Total Propagated Uncertainty

Uranium

microhm

United Nations Scientific Committee on the Effects of Atomic Radiation
United States

U.S. Army Corps of Engineers

United States Code

U.S. Geological Survey

Working Level

Wastewater Treatment Plant

X-ray Fluorescence

year

Zero Liquid Discharge
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GLOSSARY*

Alpha — A positively charged particle consisting of two protons and two neutrons, emitted in
radioactive decay or nuclear fission. They are generally produced in the process of alpha decay
but may also be produced in other ways. They are designated by the Greek letter a.

Basic Sediment — Oil and gas production storage impurities/sediment from produced oil at storage
tank battery.

Beta — High-energy, high-speed electrons or positrons emitted by certain types of radioactive
nuclei. The beta particles emitted are a form of ionizing radiation also known as beta rays. The
production of beta particles is termed beta decay. They are designated by the Greek letter 3.

Brine — Water that is produced with oil and gas when a well is in production, typically water
containing more dissolved inorganic salt than seawater.

Condensate — A low density, high American Petroleum Institute (API) gravity, mixture of
hydrocarbons that is present in a gaseous state at formation temperatures and pressures but
condenses out of the raw gas to a liquid form at standard temperature of 60 degrees Fahrenheit and
pressure 14.7 pounds per square inch (PSIA).

Conventional Formation — A formation that is not an unconventional formation.

Conventional Well — A bore hole drilled or being drilled for the purpose of or to be used for
construction of a well regulated under 58 Pa. C. S. § § 3201—3274 (relating to development) that
is not an unconventional well, irrespective of technology or design. The term includes, but is not
limited to:

e Wells drilled to produce oil.

o Wells drilled to produce natural gas from formations other than shale formations.

e Wells drilled to produce natural gas from shale formations located above the base of the Elk
Group or its stratigraphic equivalent.

o Wells drilled to produce natural gas from shale formations located below the base of the Elk
Group where natural gas can be produced at economic flow rates or in economic volumes
without the use of vertical or nonvertical well bores stimulated by hydraulic fracture treatments
or multilateral well bores or other techniques to expose more of the formation to the well bore.

o Irrespective of formation, wells drilled for collateral purposes, such as monitoring, geologic
logging, secondary and tertiary recovery, or disposal injection.

Drill Cuttings — Rock cuttings and related mineral residues generated during the drilling of an oil
or gas well.

Drilling Fluid Waste — Oil and gas drilling mud and other drilling fluids (other than fracturing
fluid and spent lubricant).

Drilling Mud — A chemical, water-based, or oil-based mixture pumped into an oil well during
drilling in order to seal off porous rock layers, equalize the pressure, cool the bit, and flush out the
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cuttings. The mud is circulated down the drill pipe, out through the drill bit, across the rock face
being drilled, then back to the surface carrying debris from the bottom of the well.

Flowback — The return flow of water and formation fluids recovered from the well bore of an oil
or gas well following the release of pressures induced as part of the hydraulic fracture stimulation
of a target geologic formation until the well is placed into production.

Flowback Fluid — Flowback fluid is a water based solution that flows back to the surface during
and after the completion of hydraulic fracturing. It consists of the fluid used to fracture the target
formation. The fluid contains clays, chemical additives, dissolved metal ions, and total dissolved
solids (TDS).

Flowback Fracturing Sand — Oil and gas drilling flowback fracturing sand.
Fracturing Fluid Waste — Oil and gas fracturing/stimulation fluid waste and/or flowback.

Gamma — Electromagnetic radiation of an extremely high frequency and high energy. Gamma
rays are ionizing radiation, and are thus biologically hazardous. They are classically produced by
the decay of atomic nuclei as they transition from a high energy state to a lower state known as
gamma decay, but may also be produced by other processes. Natural sources of gamma rays
include gamma decay from naturally occurring radioisotopes, and secondary radiation from
atmospheric interactions with cosmic ray particles. They are designated by the Greek letter y.

Gas — A fluid, combustible or noncombustible, which is produced in a natural state from the earth
and maintains a gaseous or rarified state at standard temperature of 60 degrees Fahrenheit and
pressure of 14.7 PSIA. This product type must be reported in Mcf (1,000 cubic feet) at a standard
temperature of 60 degrees Fahrenheit and pressure of 14.7 PSIA.

Horizontal Drill Cuttings — Drill cuttings from the horizontal portion of an oil or gas well.

Hydraulic Fracturing Fluid — Hydraulically pressurized liquid used to fracture rock in the
hydraulic fracturing process. Hydraulic fracturing fluids are used to initiate and/or expand
fractures, as well as to transport proppant into fractures. The U.S. O&G industry has used fluids
for fracturing geologic formations since the early 1940s.

Leachate — A solution resulting from water that has percolated through solid, e.g., waste in landfill,
and potentially leached out some of the soluble constituents.

Marinelli — A lightweight polypropylene sample container with snap-on lid used for gamma
spectroscopy analysis.

Natural Gas — A fossil fuel consisting of a mixture of hydrocarbon gases, primarily methane, and
possibly including ethane, propane, butane, pentane, carbon dioxide, oxygen, nitrogen, and
hydrogen sulfide and other gas species. The term includes natural gas from oil fields known as
associated gas or casing head gas, natural gas fields known as nonassociated gas, coal beds, shale
beds, and other formations. The term does not include coal bed methane.
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NORM - Naturally occurring radioactive material. It is a nuclide that is radioactive in its natural
physical state, not man-made, but does not include source or special nuclear material.

Oil — Hydrocarbons in liquid form at formation temperatures and pressures that remain in liquid
form at standard temperature of 60 degrees Fahrenheit and pressure 14.7 PSIA.

Produced Water — Water that is produced with oil and gas when the well is in production.

Proppant Sand — Solid treated sand suspended in water or other fluid designed to keep an induced
hydraulic fracture open during or following a fracturing treatment.

Radiological Environmental Impact — Impact to the environment from the release and
subsequent spreading of radionuclides and from the direct emission of radiation from facilities.

Removable Contamination — The fraction of total surface alpha/beta radioactive contamination
easily removed by pressing a 47-mm diameter filter paper to the surface with moderate pressure,
i.e., smear sampling. Usually expressed in units of dpm/100 cm? of surface area sampled.

Secular Equilibrium — A type of radioactive equilibrium in which the half-life of the precursor
(parent) radionuclide is so much longer than that of the product (progeny) radionuclide(s) that the
radioactivity of the progeny become equal to the parent over time equal to approximately 10 half-
life’s of the progeny.

Servicing Fluid — Oil and gas production well maintenance and work-over fluids and/or oil/water-
based mud and foam.

Smear Sample — A sample of removable alpha and beta surface radioactivity collected by pressing
a 47-mm diameter filter paper to 100 cm? of surface area sampled to obtain an assumed fraction
of removable material. The filter paper is counted for alpha and beta radioactivity without any
preparation.

Spent Lubricant — Oil and gas drilling and/or plug drilling lubricants that have exceeded their
useful life.

Student t-test — A test for determining whether or not an observed sample mean differs
significantly from a hypothetical normal population mean.

TENORM — Technologically enhanced naturally occurring radioactive materials. It is naturally
occurring radioactive material not specifically subject to regulation under the laws of the
Commonwealth of Pennsylvania or Atomic Energy Act of 1954 (42 U.S.C. §2011 et seq.), but
whose radionuclide concentrations or potential for human exposure have been increased above
levels encountered in the undisturbed natural environment by human activities.

Total Contamination — The surface alpha/beta radioactive contamination comprised of fixed and
removable components. Total contamination is measured by placing an appropriate alpha/beta
detector on the surface to be surveyed so that both the fixed and removable fractions are counted
together. Usually expressed in units of dpm/100 cm? of surface area surveyed.
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Unconventional Formation — A geological shale formation existing below the base of the Elk
Sandstone or its geologic equivalent stratigraphic interval where natural gas generally cannot be
produced at economic flow rates or in economic volumes except by vertical or horizontal well
bores stimulated by hydraulic fracture treatments or by using multilateral wellbores or other
techniques to expose more of the formation to the well bore.

Unconventional Well — A bore hole drilled or being drilled for the purpose of or to be used for
the production of natural gas from an unconventional formation.

Vertical Drill Cuttings — Drill cuttings from the vertical portion of an oil or gas well.

Well Site — The area occupied by the equipment or facilities necessary for or incidental to the
drilling, production, or plugging of a well.

*These definitions are for the purposes of this report only and are not necessarily regulatory definitions.
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0.0 SYNOPSIS

In 2013, the Pennsylvania Department of Environmental Protection (DEP) initiated a study to
collect data relating to technologically enhanced naturally occurring radioactive material
(TENORM) associated with oil and gas (O&G) operations in Pennsylvania. This study included
the assessment of potential worker and public radiation exposure, TENORM disposal, and other
possible environmental impacts. The study encompassed radiological surveys at well sites,
wastewater treatment plants, landfills, gas distribution and end use, and O&G brine-treated
roads. The media sampled included solids, liquids, natural gas, ambient air, and surface
radioactivity.

The observations and recommendations for future actions based on this peer-reviewed study are:

1. There is little potential for additional radon exposure to the public due to the use of natural gas
extracted from geologic formations located in Pennsylvania.

2. There is little or limited potential for radiation exposure to workers and the public from the
development, completion, production, transmission, processing, storage, and end use of natural
gas. There are, however, potential radiological environmental impacts from O&G fluids if
spilled. Radium should be added to the Pennsylvania spill protocol to ensure cleanups are
adequately characterized. There are also site-specific circumstances and situations where the
use of personal protective equipment by workers or other controls should be evaluated.

3. There is little potential for radiation exposure to workers and the public at facilities that treat
0&G wastes. However, there are potential radiological environmental impacts that should be
studied at all facilities in Pennsylvania that treat O&G wastes to determine if any areas require
remediation. If elevated radiological impacts are found, the development of radiological
discharge limitations and spill policies should be considered.

4. There is little potential for radiation exposure to workers and the public from landfills receiving
waste from the O&G industry. However, filter cake from facilities treating O&G wastes are a
potential radiological environmental impact if spilled, and there is also a potential long-term
disposal issue. TENORM disposal protocols should be reviewed to ensure the safety of long-
term disposal of waste containing TENORM.

5. While limited potential was found for radiation exposure to recreationists using roads treated
with brine from conventional natural gas wells, further study of radiological environmental
impacts from the use of brine from the O&G industry for dust suppression and road
stabilization should be conducted.

May 2016 0-1



PA DEP TENORM Study Report — Section 1.0 Rev. 1

1.0 INTRODUCTION

1.1 Purpose and Objectives of the Study

During the expansion of the Marcellus Shale Gas industry the Pennsylvania Department of
Environmental Protection (DEP) staff observed a steady increase in the volume of waste
containing technologically enhanced naturally occurring radioactive material (TENORM),
generated by the oil and gas (O&G) industry, being disposed in Pennsylvania landfills. TENORM
is naturally occurring radioactive material whose radionuclide concentrations or potential for
human exposure have been increased above levels encountered in the undisturbed natural
environment by human activities.

In 2013, DEP initiated a study to collect information and data needed to effectively manage
TENORM from O&G operations for environmental and health protection. This study included
the assessment of potential worker and public radiation exposure, evaluation of potential impacts
from TENORM waste disposal, and the investigation of possible radiological environmental
effects. The survey and sample data will be used to address potential radiological concerns from
0O&G operations, disposal of waste, and product use.

This study report includes recommendations for future actions to be taken to address issues of
concern identified by the study, including additional investigations and surveys.

1.2 Background

The Marcellus Shale formation underlies much of Pennsylvania, with the exception of southeastern
Pennsylvania. The organic-rich portion reaches its maximum thickness in the northeastern part of
the state. The northwestern borders of Franklin, Cumberland, Lebanon, Berks, Lehigh, and
Northampton counties provide the southeastern margin of the Marcellus Shale formation. Between
this border and the approximate corridor with US 220/I 99, the Marcellus Shale formation crops
out in the folded Ridge and Valley physiographic province where it may be a concern for indoor
Radon (Rn). The type of gas found in most areas of the Marcellus Shale throughout Pennsylvania
is geologically mature and consists of mostly methane that requires little processing prior to use.
This gas is commonly called “dry gas.” Marcellus Shale gas found along the westernmost border
of Pennsylvania is less geologically mature; therefore, in addition to methane, the gas contains
additional hydrocarbons such as ethane, propane, and butane. This gas is commonly called “wet
gas” and can be used to produce plastics and other high-value petroleum-based products.
Figure 1-1 depicts the extent of the Marcellus Shale formation within Pennsylvania. Figure 1-2
shows the approximate dividing line between the wet and dry gas zones in the state.

The Pennsylvania Department of Conservation and Natural Resources (DCNR) has documented
that Marcellus Shale can contain from 10 to 100 parts per million (ppm) uranium (U). Typical
crustal U concentrations in the United States (U.S.) average 3 ppm.

See Appendix A for additional geologic information on other natural gas-producing formations
and on heavy metal content.
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Figure 1-1. Marcellus Shale Formation in Pennsylvania

Figure 1-2. Marcellus Shale Formation “Wet” and “Dry” Areas

Source: PSU Marcellus Center for Outreach and Research (MCOR), www.marcellus.psu.edu
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Marcellus Shale and other geologic formations rich in O&G resources may contain naturally
occurring radioactive material (NORM), specifically U, U-238 parent and thorium (Th), Th-232
parent, and their decay progeny, as well as Potassium-40 (K-40). These series occur naturally and
are the most prevalent of the three natural decay series, the third being the actinium (Ac), U-235
parent. The decay series of U and Th are illustrated in Figures 1-3 and 1-4, respectively. Surface
soil typically contains approximately 1 to 2 picocuries per gram (pCi/g) of both the U and Th series
radionuclides with all of the series members at approximately equal activity, i.e., secular
equilibrium. The radioactive materials, including TENORM, are brought to the land surface by
O&G activities.

Each of the natural decay series includes a Rn gas member. Radon and its progeny are the primary
issue of concern associated with natural gas distribution and its end uses.

1.3 Pennsylvania Oil and Gas Operations (Conventional and Unconventional)

Natural gas wells are classified as either conventional or unconventional. Related statutory and
regulatory definitions include the following:

Pennsylvania’s 2012 Oil and Gas Act (58 Pa. C. S. § 2301)

“Unconventional formation." A geological shale formation existing below the base of the Elk
Sandstone or its geologic equivalent stratigraphic interval where natural gas generally cannot be
produced at economic flow rates or in economic volumes except by vertical or horizontal well
bores stimulated by hydraulic fracture treatments or by using multilateral wellbores or other
techniques to expose more of the formation to the well bore.

"Unconventional gas well." A bore hole drilled or being drilled for the purpose of or to be used
for the production of natural gas from an unconventional formation.

25 Pa. Code § 78.1

“Conventional formation.” A formation that is not an unconventional formation.
“Conventional well.”
(1) A bore hole drilled or being drilled for the purpose of or to be used for construction of
a well regulated under 58 Pa. C. S. §§ 3201—3274 (relating to development) that is not
an unconventional well, irrespective of technology or design.
(11) The term includes, but is not limited to:
(A) Wells drilled to produce oil.

(B) Wells drilled to produce natural gas from formations other than shale formations.

(C) Wells drilled to produce natural gas from shale formations located above the base
of the Elk Group or its stratigraphic equivalent.
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Figure 1-3. Uranium-238 Decay Chain

Note: y = years, d= days, h = hours, and m = minutes

Figure 1-4. Thorium-232 Decay Chain

Note: y = years, d= days, h = hours, and m = minutes
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(D) Wells drilled to produce natural gas from shale formations located below the base
of the Elk Group where natural gas can be produced at economic flow rates or in
economic volumes without the use of vertical or nonvertical well bores stimulated
by hydraulic fracture treatments or multilateral well bores or other techniques to
expose more of the formation to the well bore.

(E) Irrespective of formation, wells drilled for collateral purposes, such as monitoring,
geologic logging, secondary and tertiary recovery, or disposal injection.

1.4 Subject Media

The types of media evaluated as part of this study result from the product media that either contain
TENORM or may be impacted by TENORM due to O&G operations. The product streams
evaluated are natural gas and natural gas liquids, i.e., condensates. Other media evaluated includes
solid and liquid wastes, soils, ambient air, and gaseous emission products associated with O&G
operations.

1.4.1 Media Sampled

1.4.1.1 Solids

Natural gas exploration, extraction and production result in various types of solids that may contain
TENORM or may be impacted by TENORM. These materials include drill cuttings, filter sock
residuals, impoundment sludge, tank bottom sludge, pipe scale, wastewater treatment plant
(WWTP) sludge, and soils. Drill cuttings are wastes brought to the surface during the drilling
process. Filter sock residuals and WWTP sludge are generated during the processing of
wastewaters generated by O&G activities. Impoundment and tank bottom sludge accumulates as
a result of solid material settling out of well site wastewater.

Other solids potentially impacted by radioactive isotopes include soils at WWTP discharge
outfalls, soils in the proximity of dirt roads where brines from conventional O&G operations are
used for dust suppression, and pipe scale on natural gas transmission infrastructure.

1.4.1.2 Liquids

There are various types of liquids generated during the development and operating life of a gas
well including drilling muds, used hydraulic fracturing fluid, brine, and other wastewaters. Liquid
wastes are processed at WWTPs for reuse on well sites or to meet National Pollutant Discharge
Elimination System (NPDES) criteria prior to discharge to waters of the Commonwealth.

The study classified WWTPs into three categories:

1) Publicly Owned Treatment Works (POTWs) are the most common type of WWTPs. These
facilities are designed to process sewage and wastewater from residences and businesses and
may take industrial wastewater under specific circumstances. After the wastewater is
processed and meets specified chemical criteria, the processed water may be discharged to
streams under an NPDES permit.
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2) Centralized Waste Treatment (CWT) facilities are designed to process commercial and
industrial liquid wastes prior to discharge to receiving streams under an NPDES permit.
Additionally, there are some industrial facilities that process wastewater prior to discharge to
POTWs for final processing and discharge (pre-treatment).

3) Zero Liquid Discharge (ZLD) facilities are the most modern and utilize distillation and
chemical technologies to remove solids from the wastewater. The processed wastewater is
returned for reuse at natural gas well sites for hydraulic fracturing of new wells. All centralized
ZLD facilities that recycle water to be used for hydraulic fracturing must be permitted by DEP.

Landfill leachate is liquid waste generated by the movement of precipitation through the disposed
waste and by the compaction and decomposition of the waste itself. As liquid moves through the
waste, contaminants are leached from the disposed material. Landfills are designed to ensure
leachate does not enter the groundwater and is collected for treatment. Upon meeting NPDES
water quality standards, the treated leachate may be discharged to surface waters. Some landfills
operate onsite treatment systems while others are connected to local POTWSs, which treat landfill
leachate prior to discharge. Because landfills accept natural gas industry wastes such as drill
cuttings and treatment sludge that may contain TENORM, there is a potential for leachate from
those facilities to also contain TENORM.

1.4.1.3 Natural Gas

Many facilities, structures, and systems are utilized during the exploration, extraction, and
production of natural gas before the product is distributed to the residential, industrial, and
commercial end users.

Natural gas samples were collected and evaluated for Rn at compressor stations, natural gas
processing plants, and underground storage facilities. Ambient air samples were also collected
and evaluated for Rn at well sites, WWTPs, gathering compressor stations, natural gas-fired power
plants, and landfills.

Natural gas passes through gathering lines, compressor stations, transmission lines, natural gas
processing plants, underground storage facilities, and a network of pipes and valves (see
Figure 1-5).

Gathering Compressor Stations:

Gathering compressor stations compress the natural gas from the well sites to transport the product
to the transmission line network. These facilities include large internal combustion engines and
may also include dewatering equipment such as glycol dehydrators and liquid storage tanks.
Geographically, they are typically located at a nexus of piping from well sites.
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Figure 1-5. Natural Gas Operations

Source: US EPA, http.//www.epa.gov/methane/gasstar/basic-information/index.html

Natural Gas Processing:

Natural gas and condensate are also used as feedstock for the synthesis of other products. Natural
gas enters a processing facility and undergoes a dehydration process, is refrigerated to remove
condensable liquids, then goes through a series of other processes including de-ethanizing/de-
propanizing and fractionation. These facilities can be quite large with very extensive piping
networks. They also have several intermediate and final product storage tanks and vessels. The
operations at these facilities necessitate opening of the product conveyance network for periodic
cleaning and maintenance.

Transmission Line Compressor Stations:

These facilities are larger than their gathering station counterparts. Power to the compressors is
supplied by natural gas turbine engines, similar to those found on jet aircraft. These facilities
normally do not have dehydrating equipment or liquid storage tanks. Dehydration and condensate
removal take place further upstream at the well sites and gathering compressor stations. The origin
of the natural gas passing through these facilities can be difficult to ascertain. Transmission line
compressor stations may be handling natural gas from Pennsylvania, other parts of the U.S., or
international sources.

Underground Storage Facilities:

Some deep sandstone formations, such as the Oriskany Sandstone formation, are used for storing
natural gas. These underground reservoirs are used to address fluctuations in demand for natural
gas.
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End Users:

The primary radionuclide of concern in natural gas is Rn-222. Radon is a noble gas and is not
destroyed by combustion, nor is it removed by an air emission source control device.
Consequently, Rn present in the fuel gas will remain after combustion. However, the process of
combustion dilutes the concentration of Rn in the exhaust gas stream by a ratio of 10:1 of ambient
air to natural gas when perfect combustion is achieved.

1.5 Facility Selection

Category-specific criteria were used to select specific facilities for inclusion in the study. The
criteria differed based on the type of facility. The following lists the various selections.

1.5.1 Well Site Selection

1) A Marcellus Shale formation well site from the dry gas areas predominantly in the northern
and central parts of the state.

2) A Marcellus Shale formation well site from the wet gas area found predominantly in the
southwestern part of the state.

3) A Utica formation well site and other non-Marcellus Shale formations, e.g., Geneseo, Burket,
and Rhinestreet that became available.

4) A conventional O&G well site.

1.5.2 Wastewater Treatment Plant Selection

1) The three types of WWTPs, including POTW facilities, CWT facilities, ZLD facilities.

2) WWTPs that accept wastewater from conventional and unconventional types of well sites.

3) WWTPs that accept waste material from unconventional well sites in the wet gas-producing
area rather than the dry gas-producing area.

4) WWTPs where elevated radioactivity readings have been measured from the intake
wastewater, produced sludge, effluent discharge, or discharge point stream/river sediments,
etc.

5) WWTPs that DEP regional offices have indicated are of particular interest.

1.5.3 Landfill Facility Selection Criteria

1) All Pennsylvania landfills.

2) Nine landfills that accepted the largest amount of TENORM-containing waste during the past
year.

3) Large-volume TENORM-containing waste disposal sites where onsite worker exposure
measurements could be obtained and representative samples of solids could be collected.

1.5.4 Gas Distribution and End Use Operations Selection Criteria

1) Facilities that compress, carry, and distribute natural gas from the wet gas-producing area of
the state.

2) Facilities that compress, carry, and distribute natural gas from the dry gas-producing area of
the state.
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3) Facilities that distribute or process natural gas produced in Pennsylvania rather than those that
distribute or process natural gas from out of state.
4) Major natural gas users, e.g., electrical generator, processing, and storage facilities.

1.5.5 Road Sites Selection Criteria

1) Multiple locations in the southwestern, northwestern, and north-central regions of the state.

2) Roads where liquids from wells in the wet and dry gas-producing areas were applied for dust
suppression and road stabilization.

3) Roads where liquids from wells in the wet and dry gas-producing areas were not applied for
dust suppression and road stabilization.

1.5.6 Well Component Reconditioning Selection Criteria
Well casing/pipe reconditioning or de-scaling facilities in the state.
1.5.7 Centralized Impoundments

1) A facility in the wet gas-producing area.
2) A facility in the dry gas-producing area.
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2.0 STUDY IMPLEMENTATION

2.1 Sampling and Survey Methods

The primary data for this study were gathered using radiological screening surveys and through
the sampling and analysis of solid and liquid wastes, soils, ambient air, and gaseous emission
products associated with O&G operations.

2.1.1 Field Surveys

2.1.1.1 Scope

Radiological surveys were performed to identify the possible presence and abundance of NORM
and TENORM in locations that include the following:

o Well Sites (Section 3.0)
— Offices and living quarters
— Storage and maintenance areas
— Drill rigs and associated equipment
— Temporary wastewater storage tanks
— Wastewater impoundments
— Production equipment
— Drill cutting pits (closed)
e Wastewater Treatment Plants (Section 4.0)
— Wastewater off-load areas
— Influent wastewater storage areas (untreated)
— Effluent wastewater storage areas (treated)
— Processing tanks and equipment
— Offices, break rooms, laboratories
— Discharge points where applicable
e Landfills (nine study landfills — details provided in Section 5.0)
Offices and other occupied spaces
— Storage and maintenance areas
Natural gas processing facilities
Leachate processing facilities
— Earthmoving equipment
¢ Gas Distribution and End Use (Section 6.0)
— Compressor stations
— Natural gas-fired power plants
— Natural gas processing facilities
¢ Oil and Gas Brine-Treated Roads (Section 7.0)

2.1.1.2 Instrumentation and Documentation

Radiological instrumentation used for field surveys included portable scalers/ratemeters with
various scintillators for detection of alpha (o), beta (), and/or gamma radiation; portable gamma
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dose rate meters; portable gamma exposure rate meters; general purpose Geiger-Muller (GM)
detectors; and field counters for low-level a and 3 radiation detection.

All instruments used were calibrated and their operation verified prior to use on each day they
were used. The instruments were maintained and operated in accordance with Perma-Fix
Environmental Services, Inc. (Perma-Fix) operating procedures by qualified health physics
technicians. Records of calibration, daily quality control (QC) checks for the days used, survey
results, logbooks, and various other records generated during field screening survey activities are
included in Appendix B.

2.1.1.3 Activities

General descriptions of the various field surveys performed as part of this study are provided
below.

2.1.1.3.1 Radiological Surveys of Facilities and Reference Background Areas

Gamma radiation exposure rates and gross gamma radioactivity surveys were performed at each
facility included in the study. The gamma radiation exposure rates were measured using a Bicron
Micro-Rem Meter recorded in micro-Roentgen equivalent man per hour (urem/hr) or a Ludlum
Model 19 Micro-R Meter recorded in units of micro-Roentgen per hour (uR/hr). The gross gamma
radioactivity surveys were recorded in counts per minute (cpm) using a Ludlum Model 44-10
Sodium Iodide (Nal) detector. To properly evaluate survey data, surveys were also performed in
areas outside the influence of the facility to establish natural background.

2.1.1.3.2 Radiological Surveys of Liquid Samples and Tanks

Liquid samples were collected at each of the three types of WWTPs and included influent, effluent,
and in-stream discharge points where POTWs, and in limited cases CWTs, are permitted to
discharge directly to a receiving stream.

During liquid sampling, gamma radiation exposure surveys were performed. In addition, gamma
radiation exposure rates were performed on contact with tanks when possible. Otherwise,
measurements were collected in the general proximity of the point of sample collection or tank.
To properly evaluate survey data, surveys were also performed in areas outside the influence of
the facility to establish natural background.

2.1.1.3.3 Radiological Surveys of Equipment and Structures

Equipment such as drill rigs, well development equipment, etc., was subject to field screening
surveys including:

e Gamma radiation exposure rate surveys using a Bicron MicroRem Meter or Ludlum Model
19.

e (Gross gamma radioactivity surveys using a Ludlum Model 44-10 Nal detector.

e Total a and B surface radioactivity using a direct frisk Ludlum Model 43-89 detector and/or a
Ludlum Model 44-93 and cpm results converted to units of disintegrations per minute per 100
square centimeters (dpm/100 cm?) of surface area surveyed.
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e Removable a and B surface radioactivity by sample collection with smears. Smears were
counted on a Ludlum 2929 with a Model 43-10-1 portable scaler/ratemeter and detector. Count
results were converted to units of dpm/100 cm? of surface area smeared.

To properly evaluate survey data, surveys were also performed in areas outside the influence of
the facility to establish natural background.

2.1.1.3.4 Radiological Surveys of Samples

All samples collected were surveyed prior to transportation to the laboratory. The surveys were
performed on contact with the sample container and included:

e (Gamma radiation exposure rate surveys using a Bicron MicroRem Meter or Ludlum Model
19.

e Gross gamma radioactivity surveys using a Ludlum Model 44-10 Nal detector.

e Total o and B surface radioactivity using a direct frisk Ludlum Model 43-89 detector or a
Ludlum Model 44-93 detector.

e Removable a and B surface radioactivity by sample collection with smears. Smears were
counted on a Ludlum 2929 with a Model 43-10-1 portable scaler/ratemeter and detector.

To properly evaluate survey data, surveys were also performed in areas outside the influence of
the facility to determine natural background.

2.1.2 Field Sampling Activities

2.1.2.1 Scope

DEP sampled solids, liquids, and gas during the study to understand the movement and potential
exposure pathways of TENORM from O&G operations. The sampling and analysis of
environmental media provides data that are informative in determining radionuclides of concern
as well as their potential mobility. The media sampled during this study included:

e Solid samples:
— Dirill cuttings
— Wastewater treatment sludge/filter cake
— Wastewater treatment discharge sediment
— Soil samples
— Filter sock residuals
e Liquid samples:
— Flowback and produced water
— Accumulated liquids from production equipment
— Wastewater treatment influent and effluent
— Landfill leachate influent and effluent
e Gas samples:
— Natural gas (for Rn-222 concentration)
— Ambient air (for Rn-222 concentration)
e Removable o/P radioactivity surface samples:
— Removable a radioactivity by smear sampling
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— Removable P radioactivity by smear sampling

Collected samples, with the exception of smear samples, were transported to the DEP Bureau of
Laboratories (DEP Laboratory) under chain-of-custody control. Five percent of samples were split
by Perma-Fix and forwarded by the DEP Laboratory to the independent QC laboratory (GEL
Laboratory of Charleston, SC) for filtration, as needed, and analyses. Smear samples were
transported to the Perma-Fix laboratory, and 10 percent of the smear samples were forwarded to
the DEP Laboratory for duplicate analysis.

2.1.2.2 Solid Sample Methods

Solid samples were collected using clean sampling equipment. Samples were collected using
stainless steel trowels and bowls, then promptly transferred into laboratory-approved containers
and immediately labeled to maintain identification.

2.1.2.3 Liquid Sample Methods

When sampling tanks through a valve, samples were collected directly into the clean sample
container. Otherwise, representative tank samples were collected using a clean high-density
polyethylene (HDPE) dipper. The sampled liquids were transferred to clean, laboratory-approved
containers. Two consecutive 4-liter (L) samples were obtained at each sample location.

When the samples were received at the DEP Laboratory, they were preserved. Sample preservation
is the measure or measures taken to prevent reduction or loss of target analytes. Analyte loss can
occur between sample collection and laboratory analysis because of physical, chemical, and
biological processes that result in chemical precipitation, adsorption, oxidation, reduction, ion
exchange, degassing, or degradation. Preservation stabilizes analyte concentrations for a limited
period of time. The first sample was analyzed after preservation without filtration. The second
sample was preserved and subsequently filtered in the laboratory using a 0.45-micron mixed
cellulose ester filter. The filtered sample was placed into a clean container. The filtrates were
maintained for analysis.

2.1.2.4 Gas Sample Methods

Radon concentration in ambient air was measured by various technologies. The technology used
was dependent on several factors, including the location, the collection period/detector deployment
period, and atmospheric conditions such as relative humidity. Sampling technologies used for this
study included:

e Electret ion chambers (EICs)
e Alpha track detectors (ATDs)

Natural gas grab samples were also collected to measure Rn concentrations. Natural gas was
collected directly into scintillation cells, referred to as Lucas cells. Two Lucas cells were connected
in sequence, which provided a duplicate sample at each sample location. An in-line Millipore®
Type HA, 0.45-micron glass fiber filter was used prior to natural gas entering the first cell. This
filter prevents sample contamination by Rn particulate progeny.
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The natural gas was flowed through the cells for 10 minutes. This provided for purging of the gas
lines and the scintillation cells, resulting in the collection of new discrete samples for analysis.

2.1.2.5 Removable Alpha/Beta Surface Radioactivity Smear Sample Method

Smear samples of removable o and [ surface radioactivity were collected by pressing a
47-millimeter diameter filter paper to the sampling surface and smearing with moderate pressure
approximately 100 cm? of surface area.

2.2 Laboratory Methods

2.2.1 Solid Matrix

The following sample types were classified as solid matrices: surface soil impacted by sediments,
filter cakes, soils, sludge, drill cuttings, drilling muds, proppant sand, and filter socks, including
the materials inside the socks. Upon arrival at the DEP Laboratory, the samples were scanned for
radiological activity using a GM pancake probe. The samples were logged with the appropriate
standard analysis code that designated the requested radiological analyses.

2.2.1.1 Gamma Spectroscopy

The samples were dried in a Presier Scientific Model 91-2290-83 100°C oven, ground to a fine
powder (~80 mesh), weighed into a new 0.5-L Marinelli, sealed with general purpose polyethylene
tape, and analyzed by high purity germanium gamma spectroscopy. The following radionuclides
were identified or inferred using gamma spectroscopy:

Ra-226 Direct Energy Line 186 keV

Ra-228 Inferred Energy Line 911 keV (Ac-228)
U-235 Direct Energy Line 143 keV

Ac-228 Direct Energy Line 911 keV

Th-232 Inferred Energy Line 911 keV (Ac-228)
U-238 Inferred Energy Line 63.3 keV (Th-234)
Pb-212 Direct Energy Line 238 keV

Pb-214 Direct Energy Line 351 keV

Bi-212 Direct Energy Line 727 keV

Bi-214 Direct Energy Line 609 keV

K-40 Direct Energy Line 1,460 keV

The sample was counted again using gamma spectroscopy after a minimum of 21 days from the
first analysis date. The same radionuclides were identified or inferred. Prior to the start of analysis,
a daily background and instrument QC check was completed, reviewed, and validated. The gamma
spectroscopy reference method is U.S. Department of Energy (DOE) 4.5.2.3.

2.2.1.2 X-ray Fluorescence
After gamma spectroscopy analyses were complete, the dried solid samples were analyzed for

various elements using X-ray fluorescence (XRF). The samples were weighed into XRF sample
cups, covered with a Prolene® film, and analyzed using an X-ray spectrometer. Forty-eight
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elements were analyzed using XRF. The XRF analyses were conducted using a DEP Laboratory-
developed method. Standard QC calibration verification instrument checks were performed using
National Institute of Standards and Technology (NIST) primary traceable standards.

2.2.1.3 Alpha Spectroscopy

One percent of solid samples analyzed by gamma spectroscopy were selected and analyzed using
alpha spectroscopy for U-238, U-235, U-234, Th-232, Th-230, and Th-228. Prior to analysis, the
samples were digested using Health and Environmental Chemistry: Analytical Techniques, Data
Management, and Quality Assurance ER200 and ER230 sample preparation methods. A 10-gram
(g) aliquot of the original solid sample matrix was digested and diluted to a final volume of 4 L,
resulting in a concentration of 2.5 g/L. The isotopes and iron (Fe) carrier added were precipitated
from the liquid as hydroxides, re-solubilized in hydrochloric acid (HCI), and then passed over a
column of anion exchange resin, which removed the Fe and other interfering isotopes. Each
isotopic fraction was concentrated, converted to the nitrate salt, and applied to a second anion
exchange column. After washing the resin, the isotope was eluted, electrodeposited, and analyzed
for isotopic U and Th. Instrument background, secondary, and pulser counts were obtained at the
beginning and end of every sample batch. The alpha spectroscopy reference method is Standard
Methods 7500-U C.

2.2.2 Liquid Matrix
The following sample types received at the DEP Laboratory were classified as liquid matrices:

e  WWTP influent and effluent liquids
e Landfill leachates
e Well site liquids/fluids including:

— Hydraulic fracturing fluid

— Flowback fluid

— Produced water

Based on solid content, a portion of the drilling mud samples were analyzed as liquids. Upon
arrival at the DEP Laboratory, the samples were scanned for radiological activity using a GM
pancake probe. The samples were preserved with nitric acid (HNO3) to a potential hydrogen (pH)
less than 2 and logged with the appropriate standard analysis code that designates the requested
radiological analyses. After being acidified, samples were maintained a minimum of 16 hours
prior to analysis. Samples were vacuum filtered using a 0.45-micron mixed cellulose ester filter.
The filtrate was collected and transferred into a clean gallon cubitainer. The filtered solids were
analyzed for gamma-emitting radionuclides using gamma spectroscopy (see solid matrix). The
liquid samples were counted for gross a-, gross -, and gamma-emitting radionuclides.

2.2.2.1 Gamma Spectroscopy

The liquid samples were measured to 3 L, placed into a clean 4-L Marinelli, sealed with general
purpose polyethylene tape, and analyzed. The following radionuclides were identified or inferred
using gamma spectroscopy:
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Ra-226 Direct Energy Line 186 keV

Ra-228 Inferred Energy Line 911 keV (Ac-228)
U-235 Direct Energy Line 143 keV

Ac-228 Direct Energy Line 911 keV

Th-232 Inferred Energy Line 911 keV (Ac-228)
U-238 Inferred Energy Line 63.3 keV (Th-234)
Pb-212 Direct Energy Line 238 keV

Pb-214 Direct Energy Line 351 keV

Bi-212 Direct Energy Line 727 keV

Bi-214 Direct Energy Line 609 keV

K-40 Direct Energy Line 1,460 keV

The samples were counted again using gamma spectroscopy after a minimum of 21 days from the
date of their first analysis. The same radionuclides were identified or inferred each day analyses
were performed. Prior to the start of analysis, a background and standard QC calibration
verification check was completed, reviewed, and validated.

2.2.2.2 Gross Alpha Gross Beta Analyses

An aliquot of sample was evaporated to less than 5 milliliters. The evaporated volume was
transferred to a 2-inch diameter planchet using 10 percent HNOs3 and dried. The dried sample was
placed in a desiccator for 72 hours. The samples were flamed to convert the hydroscopic salts to
oxides. The samples were counted for gross a- and gross B-emitting radionuclides using a gas
proportional counter. Standard QC calibration verification and daily background checks were
completed, reviewed, and validated at the beginning and end of analysis. The gross o and gross [3
reference method is EPA 900.0.

2.2.2.3 X-Ray Fluorescence

The liquid samples were analyzed for various metals using XRF. The samples were weighed into
XRF sample cups, covered with a Prolene® film, and analyzed using an X-ray spectrometer. Forty-
eight elements were identified using XRF. The XRF analyses were conducted using a DEP
Laboratory-developed method. Standard QC calibration verification instrument checks were
performed using NIST primary traceable standards.

2.2.2.4 Inorganic Analyses

During the third round of sampling, additional analyses including basic inorganic analyses were
included as part of the study. The samples were received by the DEP Laboratory and logged with
the appropriate standard analysis code that designated the requested inorganic analyses. The
analyses included hardness (SM2340 B), pH (SM4500H-B), specific conductance at 25.0°C
(SM2510B), total chloride (SM4500-CL E), total sulfate (EPA 375.2), total dissolved solids at
180°C (USGS 1-1750), and total suspended solids (USGS 1-3765).

2.2.3 Gas Matrix

Natural gas samples were collected at various locations using scintillation cells and analyzed for
Rn concentration. The scintillation cells were counted in one of two counters: the Pylon AB-5
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Portable Radiation Monitor or the Ludlum Model 2200 Scaler-Ratemeter. The counter used was
dependent upon the type of scintillation cell used to collect the sample. All samples were allowed
to equilibrate for a minimum of four hours before being counted. In all cases, the first count was
not used in the calculations to allow for “dark adaptation” of the instruments. The next three counts
were each individually calculated and the average and standard deviation calculated. The average
result, plus or minus (+) two standard deviations, and the minimum detectable activity are reported
in the data tables.

Natural gas is composed mostly of methane, which is lighter and less dense than air. Alpha
counting efficiency is directly proportional to the density of the gas counted. Because the
scintillation cells were calibrated using a known concentration of Rn in ambient air, density
correction was applied to all Rn in natural gas results. A correction factor (Jenkins et al., 2014)
was used for this effect to prevent biasing the results. The final calculated Rn concentrations were
divided by 1.054. This reduced all results by five percent to correct for the bias.

2.2.4 Filter Matrix — Smears

All smear samples were collected by Perma-Fix technicians and transported to the Perma-Fix
Laboratory for analysis. All smear samples were counted for gross o and gross 3 radioactivity.
Ten percent of those smear samples were then forwarded to the DEP Laboratory for duplicate
analysis as a QC measure.

Upon arrival at the Perma-Fix laboratory, the samples were logged. The smear samples were
placed on a 2-inch diameter planchet and analyzed for gross a and gross 3 particles using a Ludlum
Model 2929 Meter equipped with a Ludlum Model 43-10-1 Smear Counter (zinc-sulfide
scintillation detector). A standard QC background and calibration verification count was
performed each day the smear counter was used.

Upon receipt at the DEP Laboratory, the samples were logged. The smear samples were placed
on a 2-inch diameter planchet and analyzed for gross o and gross [ particles using a gas
proportional counter. Prior to the start of analysis, an instrument source check and background
check were completed, reviewed, and validated. The gross a and gross [ filter analyses were
conducted using the DEP Laboratory-developed method. A standard QC calibration verification
instrument check was performed with NIST traceable sources.

2.3 Surveyv and Sample Analyses Data Management

All of the solid and liquid samples were analyzed by the DEP Laboratory using gamma
spectroscopy. The result, the standard two-sigma error (95 percent confidence level) and the
minimum detectable concentration (MDC) were reviewed for each of the following radionuclides
as reported:

Natural Uranium Decay Series Results (U-238, Ra-226, Pb-214, and Bi-214)

Natural Thorium Decay Series Results (Th-232, Ra-228, Ac-228, Pb-212, and Bi-212)
Natural Actinium Decay Series Results (U-235)

Miscellaneous (K-40)
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2.3.1 Limitations on Gamma Spectroscopy Results

The following limitations on gamma spectroscopy of radioactive samples were considered when
reviewing the analytical results for solid and liquid samples:

e (Gamma spectroscopy cannot directly measure radium (Ra)-228. Rather, Ra-228 is inferred
from a short-lived progeny of Ra-228, Ac-228, which is readily detected by gamma
spectroscopy when the radionuclides are in secular equilibrium. Due to the relative half-lives
of Ra-228 (5.8 years) and Ac-228 (6.1 hours) after 24 hours, this is always the case for the
samples collected as part of the study.

e (Gamma spectroscopy cannot directly measure Th-232. Consequently, Th-232 is inferred from
the short-lived progeny of Th-232, Ac-228, when the radionuclides are in secular equilibrium.
Due to the difference in solubility between Th and Ra, this is not the case in liquid samples or
in solid samples of wastewater residue, sludge and filter cake. Only the soluble Ra and progeny
of Ra are present in those samples. Consequently, knowledge of the status of the secular
equilibrium of the Th decay series within the sample matrix is necessary to properly evaluate
gamma spectroscopy results. Figures 2-1 and Figure 2-2 present the solubility of the Uranium
and Thorium Series.

e Uranium-238 can be detected by gamma spectroscopy, but the gamma emission used is of low
energy and low yield, resulting in a high MDC and high standard error compared to the other
radionuclides in the environment. Consequently, the U-238 result is not used as positive
identification of U-238 without knowledge of the status of U series secular equilibrium and the
identification of additional, more statistically robust U progeny.

e Uranium is insoluble in water while Ra is water soluble. Therefore, wastewater, produced and
flowback fluids, and wastewater treatment solids (sludge and filter cake) contain Ra and its
progeny but do not include U.

Only the radionuclides present in a given sample are reported in the following sections. The
average, median, standard deviation, and minimum and maximum values are also provided at the
bottom of each table for each set of results. Please note:

e When the reported result is less than the MDC, a value equal to 2 the MDC is used in the
derivation of average, median, standard deviation, and minimum and maximum values.
e When “<” precedes the reported result, the value is the MDC.

Appendix C contains the gamma spectroscopy analytical analysis results for each radionuclide
identified along with their associated standard two-sigma counting error (error) and the MDC for
the analyses.
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Figure 2-1. Solubility of the Uranium Series in Oil and Gas Produced Water

Source: IAEA 2010.
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Figure 2-2. Solubility of the Thorium Series in Oil and Gas Produced Water

Source: IAEA 2010.

2.3.2 Radium-226 Quantification by Gamma Spectroscopy

Radium-226 may be measured directly by detection of its 186.2 kilo-electron volt (keV) energy
line, 3.28 percent yield. For liquid samples and sludge/filter cake samples that do not contain U,
this yields an accurate Ra-226 result. However, in soil and drill cutting samples, the presence of
U-235 causes interference with direct Ra-226 detection because one of its gamma lines is of similar
energy, 185.7 keV at 54 percent yield. In solid samples where natural U including U-238 and
Ra-226 are at equal activity and U-235 is at 1/22 the activity of U-238, the theoretical
overestimation of Ra-226 was quantified assuming the gamma peaks for Ra-226 and U-235
completely overlap. The theoretical overestimation of Ra-226 is presented in Table 2-1.
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The short-lived equilibrium progeny of Ra, Pb-214 and Bi-214, may be used to infer Ra-226
concentrations in soil or drill cuttings when U-235 is present in the sample. The parent of these
progeny, Rn-222, is a gas and has a half-life of 3.8 days. When the soil or drill cuttings sample is
collected, some of the Rn gas escapes the solid matrix. Therefore, samples are sealed to allow the
Rn gas to in-grow to reestablish equilibrium after the sample has been sealed.

2.3.3 Criteria for Comparison to Analytical Analyses Results

Table 2-2 presents criteria against which the analytical results and assessments of this study were
evaluated.

2.3.4 Normal Background Radioactivity Values

Table 2-3 presents average, minimum, and maximum background radioactivity values for soil in
the U.S. used as a reference point when reviewing analytical results of solid samples.

2.3.5 Data Presentation

A large volume of survey and sample analytical analyses data were generated. The next five
sections present the survey and sampling data for Well Sites, WWTPs, Landfills, Gas Distribution
and End Use, and Brine-Treated Roads.

All numbers in this report have been rounded to three significant figures. Actual significant figures
for each reported value can be found in Appendix C, Gamma Spectroscopy Analytical Results.
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Table 2-1. Theoretical Overestimation of Ra-226 Activity in Solid Samples with

Natural Uranium Analyzed by Gamma Spectroscopy

Radionuclide (pCi/g) | (pCi/g) | (pCi/g) | (pCi/g) | (pCi/g) | (pCi/g) | (pCi/g)
U-238 1.00 2.00 3.00 4.00 5.00 10.0 20.0
U-235 0.05 0.09 0.14 0.18 0.23 0.45 0.91
Ra-226 1.00 2.00 3.00 4.00 5.00 10.0 20.0

Excess Ra-226" 0.75 151 2.26 3.02 3.77 7.54 15.1

Reported Ra-226 1.75 3.51 5.26 7.02 8.77 17.5 35.1

Excess U-235 0.06 0.12 0.18 0.24 0.30 0.60 1.21

Reported U-235 0.11 0.21 0.32 0.42 0.53 1.06 2.11

*Excess Ra-226 is calculated by converting the U-235 value to Ra-226 activity by a factor equal to the ratio

of the gamma yields, i.e., 50.4/3.28.

"Excess U-235 is calculated by converting the Ra-226 value to Ra-226 activity by a factor equal to the ratio

of the gamma yields, i.e., 3.28/50.4.
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Table 2-2. Criteria for Comparison

Parameter

Criteria

Reference

Potentially Apply
to:

Volumetric Solids

3 pCi/g Total Radium
(Ra-226 + Ra-228)
above background

American National
Standards Institute
(ANSI)/Health
Physics Society (HPS)
N13.53-2009, Control
and Release of

Sediment, Beneficial
Use Surface Soil,
Surface Soil on Well
Sites

Technologically
Enhanced NORM
(TENORM) (2009)

Volumetric Solids 5 pCi/g Total Radium | EPA Directive No. Sediment, Beneficial
(Ra-226 + Ra-228) 9200.4-35, Use Surface Soil,
above background Remediation Goals for | Surface Soil on Well

Radioactively Sites
Contaminated

CERCLA Sites (2000)

Volumetric Solids

270 pCi/g Total
Radium (Ra-226 +
Ra-228)

U.S. Department of
Transportation (DOT),
49 CFR 173.436,
Radioactive Material
(in regards to

Sludge, Filter Cake,
Filter Socks, Scale,
Cuttings

transportation)
Volumetric Liquids 5 pCi/L Total EPA Drinking Water | Effluent Water from
Radium (Ra-226 + Standard, 40 CFR Well Sites
Ra-228) in drinking 141.66
water
Volumetric Liquids 60 pCi/L Total U.S. Nuclear Effluent Water from
Radium (Ra-226 + Regulatory Well Sites and
Ra-228) direct Commission (NRC), Wastewater
discharge 10 CFR Part 20 Facilities
Appendix B, Table 2,
Liquid Effluent
Volumetric Liquids 600 pCi/L Total U.S. NRC, 10 CFR Effluent Water from
Radium (Ra-226 + Part 20 Appendix B, Well Sites and
Ra-228) discharge to | Table 2, Liquid Wastewater
sanitary sewer Effluent (assumes Facilities

dilution and solubility
of Ra)

Total Alpha Surface
Contamination

100 dpm/100 cm?

U.S. NRC, Regulatory
Guide 1.86,
Termination of
Operating Licenses for
Nuclear Reactors
(1974)—=Criteria for
Ra-226

Structural surfaces
on well sites and
within wastewater
facilities, and
equipment released
from sites
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Table 2-2. Criteria for Comparison

Parameter

Criteria

Reference

Potentially Apply
to:

Total Beta Surface

1,000 dpm/100 cm?

U.S. NRC, Regulatory

Structural surfaces

Contamination Guide 1.86, on well sites and
Termination of within wastewater
Operating Licenses for | facilities, and
Nuclear Reactors equipment released
(1974)—=Criteria for from sites
natural Th including
Ra-228
Removable Alpha 20 dpm/100 cm? (of | U.S. NRC, Regulatory | Structural surfaces
Surface surface area smear Guide 1.86, on well sites and
Contamination sampled) Termination of within wastewater

Operating Licenses for
Nuclear Reactors
(1974)—=Criteria for
Ra-226

facilities, and
equipment released
from sites

Removable Beta
Surface
Contamination

200 dpm/100 cm? (of
surface area smear
sampled)

U.S. NRC, Regulatory
Guide 1.86,
Termination of
Operating Licenses for
Nuclear Reactors
(1974)—Criteria for
natural Th including
Ra-228

Structural surfaces
on well sites and
within wastewater
facilities, and
equipment released
from sites

Volumetric Gas 4 pCi/L EPA, 402/K-12/002, A | Buildings, General
Citizen’s Guide to Public
Radon (2012)
Volumetric Gas 30 pCi/L Derived Air | U.S. NRC, 10 CFR Occupational
Concentration (DAC) | Part 20 Appendix B, Exposure
Table 1, Col 3
Volumetric Gas 100 pCi/L Occupational Safety and | General Public
Health Administration Workforce
(OSHA) 29 CFR
1910.1096
Annual Exposure 25 mrem/year plus as | U.S. NRC, 10 CFR General Public
low as reasonably 20.1402-20.1403,
achievable (ALARA) | Radiological Criteria

for Unrestricted Use

Annual Exposure

100 mrem/year

U.S. NRC, 10 CFR
20.1301, Radiation
Dose Limits for
Members of the Public

General Public
Workers not trained
as Radiation
Workers, i.e., well
site and water
facilities workers
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Table 2-2. Criteria for Comparison
Parameter Criteria Reference POtentli(l)l?I Apply

Annual Exposure 5,000 mrem/year U.S. NRC, 10 CFR Radiation Workers
20.1201, Occupational
Dose Limits for
Adults

Table 2-3. Natural Background Radioactivity Values for U.S. Soil

Material U-238 (pCi/g) | Ra-226 (pCi/g) | Th-232 (pCi/g) K-40 (pCi/g)

Soil (Average)® 0.95 1.1 0.95 10

Soil (Minimum)? 0.11 0.22 0.11 2.7

Soil (Maximum)*? 3.8 4.3 3.5 19

AUNSCEAR, Sources and Effects of lonizing Radiation (UNSCEAR 2000).
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3.0 WELL SITES

Thirty-eight well sites, including four conventional wells and 34 unconventional wells, were
sampled from June 2013 through July 2014. Data from five phases of well development and
completion were collected: vertical drilling, horizontal drilling, hydraulic fracturing, flowback,
and production. A listing of the well types, formations, phases, and geographic regions is provided
below.

e 4 Conventional Wells

— Formations
= 1 in the Lower Devonian/Oriskany
= 3 in the Upper Devonian

— Phase
= Production Phase

¢ 34 Unconventional Wells

— Formations
= 29 in the Lower Devonian/Marcellus
= 2 in the Lower Devonian/Marcellus Sandstone
= 1 in the Upper Devonian/Burket
= 2 in the Middle Ordovician/Utica

— Phases
= 10 sampled during the vertical drilling phase
= 10 sampled during the horizontal drilling phase
= 10 sampled during the hydraulic fracturing phase
= 9 sampled during the flowback phase
= 19 sampled during the production phase

e 9 sampled for fluids and Rn
e 10 sampled for just Rn

— Regions
= 1 in the Northeast Region
= 17 in the North-central Region
* 4 in the Northwest Region
= 16 in the Southwest Region

3.1 Radiological Survey Results

Radiological surveys were conducted at each well site resulting in four data sets:

Removable o/ surface radioactivity measurements recorded in units of dpm/100 cm?
Total o/f surface radioactivity measurements recorded in units of dpm/100 cm?
Gross Gamma Radiation Scan measurements recorded in units of cpm

Gamma Radiation Exposure Rate measurements recorded in units of pR/hr

3.1.1 Removable Alpha/Beta Surface Radioactivity Measurement Results

Measurements of removable o/ surface radioactivity were performed to assess potential internal
radiation worker exposure through ingestion and/or inhalation. The results were evaluated using
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the NRC Regulatory Guide 1.86 (RG 1.86) guidelines. RG 1.86 Table 1 requires that o and 3
levels be evaluated separately. The primary o emitter of concern is Ra-226 with a removable
criterion of 20 dpm /100 cm?. The primary B emitter of concern is Ra-228 of the natural Th
decay series with a removable criterion of 200 dpm /100 cm?. The average removable o and B
levels at each well site were below the RG 1.86 criteria. The maximum removable o and B levels
were 14.9 dpm/100 cm? and 123 dpm/100 cm?, respectively, also below the RG 1.86 criteria. The
summary results of removable o/p radioactivity for each of the well sites surveyed are presented
in Table 3-1. Individual smear sample removable o/ results are presented in Appendix D.

3.1.2 Total Alpha/Beta Surface Radioactivity Measurement Results

Measurements of total o/} surface radioactivity were performed to assess potential worker internal
radiation exposure through ingestion and/or inhalation. The results were evaluated using the RG
1.86 Table 1 guidelines. RG 1.86 requires that o and B activity be evaluated separately. The
primary o emitter of concern is Ra-226 with a total criterion of 100 dpm /100 cm?. The primary
B emitter of concern is Ra-228 of the natural Th decay series with a total criterion of 1,000 dpm
B/100 cm?. The maximum average total o and B levels measured at any single well site were
93.0 dpm/100 cm? and 1,630 dpm/100 cm?. The maximum total o and B levels measured were
754 dpm/100 cm? and 2,503 dpm/100 cm?. The summary results of total o and P surface
radioactivity for each of the well sites surveyed are presented in Table 3-2. Individual total
o/} measurement results are presented in Appendix D.

3.1.3 Gross Gamma Radiation Scan Results

Gross gamma radiation scans recorded in cpm were performed on well sites to identify areas of
radioactivity above local background levels. Summary results for each of the well sites surveyed
and each phase surveyed are presented in Table 3-3. The highest average gross gamma radiation
count rate was 14,519 cpm (approximately 18 puR/h), and the maximum gamma radiation scan
result measured was 30,823 cpm (approximately 39 puR/h). A graphic display of the gamma
radiation scan results (figures) at each facility was prepared using geographic information system
(GIS) software. Figures are presented in Appendix E.

3.1.4 Gamma Radiation Exposure Rate Results

Gross gamma radiation scan results in units of cpm presented in Table 3-3 were converted to uR/hr
using the 800 cpm per uR/hr conversion factor appropriate for Ra-226 gamma energy as detected
with 2-inch by 2-inch Nal detectors, rounded to one significant figure (Table 6.4, Nal Scintillation
Detector Scan MDCs for Common Radiological Contaminants, NUREG-1507, Minimum
Detectable Concentrations With Typical Radiation Survey Instruments for Various Contaminants
and Field Conditions, USNRC June 1998). The exposure rate results for each well site are
presented in Table 3-4. The highest average exposure rate measured at any single site was
18.1 uR/hr, and the maximum gamma exposure rate measured was 38.5 uR/hr.
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3.2 Solid Sample Results

3.2.1 Vertical Phase Drill Cuttings

Vertical cuttings were sampled at 11 unconventional well sites and analyzed using gamma
spectroscopy to identify gamma-emitting members of the natural U, Th, and Ac decay series. The
gamma spectroscopy results are presented in Table 3-5. XRF analysis was also performed on the
vertical drill cuttings to identify non-gamma-emitting isotopes of U-238 and Th-232. XRF ppm
concentration data for Th was converted to pCi/g of Th-232 using the specific activity of
0.110 pCi/g Th-232 per ppm of Th. XRF ppm concentration data for U was converted to pCi/g of
U-238 using the specific activity of 0.334 pCi/g U-238 per ppm of U. Both the ppm and the pCi/g
results for 10 well sites are presented in Table 3-6. All of the XRF analytical results are presented
in Appendix F.

There were two methods for managing drill cuttings at the well sites. The first method, called a
“half round,” accumulates cuttings in a large mixing container where the materials were stabilized
prior to shipment to the landfill. This method does not provide an opportunity to collect samples
at discrete depths; consequently, a composited sample was collected during vertical drilling. This
method was used at nine of the 10 well sites.

The second method loads the cuttings into roll-off containers from the shaker tables. This method
enables sampling of cuttings from discrete depths. Each container was labeled with the start and
end depth of the collected material. The formations sampled are presented in Table 3-6 for these
vertical drill cuttings. This method was used at one well site.

The U series activities are variable because the vertical cuttings represent different geologic
formations lying above the target natural gas-containing shale. These vertical drill cuttings are
mostly siltstones and sandstones. Potassium-40 (K-40) concentrations provide an indication of
the type of formation. Shale has higher levels of K-40 than sandstone. Shale is typically in the
range of 25-30 pCi/g of K-40 while sandstone typically contains approximately 5 pCi/g of K-40.

The U-238 measured using XRF and the Ra-226 measured using gamma spectroscopy were
compared to confirm secular equilibrium of the U decay series within drill cuttings. Figure 3-1
provides a graphic representation of this comparison and shows agreement between the two U
series radionuclides, indicating secular equilibrium. Although the gamma spectroscopy results for
Ra-226 are consistently higher than the XRF results for U-238, both values trend together, i.e.,
increase and decrease together. The high bias of the Ra-226 gamma spectroscopy results is due in
part from the U-235 interference when identifying Ra-226 using gamma spectroscopy of the
186 keV gamma line. (Refer to Section 2.3.2 for a complete discussion of Ra-226 detection using
gamma spectroscopy.) U-235, which is also present in drill cuttings, also emits gamma at 186 keV,
causing a consistent positive bias of Ra-226 results.

Th-232 and Ra-228 do not emit gamma rays identifiable by gamma spectroscopy; consequently,
the levels were inferred from the Ac-228 gamma rays. The Th-232 series radionuclide activity
levels all typify natural background for soil (reference Table 2-3).
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Figure 3-1. Comparison of Ra-226 Gamma Spectroscopy Results to U-238 XRF Results in
Vertical Drill Cuttings
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The Th-232 identified using XRF and the Ra-228 inferred using gamma spectroscopy were
compared to confirm secular equilibrium of the Th decay series within drill cuttings. Figure 3-2

provides

a graphic representation of this comparison and shows agreement between the two Th

series radionuclides.

Figure 3-2. Comparison of Ra-228 Gamma Spectroscopy Results to Th-232 XRF Results in

Vertical Drill Cuttings
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The Th-2

32 to Ra-228 values for most samples trend together, i.e., when the activity concentration

of one increases, there is a comparable increase in the other.

3.2.2 Horizontal Phase Drill Cuttings

The same two cuttings management methods described for vertical drill cuttings were also used
for horizontal drill cuttings. A total of 18 samples were collected from the horizontal well bore
target formations on 10 well sites. The gamma spectroscopy and XRF results are presented in
Tables 3-7 and 3-8.

Figure 3-3 presents the analytical results for vertical and horizontal cutting samples. The
horizontal drill cuttings had higher concentrations of Ra-226 than the vertical drill cuttings as
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determined using a student t-test. The two-sample student t-test was used to compare the horizontal
drill cuttings Ra-226 results with the vertical drill cuttings Ra-226 results. ProUCL version 5.0
was used to perform the student t-test on the data. The Null Hypothesis tested is that the mean
value of the vertical drill cuttings Ra-226 results and the mean value of the horizontal drill cuttings
Ra-226 results are statistically different at the 95 percent confidence level. The Null Hypothesis
was accepted; mean values are statistically different at the 95 percent confidence level. The same
t-test was run on the U-238 results for vertical and horizontal drill cuttings. Again, the difference
between the mean values of U-238 for vertical and horizontal drill cuttings is statistically different
at the 95 percent confidence level. Appendix G presents the t-test output files.

Figure 3-3. Comparison of Analytical Analyses Results for Horizontal and Vertical Drill
Cutting Samples
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The U concentration (ppm) measured using XRF was converted to pCi/g of U-238 using the
specific activity of 0.334 pCi/g U-238 per ppm of U. The U-238 measured using XRF and the
Ra-226 measured using gamma spectroscopy were compared to confirm secular equilibrium of the
U decay series within drill cuttings. Figure 3-4 provides a graphic representation of this
comparison and shows agreement between the two U series radionuclides, indicating secular
equilibrium.

Figure 3-4. Comparison of Ra-226 Gamma Spectroscopy Results to U-238 XRF Results in
Horizontal Drill Cuttings
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The Th concentration (ppm) measured using XRF was converted to pCi/g of Th-232 using the
specific activity of 0.110 pCi/g Th-232 per ppm of Th. The Th-232 measured using XRF and the
Ra-228 inferred using gamma spectroscopy were compared to confirm secular equilibrium of the
Th decay series within drill cuttings. Figure 3-5 provides a graphic representation of this
comparison.

Figure 3-5. Comparison of Ra-228 Gamma Spectroscopy Results to Th-232 XRF Results in
Horizontal Drill Cuttings
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The Th-232 to Ra-228 values trend together, i.e., when the activity concentration of one increases,
there is a comparable increase in the other.

3.2.3 Drilling Mud

In addition to drill cuttings, drilling mud was also collected when in use on the sites. A total of 14
drilling mud samples were collected during both the vertical and horizontal phases of drilling. The
drilling mud was evaluated as a drilling solid or a drilling liquid as determined when received by
the laboratory. Nine of those samples were analyzed as solids and the other five as liquids. The
gamma spectroscopy results for solids are presented in Table 3-9.

Analytical results for the drilling mud demonstrate secular equilibrium within the U and Th natural
decay series, 1.e., the activity concentrations within the natural series radionuclides identified are
approximately equal. All results were within the range of typical natural background found in
surface soils (reference Table 2-3), given the overestimation of Ra-226 in the presence of U-235
as discussed in Section 2.3.2.

3.2.4 Hydraulic Fracturing Proppant Sand

During hydraulic fracturing, 10 well sites were surveyed and sampled. The proppant sand was
collected from the sand hoppers prior to being mixed with fluids and injected into the well. The
gamma spectroscopy results are presented in Table 3-10.

The sand contained nominal concentrations of U and Th series. The sand did not contain
radioactivity exceeding that of natural background levels found in surface soil (reference
Table 2-3).

May 2016 3-6



PA DEP TENORM Study Report — Section 3.0 Rev. 1

3.2.5 Flowback Solids

A total of eight well sites were surveyed and sampled during the flowback phase. From the eight
well sites, sufficient volumes to perform analytical analysis of solids were only present at four of
the eight well sites. The gamma spectroscopy results are presented in Table 3-11.

Uranium and Th are at or below background activity levels. Radium-226 was elevated above
background levels for soil (reference Table 2-3) ranging from 0.763 to 7.73 pCi/g.

3.3 Liquid Sample Results

Liquid sampling included drilling mud, hydraulic fracturing fluids, flowback fluids, and produced
water.

3.3.1 Drilling Liquid (Mud)

A total of 14 drilling mud samples were collected from both vertical and horizontal phases. The
drilling mud was evaluated as a drilling solid or a drilling liquid as determined when received by
the laboratory. Five of the samples were analyzed as liquids. Because of the large concentrations
of solids in the samples, gross a and gross 3 analyses were performed on only two samples. The
results for Ra-226, Ra-228, K-40, gross o and gross 3 are presented in Table 3-12.

3.3.2 Hydraulic Fracturing Fluid

Hydraulic fracturing fluid was sampled prior to injection into the well. The well sites sampled
during the study utilized hydraulic fracturing fluid made up of either fresh water, reused flowback
liquid, produced water, or a combination of the three to perform the hydraulic fracturing phase. If
a combination of fluids was used for fracturing, only the produced water was collected as a sample
because it was not possible to collect a sample after the hydraulic fracturing fluid had been mixed
for injection. The results for Ra-226, Ra-228, K-40, gross o and gross B are presented in
Table 3-13.

Radium-226 was detected within the hydraulic fracturing fluid ranging from 64.0 to 21,000 pCi/L.
Ra-228 was also detected ranging from 4.50 to 1,640 pCi/L. Table 2-2 contains several volumetric
liquids criteria for relative comparison: 5 pCi/L total Ra EPA maximum contaminant level for
drinking water, 60 pCi/L total Ra USNRC direct discharge, and 600 pCi/L total Ra USNRC
discharge to sanitary sewer.

3.3.3 Flowback Fluid

Flowback fluid is the injected hydraulic fracturing fluid and other fluids returning to the surface
of the well prior to the well entering production. The results for Ra-226, Ra-228, K-40, gross o
and gross [ are presented in Table 3-14.

Radium-226 concentrations were elevated, ranging from 551 to 25,500 pCi/L. Radium-228 was
also elevated, ranging from 248 to 1,740 pCi/L. Table 2-2 contains several volumetric liquids
criteria for relative comparison: 5 pCi/L total Ra EPA drinking water, 60 pCi/L total Ra USNRC
direct discharge, and 600 pCi/L total Ra USNRC discharge to sanitary sewer.
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3.3.4 Produced Water

Twelve wells were sampled for produced water, including four conventional and eight
unconventional wells. The results for unfiltered and filtered Ra-226, Ra-228, K-40, gross a and
gross 3 are presented in Tables 3-15 and 3-16.

Radium-226 concentrations in unfiltered samples were elevated, ranging from 40.5 to
26,600 pCi/L. Radium-228 concentrations were also elevated, ranging from 26.0 to 1,900 pCi/L.

Radium-226 concentrations were also elevated in filtered samples, ranging from 87.0 to
24,100 pCi/L. Radium-228 concentrations were also elevated, ranging from 44.0 to 1,860 pCi/L.

34 Radon Sample Results

3.4.1 Ambient Air Samples During Flowback

Seventeen ambient air samples for evaluation of Rn concentration were collected during flowback
at four different well sites. The EICs were distributed around the well site approximately 3 feet (ft)
above grade and at available locations as close as 6 ft and as far as 40 ft from the well head. The
EICs collected data from four to seven days. The results are presented in Table 3-17. The Rn
analytical reports are presented in Appendix H.

The Rn measurement results during flowback in ambient air range from 0.200 to 1.70 pCi/L while
typical ambient background Rn concentrations range from 0.00 to 1.11 pCi/L (with a median value
0f 0.39 pCi/L) in outdoor ambient air in the U.S., as reported by EPA.

3.4.2 Production Gas Radon

Twenty-two production site natural gas samples were collected in eight counties (Washington,
Tioga, Lycoming, McKean, Forest, Sullivan, Bradford and Jefferson). Seventeen of the natural
gas samples were collected from Marcellus Shale, and five natural gas samples were collected
from other geologic formations.

The production site natural gas samples for Rn were collected between the well head and the
separator unit(s). A typical sampling location is shown in Figure 3-6. All natural gas samples
were collected directly into scintillation cells, referred to as Lucas Cells. Section 2.0 describes the
sample collection in detail.

The sample results are presented in Table 3-18. The results ranged from 3.00 to 148 pCi/L. The
median Rn concentration in natural gas is 41.8 pCi/L. The Rn analysis analytical reports are
presented in Appendix H.

3.5 Well Site Worker Exposure Assessment

The study included radiation measurements collected on 21 well sites to provide a comprehensive
evaluation of potential personnel radiation exposure from working on well sites. The
measurements included:
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Figure 3-6. Natural Gas Radon Sampling Location

e Gamma radiation count rate using a Nal detector (gross cpm), converted to exposure rate
potential, to estimate potential external gamma exposure.

e Total o/ surface radioactivity measurements using a scintillation detector to evaluate potential
B external exposure as well as a/p surface activity having the potential to become removable
and, therefore, becoming a potential internal exposure.

e Removable o/ surface radioactivity measurements (dpm/100 cm?) by smear samples counted
on an o/f3 counter to estimate potential a and 3 internal exposure.

e Ambient air samples analyzed for Rn concentration to estimate Rn inhalation exposure.

The measurements were taken during four work phases on natural gas well sites to ensure
appropriate evaluation of potential exposure to TENORM present on well sites. The phases are:

e Vertical/Horizontal Drilling — personnel are potentially exposed to drill cuttings while working
on the site.

e Hydraulic Fracturing — personnel are potentially exposed to radioactivity in hydraulic
fracturing fluid while working on the site.

e Flowback — personnel are potentially exposed to radioactivity in flowback water while working
on the site.

e Production — personnel are potentially exposed to radioactivity in produced water while
working on the site.
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3.5.1 External Gamma Exposure

Gross gamma scan results in units of cpm presented in Table 3-3 were converted to uR/hr using
the 800 cpm per puR/hr conversion factor appropriate for Ra-226 gamma energy as detected with
2-inch by 2-inch Nal detectors [Table 6.3, Nal Scintillation Detector Count Rate Versus Exposure
Rate (cpm/uR/hr), NUREG-1507, Minimum Detectable Concentrations With Typical Radiation
Survey Instruments for Various Contaminants and Field Conditions, USNRC June 1998]. The
local background gamma exposure rate across all well sites surveyed was measured at 5 uR/hr.
The exposure rate results are presented in Table 3-4.

The lowest exposure rates measured and the maximum exposure time were during drilling. The
highest exposure rates measured were in the proximity of holding tanks for produced water. The
gamma dose rates during drilling ranged from background (measured at 5 pR/hr) to a maximum
of 38.5 uR/hr, and the highest average exposure rate at any of the well sites was 18.1 puR/hr.
Assuming the time period of exposure is a full occupational year of 2,000 hours, the average well
site external gamma exposure was estimated as follows:

Maximum Average Well Site External Gamma Exposure Estimate
(18.1 = 5) uR/hr x 2000 hr/yr x (1 mrem/1,000 uR gamma) = 26.2 mrem/yr

The result is less than the 100 mrem/yr dose equivalent limit for a member of the public. Actual
exposure is dependent upon the actual exposure rates and occupancy time for individual workers.

3.5.2 Internal Alpha/Beta Exposure

Results for o/p surface radioactivity measurements are provided in Sections 3.1.1 and 3.1.2. Ten
of the 491 o measurements and 69 of the 491 B measurements of total surface radioactivity
exceeded the RG 1.86 criteria. Only one of 493 a removable surface activity measurements and
one of 493 3 removable surface radioactivity measurements exceeded RG 1.86 criteria, indicating
the total o/f} surface radioactivity measured is fixed to the surface and not readily available for
inhalation or ingestion.

3.5.3 Internal Radon Exposure
The Rn measurement results in ambient air during flowback range from 0.200 to 1.70 pCi/L, while
typical ambient background Rn concentrations range from 0.00 to 1.11 pCi/L, with a median of

0.39 pCi/L in outdoor ambient air in the U.S., as reported by EPA.

3.6 Well Site Data Assessments

3.6.1 Comparison of Different Geological Formations Based on X-Ray Fluorescence Data

Eighteen drill cutting samples were collected and analyzed for Th and U using XRF. The samples
were collected from the Lower Devonian/Marcellus, Upper Devonian/Burket, and the Middle
Ordovician/Utica geologic formations. The data for the three geologic formations, including the
average, median, standard deviation, and ratios of Th to U are presented in Table 3-19.
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XRF ppm concentration data for Th was converted to pCi/g of Th-232 using the specific activity
value of 0.110 pCi/g Th-232 per ppm of Th. XRF ppm concentration data for U was converted to
pCi/g of U-238 using the specific activity value of 0.334 pCi/g of U-238 per ppm of U. Ratios of
U/Th are also presented in Table 3-19.

3.6.2 Filtered Versus Unfiltered Sample Data Evaluation

Appendix I contains the assessment of filtered and unfiltered liquid sample results for the entire
TENORM study. The conclusion from this evaluation is that there is no apparent trend or bias that
filtering produces. There were some subsets of data where either the unfiltered results or the
filtered results appear to be significantly higher. There was no statistically significant correlation
found within any sample group. Because the liquid samples were preserved by addition of acid
prior to filtering, the radioactive particulates may have entered solution and were therefore not
removed by filtering.

3.6.3 Conventional Versus Unconventional Produced Water Data Evaluation

There was a significant difference observed in the produced water from conventional and
unconventional O&G well sites. Tables 3-15 and 3-16 present gamma spectroscopy results for
conventional and unconventional produced water for both filtered and unfiltered samples. Two
distinct differences in magnitude of activity and in the ratio of Ra-226 to Ra-228 are summarized
in Figure 3-7.

Figure 3-7. Conventional vs Unconventional Produced Water Radium Concentrations

0&G Filtered No. of Average Average Ratio of
Production Samples Samples | Ra-226 (pCi/L) | Ra-228 (pCi/L) | Ra-226/Ra-228
Conventional No 4 336 295 1.14
Unconventional No 9 8,340 986 8.46
Conventional Yes 4 334 288 1.16
Unconventional Yes 9 8,220 985 8.35

The Ra-226 activity in unconventional well site produced water is approximately 20 times greater
than that observed in conventional well site produced water. The ratio of Ra-226 to Ra-228 in
unconventional well site produced water is approximately eight times greater than that found in
conventional well site produced water. The higher ratio of Ra-226 to Ra-228 for unconventional
well site produced water reflects the higher ratio of U to Th observed in Marcellus Shale horizontal
cuttings sample results. The U to Th ratio is approximately six. Filtering of the samples does not
appreciably change the activity concentration or the relationship between Ra-226 and Ra-228.

3.7 Potential Offsite Environmental Impact

A potential offsite environmental impact could result from the removal of materials and/or
equipment with total and/or removable o/ surface radioactivity above applicable guidelines. The
highest total o surface radioactivity measurement was 754 dpm/100 cm?. Additional
measurements exceeded the RG 1.86 Ra-226 total surface contamination guideline of
100 dpm/100 cm?. The highest total B measurement was 2,503 dpm/100 cm?. This and several
other measurements exceeded the RG 1.86 Th-232 total surface contamination guideline of
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1,000 dpm/100 cm?. These readings were on equipment associated with wastewater
handling/storage, and this equipment is likely to be reused.
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Table 3-3. Gross Gamma Scan Results Summary?
. Scan Max® Scan Min® Sl b Scan No. Data
M Phase (cpm) (cpm) Average Std Dev (cpm) Points
(cpm)
WP-01 | Fracturing 16,608 7,209 13,028 1,349 4,857
WP-01 | Flowback 17,299 6,653 14,519 1,246 4,474
WP-01 | Production 16,641 9,019 13,787 1,075 4,891
WP-02 | Horizontal 9,363 4,262 5,371 1,041 8,318
WP-03 Vertical 13,650 4,758 7,254 1,531 7,438
WP-04 Vertical 15,961 7,249 13,378 902 7,083
WP-04 | Horizontal 16,099 7,210 13,260 1,139 6,470
WP-04 | Fracturing 22,724 8,055 14,322 1,234 4,554
WP-04 | Flowback 17,057 10,982 13,938 750 5,411
WP-04 | Production 17,031 8,545 13,019 895 3,624
WP-05 | Horizontal 9,394 3,181 7,236 724 5,552
WP-05 | Fracturing 8,293 3,925 6,668 825 3,033
WP-06 Vertical 8,906 4,424 6,357 560 8,518
WP-06 | Horizontal 8,280 4,756 6,097 356 8,562
WP-06 | Flowback 8,231 4,722 6,014 464 5,037
WP-06 | Fracturing 10,803 3,049 8,033 692 2,532
WP-07 Vertical 8,437 4,675 6,318 483 12,519
WP-08 | Fracturing 7,454 3,710 5,387 470 4,602
WP-09 | Fracturing 30,823 2,686 5,380 1,146 4,354
WP-10 | Horizontal 15,258 8,924 12,916 970 3,440
WP-10 | Flowback 16,013 8,508 13,817 790 1,856
WP-10 | Production 16,528 10,447 13,257 835 2,946
WP-11 Vertical 15,603 10,050 12,412 771 3,091
WP-11 | Horizontal 14,781 4,368 12,075 1,252 2,960
WP-11 | Production 13,505 9,914 12,281 503 1,168
WP-12 Vertical 11,479 5,543 8,005 1,144 3,204
WP-12 | Horizontal 11,360 5,328 8,034 1,073 3,525
WP-13 Vertical 15,088 8,068 13,096 628 2,924
WP-13 | Horizontal 15,357 8,119 12,916 966 3,234
WP-14 Vertical 6,772 1,992 3,854 684 2,840
WP-14 | Horizontal 5,891 2,302 3,449 468 1,821
WP-14 | Flowback 7,421 3,181 4,421 648 3,273
WP-15 Vertical 8,557 4,398 6,093 573 2,230
WP-16 | Production 10,833 4,623 7,753 1,361 290
WP-17 | Production 8,797 4,183 6,179 907 277
WP-19 | Production 7,046 2,494 4,314 1,013 238
WP-20 | Production 5,422 2,790 4,166 537 366
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Table 3-3. Gross Gamma Scan Results Summary?
. Scan Max" Scan Min" 2GR b Scan No. Data
S LAIELS (cpm) (cpm) Average Std Dev (cpm) Points
(cpm)
WP-21 | Production 5,307 2,677 3,870 572 182

®Gross gamma scans were performed on site ground surfaces outside facilities, structures, and systems, and
include soil, asphalt, gravel, and concrete matrices.
®Convert count rate data to exposure rate by dividing count rate by 800 to yield uR/hr.

Table 3-4. Results Summary of Nal Count Rate Data Converted to Exposure Rates

Site Phase Scan Max | Scan Min | Scan Average | Scan Std Dev No. Data
(uR/hr) (uR/hr) (uR/hr) (uR/hr) Points
WP-01 Fracturing 20.8 9.00 16.3 1.70 4,857
WP-01 Flowback 21.6 8.30 18.1 1.60 4,474
WP-01 Production 20.8 11.3 17.2 1.30 4,891
WP-02 Horizontal 11.7 5.30 6.70 1.30 8,318
WP-03 Vertical 17.1 5.90 9.10 1.90 7,438
WP-04 Vertical 20.0 9.10 16.7 1.10 7,083
WP-04 Horizontal 20.1 9.00 16.6 1.40 6,470
WP-04 Fracturing 28.4 10.1 17.9 1.50 4,554
WP-04 Flowback 21.3 13.7 17.4 0.900 5411
WP-04 Production 21.3 10.7 16.3 1.10 3,624
WP-05 Horizontal 11.7 4.00 9.00 0.900 5,552
WP-05 Fracturing 10.4 4.90 8.30 1.00 3,033
WP-06 Vertical 11.1 5.50 7.90 0.700 8,518
WP-06 Horizontal 10.4 5.90 7.60 0.400 8,562
WP-06 Flowback 10.3 5.90 7.50 0.600 5,037
WP-06 Fracturing 13.5 3.80 10.0 0.900 2,532
WP-07 Vertical 10.5 5.80 7.90 0.600 12,519
WP-08 Fracturing 9.30 4.60 6.70 0.600 4,602
WP-09 Fracturing 38.5 3.40 6.70 1.40 4,354
WP-10 Horizontal 19.1 11.2 16.1 1.20 3,440
WP-10 Flowback 20.0 10.6 17.3 1.00 1,856
WP-10 Production 20.7 13.1 16.6 1.00 2,946
WP-11 Vertical 19.5 12.6 15.5 1.00 3,091
WP-11 Horizontal 18.5 5.50 15.1 1.60 2,960
WP-11 Production 16.9 12.4 15.4 0.600 1,168
WP-12 Vertical 14.3 6.90 10.0 1.40 3,204
WP-12 Horizontal 14.2 6.70 10.0 1.30 3,525
WP-13 Vertical 18.9 10.1 16.4 0.800 2,924
WP-13 Horizontal 19.2 10.1 16.1 1.20 3,234
WP-14 Vertical 8.50 2.50 4.80 0.900 2,840
May 2016 3-18




PA DEP TENORM Study Report — Section 3.0 Rev. 1
Table 3-4. Results Summary of Nal Count Rate Data Converted to Exposure Rates
Site Phase Scan Max | Scan Min | Scan Average | Scan Std Dev No. Data
(uR/hr) (uR/hr) (uR/hr) (uR/hr) Points
WP-14 Horizontal 7.40 2.90 4.30 0.600 1,821
WP-14 Flowback 9.30 4.00 5.50 0.800 3,273
WP-15 Vertical 10.7 5.50 7.60 0.700 2,230
WP-16 Production 13.5 5.80 9.70 1.70 290
WP-17 Production 11.0 5.20 7.70 1.10 277
WP-19 Production 8.80 3.10 5.40 1.30 238
WP-20 Production 6.80 3.50 5.20 0.700 366
WP-21 Production 6.60 3.30 4.80 0.700 182
Table 3-5. Vertical Solids, Drill Cuttings — Gamma Spectroscopy Results
Study ID Ra-?26 Ra-%28 K-A.IO U-2.38 U-2.35 Th-?32
(pCi’g) | (pCi/g) (pCi/g) (pCi/g) (pCi’g) | (pCilg)
WP-03-SL-038 2.09 1.21 23.4 <1.27 0.127 1.18
WP-04-SL-001 1.99 1.06 9.01 <1.50 <0.173 1.06
WP-04-SL-002 2.09 1.09 20.2 1.86 <0.149 1.07
WP-04-SL-003 2.04 1.16 20.3 <1.43 <0.146 1.14
WP-04-SL-004 2.34 1.10 18.1 1.85 <0.181 1.08
WP-04-SL-005 2.39 1.20 20.2 1.67 <0.158 1.18
WP-04-SL-006 2.11 1.23 24.4 0.827 <0.061 1.20
WP-04-SL-007 2.05 0.994 22.5 <0.934 <0.070 0.971
WP-04-SL-008 2.75 1.19 23.6 1.30 0.097 1.16
WP-05-SL-028 2.13 1.08 21.6 1.56 <0.138 1.05
WP-05-SL-029 1.75 1.07 17.3 <1.31 0.198 1.05
WP-05-SL-030 1.61 0.939 15.9 <0.565 <0.092 0.920
WP-05-SL-031 1.81 1.05 21.7 0.835 <0.107 1.03
WP-05-SL-033 1.84 0.701 12.6 <1.62 <0.136 0.687
WP-06-SL-014 2.93 1.06 22.7 1.27 0.178 1.05
WP-06-SL-015 2.22 1.04 21.0 1.52 <0.165 1.03
WP-06-SL-016 3.21 0.885 26.9 2.07 <0.140 0.871
WP-06-SL-017 2.73 0.991 24.0 1.64 0.166 0.976
WP-06-SL-018 0.900 0.181 3.26 <1.13 <0.081 0.177
WP-06-SL-019 1.19 0.242 6.81 0.469 <0.058 0.238
WP-06-SL-020 5.15 0.654 8.90 <0.923 <0.096 0.642
WP-06-SL-021 0.698 0.107 18.8 0.164 0.016 0.110
WP-06-SL-022 2.96 0.802 18.4 1.29 <0.121 0.782
WP-06-SL-023 0.899 0.208 4.97 <1.29 <0.097 0.197
WP-06-SL-024 1.79 0.416 12.3 <0.790 <0.067 0.407
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Table 3-5. Vertical Solids, Drill Cuttings — Gamma Spectroscopy Results
Study ID Ra-%26 Ra-%28 K—é.t() U-2-38 U-2.35 Th—?32
(pCi/g) | (pCilg) (pCi/g) (pCi/g) (pCi/g) | (pCilg)
WP-06-SL-025 2.94 0.769 18.4 0.987 <0.169 0.751
WP-06-SL-026 2.24 0.592 14.2 <1.21 <0.171 0.578
WP-07-SL-039 2.03 1.09 20.1 <1.45 <0.194 1.07
WP-07-SL-040 2.43 1.32 23.6 0.788 0.147 1.29
WP-07-SL-041 1.33 1.33 20.8 <0.869 <0.172 1.30
WP-10-SL-045 1.94 0.885 16.5 0.959 <0.106 0.866
WP-11-SL-047 2.32 0.472 12.7 <0.949 <0.082 0.191
WP-12-SL-052 17.2 2.80 17.6 <3.01 <0.311 2.74
WP-12-SL-053 1.39 1.39 16.6 <2.25 <0.302 1.37
WP-13-SL-059 1.83 1.09 20.4 <1.75 <0.231 1.07
WP-14-SL-073 6.97 2.23 20.9 <1.54 <0.210 2.18
WP-14-SL-074 2.88 0.140 22.2 1.41 0.104 1.37
WP-15-SL-075 7.82 2.48 19.5 <1.39 <0.126 2.45
Average 2.82 1.01 18.0 0.960 0.085 1.01
Std. Dev. 2.79 0.572 5.64 0.484 0.046 0.555
Median 2.10 1.06 19.8 0.819 0.074 1.05
Minimum 0.698 0.107 3.26 0.164 0.016 0.110
Maximum 17.2 2.80 26.9 2.07 0.198 2.74
*Values reported as < are the method MDC.
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Table 3-6. XRF Uranium and Thorium for Vertical Cuttings

Study ID Date Formation Tll;;::ll;tm TlFll(l)'?ourm Th-?32 Ul;?sllllllltm U;;lll':)urm U_2.38
opm) | epm) | PO | opm) | (ppm) | PCVE
WP-03-SL-038 | 07/26/13 Varies 20.1 0.400 2.21 2.90 0.200 0.969
WP-04-SL-001 06/17/13 Varies 17.9 0.400 1.97 5.30 0.300 1.77
WP-04-SL-002 | 06/17/13 Varies 16.4 0.400 1.80 3.00 0.200 1.00
WP-04-SL-003 06/17/13 Varies 17.5 0.400 1.93 4.00 0.300 1.34
WP-04-SL-004 | 06/17/13 Varies 15.5 0.400 1.71 3.60 0.200 1.20
WP-04-SL-005 06/17/13 Varies 16.0 0.400 1.76 2.60 0.200 0.868
WP-04-SL-006 | 06/17/13 Varies 18.3 0.400 2.01 4.20 0.300 1.40
WP-04-SL-007 | 06/17/13 Varies 14.5 0.400 1.60 3.00 0.200 1.00
WP-04-SL-008 | 06/17/13 Varies 16.8 0.400 1.85 5.30 0.300 1.77
WP-05-SL-028 | 07/08/13 Varies 17.4 0.400 1.91 4.50 0.300 1.50
WP-05-SL-029 | 07/08/13 Varies 15.5 0.400 1.71 3.70 0.200 1.24
WP-05-SL-030 | 07/08/13 Varies 14.5 0.400 1.60 3.50 0.200 1.17
WP-05-SL-031 07/08/13 Varies 16.5 0.400 1.82 2.60 0.200 0.868
WP-05-SL-033 07/08/13 Varies 11.2 0.400 1.23 2.30 0.200 0.768
WP-06-SL-014 | 07/01/13 Varies 16.5 0.400 1.82 6.40 0.300 2.14
WP-06-SL-015 07/01/13 Varies 17.8 0.400 1.96 3.80 0.300 1.27
WP-06-SL-016 | 07/01/13 Varies 15.2 0.400 1.67 7.10 0.300 2.37
WP-06-SL-017 | 07/01/13 Varies 16.3 0.400 1.79 6.10 0.300 2.04
WP-06-SL-018 | 07/01/13 Varies 6.50 0.400 0.715 3.00 0.200 1.00
WP-06-SL-019 | 07/01/13 Varies 8.60 0.400 0.946 2.80 0.200 0.935
WP-06-SL-020 | 07/01/13 Varies 10.9 0.400 1.20 13.4 0.500 4.48
WP-06-SL-021 07/01/13 Varies 8.50 0.400 0.935 4.40 0.200 1.47
WP-06-SL-022 | 07/01/13 Varies 15.6 0.400 1.72 5.80 0.300 1.94
WP-06-SL-023 07/01/13 Oriskany 6.30 0.300 0.693 1.50 0.100 0.501
WP-06-SL-024 | 07/08/13 Varies 11.5 0.400 1.27 4.80 0.300 1.60
WP-06-SL-025 07/08/13 Varies 16.0 0.400 1.76 5.40 0.300 1.80
WP-06-SL-026 | 07/08/13 Varies 17.7 0.500 1.95 8.80 0.500 2.94
WP-07-SL-039 | 08/05/13 Varies 17.3 0.400 1.90 2.50 0.200 0.835
WP-07-SL-040 | 08/05/13 Varies 17.8 0.400 1.96 1.50 0.100 0.501
WP-07-SL-041 08/05/13 Varies 17.7 0.400 1.95 2.30 0.200 0.768
WP-10-SL-045 08/26/13 Varies 11.8 0.400 1.30 3.00 0.200 1.00
WP-11-SL-047 | 08/27/13 Varies 7.00 0.400 0.770 2.40 0.100 0.802
WP-12-SL-052 | 09/05/13 Varies 17.7 0.500 1.95 12.4 0.500 4.14
WP-12-SL-053 09/05/13 Varies 17.9 0.400 1.97 6.30 0.300 2.10
WP-13-SL-059 10/15/13 Varies 16.2 0.400 1.78 2.00 0.200 0.668
WP-14-SL-073 01/31/14 Varies 17.1 0.400 1.88 3.10 0.200 1.04
WP-14-SL-074 | 01/31/14 Varies 17.3 0.400 1.90 3.20 0.200 1.07
Average 15.0 1.64 4.39 1.47
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Table 3-6. XRF Uranium and Thorium for Vertical Cuttings
Thorium | Thorium Uranium | Uranium
Study ID Date Formation Result Error '(l;)lzf/_g Result Error (ggi;,:)
(ppm) (ppm) (ppm) (ppm)
Std. Dev. 3.66 0.403 2.64 0.881
Median 16.3 1.79 3.60 1.20
Minimum 6.30 0.693 1.50 0.501
Maximum 20.1 2.21 13.4 4.48

Table 3-7. Horizontal Solids, Drill Cuttings — Uranium Series Gamma Spectroscopy Results

Study ID Ra-226 Ra-228 K-40 U-238 U-235 Th-232

(pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g)
WP-02-SL-036 13.0 0.621 183 4.96 0.789 0.608
WP-03-SL-065 9.76 0.797 26.2 4.19 0.265 0.786
WP-04-SL-009 3.69 0.581 12.6 0.803 0.130 0.568
WP-04-SL-010 3.96 0.535 12.6 0.917 0.240 0.524
WP-04-SL-011 2.37 0.668 16.8 0.575 0.144 0.654
WP-04-SL-012 5.43 0.727 15.3 <2.53 0.220 0.712
WP-05-SL-027 3.31 0.772 183 1.88 0.201 0.755
WP-05-SL-032 1.50 0.711 14.2 <2.09 <0.158 0.696
WP-05-SL-034 3.17 0.861 20.1 <132 <0.152 0.841
WP-06-SL-037 1.17 0.346 6.33 0.830 <0.085 0.339
WP-10-SL-048 4.92 0.694 31.5 <230 <0.250 0.680
WP-11-SL-068 1.06 0.241 7.41 <0.835 <0.091 0.237

WP-12-SL-055 <0.183 <0.031 1.47 <0.485 <0.058 <0.031
WP-12-SL-056 3.56 0.535 11.7 1.57 0.153 0.527
WP-13-SL-062 10.3 0.487 8.70 3.11 0.391 0.478
WP-14-SL-077 8.09 0.702 17.5 2.78 0.384 0.689
WP-14-SL-078 9.60 0.828 20.4 3.09 0.302 0.813
WP-14-SL-079 8.97 1.16 16.7 2.24 0.277 1.14
Average 5.22 0.627 15.3 1.76 0.223 0.615
Std. Dev. 3.80 0.254 7.13 1.36 0.180 0.249
Median 3.83 0.681 16.0 121 0.211 0.667
Minimum 0.092 0.016 1.47 0.243 0.029 0.016
Maximum 13.0 1.16 31.5 4.96 0.789 1.14
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Table 3-8. XRF Uranium and Thorium for Horizontal Cuttings

Target Thorium | Thorium Uranium | Uranium
) Th-232 U-238
Study ID Date Formation / Result Error (pCi/g) Result Error (pCi/g)
Gas Type (ppm) (ppm) (ppm) (ppm)
WP-02-SL-036 | 07/24/13 Magcvegus / 122 0.400 1.34 28.6 0.500 9.55
WP-03-SL-065 | 11/08/13 Magcvegus / 11.8 0.400 1.30 20.1 0.600 6.71
WP-04-SL-009 | 06/20/13 Marlgiflus / 12.0 0.500 1.32 8.70 0.400 2.91
WP-04-SL-010 | 06/20/13 Marlgigus / 10.8 0.500 1.19 9.90 0.400 331
WP-04-SL-011 | 06/20/13 Marlg‘;gus / 12.5 0.400 1.38 5.90 0.300 1.97
WP-04-SL-012 | 06/20/13 Marlgjlylus / 12.4 0.400 1.36 14.6 0.500 4.88
WP-05-SL-027 | 07/08/13 | Burkett/ Wet 16.2 0.400 1.78 9.70 0.400 3.24
WP-05-SL-032 | 07/08/13 | Burkett/ Wet 11.1 0.400 1.22 5.20 0.300 1.74
WP-05-SL-034 | 07/08/13 | Burkett/ Wet 16.4 0.500 1.80 6.60 0.400 2.20
WP-06-SL-037 | 07/25/13 | Utica/ Wet 17.4 1.30 1.91 80.8 1.30 27.0
WP-10-SL-048 | 08/30/13 Mar]gﬂ/lus / 13.8 0.800 1.52 49.4 1.00 16.5
WP-11-SL-068 | 11/14/13 | Utica/Dry 7.70 0.500 0.847 17.6 0.500 5.88
WP-12-SL-055 | 09/11/13 Marlgflyl”s / 13.0 0.800 1.43 113 0.500 3.77
WP-12-SL-056 | 09/11/13 Mar]gifl“s / 20.3 1.20 2.23 36.6 1.20 12.2
WP-13-SL-062 | 10/21/13 Mar]gﬂ/lus / 9.40 0.500 1.03 33.1 0.600 11.1
WP-14-SL-077 | 02/07/14 Mar]giyuus / 11.0 0.500 121 31.4 0.700 10.5
WP-14-SL-078 | 02/07/14 Mar]giyuus / 13.3 0.500 1.46 33.8 0.700 113
WP-14-SL-079 | 02/07/14 Mar]giyuus / 11.7 0.700 1.29 49.4 0.900 16.5
Average 12.9 1.42 25.2 8.40
Std. Dev. | 3.01 0.331 20.0 6.70
Median | 12.3 1.35 18.9 6.30
Minimum | 7.70 0.847 5.20 1.74
Maximum |  20.3 2.23 80.8 27.0
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Table 3-9. Drilling Solids, Mud — Gamma Spectroscopy Results

Study ID Ra-?26 Ra-?28 K-é‘IO U-2‘38 U-2-35 Th-%32
(pCi/g) (pCi'g) (pCi'g) (pCi/g) (pCi/g) (pCi/g)
WP-03-SL-066 1.51 0.178 4.93 <0.436 <0.085 0.176
WP-04-SL-013 1.58 0.221 4.31 <0.866 <0.073 0.216
WP-05-SL-035 0.675 0.182 3.54 <0.375 <0.054 0.179
WP-10-SL-046 3.66 0.266 6.91 <1.61 <0.034 0.261
WP-10-SL-049 3.35 0.335 7.32 1.73 <0.035 <0.870
WP-11-SL-069 1.04 0.195 3.84 <0.673 <0.058 0.191
WP-12-SL-054 1.28 0.122 1.47 1.10 <0.081 0.120
WP-13-SL-060 2.78 0.296 5.96 <0.692 0.086 0.290
WP-13-SL-063 3.72 0.328 6.53 0.700 0.143 0.322
Average 2.18 0.236 4.98 0.651 0.063 0.243
Std. Dev. 1.20 0.074 1.89 0.504 0.038 0.095
Median 1.58 0.221 4.93 0.433 0.043 0.216
Minimum 0.675 0.122 1.47 0.188 0.017 0.120
Maximum 3.72 0.335 7.32 1.73 0.143 0.435

Table 3-10. Proppant Sand — Gamma Spectroscopy Results

Study ID Ra-g26 Ra-%28 K-é.m U-2.38 U-2.35 Th-?32

(pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g)

WP-04-SL-050 0.180 0.053 0.733 0.139 <0.025 0.047
WP-05-SL-058 0.225 0.135 7.25 <0.200 <0.037 0.115
WP-06-SL-070 0.170 0.026 0.069 0.323 <0.018 0.025
WP-08-SL-044 0.246 0.065 0.162 <0.020 <0.004 0.045
WP-(09-SL-043 0.301 0.045 0.199 <0.426 <0.050 0.044
WP-10-SL-067 0.218 0.018 0.136 <0.369 <0.036 0.018
WP-11-SL-072 0.275 0.025 0.070 <0.203 <0.033 0.025
WP-12-SL-064 0.358 0.038 0.386 <0.426 <0.042 0.037
WP-14-SL-081 0.266 <0.026 4.99 <0.442 <0.035 0.102

WP-25-SL-042 0.188 0.018 <0.061 <0.267 <0.029 <0.013
Average 0.243 0.044 1.40 0.157 0.015 0.046
Std. Dev. 0.059 0.036 2.55 0.091 0.006 0.035
Median 0.236 0.032 0.181 0.159 0.017 0.041
Minimum 0.170 0.013 0.031 0.010 0.002 0.007
Maximum 0.358 0.135 7.25 0.323 0.025 0.115
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Table 3-11. Flowback Solids, Sand — Gamma Spectroscopy Results

Study ID Ra-226 | Ra-228 K-40 U-238 U-235 Th-232

(pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g)
WP-04-SL-061 7.73 0.619 0.659 <1.86 <0.199 0.609
WP-09-SL-057 0.763 0.194 0.457 <0.711 <0.083 0.191
WP-11-SL-080 2.76 0.611 1.68 <0.783 | <0.091 0.603
WP-12-SL-071 2.58 0.353 0.597 <0.985 | <0.080 0.343
Average 3.46 0.444 0.848 0.542 0.057 0.437
Std. Dev. 2.99 0.208 0.561 0.265 0.029 0.205
Median 2.67 0.482 0.628 0.442 0.044 0.473
Minimum 0.763 0.194 0.457 0.356 0.040 0.191
Maximum 7.73 0.619 1.68 0.930 0.100 0.609

Table 3-12. Drilling Fluids - Gamma Spectroscopy and Miscellaneous Results

Study ID Ra-.226 Ra-.228 K—ft() Gross f“lphaa Gross.Betaa
(pCi/L) (pCi/L) (pCi/L) (pCi/L) (pCi/L)
WP-02-LQ-002 4,690 372 9,910 ND ND
WP-06-LQ-001 1,510 162 4,340 1,580 3,940
WP-06-LQ-003 2,010 216 5,220 ND ND
WP-12-LQ-009 1,800 184 420 3,820 1,250
WP-14-LQ-026 4,940 466 11,400 ND ND
Average 2,990 280 6,260 2,700 2,600
Std. Dev. 1,678 133 4,430 1,580 1,900
Median 2,010 216 5,220 2,700 2,600
Minimum 1,510 162 420 1,580 1,250
Maximum 4,940 466 11,400 3,820 3,940

*ND — Sample Matrix was not suitable for analysis.
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Table 3-13. Fracturing Fluids - Gamma Spectroscopy and Miscellaneous Results

Study ID Ra-.226 Ra-.228 K—fﬂ) Gross fAlpha Gross.Beta
(pCi/L) (pCi/L) (pCi/L) (pCi/L) (pCi/L)
WP-04-LQ-008 21,000 1,640 <565 37,000 11,200
WT-05-LQ-013 872 78.0 195 1,870 398
WP-06-LQ-016 64.0 <9.00 <21.0 <1.39 4.41
WP-08-LQ-007 3,080 723 444 5,020 1,610
WP-09-LQ-006 2,000 442 338 3,400 <879
WP-10-LQ-015 10,300 600 <298 13,500 2,310
WP-11-LQ-023 115 14.0 44.0 <3.76 <1.63
WP-14-LQ-046 2,270 189 456 5,760 1,200
WP-14-LQ-047 2,160 218 423 5,650 1,010
WP-19-LQ-004 16,200 1,250 435 54,100 14,900
WP-19-LQ-005 105 <9.00 25.0 <113 <186
Average 5,290 469 255 11,500 3,020
Std. Dev. 7,250 547 178 17,700 5,080
Median 2,160 218 283 5,020 1,010
Minimum 64.0 4.50 10.5 0.695 0.815
Maximum 21,000 1,640 456 54,100 14,900

Table 3-14. Flowback Fluids — Gamma Spectroscopy and Miscellaneous Results

Study ID Ra-.226 Ra-.228 K—fm Gross f&lpha Gross.Beta
(pCi/L) (pCi/L) (pCi/L) (pCi/L) (pCi/L)
WP-01-LQ-010 7,310 589 151 15,300 4,070
WP-04-LQ-014 25,500 1,740 500 71,000 21,300
WP-06-LQ-017 551 248 416 <576 742
WP-08-LQ-012 4,280 1,140 500 7,270 1,820
WP-09-LQ-011 2,880 863 448 10,700 4,380
WP-10-LQ-045 8,690 633 2,630 11,100 1,960
WP-11-LQ-035 1,540 564 927 2,250 1,320
WP-12-LQ-022 4,550 507 <177 10,100 2,440
WP-14-LQ-052 21,100 1,430 461 32,000 5,400
Average 8,490 857 680 17,800 4,830
Std. Dev. 8,840 486 769 21,900 6,370
Median 4,550 633 461 10,700 2,440
Minimum 551 248 88.5 288 742
Maximum 25,500 1,740 2,630 71,000 21,300
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Table 3-15. Unfiltered Produced Waters — Gamma Spectroscopy and Miscellaneous Results

r r
Study ID Well Type | R3-226 | Ra-228 | K-40 glpolfzst %Jiis
(pCi/L) | (pCi/L) | (pCi/L) (CilL) | (pCi/L)
WP-01-LQ-048 | Unconventional | 2,050 366 132 3,890 <225
WP-04-LQ-039 | Unconventional | 26,600 1,900 328 30,000 7,600
WP-08-LQ-021 | Unconventional | 5,020 1,280 592 11,300 3,270
WP-09-LQ-019 | Unconventional 4,490 1,140 571 9,760 2,570
WP-10-LQ-050 | Unconventional | 7,730 434 191 14,000 3,620
WP-10-LQ-055 | Unconventional | 6,710 470 149 41,700 4,560
WP-11-LQ-043 | Unconventional 1,700 636 852 2,420 1,500
WP-12-LQ-041 | Unconventional | 14,500 1,710 408 21,800 6,810
WP-16-LQ-027 Conventional 819 896 220 <2,570 1,140
WP-19-LQ-029 Conventional <81.0 26.0 103 <465 <402
WP-20-LQ-031 Conventional 145 42.0 129 < 2,440 <987
WP-21-LQ-033 Conventional 340 214 <31.0 <1,230 <830
WP-05-LQ-037 | Unconventional 6,300 941 667 10,700 2,300
Average 5,880 773 335 11,500 2,660
Std. Dev. 7,450 604 260 12,800 2,460
Median | 4,490 636 220 9,760 2,300
Minimum 40.5 26.0 15.5 233 113
Maximum | 26,600 1,900 852 41,700 7,600

Table 3-16. Filtered Produced Waters — Gamma Spectroscopy and Miscellaneous Results

Gross Gross
Study ID Well Type | R3:226 | Ra-228 | K40 1 Beta
(pCi/L) | (pCi/L) | (pCi/L) (pCi/L) | (pCi/L)

WP-01-LQ-049 | Unconventional 1,930 373 129 2,750 933
WP-04-LQ-040 | Unconventional | 24,100 1,860 323 33,000 7,180
WP-08-LQ-020 | Unconventional 4,940 1,350 518 11,200 4,050
WP-09-LQ-018 | Unconventional 4,470 1,240 560 8,780 3,040
WP-10-LQ-051 | Unconventional 8,060 466 164 19,900 4,050
WP-10-LQ-054 | Unconventional 7,130 479 3,950 10,900 3,530
WP-11-LQ-044 | Unconventional 1,520 602 751 2,440 1,500
WP-12-LQ-042 | Unconventional | 15,100 1,610 389 18,000 4,050
WP-16-LQ-028 Conventional 849 851 <34.0 1,440 1,610
WP-19-LQ-030 Conventional 87.0 44.0 71.0 <608 <420
WP-20-LQ-032 Conventional 106 48.0 129 <1,040 <857
WP-21-LQ-034 Conventional 292 210 144 < 1,860 <863
WP-05-LQ-038 | Unconventional 6,720 883 485 11,400 3,370
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Table 3-16. Filtered Produced Waters — Gamma Spectroscopy and Miscellaneous Results

Gross Gross
Study ID Well Type | R3:226 | Ra-228 | K40 | Beta
(pCi/L) (pCi/L) | (pCi/L) ®CilL) | (pCi/L)
Average 5,790 770 587 9,350 2,650
Std. Dev. 6,980 591 1,030 9,750 2,020
Median | 4,470 602 323 8,780 3,040
Minimum 87.0 44.0 17.0 304 210
Maximum | 24,100 1,860 3,950 33,000 7,180

Table 3-17. Ambient Radon at Well Sites During Flowback

Radon Error MDC
Study ID County Date Concentration (£ Std. Dev.) (pCi/L)

(pCi/L) (pCGi/L)

<0.300 0.000 0.300

0.800 0.000 0.300

WP-01-RA Sullivan 9/2013 0.500 0.400 0.300

<0.300 0.000 0.300

<0.300 0.000 0.300

0.700 0.600 0.300

. 0.600 0.200 0.300

WP-09-RA Washington 9/2013 0.600 0.200 0.300

1.70 1.60 0.300

0.500 0.800 0.300

. 0.200 0.200 0.300

WP-08-RA Washington 9/2013 0.600 0.600 0.300

0.700 0.400 0.300

0.500 0.200 0.300

. 0.200 0.200 0.300

WP-04-RA Tioga 10/2013 0.500 0.600 0.300

0.700 0.200 0.300

E-PERM samples with short-term electrets were deployed. MDC for a four-day exposure at 50 percent
error is 0.300 pCi/L.

May 2016 3-28



PA DEP TENORM Study Report — Section 3.0 Rev. 1
Table 3-18. Natural Gas Samples from Production Sites
Radon Error MDA
Study ID County Gas Source Concentration | (£2 Std. Dev.) (pCi/L)
(pCi/L) (pCi/L)

WP-08-RG Washington Marcellus Shale 79.6 0.800 0.300
WP-09-RG Washington Marcellus Shale 78.8 4.20 0.300
WP-22-RG Tioga Marcellus Shale 42.8 0.200 0.100
WP-23-RG Tioga Marcellus Shale 39.6 0.800 0.200
WP-24-RG Tioga Marcellus Shale 73.8 0.400 0.200
WP-25-RG Tioga Marcellus Shale 44.4 2.60 0.200
WP-26-RG Lycoming Oriskany Sandstone 19.9 0.200 0.200
WP-27-RG Tioga Marcellus Shale 38.4 3.40 0.300
WP-28-RG Tioga Marcellus Shale 40.8 5.20 0.400
WP-16-RG Washington Marcellus Shale 50.0 5.20 0.300
WP-17-RG Washington Marcellus Shale 49.5 5.80 0.500
WP-19-RG McKean Upper Devonian Shale 18.3 4.40 0.400
WP-20-RG McKean Upper Devonian Shale 88.2 10.6 0.700
WP-21-RG Forest Upper Devonian Shale 92.2 6.40 0.400
WP-04-RG Tioga Marcellus Shale 49.6 29.6 1.20
WP-05-RG McKean Marcellus Shale 148 15.6 1.50
WP-12-RG Lycoming Marcellus Shale 37.6 334 2.20
WP-11-RG Tioga Utica 5.70 1.20 0.500
WP-29-RG Sullivan Marcellus Shale 23.4 4.00 0.240
WP-30-RG Bradford Marcellus Shale 25.5 2.70 0.200
WP-31-RG Bradford Marcellus Shale 3.00 1.20 0.300
WP-14-RG Jefferson Marcellus Shale 5.60 0.100 0.140

Average 47.9

Median 41.8

Standard Deviation 34.5

Minimum 3.00

Maximum 148

Note: All results adjusted to account for the fact that Rn was counted in methane, but the scintillation cells

were calibrated for Rn in air. Range of a particles is greater in methane than in air. All results divided by
1.054, according to Jenkins et. al., Health Physics, Vol. 106, No. 3, March 2014.
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Table 3-19. Thorium and Uranium XRF Data for Drill Cuttings By Formation
Thorium Th-232 Uranium U-238 U-238/
Formation Result Concentration Result Concentration | U/Th Th-232
(ppm) (pCi/g) (ppm) (pCi/g)
Marcellus 13.8 1.52 494 16.5 3.58 10.9
Marcellus 13.0 1.43 11.3 3.77 0.870 2.64
Marcellus 20.3 2.23 36.6 12.2 1.80 5.48
Marcellus 9.40 1.03 33.1 11.1 3.52 10.7
Marcellus 11.8 1.30 20.1 6.71 1.70 5.16
Marcellus 12.0 1.32 8.70 291 0.730 2.20
Marcellus 10.8 1.19 9.90 3.31 0.920 2.78
Marcellus 12.5 1.38 5.90 1.97 0.470 1.43
Marcellus 12.4 1.36 14.6 4.88 1.18 3.59
Marcellus 11.7 1.29 494 16.5 422 12.8
Marcellus 13.3 1.46 33.8 11.3 2.54 7.73
Marcellus 11.0 1.21 314 10.5 2.85 8.67
Marcellus 12.2 1.34 28.6 9.55 2.34 7.13
Average 12.6 1.40 25.6 8.60 2.10 6.20
Median 12.2 1.30 28.6 9.60 1.80 5.50
Standard Deviation 2.57 0.280 15.0 5.01 1.23 3.72
Minimum 9.40 1.03 5.90 1.97 0.470 1.43
Maximum 20.3 2.23 494 16.5 4.22 12.8
Burket 16.2 1.78 9.70 3.24 0.600 1.82
Burket 16.4 1.80 6.60 2.20 0.400 1.22
Burket 11.1 1.22 5.20 1.74 0.470 1.42
Average 14.6 1.60 7.17 2.39 0.490 1.49
Median 16.2 1.78 6.60 2.20 0.470 1.42
Standard Deviation 3.00 0.330 2.30 0.770 0.100 0.300
Minimum 11.1 1.22 5.20 1.74 0.400 1.22
Maximum 16.4 1.80 9.70 3.24 0.600 1.82
Utica 7.70 0.850 17.6 5.88 2.29 6.92
Utica 17.4 1.91 80.8 27.0 4.64 14.1
Average 12.6 1.38 49.2 16.4 3.46 10.5
Median 12.6 1.38 49.2 16.4 3.46 10.5
Standard Deviation 6.86 0.750 447 14.9 1.67 5.10
Minimum 7.70 0.850 17.6 5.88 2.29 6.92
Maximum 17.4 1.91 80.8 27.0 4.64 14.1
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4.0 WASTEWATER TREATMENT PLANTS

A total of 29 WWTPs were surveyed and/or sampled. This included 10 POTWs, 10 CWTs and
nine ZLDs. The results, by wastewater facility, are presented in this section.

4.1 Publicly Owned Treatment Works

A total of 10 POTWs were surveyed and/or sampled. There were three rounds of surveys
conducted over a seven-month period (April 2013 through October 2013); however, not all
POTWs were sampled in all three rounds. Six of the 10 POTWs are considered influenced
(POTW-I) by having received wastewater from the O&G industry, mainly the effluent of CWTs.
Four POTWs are considered non-influenced (POTW-N) by having never received wastewater
from the O&G industry. As such, surveying was conducted for the 10 POTWs as follows:

e 5 POTW-I’s were surveyed in all three rounds,
e 1 POTW-I was surveyed in two rounds, and
e 4 POTW-N’s were surveyed one time.

4.1.1 Radiological Survey Results
Radiological surveys were conducted at each POTW-I, resulting in four data sets:

Removable o/B surface radioactivity measurements recorded in units of dpm/100 cm?
Total o/B surface radioactivity measurements recorded in units of dpm/100 cm?
Gross Gamma Radiation Scan measurements recorded in units of cpm

Gamma Radiation Exposure Rate measurements recorded in units of pR/hr

4.1.1.1 Removable Alpha/Beta Surface Radioactivity Measurement Results

Measurements of removable radioactivity were performed to assess potential internal radiation
exposures of workers through ingestion and/or inhalation. The results were evaluated using the
RG 1.86 guidelines, Table 1. RG 1.86 requires that o and [ surface radioactivity levels be
evaluated separately. The primary a emitter of concern is Ra-226, with a removable criterion of
20 dpm o/100 cm?. The primary [ emitter of concern is Ra-228 of the natural Th decay series
with a removable criterion of 200 dpm B/100 cm?. The average removable o and B surface
radioactivity levels at each WWTP were below the RG 1.86 criteria. The maximum removable a
and B surface radioactivity levels were 22 dpm/100 cm? and 161 dpm/100 cm?. The results of
removable o and [ surface radioactivity for the POTW-I plants are presented in Table 4-1.
Individual removable o and P surface radioactivity measurement results are presented in
Appendix D.

4.1.1.2 Total Alpha/Beta Surface Radioactivity Measurement Results

Measurements of total radioactivity were performed to assess potential internal radiation exposures
of workers through ingestion and/or inhalation. The results were evaluated using the RG 1.86
guidelines, Table 1. RG 1.86 requires that o and B surface radioactivity levels be evaluated
separately. The primary o emitter of concern is Ra-226, with a total surface radioactivity criterion
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of 100 dpm o/100 cm?. The primary B emitter of concern is Ra-228 of the natural Th decay series
with a total surface radioactivity criterion of 1,000 dpm /100 cm?. The maximum average total
o and B surface radioactivity measured at any single facility were 313 dpm/100 cm? and
10,000 dpm/100 cm?, respectively. The maximum total o and B concentrations measured at any
single facility were 1,190 dpm/100 cm? and 38,000 dpm/ 100 cm?. The summary results of total
o and B surface radioactivity for the POTW-I plants surveyed are presented in Table 4-2.
Individual total o and [ surface radioactivity measurement results are presented in Appendix D.

4.1.1.3 Gross Gamma Radiation Scan Results

Gross gamma radiation scans recorded in cpm were performed on open land areas and accessible
areas of the WWTPs to identify areas with elevated gross gamma radiation levels. Summary
results for the POTW-I are presented in Table 4-3. The highest average count rate for the plants
was 29,034 cpm, and the maximum count rate recorded was 205,446 cpm. A graphic display of
the gamma radiation scan results (figures) at each facility was prepared using geographic
information system (GIS) software. Figures are presented in Appendix E.

4.1.1.4 Gamma Radiation Exposure Rate Results Summary

Gross gamma radiation scan results in units of cpm presented in Table 4-3 were converted to uR/hr
using 800 cpm per puR/hr, a conversion factor appropriate for Ra-226 gamma energy as detected
with 2-inch by 2-inch Nal detectors, rounded to one significant figure (Table 6.4, Nal Scintillation
Detector Scan MDCs for Common Radiological Contaminants, NUREG-1507, Minimum
Detectable Concentrations With Typical Radiation Survey Instruments for Various Contaminants
and Field Conditions, USNRC June 1998). Table 4-4 presents statistical results for each POTW-I.
The highest average gamma radiation exposure rate was 36.3 pR/hr, and the maximum gamma
radiation exposure rate measured was 257 uR/hr.

4.1.2 Solid Sample Results

4.1.2.1 Filter Cake Samples

Filter cakes were sampled at POTW-I and POTW-N plants and analyzed using gamma
spectroscopy for U, Th, and Ac series decay chains. The gamma spectroscopy results are presented
in Tables 4-5 and 4-6.

The analytical results for POTW-I plants presented in Table 4-5 show Ra-226 and Ra-228 are
present above typical background concentrations in soil. The average Ra-226 result was 20.1 pCi/g
with a large variance in the distribution, and the maximum result was 55.6 pCi/g. The average
Ra-228 result was 7.63 pCi/g, and the maximum result was 32.0 pCi/g Ra-228.

The radioactivity levels at POTW-N plants presented in Table 4-6 were also above typical
background concentrations in soil with Ra-226 average and maximum results of 9.72 pCi/g and
35.4 pCi/g. The average and maximum Ra-228 results were 2.26 pCi/g and 7.26 pCi/g.
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4.1.2.2 Sediment-Impacted Soil Samples

Sampling was performed at only three of the POTW-I plants due to limited accessibility at the
other plants. A total of seven samples were collected at the effluent discharge points and analyzed
for U, Th, and Ac series decay chains by gamma spectroscopy. The gamma spectroscopy results
are presented in Table 4-7.

The analytical results for POTW-I sediment-impacted soil samples indicate Ra-226 and Ra-228
are present at concentrations above typical background in soil. The average Ra-226 result was
9.00 pCi/g, and the maximum result was 18.2 pCi/g. The average Ra-228 result was 3.52 pCi/g,
and the maximum result was 6.25 pCi/g.

4.1.3 Liquid Sample Results

Influent and effluent liquid sampling was performed at six POTW-I plants and four POTW-N
plants. Filtered and unfiltered samples were analyzed for U, Th, and Ac decay series, and for gross
o/P radioactivity levels. The filtered and unfiltered analyses are presented separately in Tables 4-8
through 4-15 for both influenced and non-influenced POTWs. A comparison of the influenced
and non-influenced POTW results and the filtered and unfiltered sample results is presented in
Section 4.1.5.1.

4.1.4 Indoor Radon Sampling Results

ATDs were deployed in the POTW-I plants at various indoor locations such as break rooms, labs,
offices, etc., to measure Rn concentrations. The results were evaluated using the EPA action level
of 4 pCi/L. The ATDs were deployed in late July or early August 2013 and were all recovered
from the field in February 2014. The results ranged from 0.200 to 8.70 pCi/L. One result exceeded
the action level. The results are presented in Table 4-16. The Rn analytical reports are presented
in Appendix H.

4.1.5 POTW Data Comparisons

4.1.5.1 POTW-1/POTW-N Comparison

Thirty-two influent and effluent sample radionuclide and gross o/f concentration results from
POTW-I’s and POTW-N’s were compared to determine if there was a difference in the
radionuclide activity content. Tables 4-17 through 4-20 present and compare the average Ra
concentration results and gross o/ concentration results from all influent and effluent filtered and
unfiltered samples for all POTW-I and POTW-N plants. Twenty-nine of the 32 average
concentration results for both filtered and unfiltered influent and effluent samples were higher for
POTW-I plants than the POTW-N plants.

4.1.5.2 Radium-226/Radium-228 Sediment-Impacted Soil and Effluent Results Comparison

The sediment-impacted soil radioactivity levels were compared to filtered and unfiltered effluent
results for Ra-226 and Ra-228 and are presented in Table 4-21. In cases where no results were
reported for a member of the data pair (sediment-effluent pair), or when a result was reported as
less than MDC, the data pair comparison was not evaluated.
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The sediment-impacted soil sample results are above typical background for soil. However, there
is no readily apparent relationship between the sediment-impacted soil sample and effluent sample
results. The effluent wastewater discharged over time may contribute to the activity in the
sediment-impacted soil, but a correlation between the sediment-impacted soil activity and the
effluent samples could not be made from the study as performed.

The ratio of Ra-226 to Ra-228 was also calculated for a variety of sample types including
sediments, filtered effluents, and unfiltered effluents from POTWs and CWTs. The results are
presented in Table 4-22. The average ratio ranged from 2.4 to 11.4.

4.1.6 POTW Worker Exposure Assessment

4.1.6.1 External Gamma Radiation Exposure

The gamma radiation exposure rate survey results are provided in Section 4.1.1.4. The maximum
average gamma radiation exposure rate measured at any of the POTW plants was 36.3 uR/hr. The
lowest background gamma radiation exposure rate measured at any of the sites was 5 pR/hr.
Assuming the time period of exposure is a full occupational year of 2,000 hours, the maximum
average POTW annual external gamma radiation exposure was estimated as follows:

Maximum Average POTW External Gamma Radiation Exposure Estimate
(36.3 = 5) uR/hr x 2,000 hr/yr x (1 mrem/1,000 uR gamma) = 62.6 mrem/yr

This is an estimate of the maximum average gamma radiation exposure at a single facility based
on 2,000 hours in one year. The result is less than the 100 mrem/yr dose equivalent limit for a
member of the public. Actual exposure is dependent upon the actual exposure rates and occupancy
time for individual workers.

The maximum gamma radiation exposure rate measured at the POTWs was 257 uR/hr on contact
with the outside of a wastewater tank. Consequently, the public dose limit of 100 mrem per year
could potentially be reached by a person working 400 hours within the immediate proximity of the
tank. Actual annual exposure for a POTW worker is dependent upon the exposure rates and time
worked in proximity to the tank.

4.1.6.2 Internal Alpha/Beta Radiation Exposure

The total and removable o/f survey surface radioactivity summary results are provided in
Sections 4.1.1.1 and 4.1.1.2. Nine of the 566 o measurements and 68 of the 566 B measurements
of total surface radioactivity exceeded the RG 1.86 criteria. One of the 286 removable o
measurements and none of the 286 removable B measurements exceeded the RG 1.86 criteria.
Fixed or removable o and B surface radioactivity may present a potential inhalation or ingestion
hazard if disturbed during routine system maintenance.
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4.1.6.3 Internal Radon Exposure

The Rn measured in indoor air averaged 1.74 pCi/L. This average is below the EPA action level
of 4 pCi/L, and very near the U.S. average indoor Rn level of 1.3 pCi/L, as reported by EPA.

4.1.7 POTW Radiological Environmental Impacts

Seven sediment-impacted soil samples were collected at the effluent discharge points of three of
the POTW-I’s. Radium-226 activity concentrations above typical soil background activity
concentrations were identified in all sediment samples, with 18.2 pCi/g being the maximum
reported result.

The presence of Ra in sediment-impacted soil at effluent discharge points indicates effluent
wastewater contained Ra. Radium and gross o and P radioactivity were identified in effluent
samples. Table 4-21 presents filtered and unfiltered effluent average sample results and sediment-
impacted soil results for POTWs sampled during the study.

4.2 Centralized Wastewater Treatment Plants

Three survey rounds were conducted at nine of the 10 CWTs. The 10th facility was added after
the first survey round was completed, resulting in only two surveys at that facility.

4.2.1 Survey Results
Radiological surveys were conducted at each CWT resulting in four data sets:

Removable o/B surface radioactivity measurements recorded in units of dpm/100 cm?
Total o/B surface radioactivity measurements recorded in units of dpm/100 cm?
Gross Gamma Radiation Scan measurements recorded in units of cpm

Gamma Radiation Exposure Rate measurements recorded in units of pR/hr

4.2.1.1 Removable Alpha/Beta Surface Radioactivity Measurement Results

Measurements of removable radioactivity were performed to evaluate potential internal radiation
exposures of workers through ingestion and/or inhalation. The results were evaluated using the
RG 1.86 surface radioactivity guidelines, Table 1. RG 1.86 requires that a and [ surface
radioactivity levels be evaluated separately. The primary o emitter of concern is Ra-226, with a
removable surface radioactivity criterion of 20 dpm /100 cm?. The primary B emitter of concern
is Ra-228 of the natural Th decay series with a removable surface radioactivity criterion of
200 dpm B/100 cm?.

The average removable a and 3 surface radioactivity levels were all below the RG 1.86 criteria.
The maximum removable o and B surface radioactivity levels were 38.1 dpm/100 cm? and
133 dpm/100 cm?. The summary results of removable o and B surface radioactivity are presented
in Table 4-23. Individual removable o and B surface radioactivity measurement results are
presented in Appendix D.
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4.2.1.2 Total Alpha/Beta Surface Radioactivity Measurement Results

Measurements of total a and 3 surface radioactivity were performed to evaluate potential internal
radiation exposures of workers through ingestion and/or inhalation. The results were evaluated
using the RG 1.86 surface radioactivity guidelines, Table 1. RG 1.86 requires that o and 3 surface
radioactivity levels be evaluated separately. The primary o emitter of concern is Ra-226, with a
total surface radioactivity criterion of 100 dpm 0/100 cm?. The primary B emitter of concern is
Ra-228 of the natural Th decay series with a total surface radioactivity criterion of
1,000 dpm B/100 cm?.

Eighteen of the 28 average total a surface radioactivity measurements were below the RG 1.86
surface radioactivity criterion. Three of the 28 average total § surface radioactivity measurements
were below the RG 1.86 surface radioactivity criterion. The maximum total o and B surface
radioactivity levels were 3,220 dpm/100 cm? and 50,400 dpm/100 cm?. The summary results of
total oo and B surface radioactivity measurements are presented in Table 4-24. Individual total o
and P surface radioactivity measurement results are presented in Appendix D.

4.2.1.3 Gross Gamma Radiation Scan Results

Gross gamma radiation scans recorded in cpm were performed on open land areas and accessible
areas of the CWT facilities to identify any areas with levels above local background. The summary
results of the gross gamma radiation scans for each plant are presented in Table 4-25. The highest
average count rate for the plants was 19,281 cpm, and the maximum count rate recorded was
401,688 cpm. A graphic display of the gamma radiation scan results at each facility was prepared
using GIS software. The resulting figures are in Appendix E.

4.2.1.4 Gamma Radiation Exposure Rate Results Summary

Gross gamma radiation scan results in units of cpm presented in Table 4-25 were converted to
uR/hr by dividing by 800 cpm per uR/hr, a conversion factor appropriate for Ra-226 gamma
energy as detected with 2-inch by 2-inch Nal detectors rounded to one significant figure (Table 6.4,
Nal Scintillation Detector Scan MDCs for Common Radiological Contaminants, NUREG-1507,
Minimum Detectable Concentrations With Typical Radiation Survey Instruments for Various
Contaminants and Field Conditions, USNRC June 1998). Table 4-26 presents statistical results
for each CWT facility. The highest average gamma radiation exposure rate was 24.1 uR/hr, and
the maximum gamma radiation exposure rate measured was 502 uR/hr.

4.2.2 Solid Sample Results

4.2.2.1 Filter Cake Samples

Three survey rounds were conducted at nine of the 10 CWTs. The 10th facility was added after
the first survey round was completed, resulting in only two surveys at that facility. Also, the 10th
facility is a primary treatment facility, so it does not produce a filter cake. A total of 25 filter cake
samples were collected from the nine plants. The results are presented in Table 4-27. The
analytical results indicate all the CWT filter cake samples contain elevated Ra-226 and Ra-228
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above typical background levels for soil. The maximum results were 294 pCi/g of Ra-226 and
177 pCi/g of Ra-228.

4.2.2.2 Solids/Sediment Samples

Four of the CWTs surveyed and sampled as part of the study are permitted to discharge effluent
wastewater to the environment. If the discharge point was accessible, surface soil impacted by
sediment was sampled. The gamma spectroscopy results are presented in Table 4-28. The Ra-226
results ranged from 2.50 to 421 pCi/g. The Ra-228 results ranged from 0.978 to 86.9 pCi/g.
Uranium and Th were also detected at surface soil typical background levels in some of the samples
because of natural soil collected along with the sediment.

4.2.2.3 Solids/Biased Samples

Gamma radiation walkover scans identified areas with radioactivity above local background. At
three of these locations, a biased soil sample was collected to determine the amount of activity at
or near the surface. The gamma spectroscopy results are presented in Table 4-29. Radium above
soil typical background levels to a maximum of 444 pCi/g Ra-226 and 83.1 pCi/g Ra-228 was
identified in biased soil samples.

4.2.3 Liquid Samples

Samples of influent and effluent, both filtered and unfiltered, were analyzed. Three survey rounds
were conducted at nine of the 10 CWTs. The 10th facility was added after the first survey round
was completed, resulting in only two surveys at that facility. Also, the 10th facility is only a
primary treatment facility, with the influent and the effluent essentially the same. Consequently,
only the influent was sampled at the 10" facility. A total of 31 effluent and 26 influent samples
were collected for filtered and unfiltered analysis. The filtered and unfiltered analyses are
presented separately. The gamma spectroscopy results, gross o, and gross 3 are presented in
Tables 4-30 through 4-33. Radium (Ra-226 and Ra-228) was routinely detected in all sample
types with little difference between influent and effluent or between filtered and unfiltered results
as presented for Ra-226 in Figure 4-1.

Figure 4-1. CWT Influent and Effluent Liquid Ra-226 Minimum, Maximum, and Average

Wgsotsfciter Filtered or Not Min (pCi/L) Max (pCi/L) Ave (pCi/L)
Effluent Filtered 18.0 14,900 2,100
Effluent Unfiltered 42.0 15,500 1,840
Influent Filtered 57.0 14,100 1,550
Influent Unfiltered 17.5 13,400 1,870

4.2.4 Indoor Radon Sampling Results

ATDs were deployed in the CWT plants at various indoor locations such as break rooms, labs,
offices, etc., and the results were evaluated using the EPA action level of 4.0 pCi/L. The results
ranged from 0.900 to 5.00 pCi/L. Two results exceeded the action level. The results of the
analyses are presented in Table 4-34. The Rn analytical reports are presented in Appendix H.
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4.2.5 Filtered Versus Unfiltered Sample Data Evaluation

Appendix I presents a complete evaluation of filtered versus unfiltered liquid samples for the
entire study. The conclusion from this evaluation is that there is no apparent trend or bias that
filtering produces. There were some subsets of data where either the unfiltered results or the
filtered results appear to be significantly higher. There was no statistically significant correlation
found within any sample group. Because the liquid samples were preserved by addition of acid
prior to filtering, the radioactive particulates may have entered solution and were therefore not
removed by filtering.

4.2.6 CWT Exposure Assessment

4.2.6.1 CWT External Radiation Exposure

The maximum average gamma radiation exposure rate measured at any of the CWT plants was
24.1 pR/hr. The lowest background gamma radiation exposure rate measured at any of the sites
was 5 uR/hr. Assuming the time period of exposure is a full occupational year of 2,000 hours, the
maximum average CWT annual external gamma radiation exposure was estimated as follows:

Maximum Average CWT External Gamma Radiation Exposure Estimate
(24.1 —5) pR/hr x 2,000 hr/yr x (1 mrem/1,000 uR gamma) = 38 mrem/yr

This is an estimate of the maximum average gamma radiation exposure based on 2,000 hours in
one year. The result is less than the 100 mrem/yr dose equivalent limit for a member of the public.
Actual exposure is dependent upon the actual exposure rates and occupancy time for individual
workers.

The maximum gamma radiation exposure rate measured was 502 prem/hr on contact with the
outside of a wastewater tank. Work in proximity of the tank could potentially result in an exposure
of 100 mrem in 200 hours of annual exposure or 10 percent of an employee’s 2,000-hour
occupational year. Actual annual exposure for a CWT worker is dependent upon actual exposure
rates and actual time worked in the proximity of the tank.

4.2.6.2 CWT Potential Internal Alpha/Beta Radioactivity Exposure

The total and removable ao/p surface radioactivity survey results are discussed in Sections 4.2.1.1
and 4.2.1.2. One hundred eighty-six of the 777 o measurements and 461 of the 777 f
measurements of total surface radioactivity exceeded the RG 1.86 criteria. Seven of the 805
removable a measurements and 6 of the 805 removable B measurements exceeded the RG 1.86
criteria. The average of the [ total surface radioactivity measurements exceeded the RG 1.86
criteria in 10 of the 11 CWT facilities surveyed. The average of the o total surface radioactivity
measurements exceeded the RG 1.86 criteria in four of the 11 CWT facilities surveyed. The
corresponding removable radioactivity measurements are mostly less than the RG 1.86 criteria,
indicating the total radioactive contamination measured is fixed to the surface and not immediately
available for inhalation or ingestion. Fixed a and B surface radioactivity may present a potential
inhalation or ingestion hazard if disturbed during routine system maintenance.
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4.2.6.3 Internal Radon Exposure

The Rn in indoor area air averaged 2.00 pCi/L. This average is below the EPA action level of
4 pCi/L and only slightly above the U.S. average indoor level of 1.3 pCi/L, as reported by EPA.

4.2.7 CWT Radiological Environmental Impacts

Sediment-impacted soil was collected at the accessible effluent discharge points at the CWTs. A
total of nine samples were collected. Radium above typical soil background levels to a maximum
of 508 pCi/g of total Ra was identified in the sediment-impacted soil samples. Effluent wastewater
also contained Ra and is the likely source of the Ra in sediment-impacted soil above soil typical
background levels.

4.3 Zero Liquid Discharge Plants

4.3.1 Survey Results
Radiological surveys were conducted at each ZLD facility resulting in four data sets:

Removable o/B surface radioactivity measurements recorded in units of dpm/100 cm?
Total o/ surface radioactivity measurements recorded in units of dpm/100 cm?
Gross Gamma Radiation Scan measurements recorded in units of cpm

Gamma Radiation Exposure Rate measurements recorded in units of pR/hr

4.3.1.1 Removable Alpha/Beta Surface Radioactivity Measurement Results

Measurements of removable surface radioactivity were performed to evaluate potential internal
radiation exposures of workers through ingestion and/or inhalation. The results were evaluated
using the RG 1.86 guidelines, Table 1. RG 1.86 requires that o and 3 surface radioactivity levels
be evaluated separately. The primary a emitter of concern is Ra-226, with a removable surface
radioactivity criterion of 20 dpm o/100 cm?. The primary B emitter of concern is Ra-228 of the
natural Th decay series with a removable surface radioactivity criterion of 200 dpm /100 cm?.
The average removable o and [ surface radioactivity levels were below the RG 1.86 criteria. The
maximum removable a and B surface radioactivity levels were 294 dpm/100 cm? and 342 dpm/100
cm?. The summary results of removable o and B surface radioactivity are presented in Table 4-35.
Individual removable o and [ surface radioactivity measurement results are presented in
Appendix D.

4.3.1.2 Total Alpha/Beta Surface Radioactivity Measurement Results

Measurements of total o and 3 surface radioactivity were performed to evaluate potential internal
radiation exposures of workers through ingestion and/or inhalation. The results were evaluated
using the RG 1.86 guidelines, Table 1. RG 1.86 requires that o and [ surface radioactivity levels
be evaluated separately. The primary o emitter of concern is Ra-226, with a total surface
radioactivity criterion of 100 dpm 0/100 cm?. The primary B emitter of concern is Ra-228 of the
natural Th decay series with a total surface radioactivity criterion of 1,000 dpm B/100 cm®. The
highest average total o and P surface radioactivity levels were 239 dpm/100 cm? and

May 2016 4-9



PA DEP TENORM Study Report — Section 4.0 Rev. 1

4,740 dpm/100 cm?. The maximum total o and B surface radioactivity levels were 1,410 dpm/100
cm? and 49,700 dpm/100 cm?. The summary results of total o and B surface radioactivity
measurements are presented in Table 4-36. Individual total o and [ surface radioactivity
measurement results are presented in Appendix D.

4.3.1.3 Gross Gamma Radiation Scan Results

Gross gamma radiation scans recorded in cpm were performed on open land areas and accessible
areas of the plant to identify levels of elevated gross gamma radiation. The results of the gross
gamma radiation scans are presented in Table 4-37. The highest average count rate for the plants
was 34,513 cpm, and the maximum count rate recorded was 356,274 cpm. A graphic display of
the gamma radiation scan results (figures) at each facility was prepared using GIS software. The
resulting figures are in Appendix E.

4.3.1.4 Gamma Radiation Exposure Rate Results Summary

Gross gamma radiation scan results in units of cpm presented in Table 4-37 were converted to
pR/hr by dividing by 800 cpm per puR/hr, a conversion factor appropriate for Ra-226 gamma
energy as detected with 2-inch by 2-inch Nal detectors rounded to one significant figure (Table 6.4,
Nal Scintillation Detector Scan MDCs for Common Radiological Contaminants, NUREG-1507,
Minimum Detectable Concentrations With Typical Radiation Survey Instruments for Various
Contaminants and Field Conditions, USNRC June 1998). Table 4-38 presents statistical results
for each ZLD facility. The highest average gamma radiation exposure rate was 43.1 uR/hr, and
the maximum gamma radiation exposure rate measured was 445 uR/hr.

4.3.2 Solid Sample Results

4.3.2.1 Filter Cake Samples

Three survey rounds were conducted at each of the nine ZLD plants and a total of 31 filter cake
samples were collected from the nine plants. The gamma spectroscopy results are presented in
Table 4-39. Radium-226 and Ra-228 were measured in ZLD filter cake samples at concentrations
above typical background levels for surface soils. Radium-226 concentrations ranged from 3.08
to 480 pCi/g, and Ra-228 concentrations ranged from 0.580 to 67.3 pCi/g.

4.3.2.2 Solids/Biased Samples

A single biased surface soil sample was collected. The gamma spectroscopy results are presented
in Table 4-40. The Ra-226 and Ra-228 were measured in concentrations above typical
background levels. The Ra-226 concentration was 37.1 pCi/g, and the Ra-228 concentration was
7.47 pCi/g.

4.3.3 Liquid Samples

Three survey and sample events were conducted at each of the nine ZLD plants. A total of 30
effluent samples and 26 influent samples were collected. The filtered and unfiltered sample
analyses results are presented separately. The results of the U series, Th Series, and Ac series with
K-40, gross a, and gross B are presented in Tables 4-41 through 4-44. Radium (Ra-226 and
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Ra-228) was routinely detected in all sample types with an approximate 50 percent difference
between influent and effluent, but little difference between filtered and unfiltered results, as

presented for Ra-226 results below in Figure 4-2.

Figure 4-2. ZLD Influent and Effluent Liquid Ra-226 Minimum, Maximum, and Average

Wgs(flel:v;ter Filtered or Not Min (pCi/L) Max (pCi/L) Ave (pCi/L)
Effluent Filtered 29.0 12,500 2,780
Effluent Unfiltered 33.0 11,900 2,610
Influent Filtered 38.5 20,900 4,660
Influent Unfiltered 134 17,100 4,710

4.3.4 Indoor Radon Sampling Results

ATDs were deployed in the ZLD plants at various indoor locations such as break rooms,
laboratories, offices, etc., and the results were evaluated using the EPA action level of 4 pCi/L.
The results ranged from 0.500 to 4.90 pCi/L. Two results exceeded the action level. The results
of the analyses are presented in Table 4-45. The Rn analytical reports are presented in
Appendix H.

4.3.5 Filtered Versus Unfiltered Sample Data Evaluation

Appendix I contains a complete evaluation of filtered versus unfiltered liquid samples for the
entire study. The conclusion from this evaluation is that there is no apparent trend or bias that
filtering produces. There were some subsets of data where either the unfiltered results or the
filtered results appear to be significantly higher. There was no statistically significant correlation
found within any sample group. Since the liquid samples were preserved by addition of acid prior
to filtering, the radioactive particulates may have entered solution and were therefore not removed
by filtering.

4.3.6 ZLD Worker Exposure Assessment

4.3.6.1 ZLD Worker Potential External Gamma Radiation Exposure

The maximum average gamma radiation exposure rate measured at any of the ZLD plants was
43.1 pR/hr. The lowest background gamma radiation exposure rate measured at any of the sites
was 5 uR/hr. Assuming the time period of exposure is a full occupational year of 2,000 hours, the
maximum average ZLD annual external gamma radiation exposure was estimated as follows:

Maximum Average ZLD External Gamma Radiation Exposure Estimate
(43.1 —5) pR/hr x 2,000 hr/yr x (1 mrem/1,000 uR gamma) = 76 mrem/yr

This is an estimate of the maximum average gamma radiation exposure based on 2,000 hours in
one year. The result is less than the 100 mrem/yr dose equivalent limit for a member of the public.
Actual exposure is dependent upon the actual exposure rates and occupancy time for individual
workers.
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The maximum gamma radiation exposure rate measured was 445 prem/hr on contact with the
outside of a wastewater tank. Work performed in the immediate proximity to the tank could
potentially result in an exposure of 100 mrem in 225 hours of annual exposure, or about 10 percent
of an employee’s 2,000-hour occupational year. Actual annual exposure for a ZLD worker is
dependent upon actual exposure rates and actual time worked in the proximity of the tank.

4.3.6.2 ZLD Worker Potential Internal Alpha/Beta Exposure

The total and removable a/p survey surface radioactivity results are discussed in Sections 4.3.1.1
and 4.3.1.2. One hundred fifty-nine of the 566 o measurements and 175 of the 566 [
measurements of total surface radioactivity exceeded the RG 1.86 criteria. Fourteen of the 589
removable oo measurements and two of the 589 removable 3 measurements exceeded the RG 1.86
criteria. The highest average total o. and B surface radioactivity levels were 239 dpm/100 cm? and
4,740 dpm/100 cm?. The maximum total a. and B surface radioactivity levels were 1,410 dpm/100
cm? and 49,700 dpm/100 cm?. The corresponding removable surface radioactivity measurements
are mostly less than the RG 1.86 criteria, indicating the total surface radioactivity measured is
fixed to the surface and not immediately available for inhalation or ingestion. Fixed o and 3
surface radioactivity may present a potential inhalation or ingestion hazard if disturbed during
routine system maintenance.

4.3.6.3 ZLD Worker Potential Internal Radon Exposure

The Rn in ambient indoor area air averaged 2.29 pCi/L. The average is above the average typical
background indoor level of 1.30 pCi/L in the U.S. as reported by EPA.

4.3.6.4 Gamma Radiation Exposure during Transport of Wastewater and Wastewater
Sludge

Gamma radiation exposure was estimated for the transport of wastewater from well sites to
WWTPs, and sludge from WWTPs to landfills. This was done for the driver of the transport truck.
The truck driver spends the most time near the TENORM-influenced wastewater during transport.

It was assumed a truck driver hauled full containers with either wastewater or sludge/filter cake
for four hours per day and made return trips with empty containers for four hours per day. The
driver was assumed to work 40 hours per week for 10 weeks per year hauling O&G wastewater or
sludge. Therefore, the total exposure time was assumed to be 200 hours per year as calculated
below:

Estimated Duration of Gamma Radiation Exposure for Truck Driver per Year
4 hr/day x 5 days/wk x 10 wks/yr =200 hrs/yr

Radiation exposure rates to the driver were not measured; they were modeled using the computer
program MicroShield®. The MicroShield® output files are presented in Appendix J. Two external
exposure scenarios were evaluated:

1. Exposure rate to a driver hauling wastewater based on the maximum measured concentrations
of Ra-226 and Ra-228 in wastewater.
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2. Exposure rate to a driver hauling sludge or filter cake based on the maximum measured
concentrations of Ra-226 and Ra-228 in sludge.

The input and output of MicroShield® based on the two scenarios are summarized in Figure 4-3.

Figure 4-3. MicroShield® External Exposure Scenarios Input/Output

Scenario
LT Was.tewater Truck Sludge/l?ilter Cake Roll-off
Maximum Measured Maximum Measured
Concentration, Scenario 1 Concentration, Scenario 2
Volume 3,800 gallons 20 cubic yards
Shielding Material Stainless steel, 0.5 cm thick Iron, 0.3 cm thick
Ra-226 and Progeny Input 18,400 pCi/L 480 pCi/g
Concentration
Ra-228 and Progeny Input 1,440 pCi/L 183 pCi/g
Concentration
Resulting Driver Exposure
Rate (urem/hr) 14.7 1,340
Exposure Rate per Radium 0.000741 prem/hr / pCi/L of 2.02 urem/hr / pCi/g of total Ra
Concentration total Ra

Maximum Wastewater Truck Driver External Gamma Radiation Exposure Estimate

0.000741 prem/hr / pCi/L x 2,380 pCi/L x 200 hr/yr x (1 mrem/1,000 prem gamma) =
0.35 mrem/yr

This is an estimate of the maximum annual gamma radiation exposure based on the maximum total
Ra activity concentration of influent wastewater measured and 200 hours exposure in one year.
The result is less than the 100 mrem/yr dose equivalent limit for a member of the public. Actual
exposure is dependent upon the actual exposure rates and occupancy time for individual workers.

Maximum Sludge Truck Driver External Gamma Radiation Exposure Estimate
2.02 prem/hr / pCi/g x 129 pCi/g x 200 hr/yr x (1 mrem/1,000 prem gamma) = 52 mrem/yr

This is an estimate of the maximum annual gamma radiation exposure based on the maximum total
Ra activity concentration in sludge measured and 200 hours of exposure in one year. The result is
less than the 100 mrem/yr dose equivalent limit for a member of the public. Actual exposure is
dependent upon the actual exposure rates and occupancy time for individual workers.

The sludge truck driver assessment is conservative due to the following: solid samples were dried
prior to gamma spectroscopy analysis, artificially increasing the activity concentration results in
direct proportion to the moisture content of the sample, i.e., after removal of the weight of the
wastewater within the sludge sample. In addition, the MicroShield® activity input includes all of
the Ra progeny in secular equilibrium. Often the sludge is “fresh,” i.e., progeny ingrowth has not
progressed to secular equilibrium and the progeny activity is only a fraction of the Ra activity.
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4.3.7 Alpha Spectroscopy Analysis of Filter Cake

Elevated Ra-226 and Ra-228 and progeny activity were detected in CWT and ZLD filter cake
samples analyzed by gamma spectroscopy. Due to the low solubility in water of U and Th, relative
to Ra, U and Th were not present in wastewater and resulting filter cake at the elevated levels
observed for Ra. Because gamma spectroscopy analysis of solid and liquid samples is limited in
regards to the quantification of U and Th isotopes (Section 2.3), a spectroscopy analysis to
measure U (U-238, U-234, and U-235) and Th (Th-232, Th-230, and Th-228), isotope activity
levels was performed on 10 filter cake samples. The results are presented in Table 4-46. The
U-238, U-234, and Th-230, all members of the natural U decay series above Ra-226, were
measured at approximately 1/3 of typical background activity in soil. Uranium-235 is only
identified once > MDC. Th-232, a member of the natural Th decay series above Ra-228, was
measured at approximately %4 of typical background activity in soil. Only Th-228, a progeny of
Ra-228, was measured at activity concentrations comparable to Ra-228 identified by gamma
spectroscopy. The a spectroscopy results confirm the low solubility of U and Th, resulting in low
activity levels in wastewater and sludge/filter cake.
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Table 4-3. POTW-I Gross Gamma Radiation Scan Results Summary
. GWS Max* | GWS Min® GWS GWSStd | No.Data
A (cpm) (cpm) e Dev (cpm) Points
(cpm)
12 9,514 4,966 7,184 633 7,129
13 9,362 3,404 5,072 829 4,408
13 20,761 3,608 6,019 2,694 8,553
13 18,203 3,486 5,418 2,082 5,474
14 33,141 3,112 5,582 2,517 7,638
14 29,220 3,867 6,110 2,272 7,302
14 32,253 3,680 6,435 3,812 3,275
15 131,626 3,804 20,392 14,569 3,508
15 162,535 5,684 18,319 16,130 7,334
15 205,446 5,452 29,034 36,865 3,052
16 10,005 3,463 5,671 870 9,390
16 13,915 3,723 5,628 1,050 9,520
16 13,597 3,473 6,871 1,722 2,026
17 150,649 3,305 9,194 10,116 4,509
17 156,738 3,478 11,137 17,801 3,003
*Convert count rate data to exposure rate by dividing count rate by 800 to yield puR/hr.
Table 4-4. POTW-I Results Summary of Nal Count Rate Data
Converted to Exposure Rates
Site GWS Max GWS Min Aff;e‘xfge GWS Std No. Pata
(nR/hr) (uR/hr) (uR/hr) Dev (uR/hr) Points
12 11.9 6.21 8.98 0.791 7,129
13 11.7 4.26 6.34 1.04 4,408
13 26.0 4.51 7.52 3.37 8,553
13 22.8 4.36 6.77 2.60 5,474
14 41.4 3.89 6.98 3.15 7,638
14 36.5 4.83 7.64 2.84 7,302
14 40.3 4.60 8.04 4.77 3,275
15 165 4.76 25.5 18.2 3,508
15 203 7.11 22.9 20.2 7,334
15 257 6.82 36.3 46.1 3,052
16 12.5 4.33 7.09 1.09 9,390
16 17.4 4.65 7.04 1.31 9,520
16 17.0 4.34 8.59 2.15 2,026
17 188 4.13 11.5 12.6 4,509
17 196 4.35 13.9 22.3 3,003
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Table 4-5. POTW-I Filter Cake Results Summary — Gamma Spectroscopy Results

Ra-226 | Ra-228 K-40

StudyID | (pcifg) | pCiim) | (Cilg)
WT-12-SL-030 6.37 1.56 4.04
WT-12-SL-048 9.75 1.87 6.94
WT-12-SL-085 5.16 0.854 2.69
WT-13-SL-021 6.50 3.08 3.96
WT-13-SL-060 21.3 2.99 9.38
WT-13-SL-065 17.4 8.69 3.93
WT-14-SL-017 55.6 32.0 7.77
WT-14-SL-052 9.27 2.80 14.3
WT-14-SL-068 13.1 6.73 6.71
WT-15-SL-057 41.9 19.7 12.9
WT-16-SL-026 5.01 1.29 6.95
WT-16-SL-044 52.6 5.21 7.78
WT-16-SL-073 2.71 0.894 0.822
WT-17-SL-059 35.1 19.2 6.14
Average 20.1 7.63 6.74
Std. Dev. 18.5 9.40 3.71
Median 114 3.04 6.83
Minimum 2.71 0.854 0.822
Maximum 55.6 32.0 14.3
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Table 4-6. POTW-N Filter Cake Results Summary — Gamma Spectroscopy Results

Ra-226 Ra-228 K-40
Study ID (Cily) | @Cilm) | (pCilg)
WT-26-SL-094 3.97 1.31 5.47
WT-26-SL-095 3.61 1.46 541
WT-27-SL-096 2.33 0.817 6.51
WT-27-SL-097 5.76 1.12 431
WT-28-SL-098 7.36 1.84 6.57
WT-28-SL-099 3.78 1.07 6.55
WT-29-SL-100 354 7.26 7.66
WT-29-SL-101 15.6 3.28 7.34
Average 9.72 2.26 6.23
Std. Dev. 11.2 2.16 1.10
Median 4.87 1.39 6.53
Minimum 2.33 0.817 431
Maximum 354 7.26 7.66

Table 4-7. POTW-I Sediment Sample Results Summary — Gamma Spectroscopy Results

Ra-226 | Ra-228 | K-40
(pCi/g) | (pCi/g) | (pCi/g)
WT-14-SL-018 | 4.25 1.96 10.3
WT-14-SL-053 | 1.83 | 0.799 | 8.71
WT-14-SL-069 | 3.94 1.96 5.53
WT-15-SL-020 | 16.6 6.25 15.7
WT-15-SL-056 | 18.2 6.19 13.0
WT-15-SL-067 | 15.3 5.77 24.5
WT-17-SL-058 | 2.91 1.69 6.20

Study ID

Average 9.00 3.52 12.0
Std. Dev. 7.29 2.42 6.58
Median 4.25 1.96 10.3
Minimum 1.83 0.799 5.53
Maximum 18.2 6.25 24.5
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Table 4-8. POTW-I Filtered Effluent Results Summary —
Gamma Spectroscopy and Miscellaneous Results
Ra-226 | Ra228 | Ko | Cross | Gross
Study ID (pCi/L) (pCi/lL) | (pCilL) Alp.ha Be.ta
(pCi/L) | (pCi/L)
WT-12-LQ-098 134 <18.0 <66.0 <196 <392
WT-12-LQ-159 <127 <25.0 81.0 <5.77 10.6
WT-12-LQ-295 77.0 <13.0 42.0 195 365
WT-13-LQ-054 <126 <220 73.0 <29.6 <189
WT-13-LQ-193 101 <16.0 46.0 <114 <198
WT-13-LQ-209 363 <10.0 53.0 <123 <203
WT-14-LQ-044 <130 <24.0 56.0 <258 <163
WT-14-LQ-171 87.0 <12.0 60.0 <111 <186
WT-14-LQ-215 104 <13.0 71.0 <118 <202
WT-15-LQ-052 191 <24.0 <81.0 <213 <16.2
WT-15-LQ-185 <139 <25.0 <98.0 <5.67 8.70
WT-15-LQ-223 120 25.0 52.0 <16l <198
WT-16-LQ-079 101 <8.00 34.0 <2.26 5.77
WT-16-LQ-145 57.0 <6.00 55.0 <6.96 11.3
WT-16-LQ-241 335 <9.00 <320 4.64 10.7
WT-17-LQ-191 154 <18.0 <48.0 <121 <187
WT-17-LQ-217 116 12.0 <33.0 <127 <203
Average 129 9.34 48.1 42.9 75.0
Std. Dev. 93.1 5.35 19.0 49.6 88.8
Median 101 8.50 50.5 35.1 87.3
Minimum 57.0 3.00 16.0 1.13 5.77
Maximum 363 25.0 81.0 195 365
< —indicates a value less than the reported number which is the MDC.
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Table 4-9. POTW-I Unfiltered Effluent Results Summary —
Gamma Spectroscopy and Miscellaneous Results

Ra-226 | Ra-228 K40 | Gross | Gross
Study ID (pCi/L) (pCi/L) (pCi/L) Alp‘ha Be-ta
(pCGi/lL) | (pCGi/L)
WT-12-LQ-097 <67.0 <10.0 51.1 <284 <396
WT-12-LQ-160 94.0 <11.0 41.0 9.63 10.9
WT-12-LQ-296 59.0 <5.00 40.0 <192 <207
WT-13-LQ-053 113 <8.00 37.0 <36.5 <135
WT-13-LQ-194 82.0 <5.00 55.0 <117 <187
WT-13-LQ-210 <35.0 <23.0 <11.0 <144 <194
WT-14-LQ-043 122 <18.0 80.0 <84.2 <158
WT-14-LQ-172 340 <15.0 <58.0 <464 <218
WT-14-LQ-216 <128 <27.0 <106 <136 <193
WT-15-LQ-051 80.0 <9.00 53.0 <177 <163
WT-15-LQ-186 135 <9.00 <27.0 11.0 9.60
WT-15-LQ-224 <79.0 27.0 64.0 <235 <209
WT-16-LQ-080 100 <9.00 33.0 <3.13 7.16
WT-16-LQ-146 <67.0 <11.0 <41.0 <2.16 7.71
WT-16-LQ-242 107 <9.00 44.0 <2.51 10.5
WT-17-LQ-192 100 21.0 82.0 1,110 337
WT-17-LQ-218 156 35.0 31.0 <152 <197
Average 103 10.4 42.6 125 82.1
Std. Dev. 73.7 9.40 21.5 269 79.3
Median 97.0 5.75 40.5 63.3 87.5
Minimum 17.5 2.50 5.50 1.08 7.16
Maximum 340 35.0 82.0 1,110 337
< —indicates a value less than the reported number which is the MDC.
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Table 4-10. POTW-N Filtered Effluent Results Summary —
Gamma Spectroscopy and Miscellaneous Results
Ra-226 | Ra-228 | K-4o | Cross | Gross
Study ID (pCilL) | (pCi/L) | (pCilL) Alp.ha Be-ta
(pCi/L) | (pCi/L)
WT-26-LQ-300 <74.0 15.0 60.0 <7.65 5.29
WT-27-LQ-304 <44.0 <5.00 42.0 <10.8 5.72
WT-28-LQ-308 <23.0 <5.00 53.0 <4.78 7.64
WT-29-LQ-312 116 17.0 56.0 <4.83 14.6
Average 46.6 9.25 52.8 3.51 8.31
Std. Dev. 47.4 7.84 7.72 1.43 4.31
Median 29.5 8.75 54.5 3.12 6.68
Minimum 11.5 2.50 42.0 2.39 5.29
Maximum 116 17.0 60.0 5.40 14.6
< —1indicates a value less than the reported number which is the MDC.
Table 4-11. POTW-N Unfiltered Effluent Results Summary —
Gamma Spectroscopy and Miscellaneous Results
Ra-226 | Ra-228 | K-4o | Cross | Gross
Study ID (pCi/L) | (pCi/L) | (pCi/L) Alp.ha Be.ta
(pCi/L) | (pCi/L)

WT-26-LQ-299 328 <9.00 <34.0 <6.46 5.75
WT-27-LQ-303 115 <7.00 57.0 <7.48 7.48
WT-28-LQ-307 78.0 <14.0 49.0 <5.18 7.15

WT-29-LQ-311 59.0 5.00 66.0 <191 <209
Average 145 5.00 47.3 26.3 31.2

Std. Dev. 124 1.47 21.3 46.2 48.9
Median 96.5 4.75 53.0 3.49 7.32
Minimum 59.0 3.50 17.0 2.59 5.75
Maximum 328 7.00 66.0 95.5 105

< —indicates a value less than the reported number which is the MDC.
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Table 4-12. POTW-I Filtered Influent Results Summary —
Gamma Spectroscopy and Miscellaneous Results
Ra-226 | Ra228 | Ko | Oross | Gross
Study ID (pCi/L) (pCilL) | (pCi/L) Alp‘ha Be.ta
(pCGi/L) | (pCi/L)
WT-12-LQ-096 66.0 8.00 49.0 <5.64 <791
WT-12-LQ-157 109 <14.0 32.0 <13.2 <5.01
WT-12-LQ-293 100 8.00 63.0 <290 <230
WT-13-LQ-056 <154 <29.0 137 <207 <394
WT-13-LQ-195 115 <20.0 <68.0 <183 <201
WT-13-LQ-211 58.0 6.00 53.0 <13.2 <8.48
WT-14-LQ-042 260 <48.0 <171 <16.8 <155
WT-14-LQ-169 <770 <12.0 <41.0 489 <199
WT-14-LQ-213 82.0 10.0 63.0 <323 <230
WT-15-LQ-050 498 <28.0 <82.0 | <173 <16.1
WT-15-LQ-183 245 103 <141 11.0 9.60
WT-15-LQ-225 255 91.0 31.0 490 <207
WT-16-LQ-077 <84.0 <17.0 119 <2.63 6.24
WT-16-LQ-143 5,910 878 44.0 11,400 11,300
WT-16-LQ-243 66.0 5.00 43.0 <3.31 6.75
WT-17-LQ-189 <121 23.0 33.0 <117 <198
WT-17-LQ-219 <74.0 20.0 49.0 <154 <196
Average 497 76.8 56.9 768 722
Std. Dev. 1,450 216 314 2,740 2,730
Median 91.0 12.0 49.0 58.5 98.0
Minimum 37.0 5.00 20.5 1.32 2.51
Maximum 5,910 878 137 11,400 11,300
< —indicates a value less than the reported number which is the MDC.
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Table 4-13. POTW-I Unfiltered Influent Results Summary —
Gamma Spectroscopy and Miscellaneous Results

Ra-226 | Ra-228 K40 | Gross | Gross
Study ID (pCi/L) (pCi/L) (pCi/L) Alp.ha Be.ta
(pCi/L) | (pCi/L)
WT-12-LQ-095 <113 <19.0 <59.0 <220 <392
WT-12-LQ-158 90.0 <15.0 <54.0 6.28 10.1
WT-12-LQ-294 345 <7.00 <21.0 <110 <201
WT-13-LQ-055 91.0 <16.0 69.0 <144 76.4
WT-13-LQ-196 95.0 <15.0 72.0 <287 <224
WT-13-LQ-212 96.0 <9.00 54.0 <134 14.5
WT-14-LQ-041 259 <48.0 <171 <14.8 17.2
WT-14-LQ-170 57.0 20.0 65.0 <118 <199
WT-14-LQ-214 120 9.00 47.0 <301 <227
WT-15-LQ-049 <73.0 <15.0 <50.0 <4.32 4.89
WT-15-LQ-184 514 48.0 <67.0 240 <196
WT-15-LQ-226 479 227 <102 1,190 493
WT-16-LQ-078 343 <9.00 <5.00 <1.85 7.50
WT-16-LQ-144 106 <9.00 30.0 <391 9.94
WT-16-LQ-244 131 41.0 65.0 <748 9.64
WT-17-LQ-190 100 14.0 56.0 <120 <200
WT-17-LQ-220 178 20.0 45.0 <125 <203
Average 190 28.1 46.1 125 85.9
Std. Dev. 146 529 22.4 283 114
Median 120 9.00 47.0 55.0 92.0
Minimum 36.5 3.50 2.50 0.925 4.89
Maximum 514 227 85.5 1,190 493
< —indicates a value less than the reported number which is the MDC.
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Table 4-14. POTW-N Filtered Influent Results Summary —
Gamma Spectroscopy and Miscellaneous Results

Ra-226 | Ra-228 | K-4o | Cross | Gross
Study ID (pCilL) | (pCi/L) | (pCilL) Alp.ha Be-ta
(pCi/L) | (pCi/L)
WT-26-LQ-298 134 10.0 30.0 13.0 6.62
WT-27-LQ-302 64.0 <5.00 38.0 15.2 11.6
WT-28-LQ-306 84.0 <14.0 62.0 4.57 12.4
WT-29-LQ-310 58.0 <4.00 52.0 <5.29 8.38
Average 85.0 5.38 45.5 8.85 9.75
Std. Dev. 345 3.82 14.3 6.17 2.71
Median 74.0 4.75 45.0 8.79 9.99
Minimum 58.0 2.00 30.0 2.65 6.62
Maximum 134 10.0 62.0 15.2 12.4
< —indicates a value less than the reported number which is the MDC.
Table 4-15. POTW-N Unfiltered Influent Results Summary —
Gamma Spectroscopy and Miscellaneous Results
Ra-226 | Ra228 | Ko | Cross | Gross
Study ID (pCilL) | (pCi/L) | (pCilL) Alp.ha Be.ta
(pCGi’L) | (pCi/L)

WT-26-LQ-297 113 <10.0 <33.0 <173 <207

WT-27-LQ-301 92.0 32.0 44.0 <192 <209

WT-28-LQ-305 91.0 <10.0 43.0 <169 <207
WT-29-LQ-309 114 <9.00 <29.0 <4.21 8.63
Average 103 11.6 29.5 67.3 80.0
Std. Dev. 12.7 13.6 16.2 43.7 47.6
Median 103 5.00 29.8 85.5 104
Minimum 91.0 4.50 14.5 2.11 8.63
Maximum 114 32.0 44.0 96.0 105

< —indicates a value less than the reported number which is the MDC.
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Table 4-16. POTW-1I Ambient Radon

Facility Location Radon (pCi/L) Percent Error
WT-17-RA-001 Lab 2.20 4%
WT-17-RA-002 Filter Press Room 3.10 3%
WT-17-RA-003 Not Given 0.200 12%
WT-15-RA-001 Old Lab 0.700 7%
WT-12-RA-001 Filter Press Room 0.500 8%
WT-12-RA-002 Break Room 0.500 8%
WT-14-RA-001 Press Room Shelf 0.700 7%
WT-14-RA-002 Break Room 8.70 2%
WT-16-RA-001 Filter Press Room 0.600 9%
WT-16-RA-002 Break Room 1.20 7%
WT-13-RA-001 Load and Filter 0.900 6%
WT-13-RA-002 Lab 1.60 5%

Average 1.74
Median 0.800
St. Dev. 2.34

Minimum 0.200
Maximum 8.70

Note: ATDs. Lower level of detection (LLD) for 10 pCi/L-day is 0.1 pCi/L for 90-day test, 0.3 pCi/L for

30-day test.

Table 4-17. POTW-I vs POTW-N Average Concentrations Comparison for Filtered

Filtered Sample Set Ra-226 Ra-228 Gross Alpha | Gross Beta
Averages for: (pCi/L) (pCi/L) (pCi/L) (pCi/L)
POTW-I Effluent 129 9.34 42.9 75.0
POTW-N Effluent 46.6 9.25 3.51 8.31
POTW-I Influent 497 76.8 768 722
POTW-N Influent 85.0 5.38 8.85 9.75

Table 4-18. POTW-I vs POTW-N Average Concentrations Comparison for Unfiltered

Unfiltered Sample Set Ra-226 Ra-228 Gross Alpha | Gross Beta
Averages for: (pCi/L) (pCi/L) (pCi/L) (pCi/L)
POTW-I Effluent 103 10.4 125 82.1
POTW-N Effluent 145 5.00 26.3 31.2
POTW-I Influent 190 28.1 125 85.9
POTW-N Influent 103 11.6 67.3° 80.0
2All sample results were < MDC value reported.
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Table 4-19. Average Radium, Gross Alpha, and Gross Beta Concentrations for
Filtered Influent and Effluent POTW Samples
Filtered Sample Set Ra-226 Ra-228 Gross Alpha | Gross Beta
Averages for: (pCi/L) (pCi/L) (pCi/L) (pCi/L)
POTW-I Influent 497 76.8 768 722
POTW-I Effluent 129 9.34 42.9 75.0
POTW-N Influent 85.0 5.38 8.85 9.75
POTW-N Effluent 46.6 9.25 3.51 8.31
Table 4-20. Average Radium, Gross Alpha, and Gross Beta Concentrations for
Unfiltered Influent and Effluent POTW Samples
Unfiltered Sample Set Ra-226 Ra-228 Gross Alpha | Gross Beta
Averages for: (pCi/L) (pCi/L) (pCi/L) (pCi/L)
POTW-I Influent 190 28.1 125 85.9
POTW-I Effluent 103 10.4 125 82.1
POTW-N Influent 103 11.6 67.3% 80.0
POTW-N Effluent 145 5.00 26.3 31.2

2All sample results were < MDC value reported.
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Table 4-21. POTW-I Sediment and Effluent Results for Ra-226 and Ra-228
Ra-226/
Sample . .
Set Study ID Sample Type | Ra-226 | Units | Ra-228 | Units | Ra-228
Ratio
WT-17-SL-058 Sediment 291 | pCi/g 1.69 | pCi/g 1.72
POTW 1 | WT-17-LQ-218 | Liuent- | ysc | ocin | 350 | pCill | 446
Unfiltered
Round 2 Effluent -
WT-17-LQ-217 Filtered 116 |pCv/L | 12.0 | pCi/L 9.67
WT-14-SL-018 Sediment 425 | pCi/lg | 196 | pCilg 2.17
POTW?2 | WT-14-1Q-043¢ | Effluent- 10y 1 ociL | 900 |pCiL | 136
Unfiltered
Round 1 Effluent -
WT-14-LQ-044 Filtered 65.0 | pCi/L | 12.0 | pCi/L 542
WT-14-SL-053 Sediment 1.83 pCi/g | 0.799 | pCi/g 2.29
POTW 2 | WT-14-LQ-172¢ | [Effluent- 340 | pCi/L | 7.50 |pCilL | 453
Unfiltered
Round 2 Effluent
WT-14-LQ-171 Filtered 87.0 | pCi/L | 6.00 | pCi/L 14.5
WT-14-SL-069 Sediment 3.94 | pCi/g 1.96 | pCi/g 2.01
POTW 2 | WT-14-LQ-216 | Lfiluent- 64.0 |pCi/L | 135 |pCilL | 4.74
Unfiltered
Round 3 Effluent -
WT-14-LQ-215 Filtered 104 | pCi/L | 6.50 | pCi/L 16.0
WT-15-SL-020 Sediment 16.6 | pCi/g | 6.25 | pCi/g 2.66
POTW 3 | WT-15-LQ-051 Effluent - 80.0 |pCi/L | 450 |pCi/L| 17.8
Unfiltered
Round 1 Effluent -
WT-15-LQ-052 Filtered 191 pCi/L | 12.0 | pCi/L 15.9
WT-15-SL-056 Sediment 18.2 pCi/g 6.19 pCi/g 2.94
POTW 3 | WT-15-LQ-186* | Liluent- 135 | pCi/L | 450 |pCiL| 30.0
Unfiltered
Round 2 Effluent -
WT-15-LQ-185 Filtered 69.5 | pCi/L | 12.5 | pCi/L 5.56
WT-15-SL-067 Sediment 15.3 pCi/g 5.77 | pCi/g 2.65
POTW3 | WT-15-LQ-224 | Flifluent- 395 | pCilL | 27.0 |pCi/L | 1.46
Unfiltered
Round 3 Effluent -
WT-15-LQ-223 Filtered 120 | pCi/L | 25.0 | pCi/L 4.80
2 Result was not detected, Y4 of the reported MDC was presented.
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Table 4-22. POTW Sediment and Effluent Ratios for Ra-226/Ra-228

May 2016

Ratio S(e((:li;/n;n:s Sediments | Sediments U(Ig-;l;,errid Unfiltered | Unfiltered Fé:;;ei Filtered | Filtered
Statistic POTW) (CWT) (POTW) POTW) (CWT) (POTW) POTW) (CWT) | (POTW)
Average 3.00 3.40 2.40 8.40 11.4 5.30 5.70 3.80 8.30
Std Dev 0.900 0.900 0.400 6.70 8.30 3.40 3.90 3.60 3.00
Max 4.80 4.80 2.90 21.3 21.3 10.0 10.4 9.20 10.4
Min 1.70 2.30 1.70 1.00 1.00 2.00 1.10 1.10 4.80
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Table 4-25. Summary of Nal Count Rate Data at CWTs
. GWSMax* | GWsMin* | WS | GWSStd Dev | No.Data
L (cpm) (cpm) Average® (cpm) Points
(cpm)

1 152,322 4,717 18,543 19,037 2,192
1 252,693 3,273 12,750 24,179 9,513
1 178,291 4,843 17,806 23,505 2,077
2 69,545 4,844 13,849 10,904 2,360
2 33,174 3,850 8,141 2,490 4,743
2 203,895 4,909 19,281 29,028 2,057
3 12,172 5,208 8,375 916 1,162
3 13,983 4,579 7,790 1,655 3,741
3 111,523 5,120 13,819 14,182 2,950
4 288,000 5,448 11,725 24,058 6,492
4 401,688 5,445 15,883 38,194 6,720
4 20,932 7,065 9,310 1,114 3,015
5 20,666 4,751 7,273 752 12,166
5 10,640 5,766 7,532 650 7,274
5 10,369 5,805 7,414 625 5,977
7 9,397 5,124 6,742 796 825
8 27,735 2,611 6,927 3,495 2,924
8 9,915 2,718 5,223 975 6,552
8 24,840 2,723 7,302 3,383 1,812
9 33,141 3,112 5,582 2,517 7,638
9 29,220 3,867 6,110 2,272 7,302
10 12,455 4,175 5,880 1,093 5,790
10 13,200 7,756 5,708 1,398 7,756
11 150,649 3,305 9,194 10,116 4,509
11 156,738 3,478 11,137 17,801 3,003

*Convert count rate data to exposure rate by dividing count rate by 800 to yield prem/hr.
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Table 4-26. Results Summary of Nal Count Rate Data Converted to Exposure Rates

Site GWS Max | GWS Min | GWS Average | GWS Std Dev | No. Data
(uR/hr) (uR/hr) (uR/hr) (uR/hr) Points
1 190 5.90 23.2 23.8 2,192
1 316 4.09 15.9 30.2 9,513
1 223 6.05 22.3 29.4 2,077
2 86.9 6.06 17.3 13.6 2,360
2 41.5 4.81 10.2 3.11 4,743
2 255 6.14 24.1 36.3 2,057
3 15.2 6.51 10.5 1.15 1,162
3 17.5 5.72 9.74 2.07 3,741
3 139 6.40 17.3 17.7 2,950
4 360 6.81 14.7 30.1 6,492
4 502 6.81 19.9 47.7 6,720
4 26.2 8.83 11.6 1.39 3,015
5 25.8 5.94 9.09 0.940 12,166
5 13.3 7.21 9.42 0.813 7,274
5 13.0 7.26 9.27 0.781 5,977
7 11.7 6.41 8.43 1.00 825
8 34.7 3.26 8.66 4.37 2,924
8 12.4 3.40 6.53 1.22 6,552
8 31.1 3.40 9.13 4.23 1,812
9 41.4 3.89 6.98 3.15 7,638
9 36.5 4.83 7.64 2.84 7,302
10 15.6 5.22 7.35 1.37 5,790
10 16.5 9.70 7.14 1.75 7,756
11 188 4.13 11.5 12.6 4,509
11 196 4.35 13.9 22.3 3,003
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Table 4-27. CWT Solids, Filter Cake — Gamma Spectroscopy Results
Ra-226 Ra-228 K-40
SR (pCilg) | (@Cily) | (pCilg)
WT-01-SL-009 208 106 <1.33
WT-01-SL-037 261 137 <2.01
WT-01-SL-084 256 132 12.0
WT-02-SL-006 120 75.0 15.7
WT-02-SL-036 118 66.0 12.8
WT-02-SL-081 164 97.2 13.0
WT-03-SL-012 56.6 13.5 10.7
WT-04-SL-013 59.9 57.3 7.65
WT-04-SL-050 35.1 36.0 5.04
WT-04-SL-062 70.1 59.4 5.22
WT-04-SL-063 165 91.7 8.74
WT-05-SL-022 82.1 49.8 9.91
WT-05-SL-061 10.1 5.03 6.06
WT-05-SL-064 104 52.4 9.13
WT-08-SL-027 67.5 6.46 7.47
WT-08-SL-047 35.7 3.59 10.5
WT-08-SL-072 52.1 4.46 4.13
WT-08-SL-088 41.1 3.45 <0.553
WT-08-SL-089 15.7 2.44 17.4
WT-09-SL-019 174 108 9.05
WT-09-SL-054 269 164 13.7
WT-09-SL-066 294 177 16.1
WT-10-SL-029 3.88 0.363 0.969
WT-10-SL-049 5.97 0.687 2.89
WT-06-SL-045 24.7 2.74 11.1
Average 108 58.1 8.45
Std. Dev. 91.0 55.7 5.03
Median 70.1 52.4 9.05
Minimum 3.88 0.363 0.277
Maximum 294 177 17.4
< —indicates a value less than the reported number which is the MDC.
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Table 4-28. CWT Solids, Sediment — Gamma Spectroscopy Results

Ra-226 Ra-228 K-40

Study ID (pCily) | (Cily) | (pCilg)
WT-01-SL-010 105 29.7 8.44
WT-01-SL-038 37.2 12.4 7.17
WT-01-SL-083 76.8 20.0 8.31
WT-02-SL-007 5.86 2.59 4.55
WT-02-SL-035 3.60 1.37 4.67
WT-02-SL-082 2.50 0.978 9.26
WT-03-SL-011 4.72 1.54 6.34
WT-04-SL-014 101 22.7 10.1
WT-04-SL-051 421 86.9 10.0
Average 84.2 19.8 7.65
Std. Dev. 133 27.4 2.11
Median 37.2 12.4 8.31
Minimum 2.50 0.978 4.55
Maximum 421 86.9 10.1

Table 4-29. CWT Solids, Biased Soil - Gamma Spectroscopy Results

Study ID Ra-226 | Ra-228 | K-40 U-238 | U-235
(pCilg) | (pCi/g) | (pCi/g) | (pCi/g) | (pCi/g)
WT-01-SL-008 117 30.6 17.0 <2.46 1.83
WT-02-SL-034 13.3 4.26 5.06 <3.14 | <0331
WT-04-SL-015 444 83.1 10.5 <337 |<0.774
Average 191 39.3 10.9 1.50 0.794
Std. Dev. 225 40.1 5.98 0.240 0.904
Median 117 30.6 10.5 1.57 0.387
Minimum 13.3 4.26 5.06 1.23 0.166
Maximum 444 83.1 17.0 1.69 1.83

< —indicates a value less than the reported number which is the MDC.
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Table 4-30. CWT Filtered Effluent — Gamma Spectroscopy and Miscellaneous Results

Study ID Ra--226 Ra--228 K-fm ﬁ;;s;a Gross-Beta
(pCV/L) | (pCVL) | (pCi/L) (pCi/L) (pCi/L)
WT-01-LQ-023 110 <19.0 334 <1,270 <847
WT-01-LQ-115 <169 55.0 406 <1,040 <909
WT-01-LQ-281 287 <18.0 235 <2,040 <879
WT-02-LQ-021 113 <15.0 116 13.1 <263
WT-02-LQ-111 86.0 <16.0 140 <1,340 <872
WT-02-LQ-279 55.0 6.00 174 < 1,950 <870
WT-03-LQ-029 <36.0 <5.00 52.0 <50.1 45.7
WT-03-LQ-121 91.0 <11.0 52.0 <104 <190
WT-03-LQ-287 86.0 <9.00 62.0 <192 <208
WT-04-LQ-031 76.0 37.0 403 <692 <422
WT-04-LQ-165 104 94.0 618 <2,200 <940
WT-04-LQ-201 320 68.0 339 < 1,040 <802
WT-05-LQ-058 215 118 595 <762 504
WT-05-LQ-197 150 <9.00 282 <950 608
WT-05-LQ-207 181 80.0 607 < 1,810 <938
WT-07-LQ-015 5,510 849 888 ND 7,660
WT-07-LQ-109 1,630 324 586 2,330 1,080
WT-07-LQ-273 8,810 1,740 360 21,400 8,700
WT-08-LQ-081 84.0 <9.00 <30.0 1.13 <0.998
WT-08-LQ-085 12,700 1,110 304 22,800 5,810
WT-08-LQ-151 <79.0 <15.0 49.0 8.25 1.98
WT-08-LQ-153 14,900 1,300 598 22,700 4,570
WT-08-LQ-237 12,400 1,220 388 40,700 12,100
WT-09-LQ-046 <73.0 <12.0 148 ND 69.4
WT-09-LQ-175 503 319 181 <1,120 <895
WT-09-LQ-227 273 164 188 <2,550 <989
WT-10-LQ-094 150 <17.0 <96.0 <204 <393
WT-10-LQ-161 363 10.0 203 <126 <187
WT-10-LQ-291 77.0 <13.0 55.0 <161 <196
WT-11-LQ-187 1,700 943 238 5,520 1,670
WT-11-LQ-221 2,090 976 228 4,160 1,730
Average 2,100 316 285 4,460 1,650
Std. Dev. 4,250 510 221 9,847 3,013
Median 166 37.0 232 540 444
Minimum 18.0 2.50 15.0 1.13 0.499
Maximum 14,900 1,740 888 40,700 12,100

AND — Non-detectable; sample matrix was not suitable for analysis.
< —indicates a value less than the reported number which is the MDC.
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Table 4-31. CWT Unfiltered Effluent — Gamma Spectroscopy and Miscellaneous Results

Study ID Ra-226 | Ra-228? K-40 Gross Alpha | Gross Beta
(pCi/L) | (pCGi/L) | (pCi/L) (pCi/L) (pCi/L)
WT-01-LQ-024 104 <18.0 296 < 1,340 <871
WT-01-LQ-116 | <196 26.0 381 <1,130 <844
WT-01-LQ-282 114 <15.0 270 < 2,650 < 1,000
WT-02-LQ-022 64.0 <5.00 113 <689 <444
WT-02-LQ-112 | <116 <18.0 140 <1,250 <804
WT-02-LQ-280 108 <10.0 162 < 2,600 <994
WT-03-LQ-030 61.0 <8.00 29.0 <260 <181
WT-03-LQ-122 126 <13.0 36.0 <142 <191
WT-03-LQ-288 362 11.0 <30.0 <213 <211
WT-04-LQ-032 124 84.0 406 ND 480
WT-04-LQ-166 117 112 568 < 1,030 1,280
WT-04-LQ-202 | <131 <27.0 361 < 1,450 < 846
WT-05-LQ-057 357 133 565 <595 <453
WT-05-LQ-198 | <202 89.0 688 <1,320 <500
WT-05-LQ-208 240 92.0 648 <912 <845
WT-07-LQ-110 1,670 318 571 2,370 1,060
WT-07-LQ-274 | 8,050 1,740 1,450 33.6 5,380
WT-08-LQ-082 87.0 <4.00 37.0 <1.66 <1.17
WT-08-LQ-086 | 10,300 912 371 18,900 4,900
WT-08-LQ-152 85.0 6.00 42.0 4.68 <2.01
WT-08-LQ-154 | 15,500 1,250 414 17,100 4,440
WT-08-LQ-238 | 12,700 1,200 355 42,300 12,900
WT-09-LQ-045 161 28.0 118 0.260 <341
WT-09-LQ-176 594 331 200 1,810 1,540
WT-09-LQ-228 404 166 233 1,410 <869
WT-10-LQ-093 42.0 6.00 80.0 <294 <397
WT-10-LQ-162 | <138 <27.0 217 <205 202
WT-10-LQ-292 | <95.0 <10.0 69.0 <224 <209
WT-11-LQ-188 1,840 996 264 3,460 1,410
WT-11-LQ-222 1,470 1,100 252 3,880 1,320
Average 1,840 289 312 3,430 1,330
Std. Dev. 4,070 486 291 8,750 2,610
Median 121 27.0 258 565 423
Minimum 42.0 2.00 15.0 0