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Table 1. Summary of??Rn literature (modified from Hyland and Gunn (1994). Note that many of theferences includ&ZRn

measurements from several sourtes

Mean 2*Rn Max. ?*Rn Min. ?22Rn
Concentration Number of ??Rn  Concentration ~ Concentration

Country (Bgm 3 Measurements (Bgm 3 (Bgm 3 Reference
Australia 610 274 4,045 9 Solomon et al. (1996)
China® 141 32 278 38 Wiegand et al. (1995)
Czech Republic 1,235 60 21,000 200 Burian and Stelcl (1990)
Great Britain 2,907 820 46,080 10 Hyland and Gunn (1994)
Great Britain 2,000 155,000 100 Hyland and Gunn (1994)
Great Britain 35,890 34 155,000 7,400 Gunn et al. (1991)
Great Britain 9,306 13 12,552 68 Gillmore et al. (2000)
Great Britain 365 42 3,187 26 Gillmore et al. (2002)
Great Britain 315 28 3,047 34 Gillmore et al. (2002)
Greece 25,179 6 88,060 185 Papastefanou et al. (1986)
Hungary 3,300 25 14,000 500 Somogyi et al. (1989)
Hungary 2,468 8 13,200 200 Lenart et al. (1990)
Ireland 4,127 26 7,940 200 Duffy et al. (1996)
Japan 11 5 20 1 Miki and lauthora (1980)
Malaysia 596 39 1,978 100 Gillmore et al. (2005)
Poland 1,166 279 4,180 60 Przylibski (1999)
Russia 2,390 14 8,550 373 Gunn (1991)
Slovenia 1,412 101 7,220 15 Kobal et al. (1986)
Slovenia 965 66 5,920 60 Kobal et al. (1987)
Spain 108 301 488 5 Duess et al. (1998)
Spain 3,564 8,587 7,120 186 Lario et al. (2005)
South Africa 267 63 2,319 3 Gamble (1981)
Switzerland 25,000 6 40,000 2,000 Surbeck (1990)
United States 1,927 60 9,350 37 Yarborough (1976)
United States 2,589 11 9,460 370 Eheman et al. (1991)
United States 1,475 2,350 740 Ahlstrand (1980)
United States 860 1,850 333 Ahlstrand and Fry (1976)
United States 11,678 37 82,177 11 Bashor (undated)

2 Data quality control likely varies for each study conducted for each courty which should be regarded as problematic.
b Measurements taken in Chinese cave dwellings built in the Chinese Loessehu which is mainly composed of Mesozoic sandstones overlain by Tertiared clays that are
covered by Quaternary loess tens to over one hundred meters thick (Wiegaedt al., 1995) where the number of inhabitants exceed three million (Yanad2003)

14,000 lung-cancer deaths per year from residentiaf’Rn
exposure with an uncertainty range of 7,000 to 30,000

consternation among some researchers (Cothern, 1989,
1990; Little, 1997). The possibility that **Rn and its

(Page, 1993), but now estimates 21,000 lung-cancer deaths progeny may be responsible for some cancers other than

per year from residential *Rn exposure with an un-
certainty range of 8,000 to 45,000 (U.S. EPA, 2006). In
fact, the expected lung cancers and other adverse health
effects may be more a result of smoking than of inhalation
of ?*Rn gas (Pisa et al., 2001). In addition, the expected
lung cancers in cavers and cave workers appear to be
conspicuously missing from the published literature,
perhaps because no one has yet linked lung cancers in
cavers and cave workers to long-term exposure to high
222Rn concentrations (Halliday, 2003).

Risks to cavers and cave workers by exposures to high
levels of??Rn may not be as serious as is often presented.
The potential overestimation of the risks posed by elevated
levels of ?*Rn and the belief by many individuals that

lung cancer also is not strongly supported in the literature
(Tomasek et al., 1993). For example, Law et al. (2000) were
unable to establish an association between household
exposure to ?*Rn and the development of leukemia in
adults in Great Britain. Lauier et al. (2001) obtained
similar results.

A significant reason why???Rn and its progeny may not
be as serious a threat to cavers and cave workers may be
because although ?*°Rn concentrations in caves are
considered to be elevated, these levels are also considered
to be relatively low in terms of ionizing radiation. For
example, employees exposed to radiation in the work place
in Great Britain (e.g., cave tour guides) are not allowed to
receive annual effective radiation dosésabove 50 mSv

overestimation may actually be the case, have caused someyr * (10 WLM yr %) with an action level of 15 mSv
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(1.5 rem) (Hyland and Gunn, 1994). This total annual
effective dose of 50 mSv yr! is also applicable in some
instances in the United States (U.S. Navy, 2001, p. 4-1 and
NRC, 2005, p. 5), although 20 mSv yr* (4 WLM yr Y is
generally the accepted level (OSHA, 1988, 41 CFR

222RN DECAY IN CAVES

Threats from *'*Po

Polonium-218 has a half life of 3.05 min and is the
immediate progeny resulting from the decay of?*’Rn.
When #*8Po decays, it emits am-particle with a relatively
high energy of 6.12 MeV. With a half life of 3.05 min it is

§57.5038) while the NCRP (1993, pp. 34-35) has suggested possible that>**Po will emit an o-particle during the time

more flexibility to control worker exposure. However, low-
radiation doses are considered to range from near O to
100 mGyP (0 to 10 rad), medium doses from 100 mGy to
1 Gy (10 to 100 rad), and high doses from 1 Gy to 20—
60 Gy (100 to 2,000-6,000 rad) (NRC, 2005, p. 374).

By this definition it would appear that an action level
based on an effective dose of 15 mSv may be overly
protective. The human equivalent doseH; is estimated
using Equation (1)

HT = WR DT,R (1)
R
and the effective doseF, is estimated from
Ep = Wr,  WgDrr (2)
T R

Using W, 20 for a-particles (ICRP, 1980, p. 94) results
in an absorbed doseDr z of 0.75 mGy, which is at the

lower spectrum of a low-radiation dose. Usingi¥y, = 012

for the lung (0.24 for lungs) (ICRP, 1991, p. 68) results in
6.25 mGy which is still at the lower spectrum of a low-
radiation dose.

222RN PROGENY

Although it is true that ??Rn represents a risk to cavers
in terms of lung cancer, its relatively long half life (3.824 d)
will more often result in the exhalation of 2?°Rn prior to
emanation of an o-particle that could penetrate the
epithelium of the lung to cause a cancerous growth. So
even though the energy associated with the emission of an
a-particle from 2?2Rn is relatively high (5.49 MeV) and it is
possible that a-particle emission from inhaled ??°Rn gas
may have an adverse affect on human health, it is not likely
that o emission will actually occur during the time that the
222Rn gas resides in the lung. This situation is considerably
different for 2*2Rn progeny.

The four #*°Rn progeny *®%o, ?*4Pb, #Bi, and ***Po)
are either metals t*Pb and ?*/Bi) or metalloids (**%0 and
21%p0) that are relatively short-lived and emita-particles
with relatively high energy and p-particles with relatively
low energy (Fig. 1). It is these features, principally thex-
particles, that represent the main risk posed b§*’Rn. Each
of the four principal 2??Rn progeny are quite reactive,
which causes them to plate-out in the lung as well as
enhancing their tendency to adsorb to smoke and dust
particles. The risk of lung cancer occurrence is exacerbated

that it resides in the lung. However, its relatively short half
life tends to prevent its being easily distributed throughout
the body from the lungs.

Threats from *'*Pb and *'*Bi

Lead-214 and ?'Bi are metals with half lives of
26.8 min and 19.7 min, respectively. These two radio-
isotopes decay by low energy emission, but are still
a threat to human health, although less so than the other
short-lived 2?2Rn progeny that decay by o emission
(Fig. 1). Their relatively longer half lives and low energy
relegate®**Pb and ?*Bi to a slightly lesser threat status. In
addition, their half lives are still too short to allow for
substantial distribution throughout the body.

Threats from *'*Po

Polonium-214 has a very short half life (164ns). It emits
an a-particle with a high energy of 7.69 MeV. With a half
life of just 164 ms it is highly likely that **Po will emit an o-
particle during the time that it resides in the lung. Its very
short half life and high energy makes**Po a significant
threat to human health. Although the very short half life of
21po prevents its distribution throughout the body, the
relatively long half life of its immediate progeny ?*%Pb
(22.3 yr) can result in serious harm in parts of the body
other than the lungs from the decay of**°Pb.

Polonium radionuclides have many of the character-
istics of rare-earth elements, are amphoteric, and tend to
form hydroxides and radiocolloids in vitro® and in vivo®.
The latter tends to cause polonium to become phagocy-
tized'© by cells of the reticuloendothelial systertt for
eventual deposition in the spleen, lymph nodes, bone
marrow, liver, and kidneys after parenteral administra-
tion'? (NRC, 1988, p. 161). Fortunately, the half lives of
the polonium radionuclides in the immediate?*Rn-decay
series are of such a short duration 7., for 2o
3.05 min and T, for Po 164 ms) these problems are
generally not a major concern. However,>%Pb with its
much longer half life (T, 22.3 yr) is of concern.

HEeALTH EFrFecT ESTIMATES FROM EXPOSURES TO 222RN
AND ITS PROGENY

Inhalation exposure to significant levels of??Rn and its
progeny (assumed to be in equilibrium) have been shown to
cause acute and chronic effects on laboratory animals and
humans (Table 2 and Fig. 3) (ATSDR, 1990, p. 12-27).

by smoke and dust particles because these metals and However, the processes linking inhalation of?“Rn and its

metalloids readily react with and adsorb to the particles
which are easily inhaled.
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progeny to increased lung cancer risk are complex (ICRP,
1994a, p. 2) primarily because of the numerous confound-
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Figure 3. Levels of significant inhalation exposure t6°Rn
(modified from ATSDR, 1990, pp. 16-17). Numbers next to human health.

each data point correspond to superscripts for each entry in
Table 2. Acute and Intermediate effects a and chronic

effects b.

ing factors'® (ICRP, 1994a, p. 7) (e.g., smoking). For this
reason, many of the epidemiological studies on miners and
animals are inadequate so that health research continues.

REeviEw oF SeLECTED ANIMAL AND HumAN STUDIES

The ??"Rn concentrations used in the studies cited by

ATSDR (1990, p. 12-27) ranged from a low of 56 Bq m*
(human studies) to a high of 8.14x 10° Bq m 2 (animal

studies). In the human studies, a cancer effect level in lungs
was identified (actual exposure frequency/duration was
2-30 yr). In the animal studies, mouse mortality
and development of hematological (anemia) symptoms
occurred after a 30 d Median Lethal Dose (LDso) study

from

(actual exposure frequency/duration was from 5-40 h).

Animal Studies

The mouse studies obviously involved much higher
doses of ?*Rn than would typically be experienced by
a caver (see Table 1), but the exposure time would be
comparable. The human study and other similar studies
cited by ATSDR (1990) include ?"Rn concentrations that

MALcowm  S. FELD

a typical caver may be exposed to, but the examined
exposure times are generally longer than would be typical
for a caver (an exception can be made for tour guides,
maintenance workers, etc.).

The animal studies listed in Table 2 resulted in few lung
cancers (21% in dogs, zero in mice, and 1.3% in Syrian
hamsters) even though the®?Rn doses to which the
animals were exposed were extremely high (NRC, 1999,
p. 43). Syrian hamsters did not develop any tumors at
exposures below 3.89x 10°J s m 3 (3.0 x 10° WLM)
whereas rats showed a high incidence of respiratory-tract
tumors after exposure to???Rn. However, according to
NRC (1999, p. 43-44) the mechanistic bases of these
interspecies differences are such that species-to-species
extrapolations of absolute risk cannot be used. As a result,
direct extrapolation of animal data to humans cannot be
used to predict absolute risk.

Human Studies

Epidemiological studies on the effects of?’Rn gas and
its progeny on human health consist primarily of studies on
238y and phosphate miners 3% is associated with
phosphate deposits). The human studies, except for the
Svensson et al. (1989) study (humber 25 in Table 2 and
Figure 3), mostly tend to cluster in the cancer region for
222Rn concentrations around 1,000 to 10,000 Bq m®
(Figure 3). These epidemiological studies of cohorts of
miners confirm that long-term exposure to high levels of
22Rn gas and its progeny represent a very serious threat to

One human study (Svensson et al, 1989) while
suggesting a clear link betweer®®Rn and small cell
carcinoma in the lung, also notes that cancers were less
prevalent in the rural cohort over the urbanized cohort
where ambient air pollution was a positive confounder.
This discrepancy is regarded by the authors as a serious
flaw in the study. Additionally, according to Snihs (1973)
no conclusions regarding dose and effect below 50 mSv
(5 rem) may be drawn because of the large uncertainties
and statistical errors. This suggests that the risks to cavers
and cave workers from exposure t¢??Rn in caves may not
be overly significant.

ExposuURE oF CAVERS AND CAVE WORKERS TO 22?RN
AND ITS PROGENY

The formation of ?°Rn and its progeny is shown by the
decay sequence in Figure 1. Radon-222 readily migrates to
areas with a negative air space, such as caves and tunnels. It is
also soluble in water and will reside in cave waters and
atmospheres in equilibrium (Fig. 4). In addition, the *Rn
parent, >?Ra, will react with and precipitate on cave walls as
RaCO; and thus provides a continuous source of?“Rn. The
net result is that>*Rn concentrations in caves are consider-
ably higher than typically occur in above ground residences,
but are significantly less than those found ir"*3U mines.
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Table 3. Potentiala-energy per atom
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and per unit activity (modified from ICRP, 1994a, p. 3).

Potential a-Energy

Half-Life per Atom per Unit of Activity, e,
Radionuclide (min) (MeV) (10 *2)) (MeVBg ') (10 °JBq 7

#22Rn Progeny

) 3.05 13.69 2.19 3,615 5.79

219pp 26.8 7.69 1.23 17,840 28.6

219Bj 19.9 7.69 1.23 13,250 21.2

21%pg 2.73x10 © 7.69 1.23 2.0x 10 3 3.0x10 ©
Total (at equilibrium), 34,710 55.6

per Bg or #*?Rn

21Bj and is not needed in the decay chain calculations
(NRC, 1999, p. 137). The Potential Alpha-Energy Exposure
(PAEE) may then be calculated from (ICRP, 19944, p. 4)

()

where timet is expressed as the amount of time an individual
is exposed (e.g., one week, one month, etc.).

The equilibrium factor Fis defined as the ratio 0*?Rn
decay product concentration to that of ?*?Rn and is given
by (Hopke et al., 1995)

118 x 108 C
= (6)
Rn

where the value of F ranges from 0.2 to 0.8, but typically
ranges from 0.35 to 0.40. A default indoor value of 0.4 is
recommended by ICRP (1994a, p. 20). However, because
of the difficulty of estimating 2?°Rn decay product
concentrations in caves which range from 0.04 to 0.95,
a mean value of 0.5 is usually assigned tb for cave studies
(see for example, Hyland and Gunn, 1994) although
a strong basis for this contention has not been reported.
Aley et al. (2006) suggested that, for some notable
exceptions,F for most show caves probably ranges between
0.5 and 1.0, although a strong basis for this contention was
not supported in this instance either.

Using Equation (6) it is possible to calculate the actual
Equilibrium Equivalent Exposure (EEQ) from (ICRP,
1994, P. 4)

Pey(1) Ong(z) (7)

where

Cog = F Cpy (8)

The EEQ is a measure of the exposure t6°?Rn and its
progeny that an individual receives for a given®??Rn
concentration. It is the EEQ that determines how seriously
an individual has been exposed to a given concentration of
222Rn and its progeny for a given period of time.

RECOMMENDED 2?’RN EXPOSURES

Allowable exposures to cave workers to PAEC have
varied over the years as cancer risks have become better
understood. Initial U.S. Government regulations were first
set in 1976, but were later revised.

1976 Recommendations

In 1976, the National Institute of Occupational Safety
and Health (NIOSH) recognized that **Rn progeny at
several caves managed by the National park Service (NPS)
were near the occupational limits as set forth in Occupational
Safety and Health Administration (OSHA) standards for
238 miners. NPS caves in which the PAEC exceeded 6.24
m 3 (0.30 WL) include Carlsbad Caverns National Park,
N.M., Lehman Caves National Monument, Nev., Mam-
moth Cave National Park, Ky., Oregon Caves National
Park, Ore., and Round Spring Cave in Ozark National
Scenic Riverways, Mo. Additionally, the PAEC inside the
caves and above ground buildings cooled by cave air at
Mammoth Cave were 12.48nJ m 3(0.60 WL) (Baier, 1976).
Specific recommendations by NIOSH are shown in Table 4.

Current Recommendations

Current recommended regulations regarding exposures
of workers to 2?2Rn are listed in Tables 5 and 6. The
recommendations listed in Table 5 are intended to be
conservatively protective. These levels are applicable to
cave workers (e.g., tour guides), but are overly restrictive
for infrequent cave explorers. According to Strom et al.,
(1996, p. 5) (citing NCRP, 1993, p. 49) effective dose in the
workplace should not exceed 5 cSv (5 rem) in any one year
with 4,, x 1 cSv as a lifetime limit. If the ICRP (1994a)
recommendations are applied, then the the NCRP recom-
mendations convert to 5 cSv (5 rem) in any one year with
Age x 7.08mIhm 3or 4, x 1 cSv as a lifetime limit.

Regulations specific to cave workers (and miners) are
shown in Table 6. The cave worker regulations were
developed and published by OSHA (OSHA, 1988) and
Mine Safety and Health Administration (MSHA) (MSHA,
1989). OSHA sets an individual exposure limit equal to
140mJhm?3 20.0mSvyr (4.0 WLM yr %) (OSHA,
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Table 4. Recommended regulations by NIOSH for exposure of cavers?téRn decay progeny in 1976 (modified from
Baier, 1976).

PAEC Level
(mJm 3 (WL) Recommended Regulation
2.08 0.1 All-underground smoking stopped
2.08-4.16 0.1-0.2 Monitor workspace at least quarterly
416 6.24 0.2-0.3 Monitor workspace quarterly
6.24 0.3 Monitor workspace weekly and maintain exposure records on all exposed
employees
20.80 41.60 1.0-2.0 Immediate corrective action to lower PAEC below 20.80) m 3 (1.0 WL)
41.60 2.0 Withdraw all workers not necessary to lower PAEC below 20.86:J m *
(1.0 WL)

Cumulative individual exposure shall not exceed 14.0 mJ h nfyr * (4.0 WLM yr %).

1988, 41 CFR 857.5038). MSHA also sets a maximum caves have been promulgated (e.g., MSHA, 2005,
cumulative dose equal to 14.0 mJ hm® 20.0 mSvyr®  §57.5037557.5046) while regulations specific to caves have
(4.0 WLM yr %) (MSHA, 1989, 30 CFR Part 57). been developed (NPS, 1980) and are being updated (NPS,
However, ICRP65 was a little more specific in that it set 2005). These regulations generally specify acceptable
a recommended effective dose at 14.0mJ h m Working Levels for individuals, but not exposure rates,
20.0 mSv yr ! (4.0 WLM yr 1) averaged over five years absorbed doses, or effective doses which are necessary for
and35.0 mJhm?3 50.0 mSvyr!(10.0 WLM yr Y)in  determining risks. However, because human health effects
any single year (ICRP, 1994a, p. 21). caused by elevated®®®Rn concentrations are based on

Aley et al. (2006) lays out a strategy for reducing total epidemiological studies of miners subjected to much higher
o radiation exposures of show-cave employees to As Low 2?Rn exposures (concentrations and times) as well as
As Reasonably Achievable (ALARA levels. Although  confounding factors (smoking, dust, etc.), risk estimates for
not yet approved in 2006, it is likely that some form of the cavers and cave workers need to be established using the
strategy will be approved by the National Caves Associ- linear no-threshold theory (LNT) even though the associ-
ation in which each member will be required to develop ated uncertainty in the cancer risk per unit dose at low dose
a Cave Radiation Management Plan following guidelines and dose rate is difficult to quantify (Eckerman et al., 1999,
developed by OSHA. p. 11-12).

DETERMINING  22?RN Risks To CAVERS APPLICATION OF THE LNT T0 RN AND ITS  PROGENY
The LNT for radiation carcinogenesis is based on the
The risks posed by exposure to elevated levels &°Rn concept that all radiation doses, no matter how small, can
gas have not adequately addressed exposures to recrea-cause cancer (i.e., there is no acceptable radiation threshold
tional cavers and cave workers. Regulations not specific to at which cancers will not be initiated). According to this

Table 5. Recommended regulations by DOE for exposure’féRn-decay progeny in 1996 (modified from Strom et al., 1996,
p. 6).

PAEC PAEE
Country® mJm 3 (WL) (MIm 3yr By mSvyr Y (WLM yr b
United States 6.93 Vs 14.0 20.0 4.0
Canada, France, Great Britain 8.32 0.4 16.8 24.0 4.8
17.5 25.0 5.0
35.1 50.0 10.6
35.1 50.0 10.6

@ The United States values are based on U.S. Environmental Protection Agen¢EPA), U.S. Department of Energy (DOE), and U.S. Nuclear Regulatory Comnission (NRC)
regulations.

® Values are for any single year —Ag x354mIhm 3 (Age x 1 WLM).

¢ Values are for any single year —A,, x 7.08 mJ h m 2 (4,, x 2 WLM).

d values are for any single year —14.0 mJ h n? yr * (4.0 WLM yr ) averaged over 5 yr.
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Table 6. Published regulations by OSHA and MSHA for exposure of cavers¥3Rn-decay progeny in 1976 (modified from

ATSDR, 1990, p. 93-94).

PAEC Level PAEE Level

(mIm 3 (WL) (mSvyr b (WLMyr b Published Regulations Reference
20.0 4.0 Individual exposure limit OSHA?
2.08 0.1 Monitor workspace at least once yearly OSHA
2.08-6.24 0.1-0.3 Monitor workspace quarterly OSHA
6.24 0.3 Monitor workspace weekly and maintain OSHAY

exposure records on all exposed employees

20.80 1.0 Immediate corrective action to lower PAEC OSHA
20.80 1.0 Instantaneous maximum MSHA
20.0 4.0 Maximal cumulative dose MSHA

2 (OSHA, 1988, 41 CFR §57.5038).
b (OSHA, 1988, 41 CFR §57.5087).
¢ (OSHA, 1988, 41 CFR §57.5037).
9 (OSHA, 1988, 41 CFR §57.5037).
© (OSHA, 1988, 41 CFR §57.5041).
" (MSHA, 1988, 30 CFR Part 57).

theory then, if exposure to 1 Gy (100 rad) causes a cancer
risk R, the risk from exposure to 10 ? Gy (1 rad) is R/100,
the risk from exposure to 10 ° Gy (1 mrad) is R/1C°, and
so on, which means that only a zero radiation dose will
result in a zero risk of cancer (Cohen, 2002).

CANCER Risk M ODELING FOR EXPOSURE TO  222RN AND
ITS PROGENY

Models intended to address cancer risks from exposure
to ?*Rn and its progeny have evolved over the years,
although all have followed the LNT (Yu et al., 2006). The
most current model was developed and published in
ICRP66 (ICRP, 1994b).

Human Respiratory Tract Model for Effective Dose
Estimation

Using the program Luncpose.Feo (Nikezic and Yu,
2001) which was developed according to the Human
Respiratory Tract Model (HRTM), an estimated equilib-
rium factor F equal to 0.366 was obtained, which closely
matches the ICRP65 recommended valug’( 0.4) (ICRP,
19944, p. 5) and the BEIR VI arithmetic average value of
0.408 (James et al., 2003). An average inhalation raig
2.16 x 10* m®*s ' in a residence resulted in an estimated
thoracic dose Dy of 79.20 nSv (Bq h m3) ! (126.112
mSv WLM %). Most interestingly, Luncbose. Foo resulted
in an estimate for a Dose Conversion Factor (DCF) equal
to 9.50 nSv (Bq h m %) * (15.13 mSv WLM %) which is
considerably larger than the epidemiological estimate
for a DCF equal to 3.18nSv (Bq h m?3 ?*
(5.06 mSv WLM %) for workers and 2.44nSv (Bq h
m 3 ! (3.88 mSv WLM %) for the public (ICRP, 1994a,

The difference between the Lnepose. Fgo estimate for
a DCF equal to 9.50nSv (Bq h m?3 ! (15.13 mSv
WLM %) and the ICRP65 estimate for a DCF equal to
3.18 nSv (Bg h m ®) (5.06 mSv WLM %) is not regarded
as significantly large because of the complex physical and
biological issues involved and reasonably matches a pre-
viously epidemiologically-estimated value of 9.0 nSv (Bqg h
m 3 1(14.33 mSv WLM %) (UNSCEAR, 2000, p. 107).
An evaluation of the discrepancy has resulted in the
suggestion that the epidemiologically-based estimate for
DCF will need to be increased and that for now, the larger
DCF value estimated dosimetrically using the HRTM is
recommended for use in risk calculations (UNSCEAR,
2000, p. 107). However, others feel that the epidemiolog-
ically-based estimates are more scientifically sound (Neal
Nelson, pers. comm.).

Using the values estimated from Lungdose.F90 de-
veloped by Nikezic and Yu (2001) withZ, 3.33x 10* m®
s ! to account for a combination of resting, light and
heavy exercise (James et al., 2003) typical of caving, the
222Rn concentrations listed in Table 1 and Equation (9)
(Wiegand et al., 1995)

Epy = Cry F' T; Dcr 9

produced the annual effective dosesEp, for %??Rn
exposures to recreational cavers (50 h yt), professional
cavers (600 h yr?l), part-time cave workers (1,760 h
yr 1), and full-time cave workers (2,000 h yr?) (Table 7).
Realistically, there is no reliable way to estimate the
average number of hours experienced by recreational
cavers, professional cavers, and part-time cave workers.
The number of caving hours per year for cavers (50 h

p. 13). This discrepancy emphasizes the complexities and yr * and 600 h yr ) are considered reasonable estimates.

uncertainties when calculating risks posed by exposure to
PAEC (Gourmelon et al., 2005, p. 19).

Part-time cave worker hours equal to 1,760 h yr! was
used as an estimate because this value is recommended for
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Figure 10. Plot of mean, minimum, and maximum mortality
risk values from Table 11 relative to a 1¢ acceptable risk.
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Figure 12. Notched boxplots of estimated mortality and
morbidity risks relative to a 10 ® acceptable risk. (Note that

The x-axis numerical values correspond to the superscriptdata sets listed in Table 11 missing mean values [Great

labels in Table 11. (Note that data sets listed in Table 11

missing mean values [Great Britain and United States] are

not plotted).

somewhat more at risk in some caves, and full-time cave
workers more so (Table 7). This conclusion was similarly
obtained by Craven and Smit (2006) for non-smokers.
Unfortunately, the large degree of uncertainty associated
with the calculations and potential discrepancies in the
222Rn measurements, necessitate that the calculations listed
in Table 7 be viewed with some degree of skepticism (it is
not possible to determine if the calculated annual effective
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Figure 11. Plot of mean, minimum, and maximum morbid-
ity risk values from Table 11 relative to a 10° acceptable
risk. The x-axis numerical values correspond to the
superscript labels in Table 11. (Note that data sets listed in
Table 11 missing mean values [Great Britain and United
States] are not plotted).

Britain and United States] are not plotted).

doses in Table 7 are too high or too low or by how much).
However, the annual effective doses listed in Table 7
should still be viewed as representative of the potential
risks cavers and cave workers might be subject to when
spending any significant amount of time underground.

A less common method of calculating risks posed by
low-level ionizing o radiation from 22?Rn and its progeny,
but which is a more typical method of calculating risks in
general, is to use cancer slope factors (mortality and
morbidity risk coefficients Mpg,) to produce dimensionless
risk estimates. The mortality and morbidity risk estimates
listed in Table 11 for the ?*Rn concentrations listed in
Table 1 are of negligible concern.

For short-term exposures, typical of recreational cavers,
the risk levels listed in Table 11 for the mean®?Rn
concentrations are probably of little concern. The same is
probably true for professional cavers. However, for long-
term exposures, typical of cave workers, these risk levels
warrant some degree of minor concern especially in areas
of poor ventilation (Kobal et al., 1988). If the maximum
222Rn concentrations listed in Table 1 are considered, the
risks will increase slightly, which may warrant a greater
concern.

Overall, it appears that risks to cavers and cave workers
are generally low, but in selected caves risks to cave
workers may be significant. However, proper cave worker
precautions for caves with elevated®?Rn concentrations
will minimize the risks. In addition, given the uncertainties
associated with use of the LNT, concerns over risks to cave
workers may need to depend on the eventual improvements
or abandonment of the LNT. Changes to the LNT may
result in a reduction or increase in the estimated risks to
cavers and cave workers from exposure to elevated levels of
222Rn. Other uncertainties, such as extreme seasonal
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Table 12.222Rn progeny current and historic names.

Current Historic

Symbol Name Symbol Name
218 Polonium-218 RaA Radium A
21%pp Lead-214 RaB Radium B
219 Bismouth-214 RaC Radium C
214pg Polonium-214 RaC Radium C
2107 Thallium-210 RaC Radium C
21%p Lead-210 RaD Radium D
219B;j Bismuth-210 RaE Radium E
21%¢ Polonium-210 RaF Radium F

variations in measured??’Rn concentrations (Yarborough

and Meyers, 1978, p. 22) [e.g. 740 versus 22,165 Bq #rin

Magic Garden, Postojna Cave (Kobal et al., 1988)], further
complicate risk calculations.

APPENDIX

RApoN -222 RRoceNy AND HisToric NAMES

When first discovered, the current®®’Rn progeny were
known as decay products of***Ra and were formerly
designated as Radium A — Radium F. The?*?Rn progeny
are now known to be the isotopes listed in Table 12.

RADIATION Sl UNITs AND CONVERSION TO T RADITIONAL
UnNiTs

Radiation units have evolved over the years. As a result,
radiation units can be quite confusing. To alleviate some of
the confusion, selected radiation parameters are identified
in Table 13 along with the Sl special hame, symbol, SI
derived units, and traditional units.

A CKNOWLEDGMENTS

The author would like to thank Dr. Dragoslav Nikesic for
providing me with his program Lunebosk. Feo after convert-

Table 13. International System (SI) units and equivalents for traditidnaits (modified from Taylor, 2001, 1995; Nero, 1988,

p. 39).
S| Derived Unit
Expressed in Expressed in
Special Special Terms of  Terms of SI
Parameter Name Symbol  Other SI Units Base Units  Conversion for traditional Unit
Activity becquerel Bq st 1Ci 3.7x10"Bq (1 pCi
0.037 Bq)
Concentration Bgm 3 1pCiL ' 37Bgqm?
PAEC? Jm 3 1WL 1.3x10°Mevm 3
208x10°Jm 3
EEDCP Bqm 3 1 WL PAEC 3740 Bgqm 3
Exposure Jsm? 1WLM 1297 Jsm?® 3.60x
103Jhm 3
Exposure Bgsm? 1WLM  73.9Bgyrm 3
Exposure Rate Jm?3 1WLMyr ' 411x10 "Jm 3
Exposure Rate Bgqm 3 1WLMyr * 739Bgm?
Absorbed Dose gray Gy Jkg? m?s lrad 1cGy 10 ?Gy
Absorbed Dose Rate Gys? m?s lrads?® 10 ?Gys*
Dose Equivalenf sievert Sv Jkg? m?s 1 rem 1cSv 10 2Sv 10 ?J
kg
Effective Dose Jsm? 1WLMyr * 5mSvyr?

@ Potential Alpha-Energy Concentration (PAEC).
® Equilibrium-Equivalent Decay-Product Concentration (EEDC).
¢ Also known as Biologically Effective Dose.
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BConfounding factors are associated with the finding of an
association for the wrong reason. It is associated with both the risk and

the disease being studied, but need not be a risk factor for the disease

under study. The confounding variable can either inflate or deflate the tre
relative risk (Wartenberg et al., 2000).

MALARA means making every reasonable effort to maintain
exposures to radiation as far below the dose limits in this part as is
practical consistent with the purpose for which the licensed activity is
undertaken, taking into account the state of technology, the economics of
improvements in relation to state of technology, the economics of
improvements in relation to benefits to the public health and safety, and
other societal and socioeconomic considerations, and in relation to
utilization of nuclear energy and licensed materials in the public intes
(U.S.NRC, 2006, 10 CER, 2006,10 CFRS 20.1003).

15A mortality risk coefficient is an estimate of the risk to an average
member of the U.S. population, per unit activity inhaled or ingested for
internal exposures or per unit time-integrated activity concentration in air or
soil for external exposures, of dying from cancer as a result of intake of the
radionuclide or external exposure to its emitted radiations” (Eckermaret
al., 1999, p. 1).

18«A morbidity risk coefficient is a comparable estimate [mortality
estimate] of the average total risk of experiencing a radiogenic cancer,
whether or not the cancer is fatal” (Eckerman et al., 1999, p. 1).
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