
Risk Analysis, Vol. 36, No. 11, 2016 DOI: 10.1111/risa.12570

Lung Cancer Risk from Radon in Marcellus Shale Gas
in Northeast U.S. Homes

Austin L. Mitchell,1 W. Michael Griffin,1,2 and Elizabeth A. Casman1,∗

The amount of radon in natural gas varies with its source. Little has been published about
the radon from shale gas to date, making estimates of its impact on radon-induced lung can-
cer speculative. We measured radon in natural gas pipelines carrying gas from the Marcellus
Shale in Pennsylvania and West Virginia. Radon concentrations ranged from 1,520 to 2,750
Bq/m3 (41–74 pCi/L), and the throughput-weighted average was 1,983 Bq/m3 (54 pCi/L). Po-
tential radon exposure due to the use of Marcellus Shale gas for cooking and space heating
using vent-free heaters or gas ranges in northeastern U.S. homes and apartments was as-
sessed. Though the measured radon concentrations are higher than what has been previously
reported, it is unlikely that exposure from natural gas cooking would exceed 1.2 Bq/m3 (<1%
of the U.S. Environmental Protection Agency’s action level). Using worst-case assumptions,
we estimate the excess lifetime (70 years) lung cancer risk associated with cooking to be
1.8×10−4 (interval spanning 95% of simulation results: 8.5×10−5, 3.4×10−4). The risk profile
for supplemental heating with unvented gas appliances is similar. Individuals using unvented
gas appliances to provide primary heating may face lifetime risks as high as 3.9×10−3. Under
current housing stock and gas consumption assumptions, expected levels of residential radon
exposure due to unvented combustion of Marcellus Shale natural gas in the Northeast United
States do not result in a detectable change in the lung cancer death rates.
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1. INTRODUCTION

All natural gas has some level of radioactivity
from the radon that occurs naturally in the subsur-
face. Exposure to radon in natural gas occurs from
the residential use of gas cooking and heating appli-
ances that release some or all of their exhaust gases
into the living space. Exposure is not increased by ap-
pliances that are vented to the atmosphere (e.g., fur-
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naces or water heaters). Though the health risks of
radon due to unvented exhaust in U.S. homes have
been analyzed in multiple studies,(1–7) the develop-
ment of the Marcellus Shale has reignited concerns.
Its organic-rich facies contain levels of 238U, a precur-
sor of radon, ranging from 10 to 100 parts per million
(ppm).(4,8) The global average concentration of ura-
nium in shale is around 3.7 ppm.(9)

The Northeast natural gas market composed
of Connecticut, Maine, Massachusetts, New Hamp-
shire, New Jersey, New York, Pennsylvania, and
Vermont is the prime outlet for gas produced from
the Marcellus Shale. Approximately 3.8 trillion cubic
feet of gas were consumed in the Northeast market
in 2013 (16% of U.S. consumption). Of the 21 million
houses and apartments in this region, 53% use natu-
ral gas for home heating and 47% for cooking.(10)
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The majority of Northeast gas consumers live
within a few hundred kilometers of a Marcellus Shale
gas well. A consequence of this proximity is the shift
away from a decades-old paradigm of gas transmis-
sion from distant producing centers (e.g., the Gulf
of Mexico) to the Northeast. ICF International esti-
mates that almost 90% of New York City’s gas supply
will originate from the Marcellus Shale by 2030(11) so
there will be less time for radioactive decay of radon
to occur in transit from the wellhead to consumers.
Locally produced gas may be delivered to consumers
the same day it was produced versus after one or two
weeks under the old paradigm. This has implications
for the risk to consumers, as the half-life of 222Rn, the
most stable radon isotope, is 3.8 days.

Concerns about radon in locally produced Mar-
cellus Shale gas were behind recent attempts to block
the construction of a new gas transmission pipeline
to New York(12–14) and have been raised in legisla-
tive and regulatory forums.(15) Three recent studies
(none peer reviewed) presented conflicting views of
the health risk associated with radon in Marcellus
Shale gas.(5–7) The largest difference in these studies
was due to assumptions for estimating the radon con-
centration in natural gas delivered to homes. For lack
of data on radon levels in gas delivered to homes,
these studies relied on surrogates (e.g., gamma levels
in the Marcellus Shale and transmission line radon
measurements). To extend the prior work, we mea-
sured radon concentration in natural gas gathering
systems from several regions of the Marcellus play
and estimated radon-related lung cancer risk for sce-
narios where most or all of the natural gas consumed
by the Northeast United States originates locally.

1.1. Radon Exposure and Lung Cancer

Radon occurs naturally in the environment, em-
anating from rocks and subsurface layers that con-
tain its parent radionuclides. Most people receive
their highest daily radiation dose from radon, and
radon doses are usually highest in homes. Across
all U.S. homes, the average indoor radon concentra-
tion is 48.1 Bq/m3 (1.3 pCi/L).(16) Some of the high-
est indoor concentrations have been found in the
Northeast.(16) The major routes of radon entry to
homes are cracks and joints in home basements or
foundations. Other potential and often much smaller
sources are building materials and well water.(17,18)

When gaseous 222Rn and its radioactive progeny,
primarily 214Pb and 218Po, are inhaled, the progeny
could deposit on the epithelial cells of the lung and
release DNA-damaging alpha radiation.(19,20) Radon

is the second leading cause of lung cancer deaths af-
ter smoking.(16,19) Current biological and epidemio-
logical studies support a linear, no-threshold dose-
response model for radon, which means lung cancer
risk is proportional to the radon dose.(16,19,21) This im-
plies that there is no safe level of exposure to radon.
However, there is evidence for threshold or other
nonlinear response models at low doses.(22–27) The
U.S. Environmental Protection Agency (EPA) rec-
ommends mitigation if radon levels are higher than
148 Bq/m3 (4 pCi/L) in indoor air, which it asso-
ciates with a 7 in 1,000 (7×10−3) lifetime lung cancer
risk.(28)

In the last 10 years there have been numerous
studies of residential exposure to radon and lung can-
cer risk. Krewski et al. (2005, 2006) combined data
from seven case-control studies in North America
and estimated an excess (i.e., due solely to expo-
sure to radon in natural gas) lung cancer risk of 11%
(95% CI, 0–26%) per 100 Bq/m3. The excess rela-
tive risk was estimated at 21% (95% CI, 3–52%) for
a subset of this population with well-defined expo-
sure data.(29,30) Turner et al. (2011) used county-level
radon data from the EPA(31) to study a cohort of over
800,000 people and 3,493 lung cancer deaths. A sig-
nificant (p = 0.02) linear trend in lung cancer risk
was found, indicating that exposure per 100 Bq/m3

leads to a 15% (95% CI, 1–31%) lung cancer risk na-
tionwide. Turner et al. reexamined the data by geo-
graphic area, and found a statistically significant lung
cancer hazard ratio of 1.31 (95% CI, 1.12–1.53) per
100 Bq/m3 exposure for the Northeast.(21)

1.2. Past Measurements of Radon in Natural Gas

The average radon concentration of natural gas
produced from approximately 2,100 conventional
gas wells in western and southern U.S. states across
nine studies between 1952 and 1973 was 1,370 Bq/m3

(37 pCi/L) with a range of 7–54,000 Bq/m3.(1) Radon
measurements from eight producing Devonian shale
wells near the border of West Virginia and Kentucky
were also performed as part of the Eastern Gas
Shales Project (EGSP).(32) The production-weighted
average concentration was 5,590 Bq/m3 with a range
from 962 to 9,139 Bq/m3.

Rowan and Kraemer sampled gas from 19 wells
in Devonian formations in southwestern Pennsylva-
nia, 10 of which were Marcellus Shale wells.(33) The
average radon concentration was 1,280 Bq/m3 with
a range from 37 to 2,923 Bq/m3. For the subset of
Marcellus Shale wells, the average radon con-
centration was 1,145 Bq/m3. The Pennsylvania
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Department of Environmental Protection (PADEP)
measured the radon concentration in gas samples
from 22 wells in seven counties. The average radon
concentration of the 17 wells producing from the
Marcellus Shale was 1,807 Bq/m3, ranging from 111
to 5,476 Bq/m3. The PADEP also measured gas at
four compressor stations, which ranged in radon
concentration between 1,066 and 2,150 Bq/m3. Mea-
surements performed by the PADEP at a processing
plant showed a substantial drop (around 90%) in
radon concentration after processing, while gas
withdrawn from underground storage was typically
less than half the concentration of gas that was
injected.(34)

Radon concentrations in transmission and distri-
bution systems serving Chicago, Denver, New York
City, and the Southwest United States were studied
in 1973.2 A total of 48 gas samples, some duplicates,
were collected, and the radon concentration ranged
from 18.5 to 4,400 Bq/m3. Radon concentration was
highest near Denver and lowest in New York City,
where the highest of 18 samples was 141 Bq/m3.
In 2012, the radon concentration of natural gas at
eight locations leading to and on Spectra Energy’s
Texas Eastern transmission line was measured.(7)

The Texas Eastern line runs through Pennsylvania
to New Jersey where it connects with the Algonquin
transmission line that carries gas to New England.
The highest radon concentration, 1,628 Bq/m3,
was reported in southwestern Pennsylvania for
gas entering the transmission line, and the low-
est, 629 Bq/m3, was reported for a mixed supply
of gas in the main transmission line in northern
New Jersey.

Variation in radon concentrations has been
observed through detailed studies of radon in trans-
mission and distribution systems conducted abroad.
Natural gas samples taken from onshore transmis-
sion lines showed varying radon concentrations
across the North Sea producing basins, from <50 to
600 Bq/m3.(35,36) Wojcik performed daily measure-
ments of radon activity (average 235 Bq/m3) in a nat-
ural gas distribution system in Poland and reported
significant daily and seasonal variations, varying
by as much as a factor of 2.4.(37) The natural gas
radon concentration was measured at various points
between production and consumption in British
Columbia, Canada. The radon levels measured in 15
gas gathering systems covering an area <40,000 km2

varied by wide margins (range 7–921 Bq/m3).(38)

1.3. Assessments of Residential Exposure to Radon
from Natural Gas

Johnson (1973) and Barton et al. (1973) esti-
mated potential population doses from unvented
cooking and heating using U.S. wellhead and dis-
tribution system radon concentration measurements,
respectively.(1,2) Both concluded that the poten-
tial risk from exposure was small compared to
background exposure. Gogolak repeated these cal-
culations in 1980 using radon concentration data
from shale wells in the Appalachian Basin (non-
Marcellus) with similar results.(4)

Three non-peer-reviewed reports have been
published more recently on the potential health
effects to people who cook with natural gas in
New York. Resnikoff used a theoretical model to
estimate a range of wellhead radon concentrations of
155–95,000 Bq/m3. He projected 17–435 lung cancer
deaths in New York State each year.(5) In response,
Anspaugh(7) and Krewski(6) authored reports in 2012
in support of Spectra Energy’s plans for constructing
a gas pipeline to ConEdison customers in New
York City.(39) Anspaugh computed a 30-year excess
lung cancer risk of 10−5 using the same dilution
factors as Resnikoff, but using the natural gas radon
concentration of 629 Bq/m3 measured on Spectra
Energy’s transmission pipeline. This concentration
was also used by Krewski to calculate a lifetime
(70-year) excess risk of 1.96×10−5 for New York res-
idents. Krewski performed a sensitivity analysis that
included radon concentration, size of residence, air
exchange rate (AER), and occupancy fraction (time
spent at home). The highest natural gas radon con-
centration examined was 740 Bq/m3 and the “plausi-
ble maximal exposure” calculated from it was asso-
ciated with a lifetime lung cancer risk of 8.95×10−5.
None of these reports considered exposure from un-
vented space heating, and all of them used question-
able assumptions to estimate burner-tip radon con-
centrations. Resnikoff’s report provided insufficient
documentation of the methodology used to estimate
wellhead radon concentrations, while the Anspaugh
and Krewski reports were narrowly scoped, calculat-
ing risk for a small set of Northeast consumers using
the lowest observed radon concentrations.

The PADEP estimated the potential radon ex-
posure from residential use of unvented natural gas
appliances assuming radon concentrations of 1,613
and 5,476 Bq/m3. The lower radon concentration
corresponded to exposure of 1.48 Bq/m3, and the
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higher concentration to 4.81 Bq/m3. The PADEP
made a determination that this incremental change
in exposure would not be detectable with typical
monitoring techniques and that the associated dose
was insignificant relative to the allowable dose for
the general population (100 millirem/year).

1.4. Radon and Unvented Gas-Burning Appliances

Unvented residential gas appliances include gas
stoves and ovens(40–42) and vent-free space heaters.
The exhaust gases of these appliances will contain
any radon present in the gas because radon is a chem-
ically inert element and it will remain as the elemen-
tal gas after combustion. Forced ventilation systems
are commonly installed with natural gas stoves and
ovens, but only a small fraction of combustion ex-
haust is likely to be captured by these systems.(43)

Even if exhaust gas is captured, systems that pro-
vide exterior ventilation are less common than those
that simply recirculate the combustion gas through
an activated carbon filter (to remove odors, smoke,
grease, and steam) and discharge to the home.(44)

Some radon may be absorbed onto these filters, but
research in this area is very limited.(45) By design,
vent-free space heaters (e.g., gas hearths, gas logs,
etc.) direct all of the combustion exhaust into the
living space.(46) Continuously burning pilot lights are
not considered in this study because they are a small
and decreasing fraction of the gas range market.(47)

1.5. Objective of the Present Study

The goal of this study was to assess the lung can-
cer risk due to unvented cooking and space heating
with locally supplied natural gas in Northeast U.S.
homes using radon concentrations that reflect the ex-
pected spatial and temporal variability. To do this
we:

(1) Collected natural gas samples from Marcellus
Shale gas gathering systems near the point of
entry to transmission pipelines and measured
their radon concentrations.

(2) Calculated the average natural gas radon con-
centrations at the burner-tip of Northeast U.S.
homes using radon measurements of locally
produced gas, taking into account supply mix-
ing and transit time.

(3) Modeled residential radon exposure for un-
vented cooking and heating based on rep-

resentative appliance use and settings in the
Northeast United States.

(4) Calculated the projected excess lung cancer in-
cidence from radon in natural gas using an epi-
demiological model.

2. CALCULATION OF RESIDENTIAL
RADON EXPOSURE

Radon exposure is the integral of indoor air
radon concentration over time spent indoors. Be-
cause we have assumed radon exposure is linearly
related to lung cancer risk, the exposure calculations
can be represented by a simple mass balance for av-
erage annual radon exposure from unvented cooking
and space heating (Equation (1)):

Cia = Cgas QUV

V · AER
(1)

where Cia is the indoor air radon concentration
(Bq/m3), Cgas is the natural gas radon concentra-
tion (Bq/m3), QUV is the unvented gas use rate
(m3/hour), V is the volume of all freely connected
living spaces in the home (m3), and AER is the air
exchange rate (1/hour).(48)

The following subsections detail the assump-
tions made for deriving the inputs to a Monte Carlo
model based on Equation (1) for average annual ex-
cess radon exposure in all gas-consuming houses in
the Northeast United States in which population-
weighted average annual radon exposure was cal-
culated by weighting residence-level exposures by
occupancy and individual housing-stock factors for
1,044 types of housing configurations. This approach
accounts for both occupancy and the representative-
ness of each residence in the population of NE homes
and apartments.

Exposure estimates were not adjusted by the
70% occupancy factor typically applied when
calculating exposure at home.(16) For the case of
radon exposure from natural gas, assuming 100%
occupancy was the conservative assumption because
a majority of exposures to combustion byproducts
occurs during and immediately after the use of
unvented gas appliances.(48–50) Moreover, both cook-
ing and supplemental heating are associated with
occupancy, and at least one person is near source
during cooking and probably more in an unvented
space heating situation.
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Fig. 1. Map showing seven locations where radon samples were collected. Each sampling location is numbered and colored to correspond
with measured radon concentration (red is highest). (Colors visible in on-line version.) Counties are shaded according to natural gas produc-
tion in the second half of 2013. For Pennsylvania, county production only includes unconventional natural gas production. Three sampling
locations were in northeast Pennsylvania, gathering from producing wells as far east as Bradford County, Pennsylvania. The westernmost
sampling location (#2) was in Marshall County, West Virginia.

Table I. Measured Radon Concentrations (Bq/m3) from the
Seven Gathering System Sampling Locations; Duplicate Samples

Were Collected and Measured at Four Locations

Sample Rn Concentration
a

Throughput
b

Sample Date (Bq/m3) (MMcf/day)

1 9/3/2013 2,212.6 ± 237 165.0
2 9/3/2013 2,749.1 ± 292 67.5
3A 9/4/2013 1,916.6 ± 204 60.1
3B 9/4/2013 1,924.0 ± 204 60.1
4A 9/4/2013 1,579.9 ± 167 5.4
4B 9/4/2013 1,546.6 ± 163 5.4
5A 10/30/2013 1,650.2 ± 174 2.7
5B 10/30/2013 1,801.9 ± 192 2.7
6A 10/30/2013 1,520.7 ± 163 91.0
6B 10/30/2013 1,542.9 ± 163 91.0
7 10/30/2013 1,169.2 ± 126 50.0

aThe 95% confidence interval for each sample based on inter-
comparison to the EPA’s target value, the calibration factor for
the cell, and the uncertainty associated with the counting of the
sample.(51)

bThroughput (MMcf/day) was read directly from on-site measure-
ment equipment.

2.1. Radon Concentration Measurements
for Marcellus Shale

Measurements of the radon concentration in nat-
ural gas were performed on samples of natural gas
from seven gathering systems in Pennsylvania and
West Virginia (Table I). Sampling locations are pre-

sented in Fig. 1. These gathering systems served as
few as four Marcellus Shale wells to >100. Because
the gas produced from each well was completely
mixed at the sampling location, each measurement
may be considered the production-weighted aver-
age of the radon concentration of all upstream wells.
Sampling location 2 was the only gathering system
to also serve conventional and coalbed methane gas
wells, but production from those wells was a very
small fraction of the total production into this sys-
tem. The gas was sampled near the point of entry into
transmission pipelines, which is desirable for two rea-
sons. First, sampling the gas gathered from multiple
wells reduces the well-to-well variability seen with
wellhead sampling. Second, gas on the transmission
system has been comingled with multiple sources,
and the contribution from each source will change
over time.

Access to sampling locations was granted by two
Marcellus Shale gas producers and samples were col-
lected in September and October 2013. Sampling
locations 1–6 were the “retail” side of a compres-
sor station and sample location 7 was a metering
and regulating facility. All samples were collected
from top-center mounted taps on a straight stretch
of pipeline, following standard protocol for sample
collection.(52) Duplicate samples were collected at
four locations. Each sample consisted of approxi-
mately one liter of gas collected in a Tedlar R© bag.
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Table II. Minimum and Maximum Transit Times (in Days) by
Month for Gas Entering the Transmission Pipelines Until Use in

the Home

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Min 0.5 0.5 0.6 0.8 1.1 1.1 1.0 1.0 1.1 1.0 0.8 0.6
Max 3.1 3.0 3.6 4.8 6.4 6.5 6.1 6.1 6.7 6.3 4.8 3.6

After establishing chain of custody and recording
collection data, samples were transported in ther-
mal containers by a third party for independent
testing by Bowser-Morner in Dayton, Ohio. The
radon activity was measured using scintillation cells
and reduced by 5.4%, a correction for higher alpha
counting efficiency in lower density methane versus
air.(51)

The measured radon concentration in the natu-
ral gas ranged from 1,520 to 2,750 Bq/m3. Measured
radon concentration decreased west to east, as does
the heat content of the gas. The gas with the high-
est radon concentration (sample 2) was from a “wet
gas” area, meaning it contained natural gas liquids.
The sample was taken at a compressor station that
discharged to a processing plant. Since radon parti-
tions more strongly into the natural gas liquids dur-
ing processing than methane,(3,34) it can be assumed
that the radon in this gas would have been reduced
when it entered the pipeline. The radon concentra-
tions measured at the four compressor stations sam-
pled by the PADEP were all in this range.(34) The
highest radon concentration measured in this study
was nearly twice the highest concentration reported
for natural gas being injected into Spectra Energy’s
transmission line (1,632 Bq/m3).(7) To be conserva-
tive, we included sample 2 in our calculations, and the
resulting throughput-weighted average radon con-
centration was 1,983 Bq/m3. Although the samples
collected in this study cover a broad geographic area,
these seven gathering systems moved only about 9%
of daily production in the second half of 2013.

Eleven samples (including the four collected by
the PADEP) are not enough to properly character-
ize the distribution of radon concentrations in Mar-
cellus Shale gas entering the distribution system. In-
stead, a uniform distribution between the minimum
and maximum measured concentrations was used in
the radon exposure model to represent the radon
concentration of natural gas entering the transmis-
sions system.

2.2. Burner-Tip Radon Concentration: Supply
Mixing and Radioactive Decay in Transit

The average radon concentration of the natural
gas delivered to homes will be lower than average
concentration at gathering systems due to mixing
with other low radon supplies (e.g., imported or
stored gas) and radioactive decay in the transmission
and distribution systems. The effects of mixing of
Marcellus Shale gas with nonlocal and/or stored
natural gas on radon concentration were estimated
by a simple relationship between supply and de-
mand. Fig. 2 compares average daily consumption by
month consumption (2002–2011)(53) with estimated
Marcellus Shale production per day in Pennsylvania
in 2013.(54) At this moment in time, annual gas
production in Pennsylvania (92 billion m3) was
approaching the average Northeast natural gas
consumption of around 106 billion m3. Production in
Pennsylvania alone now exceeds total demand in the
Northeast, reaching around 110 billion m3 (4 trillion
ft3) by the end of 2014.(55) However, there may still
be high demand months (i.e., January, February,
March, and December) when Northeast consump-
tion will exceed local production levels. Two mixing
scenarios are modeled: (1) no mixing with low-radon
gas sources, which assumes that local production
matches monthly consumption (most conservative),
and (2) mixing natural gas with zero radon content
with Marcellus Shale gas to meet demand, which
reduces the average natural gas radon concentration
in the months where demand exceeds supply.

Simple assumptions are used to estimate how
much radioactive decay occurs in transit. Natural
gas pipelines are operated within narrow pressure
and temperature ranges. Therefore, the velocity of
the gas (and thus the transit time) will be propor-
tional to the throughput,(36,37,56) which is roughly
equivalent to the consumption rate. Fig. 2 shows
that average monthly consumption in the winter
can be twice the rate in summer. For February,
the month with the highest average consumption,
pipeline transit times are randomly drawn from a
uniform distribution of 12 hours to three days. This
range is based on reported transmission velocities
of 16–32 km/hour(4,38,57) and distances to population
centers. For the radon exposure model (Equation
(1) and Table III), transit times for all other months
are scaled from February by assuming proportion-
ality to demand, so the transit time in summer
months is roughly twice that of winter months
(Table II). The minimum and maximum transit
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Fig. 2. Northeast average, minimum, and maximum
daily consumption rates by month of natural gas be-
tween 2002 and 2011 (in millions of cubic meters).(53)

The dashed red line is the average daily Marcellus
Shale production in Pennsylvania from July to Decem-
ber 2013.(54) Production exceeded average consump-
tion April through November.

Fig. 3. Histogram of natural gas consumption in
Btu/day/person for a subset of NE residences (N =
254) with the lognormal distribution (red line) fit to
the data. Black diamonds indicate the average num-
ber of occupants for each consumption category.

time scenarios in Table II result in 20% and 72%
reduction in annual average radon concentration
due to decay prior to consumption, respectively.
For each iteration of the radon exposure model,
a February transit time is randomly drawn from
a uniform distribution U(0.5, 3) days, and tran-
sit times in all other months are scaled to this
value.

2.3. Housing Stock

We used data collected in the Residential En-
ergy Consumption Survey (RECS), which included
a statistically representative sample of 2,066 mobile
homes, single family (attached/detached) homes, and
apartments in the Northeast United States, to charac-
terize housing stock and natural gas usage.(10) Char-
acteristics of each housing unit as well as natural gas
billing were part of the survey. Natural gas cook-
ing was reported by 1,044 respondents in the RECS
survey, representing 47% of NE residences. Natural

gas cooking varies across states and type of hous-
ing unit, being most likely in a New York apart-
ment and least likely in a single-family home in New
England (CT/DE/NH/ME/VT). Only 52 RECS sur-
vey respondents in the NE, representing (by weight)
approximately 2.2% of NE residences, reported us-
ing natural gas cooking stoves for room heating, gas
room heaters (vent type unknown), and “flueless”
fireplaces.

2.4. Unvented Natural Gas Cooking and
Heating Patterns

The QUV term in Equation (1) is the quantity of
gas consumed in a home that is not directly vented
to the outside. For the exposure model this is the
annual quantity of natural gas used for unvented
cooking and heating.
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Table III. Distributions for Parameters Used in the Monte Carlo Radon Exposure Model

Parameter Distribution Values Reference(s)

Radon concentration (Bq/m
3
) Uniform [1,520, 2,750]

February transit time (days) Uniform [0.5, 3]
Supply mixing (binary) Bernoulli p = 0.5
Cooking gas cons. (MBtu/person/day)

1
Lognormal μ = 14.97, σ = 0.55 10

Heater rating
Gas range (Btu/hour) Uniform [8,000, 20,000]
Vent-free (Btu/hour/m

3
) Uniform [67, 198] 56

Heater usage (hours/day) Uniform [2, 6] 55
Air exchange rate (1/hour) 66
Region 1 (annual / winter)

2
Lognormal μ = –1.159/–1.305, σ = 0.712/0.799

Region 2 (annual / winter)
3

Lognormal μ = –0.844/–0.798, σ = 0.698/0.673
Home occupancy factor

4
100%

1From RECS ”other” gas cons. for 254 NE residences.
2CT, MA, ME, NH, RI, and VT.
3PA, NJ, and NY.
4Fraction of time spent in the presence of radon; EPA typically uses 70%.

2.4.1. Unvented Cooking

A subset of NE residences (N = 254) were used
to estimate natural gas consumption for cooking
(Fig. 3). Residences in the subset only used natural
gas for heating (space and/or water) and cooking,3

and had estimated cooking-related consumption of
<100 MBtu /day. The latter constraint eliminated 24
residences that had unrealistically high gas consump-
tion for noncommercial cooking.

A lognormal distribution was fit to the NE
data, representing average annual consumption
per person (Btu/person) for cooking. In the radon
exposure model, random draws from the gas con-
sumption distribution are multiplied by total number
of household members to estimate annual residential
consumption for cooking (Btu/year) in every NE
residence that cooks with gas.4

As modeled, the average gas consumption is 10
mBtu/day/person. To put this number in context,
gas ovens (and broilers) typically consume 10–20
mBtu/hour while individual stovetop burners con-
sume 4–12 mBtu/hour. Government surveys show
that around 60 minutes is spent each day preparing
meals in U.S. homes.(58,59) A survey of 118 apartment

3RECS used a nonlinear regression model to estimate the portion
of annual gas consumption due to space and water heating and
other, which included clothes drying, cooking, and less common
uses (e.g., lighting). In the subset of 254 residences, natural gas
cooking was the only “other” gas consuming activity.

4An energy content of natural gas of 36 Btu/L (1,025 Btu/ft3) was
assumed in the conversion from Btu/year to L/year.

dwellers in New York City calculated average gas
range usage of 126 and 184 minutes on weekdays and
weekends, respectively.(40) For comparison, 1.5 hours
of cooking per day at 10 mBtu/hour in a home with
four occupants results in around 4 mBtu/day/person
consumption.

2.4.2. Unvented Heating

In a large survey consisting of approximately
20,000 adults conducted between 1988 and 1994, un-
vented natural gas space heaters were reported by
slightly more than 1% of adults living in the NE.(42)

Furthermore, nearly 8% reported using their cook-
ing stoves for heat at least once in the previous year,
and among low-income adults the rate is approxi-
mately double. Fifty percent of respondents in a 1981
survey of 118 New York City apartments (90 rent-
subsidized) reported using their natural gas ranges
for heating.(40) Out of 79 homes surveyed in three
Boston housing projects between 2002 and 2003,
27% reported heating with a gas range.(41)

Rather than estimate a fraction of residences
using unvented gas appliances for heating, we ran
a scenario analyses in which unvented heating was
assumed for all residences that cook with natural
gas. The U.S. Department of Housing and Urban
Development assumed four hours of unvented
stovetop heating per day to study impacts on indoor
air quality.(60) Similar usage of vent-free heaters was
also observed in a study of 30 Chicago-area homes
(29 single family and one condominium). Fourteen
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of the homes in this study ran their fireplaces for
at least two hours continuously and five were used
for at least four hours continuously over a three- to
four- day period.(61) A 2011 industry trade group
survey found average use of gas fireplaces among
U.S. homeowners to be 2.6 hours per day and
52 days a year.(46) Use of stovetops/ovens or vent-
free heaters as a primary heating source has also
been observed.(40,46,61)

To estimate the amount of gas consumed for
each of the different RECS houses, usage time was
multiplied by the rating of the oven/stovetop or
vent-free heater. Building code restrictions on vent-
free heaters in some cities (e.g., New York City(62))
make it more likely that apartment dwellers would
utilize stovetops or ovens. For apartments we es-
timated gas consumption as U(8, 20) MBtu/hour.
For single-family homes, guidelines adopted by New
York State for vent-free heater sizing were used to
estimate rating according to the volume of space in
which the heater would be operated.(63) In “average”
construction homes (referring to the air infiltration
rate), approximately 140 Btu

hour ·m3 is recommended. For
“tight” and “loose” construction homes, 67 and 198

Btu
hour ·m3 are recommended, respectively, so we calcu-
lated ratings as the product of dwelling space volume
(m3) and a random draw from a uniform distribution
U(67, 198) Btu/hour/m3.

In the radon exposure model two scenarios were
run: (1) a supplemental heating case where all res-
idences used unvented natural gas appliances be-
tween two and six hours per day, and (2) a primary
heating case with round-the-clock usage. In both
cases the length of the heating season was 120 days.

2.5. Residential Dilution of Radon

The denominator in Equation (1) describes the
dilution of radon in a freely connected space, which
is assumed to occur uniformly and instantly. The V
term is the volume of the space in which dilution
occurs. For dilution of radon associated natural gas
cooking, V was calculated from the product of RECS
total floor area less estimated garage area (23–70 m2),
and average ceiling height of 2.5 m (3.5 m for high
or cathedral ceilings) and an adjustment term to ac-
count for restricted air flow to some of the interior
space. Adjustment of V is based on the observation
that dilution across the entire living space volume
can be a poor assumption, particularly in multistory
residences where the closure of interior doors and
vertical temperature differences (“stack effect”) im-

pede air movement.(64–67) The conservative assump-
tion is to model dilution occurring within one level
of an apartment or single-family home. Therefore, V
is the total volume divided by the number of stories
(including basement and attic) reported in RECS.
In single-level apartments, reduced dilution is likely
to occur when doors are closed, restricting air flow.
Closed doors are assumed to restrict air flow to 25%
of an apartment, studio apartments not included.

For unvented heating, V is determined from the
floor area of the heated space instead of the total
area. However, since vent-free heaters are sized to
the space they will occupy, exposure is independent
of heated volume for single-family homes. In non-
studio apartments, a 25% reduction in available di-
lution volume is assumed, representing door closure.

The AER term in Equation (1) is the air ex-
change rate. It describes the rate at which air inside
the home is replaced with air from outside of the
home. AER depends on weather, home characteris-
tics (e.g., leaky windows), and the behavior of occu-
pants, all of which vary in time and space.(68–71) In this
study, only the portion of AER due to infiltration, air
leaking into and out of a home through cracks and
gaps in its exterior, was considered. The AER term
did not include natural ventilation (e.g., opening a
window) or mechanical ventilation (e.g., attic fan).

Empirical AER distributions developed by
Murray and Burmaster (1995) were used to simulate
infiltration across all homes.(72) Separate empirical
distributions exist for specific climate regions5 and
seasons (Table III). For natural gas cooking, random
sampling from the lognormal average annual AER
distribution is used. The average winter (Dec.–Feb.)
AER is used for unvented gas heating.

2.6. Radon Exposure Simulation

The radon exposure model was run for 10,000
iterations. In each iteration the average annual and
winter natural gas radon concentrations, Cgas in
Equation (1), were estimated for a unique selection
of input parameters (Table III). The average annual
Cgas was used for cooking and the winter Cgas was
used for unvented heating. Average annual radon

5In order to use the empirical AER distributions, which were de-
veloped for climate regions, it was assumed that all RECS hous-
ing units in the New York State were in Murray and Burmaster
“Region 2,” while “Region 1” was assumed for all RECS housing
units in the multistate domain that included CT, MA, ME, NH,
RI, and VT (see Table III).
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Fig. 4. Histogram of radon exposures (Bq/m3) due to natural gas
cooking in 1,044 NE U.S. homes and apartments.

exposure from cooking and unvented heating was
then calculated for each of the RECS 1,044 homes
and apartments, using individual home characteris-
tics and drawing from distributions for AER and gas
consumption.

3. RESULTS

3.1. Radon Exposure Due to Unvented Gas
Cooking

Fig. 4 presents a histogram of model realizations
of radon exposures due to natural gas cooking. The
total number of realizations is >10 million (1,044
RECS homes by 10,000 iterations).

The mean exposure is 0.5 Bq/m3 (interval span-
ning 95% of simulation results: 0.03, 2.6). More than
93% of the model realizations are <1% of the EPA
action limit for radon of 147 Bq/m3. Only 0.5% of re-
alizations of radon exposure exceed 5 Bq/m3. These
results affirm the findings of the PADEP report,
which estimated 4.81 Bq/m3 as the upper limit for
exposure. They are also the product of conservative
model assumptions.

3.2. Radon Exposure Due to Unvented Gas
Space Heating

When unvented space heating provides supple-
mental heat for a few hours throughout the winter,
the volume of gas that would be consumed by com-
mercially available vent-free heaters will be similar to
the volume of gas consumed for cooking throughout
the entire year. As a result, the distribution for radon
exposure due to unvented heating presented in Fig. 5
is similar to the exposures presented in Fig. 4.
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Fig. 5. Histogram of radon exposures (Bq/m3) due to unvented
natural gas heating in 1,044 NE U.S. homes and apartments.

The mean radon exposure due to unvented space
heating is 0.6 Bq/m3 (interval spanning 95% of simu-
lation results: 0.06, 2.4). Only 0.33% of realizations of
excess radon exposure exceed 5 Bq/m3. These mod-
eled exposures are conservative as the correlation be-
tween heating demand and AER was not modeled.

Higher levels of radon exposure could be possi-
ble if cooking stoves or unvented heaters were used
for primary heating. Assuming that unvented heating
occurs for 24 hours per day, the mean annual excess
radon exposure would be 3.5 Bq/m3 (interval span-
ning 95% of simulation results: 0.4, 13.7). However,
because an unvented heater would not need to run
continuously to provide sufficient heat in a confined
space when AER is low, this is an overestimate.

3.3. Cancer Risk Due to Radon in Natural Gas

In 2009, 41,169 lung cancer cases were reported
in the Northeast for a population of 55.2 million
people.(73) This gives an incidence rate of 7.5×10−4

from all causes. There were approximately 4,200–
6,200 radon-induced cancers in 2009 in this region,
assuming 10–15% of all lung cancers are due to
radon.(19) To assess the excess cancer risk due to lo-
cally sourced radon in natural gas, the modeled ex-
cess radon exposure estimates described above were
used in the Turner et al. (2011) model of lung cancer
incidence from radon exposure for the Northeast.(20)

Fig. 6(a) presents a histogram of population-
weighted average annual radon exposure due to gas
cooking, which is the weighted average of radon
exposure weighted by RECS-provided factors. The
95% confidence interval (CI) NE U.S. radon haz-
ard ratio (HR) calculated by Turner et al. (2011) is
1.12–1.53 per 100 Bq/m3. Additional incidences of
lung cancer per year from cooking are the product
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Fig. 6. Histograms of population-weighted average annual radon exposure (a) and excess incidences of lung cancer per year (b) due to
natural gas cooking.

of population-weighted exposure, HR, background
incidence rate, and the RECS estimate for people
cooking with gas. Fig. 6(b) presents a histogram of
additional incidences of lung cancer per year from
cooking associated with a HR of 1.53 (a conservative
assumption).

The mean population-weighted annual average
excess radon exposure for the histogram in Fig. 6(a)
is 0.6 Bq/m3 (interval spanning 95% of simulation
results: 0.3, 1.2), which, for a HR of 1.53, corresponds
to a mean lifetime (70-year) excess lung cancer risk
of 1.8×10−4 (interval spanning 95% of simulation
results: 8.5×10−5, 3.4×10−4). Additional incidences
of lung cancer per year (Fig. 6(b)) are, on average,
62 (interval spanning 95% of simulation results:
28, 116). Therefore, radon in locally produced
natural gas used for cooking will not have a mea-
surable effect on lung cancer incidence in the NE,
against a background of several thousand annual
radon-related lung cancers.

Use of unvented gas appliances for supplemental
heating has a similar risk profile as cooking because
gas consumption is approximately the same. Even
though there is comparatively less information about
the population heating their homes with unvented
heaters, the number of additional lung cancer cases
associated with unvented heating will be a fraction
of that calculated for cooking because the popula-
tion is much smaller. The population using unvented
gas appliances for primary heating is even smaller.
Nonetheless continuous use of vent-free heaters and
gas ranges is associated with the highest potential
excess radon exposure, which we estimate conserva-

tively to result in a 70-year lifetime excess lung cancer
risk between 1.1×10−4 and 3.9×10−3.

4. DISCUSSION

The magnitude of the potential risk to human
health calculated in this study is larger than what was
estimated by Krewski and Anspaugh. The main rea-
sons for this result include the use of higher radon
concentrations for natural gas in the residential sup-
ply and the use of the upper bound for the hazard
ratio from a Northeast-specific lung cancer model.
The maximum exposures calculated in this study are
comparable with the maximum 4.81 Bq/m3 exposure
reported by the PADEP. At this time there is no
support for the high mortality argument offered by
Resnikoff.(5)

Based on current information, it is unlikely
that use of Marcellus Shale gas in NE U.S. homes
will result in a detectable change in the lung cancer
death rates. Individual risk, however, is elevated
for the people living in homes with low ventilation
rates, especially those who use vent-free heaters
or gas ranges to heat their living space. Although
the number of people in this category appears to
be small, they would be prime targets for risk com-
munication concerning the importance of adequate
ventilation when burning natural gas indoors. It is
important to note that exposure to other combustion
byproducts (e.g., nitrogen dioxide, carbon monox-
ide) would likely be a greater health concern with
this level of unvented gas combustion and minimal
air exchange.(41,44,48,60) Commercially available
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vent-free heaters are installed with oxygen sensors,
which would likely prevent them from operating
continuously in a confined space as was modeled.
Gas ranges are not equipped with such features.

Though the potential exposures to radon in nat-
ural gas modeled in this study are very small com-
pared to typical background levels in homes and out-
doors, the individual perspective may be very dif-
ferent. The actual level of radon in natural gas dis-
tribution pipelines is not currently known. Without
a thorough understanding of the concentration and
variability of the natural gas radon concentration it
is difficult to dismiss public concerns and to devise
a measured regulatory approach, if one is needed,
to this issue. Concerned members of the public can
take simple steps to mitigate the risk. For example,
opening windows can increase the AER by orders
of magnitude,(65,74) which would dramatically reduce
any potential radon exposure due to unvented natu-
ral gas cooking and heating.

4.1. Study Limitations

There are numerous limitations regarding this
analysis, but only those that might lead to higher ex-
posure are relevant. For example, it is known that
people near a combustion source (e.g., the person
cooking) will likely receive higher exposures com-
pared to people in another part of the house. The
mass balance, instantaneous mixing approach under-
estimates this maximum exposure.(48,49,61,75) In a re-
cent study of air quality associated with cooking,
Lobscheid et al. modeled near source exposure to
be twice as high for the person cooking.(76) Traynor
et al. found that maximum exposure to combus-
tion byproducts from a gas range in a test house
were underestimated by around 20%.(49) Higher near
source exposure is not included in the population-
weighted exposure calculations because the health
effects model was specifically for averaged back-
ground rate, not acute or intermittent exposures.

The radon concentration data, though the best
currently available, were insufficient to characterize
the variability of this parameter. The existence of
radon “hot” spots cannot be ruled out. There have
not been any radon concentration measurements for
gas produced from the Utica Shale, which is an-
other Appalachian Basin shale with rapidly growing
production.(77) Also, while RECS is a useful source of
data on Northeast homes and energy consumption,
the data represent a small sample of the 20 million
homes in the Northeast, and certain features of the

data are less representative than others. Errors in the
RECS survey, end-use model, or weighting correc-
tions could also impact these results.

AER models, including the one used in this
study, have shortcomings.(68) The prevalence of
“tight” construction homes in the population may be
higher than the AER models published by Murray
and Burnaster (1995). If “tight” construction homes
are more prevalent, exposure could be underesti-
mated. Gas consumption for heating and AER have
been shown to be correlated;(78) however, we have no
defensible way to account for this in our model.

Finally, the main limitations for the Turner et al.
model of lung cancer risk also apply to this study,
namely, that their study was based on mean county-
level radon data as opposed to more direct measure-
ments in homes.

5. CONCLUSION

Natural gas being supplied to Northeast U.S. res-
idential consumers will contain higher levels of radon
compared to conventional and geographically distant
supplies that have sustained this region for decades.
Radon concentrations measured in seven gathering
systems ranged from 1,520 to 2,750 Bq/m3, and the
throughput-weighted average was 1,983 Bq/m3. Ra-
dioactive decay in pipelines is expected to reduce the
radon concentration in natural gas between 20% and
70% before it reaches consumers, depending on the
season.

Cooking with locally produced Marcellus Shale
gas is unlikely to cause excess average annual radon
exposures above 2 Bq/m3, which compared to na-
tional average indoor concentrations of radon on the
order of 50 Bq/m3 is insignificant.(28) When using
conservative assumptions, the modeled population-
weighted excess radon exposure due to cooking is 0.6
Bq/m3 (interval spanning 95% of simulation results:
0.3, 1.2). The lung cancer risk for this level of expo-
sure is not high enough to cause a measurable change
in annual lung cancer incidence rates in the NE. As
modeled, it is essentially smaller than the noise in the
estimate of annual lung cancer incidence. Small seg-
ments of the population that continuously operate
unvented gas appliances in poorly ventilated spaces
will experience the highest excess lifetime lung can-
cer risk. For those people, the excess lifetime lung
cancer risk could be as high as 3.9×10−3 (the 97.5 per-
centile of the simulation results distribution).
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