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ABSTRACT

The transport of 222Rn from soii, through a vented crawl space, and
into the living space of single family residences was studied. Two ﬁouses
were monitored in detail for periods of five and seven weeks. With crawl

222Rn concentrations were 1.2 and 0.6

space. vents open the average indoor
pCi 1-1 (44 and 22 Bq mf3); with the vents sealed the averages rose to 2.2
and 1.0 pCi 1_1 (81 and 37 Bq m-3). The data suggest that of the radon

released into the crawl space from the soil beneath the house, a signifi-

cant fraction, perhaps 50% or more, enters the living space.

The effect of three meterological parameters -—- wind speed, indoor-
outdoor temperature difference, and rate of barometric pressure change —-
on radon concentration and entry rate were examined. In one of the houses
a higher temperature difference corresponded to a higher indoor concentra-
tion, suggesting that the increased infiltration rate is more than compen-
sated by an increase in the radon entry rate. On the other hand, a high
wind speed tended to reduce the indoor concentration, presumably by
increasing both cross—-ventilation of the crawl space and the infiltration

rate of the living space.

Results suggests that radon transport into the crawl space of at least

one of the houses occurred by pressure-driven flow, rather than solely by

222

molecular diffusion. The diffusion coefficient of Rn  through

polyethylene sheeting such as was present In this house, was measured in

the laboratory and found to range from 0.65 x 10_7 cmzs_1 at 11°C to 1.6 x

10-7 cmzs-1 at 25°C, implying that the maximum diffusive flux through the
sheet was many times smaller than that necessary to account for the rate of

radon entry into the house.
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A third house was studied using a tracer gas injected into the crawl
space at a coﬁtrolled'rate. The fraction of air leaving the crawl space
that entered the living space ranged froﬁ_0.3 to 0.65, in good agreement
with results for radon transmission in the other two houses, assuming the

222Rn‘ flux into the crawl space was comparable to that which would have

2225, ‘diffusion length

resulted from molecular diffusion from sbilthaving a
1.0 m. By sealing leaks in the floor of this house, the average infiltra-
tion rate was reduced by 25%, while the indoor concentration of the tracer

gas remained foughly ﬁnchanged.
keywords: crawl space, indoor air quality, fnfiltration, pollutant sources,

polyethylene, radon, radon flux, residential buildings, soil,

vapor barrier.
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* INTRODUCTION

Soil is generally pecognized to be an important and often the dominant
source of indoor radon, an air pollutant that is associated with roughly
half. of the effective dose equivalent to the general public from natural
radiétion (UNSCEAR82,Ne83). The dose to individual members of the public
varies widely, _largely because of differences in the rate of entry into
structures. In the case of soil as a source, these diffefences result both
from its intrinsic characteristics, such as its radium content and mechani-
cal composition, and from the degree of coupling of indoor air to the soil.
For the 1latter factor, the design and construction of the building

substructure are important elements.

Single-family dwellings in the United States are most often built with
one of three substructure types —- basement, crawl space, or slab-on-grade
-= or with a combipation of these types. Although a significant portion of
dwellings havé a crawl space (in the Northwestern United States, for exam-
ple, this is tfue of 48% of the houses having a single substructure type
(Pa80)), research on radon entry into dwellings has thus far focused
primarily on houses with basements (AECB79, Ge80, He82, Na83a, Sa82, Sc83).
The results of this research suggest that diffusion of radon from soil and
building materials, and entry via water, cannot account for many cases
whére higher indoor concentrations have been observed. The predominant
mechanism for radon entry in these cases may be pressure-driven flow of
soil gas through penetratioﬁs in the basement floor gnd walls. Temperature
differences, wind speed, and barometric pressure changes may all play a

role in inducing this flow.



Several distinctions that can affect radoh entry exist between houses
having a crawl space and those with a basement. For example, whereas the
air in a basement is often déll—coupled'fo that in the main floor of a
house, a ventéd-cfawl space is better coupied to the outside air than to
ﬁhé living space. In other words, in a crawl-space hbuse pressure
differences are likely‘to be larger and more readily sustained across the
house floor than across thé;craw1 spéce walls. ‘furthermdfé, 'given‘common
construction practices, the floor of a'crawi—Space“hohsé,—commonly built of
ﬁood, is likely to'haQe greater'leakagé aréa than the floor and walls of a
basement, commonly built of poured ¢on¢réte dfiéoncrete blocks. Finally,
the basement walls and fioor'are in close COhtécf with a lafge area of soil

while the floor of a house with a crawl space is a few feet above the soil.

That houses having aicraWI'space can have'high indoor radon concentra-

tions has been clearly demonstrated: Rundo et al. ‘(1979)'measured 222Rﬁ

concentrations in 22 such houses neéar Chicago and found 9 higher than 5 pCi .

1 (370 Bq m™3). The

171 (180 Bq m™3), and 6 of these higher than 10 pCi 1~
crawl space in each of these houses was, however, unvented, and sb; not
only is the diffusive flux of‘rédon from the soil ﬁnder_the house likely to.

enter the 1living space, but this flux may also be enhanced by> pressure-

driven flow. This potential enhancement is consistent with a measured flux
2.-1 2 ~1

from the so0il under one house of 7.3_ bCi ﬁ_ s (0.27 Bq m “s ),
considerably greater than the range of 0.1-1.4 pCi m-z s-1 (0.004-0,052 BRBq
m--2 s-l) cited by Wilkening et al. (Wi72) for measurements from uncovered

soil. Whether houses having a vented crawl space can have high indoor

concentrations is not known.



The important flow processes for redon transport from soil into a
crawl-space house are shown schematically in Figure 1. Radon entering the
~crawl space from the soil will primarily then enter either the living space
or the outdoor air. Its distribution petween these two fates not only
depends on the characteristics of the houee,,‘but also varies with meteoro-
logical conditions. During the heating season, for example, the tempera-
ture difference between indoor and outdoor air induces a convective 1loop
with a net inward pressure exerted on the floor and lower part of the
walls. This pressure, which for a single-story house is roughly 0.5 Pa for
every 10°C of temperature difference (Sh80), }eads Fo an air flow carrying
radon into the house through cracks and holes, which are commonly found
around plumbing, electrical, and heating system penetrations. Air-exchange
between the crawl space and outdoor air is induced by temperature differen—
ces as well as by wind. However, temperature differences between the crawl
space and outdoor air are typically small and crawl-space vents are close
to the ground and often well shielded, thereby reducing the effect of wind.
So even with a relatively large vent area, a crawl space may not have much

cross ventilation.

The presence of the house and nearby landscaping may also
significantly influence the flux of radon from the soil into the crawl
space relative to the flux from a compareble soil in an uncovered field.
If the crawl space is unvented, temperature difference and wind-induced
pressures may lead to a flow of air through the‘soil and into the crawl
space as into a basement. Even for a vented crawl space this effect may
exist, although it will undoubtedly be much smaller. Perhaps the most
important effect will result from a change in the spatial distribution of

soil moisture, which is known to affect radon diffusion 1length (Tab64),



emanation ratio (St82, St83)_and.soil permeability (BuO4).

Interest in energy conservation in awellings makes attractive several
-measures that may affect the indoor radon concentration in crawl-space
houses. ‘An important example is.partiélly sealing crawl-space vents during
the heating season. The Uniform Building Code (1982) requires 0.67 qz of
vent area for each 100 m2 of house floor. -area, but, Tinl cases"ﬁhere
moisture due to climate and groundwater conditions 1is not considered
excessive”, allows a reduction ﬁo 10% of fhis requirement if the ground is
covered with a vapor barrier; This measure saves energy by.redﬁcing heat
loss through an uniﬁsulatéd floof, but éléo reducéé crdss ventilétion' of
the crawl space, and thus may lead to higher indoor rédon concenérafiéns.
Weatherization measures dirécted at reducing>iﬁf11fratiod can also ihérease

indoor radon levels. However, because radon enters the house from the soil

with infiltfating'aif, it may be possible to reduce radon entry rates as

well as infiltration ratés By applying tightening measdres to thev-house
floor, thereby reducing energy consumption without adversely affecting

indoor air quality.

The purpose.of the qurrent study ﬁés to inVestigatthhe entry of radon
-into houses having a crawl space, consideriﬁg,bin'parficular, the'effecﬁ of
some energy conservation measures and possible control' téchﬁiques. Our
approach was to survey a small sample of houSeé' from which two were
selected for detailed ﬁonitoring of fadan concéntrations and source
parameters. Thié work was supplemented by measurements in the laboratory
and in a controlled residence deéigned.to eiﬁcidate ﬁhe proceéses by'which
radon is transported from soii into a crawl space and from there into a

house. In this paper, after discussiﬁg some general ﬁconsiderations



regarding radon transport into crawl-space houses, we present the results
of measurements in eight houses that were quickly characterized and in two
houses that were monitored in detail, of radon diffusion through polyethy-
lene, and of fhe transport of a tracer gas from the crawl space into the

living space of an unoccupied residerce.

TRANSPORT MECH ANISMS AND ENTRY RATES

In this sectiqn we describe in general the transport of radon from
soil througb a crawi space and intq the }iving space of a house,
delineating the range of entry rates and concentfations that one may expect
based on literature data, and describing some of the factors that influence
transport. Other potential sources and transport processes -—— building
materials and eqtry via domestic water, in particﬁlar ~— are 1ignored, in
the formervcase because of the small amounts of crus;al materials commonly
used in crawl-space hoﬁses, and in the 1atfer becéuse the characteristics

of radon entry via water are independent of the substructure type.

The case we consider i§ a single-story house with ceiling height, h,
typically 2.4‘m, and a vented crawl space. The nominal rate of radon entry
from the so0il into the crawl space is given by the flux from uncovered
soil. (As mentioned in the previous section, the actual flux may differ
from the nominal value due to the presence_of the hoﬁse.) Wilkening,et al.
(1972), reviewing 1000 such measurements for 22?Rn worldwide, give a mean
value of 0.43 pCi m-zs"1 (0.016 Bq m—zs-l) and a range of average values
for aboqt 40 areas, excluding a few over lava whichvexhibited much lower

2 -2 -1
]

values, of 0.1 - 1.4 pCi m s_1 (0.004 - 0,052 Bq m ). Flux due

entirely to molecular diffusion can be expressed as the product of four



terms:

F =\ 20P, ‘ (1)

where ARn is fhe decay constant of 222Rn (2.1 x 10-6.3-1);: p 1is the bulk

soil density, which, for dry soil without organic matter, is typically in

the range (1.0 - 1.7) x 106 g m-3 (Ra83); &,  is the diffusion length of

222Rn in soil, commonly in the range 0.6 - 1.5 m, but as low as 0.0l m for

saturated soil (Ta64); and p is the emanating 226Ra concentration of the

"soil, i.e., the 226Ra concentration times the fraction of 222Rn produced

that 1s free to move<thr6ugh the soil pore space rather than being bound
within a mineralngrain. Only limited data exist for p; these indicate a
range of less than 0.1 to 1.2 pCi g-1 (less than 4 to 44.Bq-_kgf1) - (Ba72,

In83, Na83a, Pe66). Taking typical values of P = 1.4 x 106 g mf3, L =

1.0m, and p = 0.25 pCi g_1 (9;3'Bq‘kg-;) gives alflux of 0.74 pCi m-zs—1

—28—1

(0.027 Bq m ), within the range cited above but somewhat greater than

the mean.

232

238 ’Th in

Despite the comparable activity concentrations of 77 U and

surface soils (My83), one would expect éubstantially different activity

concentrations of 222Rn and 220Rn in trawl-spacé houses. Because df its

20

relatively large decay constant (0.013 s-l), much of the 2 Rn entéring the

crawl space from>the soil will decay there. Since the radon decay products

are chemically active, an important issue in asseééing the radiological

impact of 220Rn indoors is the degree to which its decay products penetrate

the building shell without becoming deposited on the surface of cracks and

holes. If the degree of penetration is large the radiation dose fromvzzoRn

decay products may approximate that due to 222

£ 220

Rn decay products.  In the

current study, measurements o Rn and its decay products were not made,



222Rn.

and henceforth the term radon refers to

Of radon that enters thé crawl space from the soil, the fraction, f,
that is transmitted to the living space rather than outside -depends, on
average, upon the physical characteristics of the structure, such as the
size and location of the vents, the degree of shielding, and the leakage
area of the floor. It may be influenced by the operation of a forced-~air
furnace whose ducts are located in the crawl space both because air may
leak into a return duct carrying radon directly into the house, and because
fhe temperature of the crawl space air will ;ncrease, possibly increasing
cross ventilation. The - transmitted fraction will ‘also vary with
environmental conditions, particularly the respective temperatures of the

indoor, crawl space, and outside air, and the wind speed. Given f, the

radon entry rate into the residence, per unit volume, is then
= L ’ ( ' ‘ 2
o = fF/h f)\Rnp,Q,p/h . (2)

Here h' is the ratio of the interior volume of the house to the floor area
of the crawl space; it is somewhat less than the ceiling height, h. For

steady-state conditions the indoor radon concentration will then be given

by

I=9/, *+1I (3)

0.,
where Av is the ventilation rate and Io is the outdoor radon concentration.
We ignore the removal of radon from indoor air by radioactive decay as it

is generally much smaller than the removal by ventilation.



Assuming a flux equal to the worldwide average cited above, a
ventilation rate of 0.5 h-l, and an outdoor radon concentration of 0.1 pCi

1-1

(4 Bq m-3), typical of outdoor air along the west coast of the United
States, the indoor radon concentration for our sample house will range from

0.1 to 1.4 pCi 1-1 (4 to 52 Bq m_3), for values of f between O and 1.'

.One of the goais of the current stndy was to determine values of f
under a range of conditions. By measuring indoor nnd outooor .radon
concentrations, and radon flux from the_soil (or,\olternativeiy, emanating
226Ra content, soil bulk density, and_radon diffusion iength),v f can be

determined from equations (2) and_(3). ‘ﬁoweyer, radon may be ttansported
into the crawl space from tne soil by prOcesscs other‘than molecnlar di ffu-
~sion. Wind and convection—induced_ flowA may play a role as briefly
discussed above; in addition, barometric oreosure changes are known to
induce a flon of air into or out of the soil, influencing the radon flux
(C174). Evidence'of'Such processes was observed in this study, as will be
discussed below. These processes, nnfortunately,' make determination of
radon flux into the crawl space, necéosary to‘calcuiate £, problematic.

SITE SURVEY: EIGHT HOUSES

Prior to  selecting two houses for detailed monitoring, several
measurements were made in eight houses. anee of these houses, belonging
to employees of - Lawrence Berkeley Laboratory, are located in the San
Francisco Bay area, one each in the communities of Albany, Lafayette, and
Concord. The other five nouses are occnpied by employees of the Bonneville
Power Administrétion; three are within the city limits of Portland, Oregon,

while the other two are in the nearby communities of Beaverton, Oregon and



Brush Prairie, Washington. The houses had neither furnaces nor return-air
ducts in the crawl space, although in>most cases supply ducts were located
the:e. Whereas the three houses near San Francisco had-fully vented crawl
spaces with neitﬁer vapor barriers nor sub-floor insulatioﬁ, each‘of the
houses in the Portland area had a polyethyiene ground shéet, four had
fiberglass 1nsu1atiop beneath the floor, and fouf -had partially-sealed

crawl space vents.

Results of the survey measurements, presented 1in Table '1, are
generally consistgnt and show radon concentrétions and soil characteristics
within the range considered to Be typical. The irregular fluxvmeasurements
observed in the Portland houses are thought to be due to the presence of
the ground sheet: flux was measured under the sheét edge and transient
changes in flux folldwing.disturbance of the sheet may have 1ﬁf1uenced the

_results.

It is somewhat surprising that even for the integrated- measurements
the érawl ;pace fadon concentration is sometimes seen to be lower than the
indoor concentration, contrary to expectations if soil is the predominant
source. This result may reflect poor mixing of air in the crawl space:
with open vents the radon concentration in‘the‘crawl space will vary from
the outdoor concentration near at least some of.the vents to a maximum
value well away from.the vents. The ground sheet may influence the spatial
distribution of radoﬁ considerably, as well, by changing the flux profile

from the soil.



DETAILED MONITORING: TWO HOUSES

Becanée the site survey révealed generaliy consistent results, we
selected houses for detailed‘monitoning primariiy fornminimum occupancy and
for convenience in installing our monitoring instrumentation, rathér than
for their radon nharacteristics. The housgs we selected, SF-B and P-C,
each had two adult occupants who both ﬁorkedﬁnutside the home, ~énd no
‘children. Each hnuse had a simple rectangnlar geonetrf with ;ﬁ attached
garage (having a slab-on-grade fonndation) and crawl-space vents on three
sides. Other characte;istics of the housen, including séneral thgt were
pertinent to the determination bf véntilaﬁion rane; are given]in tne first

two columns of Table 2.

Each house was monitored for a neriod of 5f?"weeké. Eight naraneters
were measured continuously,i'on-site, and“tnege were supplemented bf data -
from the Nationai Weather Service on barometric bresénre and rainfall. The
eight parameters were radon concen;ration in indoor, outdoor, and _crnwl—
space air, radnn flux from the soil, indoor and outdoor:tempgratnrg, and

wind speed and direction.

Radon concentrations and flux were measured by continuous radon moni-
tors (Th79) using scintillation flasks similar to fhe design by Lucas
(1957), modified " to have two ports, and coupled to 5-cm photomultiplier

tubes. In each case air 1s.drawn through a sampling line at 0.9 1 min_l,

220Rn, and, after. passing

passes through a 5-1 décay volume to eliminate
through a filter, enters the flask. Airborne concentrations were sampled
from the living room, from a point adjacent to the house about 1.5 m above

grade, and from the center of the crawl space. '~ The flux monitor sampled

‘10



air from the outlet port of an accumulatq;_box,_ O.1-m high, covering about
0.95 mzvof soil, and with its edges S?::§h°uF,1 cm below the soil surface.
The inlet port of the accumulator, located opposite the outlet port, was
open to atmosphere. In house SF—B the accumulator was deployed in the
center of the crawl space; in house P-C, because of the vapor barrier, the
box was &eployéd adjacent to the housé, about 2 m from the foundation,

covering a thin patch of weeds.

~ The radon monitors were calibrated for steady—state response by
comparing their response to those of four similar monitors calibrated
following the procedure of Busigin et al. (1979), and referred to a

226

standard-reference-method solution of Ra from the National Bureau of

Standards. Background count rates _were determined by sampling air

1 or 4 Bq m %)

containing a low concentration of radon (approx. 0.1, pCi 1~
for 12-hour periods before and after field monitoring. Typical steady-
state efficiencies and background count rates were thus determined to be

1 3min-1) and 0.3 min_l,' respectively. Ignoring

2.8 pci 1 'min™! (100 Bq n”
calibration uncertainty, the 90% confidence limits for week-long measure-
ment periods are + 0.1 pCi 1-1 (4 Bq‘m_3) for concentrations less than 2
pCi 1-'1 (74 Bq m-3) and are dominated by background uncertainty. Absolute
calibration uncertainty is estimated to be on the order of 10Z; however the
relative uncertainty among the four devices is only a few percent. For
three—~hour measurement intervals, the basis for computing radon entry rate,
the 90% confidence limits range from + 0.2 pCi 1-1 to + 0.4 pCi 1-.1 (7 to
15 Bq m-3) for concentrations in the range 0.5 - 2.0 pCi 1-1‘(18—74 Bq
-3

m ).
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Indoor and outdoor temperatures were measured with thermistors, in the
outdoor case with an aspirator and a radiant shield. Wind speed and direc-
tion were measured with a cup and vane assembly, mounted at 7.6 and 8.8 m

heights at SF-B and P-C, respectivély.

Ventilation rates were calculated from an infiltration model (Gr82):

o - 2 2
\ = 3600 A (£°v

v 2‘ 1/2 . B
v \Y f fs A? ) (4)

I

where Av is the ventilation rate (h-l), V is the house volume (m3), v is

1

the wind speed (m s ), T is the absolute value of the indoor—outdoor

.temperature difference (QC), _onis tﬁeveffective leakage area of the house
(mz), and fw (dimensionless} and fs (m s_1 °c°% ) are the wind and stack
parameter, respectively, which account for local and terfain shielding,
house height, and the distribution of leakage area in the floor, walls and
ceiling. The effective leakage area was measured for each house by fan
pressurization, the 'average of :determinations for pressurization and
depressurizatioﬁ being uéed, and was assumed not to vary with sealing the
crawl-space vents. The distribution of leakage area was assumed to be
uniform per unit area of ‘the house shell. ,Infiltration was assumed to
account for the entire ventilation rate: it is the p}edominant ventilation
.mechanism of most U.S. -houses during!the heating system. A daily 1log
maintained by the occupants indicated that the use of exhaust fans was
restri;ted to a few percent of thg‘time. Exterior doors and windows were
generally closed, exéept that in:the Portland house the dépupants. slept

"with their bedroom window open, and the door to the remainder of the house

closed.

12



The radon entry rate into the living space was computed from a mass

balance based on the measurement of the indoor radon concentration and the.' -

modeled infiltration rate (Na83b). The contribution due to outside air was i oan

subtracted, assuming the outdoor concentration to be 0.1 pCi 1-1 (4 ,Bq

m-3).‘ Although the outdoor concentration was monitored, in house SF-B the
instrument failed and in house P-C the concentration was usually below the
" detection limit of about 0.2 pCi 1’1. The cran¥Spacevvent11ation-rate was
also computed from a mass balance assuming that the measured flux reflected
the average flux for the crawl-space soil, and that the crawl-space air was
well-mixed. Finally, the fraction of radon flux ‘frOm the soil and

transmitted through the crawl space that was necessary to account for the

computed radon entry was calculated.

In each house measurements were made with crawl-space vents both open
‘and ‘sealed. In SF-B three week-long periods with the vents sealed were
interposed bétween periods with the vents open. In P-C a two-week period
with the vents sealed was followed by a three-week period during which they

.were open.

The results of these measurements are displayed in Figures 2 and 3,
and summarized in Tables 3 and 4. '~ The average indoor radon concentration
in each house is in the typicallrange.’ The higher concentration in the

Portland house appears to be primarily a result of its lower infiltration

rate, 0.32 h-1 compared to 0.55 h-l.’ The computed radon entry rate is also

1

somewhat higher, 0.5 to.0.4 pCi 1~ h_l, perhaps a reflection of the higher

emanating 226Ra content of its soil, 0.22 to 0.19 pCi'g—l, and despite the

presence of the ground sheet.

13



A key resulf of this study is.the observation that the fraction of
radon transmitted through the crawl—épace inﬁo the house is high. In fact,
based on ouf flux measﬁrements, which may, as discussed in a subsequest
section, reflect -iﬁaccuraéies, this fraction exceeds 1.0 for both houses
when the crawl-space vents were sealed. Deépi;e the possible inaccuracies,
: hoﬁever, it is ;eaSonable to_conclude that under the cond;tions prevailing
during the monitoring periods at these.houses, ba substantial fraction of
the radon that enters the crawl-space from the soil 1is ;raﬁsmitted into the

house, even with the vents open;

A secoqd. imgortant result from these measurements is the effect of
sealing the éfawl—spacé vents on the indoor radon concentration: in each
house, each week-long measurement périoé with the veﬁts sealed has a higher
indoor radon concentrationvthan any of the corresponding periods with the
vents open.- Overall, the average concentrations with the vents sealed are
67% and 83% higher than the concéntrétiéné'éifh the vents open for SF-B
and P-C, respectively. Not'surprisingly, the-cdncehtration in the crawl
space 1increases to even a greater degree: the value with vents sealed is

twice the value with vents open for SF-B and three times fbr P-C.

A striking résult, important' to uﬁderstan&ing radoh transport
procésses, is seen ;n thé'plots of fadpn concentration at thé soil surface
(proportional to radon fiqx5 1ﬁ Figﬁres 2 and 3. Whereas in house SF-B the
_ flux varies to a small degree and only over relatively long periods, the
flux at house P-C shows rapid fluctuations. ‘The differences between these
two houses is'probably a reflection of différent so{l types: the soil at

SF-B 1is predominantly clay and should thus have a lower permeability than

the larger-grained soil at P-C. The highly variable flux at P-C indicates

14



that radon does not leave the soil there solely through molecular diffu-
sion, but rather that pressures iﬁ&uéed at least by barometric pressure
changes also play a significant role. Transport of radon by bulk flow of
soil gas reduces'the effectiveness of a ground sheet in inhibiting radon
flux; as will be discussed in the next éection, the radon entry rate into
P-C significantly exceeds that which can be attributed to diffusion through

the ground sheet.

Further evidence that pressure-induced flow may contribute greatly to
radon flux into the crawl space is 'seen in Figure 3 on'rMaFQh_ 29-30. On
tbese days coincident with a modest drop.in barometric pressure and a
period .of heavy rain, the radon concentrations indoors ap§ in the crawl
space rise to their highest values for the entire monitoring period. ' The
measu;ed flux, on the othe: haﬁd,‘rises more modestly, consistent with the
scale ,Of the change in barometric pressure. Puringvthese days the radon
entry rate into the house is several times greater than can be accounted
for by the measured flux. The explanation‘for ;he high radon concentra-
;ions may be the funneling of radon from the soil‘into the crawl space:
with a heavy rainfall, the permeability of the_soil‘surrounding the house

1is éreatly reduced while the'permeability of_fhe-soil beneath the house
remains unchanged; as.the barometric pressure falls, soil gas may then flow
into the crawl space at a higher rate than it does out of the soil
surrounding the house. This effect is nof observed during other periods of
falling pressure, _perhaps because there are no other instances during the
monitoring period with sufficient rainfall. An a}ternatiye explanation is
that the per;olation of water through the soil may cause a pis;on-like
displacement of soil gas which theﬁ flows into crawl-space. At SF-B, a

similar period of heavy ra;nfall and falling barometric pressure occurred
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on December 21_and 22, and yet, while the radon concentration in the crawl .
space rises somewhat, the indoor concentration is very low. In this case
the absence of a pronounced effect may reflect the low permeability of the

soil, even when it is dry. .

To examiné1the'effects of various Weatheruparamgters on raaon concen-
trations_ and' entry rate, thfee-hour average data were,sqrted,into eight
bins accbrding to wﬁether the temperature difference between indoor and
outdoor air, the wind speed; and the rate of éhahgefin-baroﬁgtric pressure
were less than or greatef than médian values. The mean and'standard error
for each binzfor in&oor and crawl space radon conéentfatibnfand'entfy rate
are presented in Table 5; data from the two houses for periods with vents
sealed and oﬁén are.considered separately. Semi-quantitative : information
on the effect of the three weather parameters is obtained by examining
pairs of numbers in which only one parameter has chaﬁged;; considering all
of the data, _sixteen such pairs exist for .each .radon meésﬁrémeﬁt.and for
each weather parameter.; The significance of differenceé between paired
' ﬁeans was estimated using the twé?sample t-éest 7(Fr78>. ‘The .following
comments are based primarily on differences in mean values for ,whichr the

null hypothesis qthat the true means are equal can be rejectéﬁ. with 997

confidence.

Wind 'speed shows the clearest effect, but 6h1y,in house SF-B with
periods of 'lbw wind speed tending to-have higher indoor - and . crawl-space
radon cdhcentrations and higher entry rates, particularly for small
temperatufe differences. This‘résult is consistent with our -expeétation:
wind provides cross-ventilation of ;he crawl space reducing concentrations

there; it also increases the ventilation of the crawl-space and the effect
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will be greater for small temperature differences. At P-C there is no
highly significant effect of wind. This may 4indicate either that
unmeasured variables are important, or that wind may enhance the transport

of radon from the soil into the crawl-space.

The indoor-outdoor temperature difference appears’ to be another
important factor in house SF-B, where a ‘higher temperature difference
results in a higher radon entry rate. With high wind speeds and the vents
sealed, the indoor radon concentration is also significantly higher in this
house when the temperature difference is greater. A higher temperature
- difference 1increases both the infiltration rate of the house and the flow
of air (and radon) from the crawl-space into the living space. At low wind
speeds, convection may dominate both the exchange of crawl-space air with
outside air, and the flow of air from the crawl space into the house; the
partitioning between ;hese two flows may depend only to a small degree on
the magnitude of the témperature difference. ﬂowever, with a high wind
speed a change in temperature difference will affect.this éartitioning. In
house P-C there is a strong tendency;} 51though nét highly significant, for
a low wind speed and a small temperature difference to rgsﬁlt in_a‘ higher
crawl-space radén conéentration; however theleffect of these two parameters

on indoor concentration and entry rate is ambiguous.

Despite our expectation that falling barometric pressure should in-
crease radon flux from the soil, thereby increasing radon concentrations
indoors and in the crawl-space, and the radon entry rate, no clear pattern

of effects is observed in the data.
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Finally, it is noteworthy that the crawl-space ventilation rate was
much lower in the Portland house than in the Lafayette house, despite the
fact that the vent areas, shielding and weather were comparable. One major
difference Between the two houses that may account for this result is the
' presence only in the Portland hoﬁse of subfloor fibérglass insulation. By
reducing the rate of hea£ loss through fheufloor,. the difference between
the temperatures of the air in the crawl-space and outside 1s diminished,
thereby reducing the convective cross-ventilation of the crawl-space ,and,
consequently, potentially increasing the transmissiqn.df radon into the
iiving space. ‘ This reduction in cross-ventilation, :ﬁhich could also .in-
crease the potential for structural problems from excessive mpisture, might

‘be inexpensively‘offset by mechanically ventilating the crawl -space.

DIFFUSION OF RADON THROUGH A POLYETHYLENE GROUND SHEET

The préséncé' df a grbund-sheet vaporkbarfiefbmé& have a significant
impact on radon flux ffcm soii into a craﬁijlépacg,‘ both bf retérding
diffusive flux~aﬁd by increasiﬁg soii moistufé. | At,housé P-C the. vapor
bafrier. consisted of two‘sﬁeefé of 0.15 mp‘black polfethyiéne;‘ each ;bout
5-m wide, which wére overlapped by about 0.3 m where they met, and. which
covered a very large fractioﬁ of the soil. . The only openings were small
-gaps between the foundation walls and the ground éheet, an& around bosts

about which the vapor barrier was loosely gathered.

To assess the diffusion of.radon fhrough'polyethylene we conducted
laboratory measurements of the diffusion coefficient. The apparatus
consisted of an aluminum chamber whose internal volume was bisected By a

sheet of test material, and source and sample‘air streams, each of which
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flowed continuously through its respective side of the chamber. The source
stream was contained in a closed loop and had radon concentrations in the

> pCi 17t (4 x 10° - 20 x 10° Bq m-3). The sample air

range (1-5) x 10
stream, derived from compressed N2’ flowed at 0.2-0.3 1 min-l, first
* through the sample side of the chamber, then through a continuous radon
monitor as described in the previous section, and finally through a l-liter
grab-sampling flask. Two or three grab samples were collected from the
- sample air stream and analyzed for 222Rn concentration, using scintillation
flasks (Lu57) and a volume-sharing transfer ‘process, after the radon
monitor indicated a steady-state count rate. Radon vconcentratidns were
found to be in the range 20-200 pCi 1--1 (740-7400 Bq‘m-3). Grab samples
taken from the source loop at the beginning and end of the diffusion
exposure period were similarly analyzed. These samples geﬁerally showed a
loss . rate of radon about four times as rapid as that due to decay,
resulting in a 10-20% decrease in concentration over the 4-6 h experiment.
In calculating the diffusion coefficient, the dependenée of the radon

concentration in the source loop on time was assumed to be exponential.

The diffusion coefficient was calculated as

c _ .
D = Q sample .% (5)

C
source

where Q 1is the sample stream flow rate, L is the thickness of the test

material and A is its exposed area (154 cmz).

Eleven measurements were cbndqcted using both clear and black
polyethylene sheets of O.l-mm, O0.15-mm and 0.25-mm thickness, and at three
teﬁperatures: 4, 11 and 25 deg C. The sheet color and thickness had no
discernible effect on thevdiffusion coefficient; however temperature did

have a substantial effeét, as seen in Table 6.
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The results we obtailned agreé fairly well with the limited data in the
literature. Pohl-Ruling et al. (Po80) report on the loss rate of radon
from containers made of various materials; assuming the vessels to be

cubical, their results indicate a diffusion coefficient of 1.0 x 10-7 cm2

s--1 for 0.05-mm-thick polyethylene, and a similar value for polyvinyl
chloride. -Jha:et al. . (Jh82) measured the'diffusion-cdéfficient of radon
« through several materials other than polyethylene; - they found D = 5 x?“jlo_8

<:mzs-1 for-O.S-mm—thick polyvinyl chloride, ' and values more than an order

of magnitude smaller for polyester and polycarbonate.

. The effect of a 0.15-mm-thick ground sheet on the diffusive flux * of
radon from the soil can be evaluated accurately only 1if the "diffusion
length and porosity of the soil are known. However, an upper limit on the
diffusive flﬁx through the ground sheet can be derived by assuming that
radon moves freely throughvthe soil so that the radon concentration beneath
the ground sheet 1is the_éame as that in the soil pores ‘far below . the
surface. That concentration is given by pp/e, where € is the soil poro-
sity. The ,bulk density of.soilvcollected in the crawl space of house P-C
was measured in'the.laborétory to bev1.36 gvcm-3, implying a porosity of
0.5, assuming the 5011 grain-density to.be 2;7ng cm?3 (Hu71;Ra83). Thus,

226Ra conteht of the s6il to be 0.22 pCi g-l'(8 Bq

assumiﬂg the emanating
kg—l) as measured in the laboratory, the concentration of'fédon in the
soil gas at depth below this house is about 600 pCi 1-1 (2.2 x 104 Bq-mf3).

The maxiﬁum diffusive flux through the ground sheet is determined as

'

- _p AC - |
J=-D5. (6)

., Taking D in the range (0.65~1.6) x 1057 cmzs-l, the maximum flux is in the

range 0.026 - 0.064 pCi m 2s L (0.0010 - 0.0024 Bq m 2s 1), only 10-25% of
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- the measured flux over open soil which 1s, in turn, insufficient to account

. for the calculated entry rate.

‘'The emanation of radon from soil grains and its transport through
interstitial spaces are significantly affected by the soil moisture con-
tent, limiting the accuracy of this estimate of diffusive flux through the

"groundsheet. For example, - a laboratory study showed a fourfold range in
exhalation from one soil sample with minimum values occuring for completely
dry soil, due to a reduced emanation coeficient, and for saturated soil,
due to a low diffusion coefficient (St83).  Our measurements of emanating
226Ra concentration were determined after soil samples had been exposed to
laboratory air for several days, ‘thereby, in general, having a different
moisture content than that in situ. Ne#ertheless, it is unlikely that

such an. inaccuracy could account for the - order-of-magnitude Qiscrepancy

‘between the estimated diffusive flux and that necessary to account for the

calculated entry rate.

Consistent with other evidence at this- house, this result then clearly
suggests that radon migration from the soil into the crawl space is not
| dominated by molecular diffusion. Although some radon may diffuse beneath
the sheets to uncovered areas, this contribﬁtion is likely to be very small
as the dimensions of covered areas arellarge‘compared to even the diffusion

length of radon in open air (2.2-2.4 m).

THE EFFECT OF SEALING LEAKS IN THE FLOOR.

Given the general picture outlined above for radon transport through a

crawl space, a promising technique for simultaneously reducing infiltration
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and radon entry is to seal leaks in the floor. VTo test the effectiveness
of this technique, we made detailed measufements over a two-week period at
a third house, this one unoccupied and located in San Leandro, CA. The
house charactefistics regard{ng crawl space and living Space' ventilation
are given in Table 2. Our experience in the other two houses 1led to
concerns about our ability to accurately measure radon flux into the crawl
space, 80 we decided to use a tracer gas, sulfur hgxafluor}de (SE6), for

this portion of the study.

Our approach was to inject SF6 at a constant rate of 890 '¢m3h"1 vinto
Athe crawl space and monitor its concentrétipn, using infraréd analyzers, in
the crawl space and living space. The tracer gas was injected near the
center of the crawl space and distributed by an oscillating fan. The
injection rate was held constant by a ﬁaSSffloﬁ controller and measured
daily with a bubble flowmeter. The SFélapalfzérs were calibratedvdaily by

sampling bottled gases containing 0, 8 and 25 ppm SF6'

As in the two houses previously discuéséd,_measu;ements were made with
crawl bspace vents béth sealed and open. Because these measurements were
made during the summer, a 1500-W eleétric heater was operated continuqusly
to maintain a higher temperature indoérs than outside. The data indicate
that the infiltration—-driving conditions were comparablé to those in the

other two houses.

Midway through the monitoring period a "house-doctoring” approach was
used to reduce the leakage area of the floor (Di82). A blower door was
used td depressurize the house and leaks between the crawl space and the

- living space were identified with smoke sticks. The predominant leaks we
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found"were in the furnace dﬁcts, at the joint between the floor of the
original structure and the floor of a room addition, and around plumbing
and electrical penetrations. Thesé 1eaké wefe'séaled with a combination of
polyethylene sheeting, duct tape and'cauik.4 For the purposes of the test,
leaks in the furnace system were eliminaéédtby éealing ‘the supply and
fetﬁrn registeré 1h the house, -inciudiﬁg the gaps between their perimeters
and the floor; 'sealing tﬁé ducts would require somewhat more .tiﬁé than
sealing the other leaks. The total effort required to méasure the leakage

area several times and to seal the leaks was two person-days.

During the entire‘éxpérimént the'firéplace and exhaust—fan openings-
were sealed. The prelimihéfy leakage area measurement yielded 1220 cmz;
after sealing the furnace registers the ieakage area was réduced 117 to
1080 cmz; and followingjthe attempt to seal floor leaks the leakage area
was 890 cmz, or 75% of its original value. As in the other two houses,
wind speed and indoor‘and 6utdoor temperature were measured continuously
and a model was used to calculate infiltration rate. The leakagé area was
assumed to be dhiformly distributed prio;'to the hbﬁse doctoring work. The

2

vreduction in leakage area, 330 cm", was subtracted from the value

previously attributed to the floor, 435 cm.

The measuremént results are displayed in Figure 4 and summarized 1in
Table 7. The indoor SF6 concentration aberages 25% and 507 higher with the
vents sealed than with the vents open for the periods before and after
floor-tightening, respectively, in contrast to the substantially larger
'increases in indoor radon concentratiop observed at the pther two houses.

Again this is sugggstive that the flux of radon from the soil is influenced

by small pressures: sealing the crawl-space vents increases the positive
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inward pressure at the bottom of the walls due to the stack effect.

Even though the calculated infiltration rate following the house
doctoring was reduced by more than 25%, the SF6 concentration in the living
space changed very little._ This result suégests that indoor radon concen-
trations in crawl-space houses may not be raised by weéthgrization measures
that reduce the leakage area of the floor 1q cases where soil 1is the

L}

predominant source;

Our results indicate that 30-65% of the SF6 released intp the érawl'
space entered the houée,v:much less than the corresponding transmission
factor determined for radén in the other fwo houses. Considering, for
example, measurements made with open crawl-space vents befofe the floor was
tightened, we see that the tracer gas data are iﬁternaily_ consistent. A
crawl space air-exchange rate of 3 h-1 implies a flow of 29_0ftn3h.m1 into the
crawl space, half of which exits thrbugh the vents, the other half entering
the house. The infiltration rate of the house, Q.S h-l, implies a fiow of

230 wh !, of which 145 m>

h—l; or 63%, enters through the floor, the
remainder enteyiﬁg' through the walls. Thus the expected ratio of SF6
concentration in the living space to that in the crawl space is 0.63, close

to the measured value of 0.56.

DISCUSSION: THE TRANSMISSION FACTOR

Table 8 presents a summary of the transmission factors measured in
this study. The table also gives values that are calculated assuming a
radon flux from the soil as given in equation (1) with emanating 226Ra

concentration as measured for soil samples from the two houses, and diffu-
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sion lengths of 0.6, 1.0, and.l.S'm, spanning the typical range. Transmis-
sion factors for houses SF-B and P-C agree well with the values determined
using SF6 for the San Leandro house if a flux corresponding to a diffusion
length of 1.0 m is assumed. This agreement does not imply, however, that
molecular diffusion can account for the transport of radon from soil into
the crawl space, at least at P-C. ~ As we previously demonétrated, the
ground sheet should have had a pronounced effect on radon flux into the
crawl space if this were the case. Rather, it appears that a combination
of diffusion and pressure—driven flow may yield a flux that is comparable
to that resulting from diffusion alone from uncovered soil having a diffu-

sion length of 1.0 m.

The discrepancy between the measured flux and that corresponding to a
diffusion 1length of 1.0 m implies either that we have failed to identify
major sources of radonr in these houses or that the flux measurement
typically detects only 50% of the truelflux. " The possibility of over-
looking a major radon source seems very unlikely. In both cases water
supplies are derived from surface sources, and in neither house does the
indoor radon concentration show a time pattern that would characteristi-
cally result from the intermittgnt use of water bearing a high radon
concentration. And since both houses have wood-frame const;uction and wood
floors, crustal materials used in thg buildings appear insufficient to
account for the entry rafes observed. Furthermore, the dramatic effect of
sealing the crawl-space vents aréues strongly thatvsbil is the predqminant

source of radon in both cases.

Three factors may contribute to a significant error in flux measure-

ment, 1in each case causing an underestimate. First, at each house we
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obserQed ;hat when.tﬁe.accﬁmulator was removed, the soil beneath it was
visibly wetter ;han adjagent‘sbil. Combining this observation with the
fact that at each house the measured flﬁx tends to decrease with time
suggéstsv that the added moisture may léad:to diminished flux by reducing
the diffusioﬁ length. The second facto;'is the‘possible diffusion of radon
out of the accumuiator unde:‘its edge. This could result in a 10% loss,
estimated by calculéting the fluQ through é 1 cm'x_d m area of soil that is
2 cﬁ thick aﬁd ﬁaé a diffusion length of 1 m. Tﬁis loss could have been
avoided by placing ;he edge pfvthe‘accumulgtqrvdeep into fhe soil» as
suggested by Wilkening (Wi77). Tﬁe third factor results from pressure-
driven transport'processes, the evidence for_which, at least for house P-C,
has already been discussed.-* If sqch flowé exis;, théy may be qgite diffe-
rent in soil under the houée and séil under thé accumulator. Furthermore,
for large effects, such aé those resuiting from chgnges ‘iAIIbarometric
pressure, .the air flow rate intd the éccumﬁlator may exceed the sampling
.rate of 0.9 1 minfl, and some r;don may thus flow through the accumulator

without being measured. .

CONCLUSIONS

To reiterate the prinéipél findings presented in this paper, it .
appears 1)"that a significant'fraction of the radon. flux into a vented
crawl space enters the living space; 2) that sealing crawl space vents may
.significantly.ihcrease indoor rédon conéen;rations; 3) that a polyethyiene
gréund sheet, which should substantially reduce the diffusive flux of radon
from the ground, does not appear to have effectively reduced radon
transport in the one case studied, probably because of pressure-driven flow

around the sheet; and 4) that it may be poséible to substantiaily reduce
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infiltration rates in existing crawl-sﬁace houses without increasing indoor

radon levels by sealing ﬁenetrafions in the floor.

Each of the houses in this study in which radon was measured had

concentrations in what is usually considered the typical range for U.S.

housing. Similarly, emanating 226R.ahcontent and radon flux from the soil

]

are in the normal range, perhaps slightly less than average. The results
of this study suggest then that one may find high radon concentrations (for

1, or 370 Bq m-3) in some houses with crawl

example, exceeding 10 pCi 1~
spaces 1n areas where the soil flux is high and particularly if the crawl
space is poorly ventilated. Systematic identification of regions with high

radon potential in the soil will clearly aid finding such houses.

Too few houses were monitored in the current study to give definitive,
quantitative answers to questions about the effects of various measures on
radon concentrations in houses with a crawl space. A promising measure to
reduce infiltration rates, thereby saving energy, while having little if
any negative impact on indoor radon concentrations, is to seal leaks in the
floor. This technique may also be beneficial in reducing indoor moisture
in cases where the soil is wet, and it should be investigated further. On
the other hand, sealing crawl space vents appears to significantly increase
indoor radon levels; if this approach to improving comfort and reducing
energy use in residences is to continue, its impact should be investigated

in a systematic study on a broader scale.-

A possible mitigation technique not considered in this study is the
use of mechanical ventilation for the crawl space. Assuming a flux of

radon into the crawl space of the houses studied comparable to that
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resulting from molecular diffusion with a diffusion length of 1.0 m, the

flow of air from the crawl space to outside is roughly 100 m3h_1;‘ for an

exhaust fan to be effective, its flow rate would have to be comparable to
this figure. Inexpensive blowers which are require only 20 W of power, are
. available to provide this flow rate, and it may therefore be useful to

study the effectiveness of this technique._
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HOUSE

-gg_

MEASUREMENT  SF-A SF-B SF-C P-A  P-B P~C P-D P-E
Indoor: _
222303 (et 17HP - - - 1.4 - - 0.5 - 0.8 2.3 0.3
222pn  (pct 17h - - - 0.9 - 0.9 0.8 2.1 0.4
21855 (pci 171 0.2 0.4 0.3 0.6 0.4 0.5 1.4 0.3
PAEC  (WL) 0.0017  0.0028  0.0027  0.0017  0.0020  0.0025 - 0.0081  0.0027

Crawl Space:
222 a -1

Ra? (pci 171) - - - 0.5 0.5 . 2.2 4.3 0.6
222p0 (pci 17hH 0.6 0.8 = 2.5 - - - - -
2185, (pei 17h) 0.3 0.4 1.6 0.7 0.7, 1.1 0.4 0.4
PAEC  (WL) 0.0014  0.0030  0.0060  0.0023  0.0050  0.0036  0.0023  0.0020

Qutdoor:
218, (pci 17h 0.1 - 0.1 0.2 0.5 0.2 0.3 0.2
PAEC  (WL) 0.0016 - 0.0021  0.0008  0.0039  0.0017  0.0017  0.0017
Soil: _ : : :
Eman. >2%Ra (pci g!) 0.15 0.19 0.20 0.18 0.21 0.22 0.21 - 0.21
222pn Flux (pCi m 2s™ %) 0.4 0.5 ‘0.5 06 0.5 1.1 11.4 0.03

a Integrated measurement, January - March,'l983.
b 1 pCi = 0.037 Bgqg.

Table 1. Measurement results for eight-house site assessment. Prefixes SF and P indicate that the house is
located in the San Francisco, CA or Portland, OR area, respectively. San Francisco area measurements were
made in mid-October 1982. Grab-sample measurements were made in Portland in early February 1983; integrated
radon measurements were made over a three-month period beginning in January 1983,



PARAMETER

LAFAYETTE, CA

PORTLAND, OR

SAN LEANDRO, CA

House ID
Floor Area (mz)

Volume (m3)
Leakage Area (cmz)
Terrain Class

Shielding Factor

Crawl Space Height (m)

Number of Vents

No. House Sides Vented

Vent Area (mz)

Crawl Space Groundsheet

SF-B
114

295
870

3.5
3.0

0.6
10

3

0.70

none

P-C
107

262
455

3.5

2.75

0.7
6

3
0.55
0.015 cm

polyethylene

1150

360

. 1_220/894a

3.5
3.0

0.6
14

4 .

0.57

" . none

. : 2
aSealing furnace registers and leaks in floor reduced leakage area by‘326.cm .

Table 2.  Physical characteristics of threé houses in which detailed

measurements were performed.
from visual inspection,

-36-

Terrain class and shielding factor, estimated
are used in the infiltration model (Gr82).
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RADON WEATHER VENTILATION
Hrs. Crawl Soil Wind Crawl Radon
Dates Meas. Indoor Space Flux Speed AT Space Indoor  Entry Rate f
. =1 ., -1 -2 -1 -1 ° . =1 -1 -1 -1
(PCL 1 )(PCi 1 N(PCim™s ) (ms ) (°C) (h™) (™) (pCil "h ")
Yents Sﬁﬁ]ﬁdb . : '
12/3-12/10/82 153 1.0 2.8 0.25 1.2 7.3 0.5 0.47 0.4 1.1
12/23-12/31 192 0.8 1.9 0.18 1.1 10.7 0.6 0.53 0.4 1.5
1/7-1/14/83 165 1.1 2.5 .0.28 0.8 15.5 0.6 0.59 0.6 1.6
Average 1.0 2.4 0.23 1.1 11.3 0.6 0.53 0.5 1.4
Vents Open
11/19-11/25/82 138 0.7 1.4 0.40 1.2 11.1 1.8 0.55 0.3 0.6
11/26-12/2 141 0.5 1.1 0.31 2.3 12.7 3.9 0.65 0.2 0.6
12/11-12/17 156 0.6 1.2 0.29 1.1. 8.2 2.0 0.49 0.2 0.6
_12/31/82—1/7/83 162 0.7 1.4 0.22 0.9 16.1 1.0 0.61 0.4 1.2
Average 0.6 1.3 0.30 1.3 12.1 2.1 0.57 0.3 0.7

21 pci = 0.037 Bq.

b Only 9 of 10 vents sealed during

Table 3.

1

first week; all 10 sealed during other two weeks.

Summary of results from detailed monitoring in house SF-B, located in Lafayette, CA.



RADON : WEATHER VENTILATION

Hrs. Crawl Soil Wind Crawl = Radon
Dates Meas. Outdoor Indoor Space Flux Speed AT Space Indoor Entry Rate

_85_

wei U0 1hees 1Thees 1™ @s™ o o ah et 177

¥fﬂ§§§ff?%§§ 172 0.0 2.1 6.2 0.36 2.4 6.2 0.3 0.33 0.6 1.2
3/18-3/25 191 0.1 2.2 6.1 0.27 1.3 8.9 .2 0.30 0.6 1.6
Average 0.0 2.2 6.1 0.31 1. 7.5 .3 0.31 .6 1.4
nb . : ' . T
3/27-4/1 142.5 -0.1 2.0~ 3.0 - 0.25 1.9 9.4 0.6 0.35 0.6 1.7
4/2-4/7 143.5 0.0 0.8 1.6 0.21 1.4 9.1 0.9 0.30 0.2 0.7
4/8-4/14 154.5 0.0 0.9 . 1.5 0.20 1.3 12.4 0.8 0.3 0.3 0.9
Average 0.0 1.2. 2.0 0.22 1.5 10.3 0.8 0.33 0.4 1.1

2 1 pci = 0.037 Bq.

b

Table 4. Summary of results from detailed monitoring in house P-C, located in Poitland, OR.

One of six vents sealed during these three weeks.



_6€...

AT » L L L L H H H H °  Median Values

WS » L L H H L L H H AT ws %
House/vents %% - L H L H L H L H (°C) (m s-l)(Pa hq)
SF-B/sealed  indoor (bCi l-l) 1.340.10 1.1x0.10 0.7:0.07 0.6:0.06 1.0:0.05 1.1#0.06 1.1+0.09 0.9+0.06 10.7 0.7 +10
crawl space (pCi l-l) 2.9+0.12 2.4:0.14 2.420.11 2.020.16 2.5+0.11 2.4*0.10 2.5+0.15 2.40.14
entry rate (pCi 1~1h_l) 0.5:0.05 0.5:£0.05 0.3:#0.03 0.3:£0.03 0.6:0.04 0.60.04 0.7:0.06 0.5:0.06
SF-B/open indoor (pCi l-l) 0.8+0.08 0.7+0.10 0.5:0.07 0.3:0.05 0.84£0.05 0.7#.05 0.6+0.06 0.5%0.09 12.7 1.1 -7
crawl space (pCi l—l) 1.6+0.09 1.6+0.15 0.9+0.13 1.0:¢0.13 1.6:£0.10 1.5%0.09 1.0:+0.16 1.10.16

entry rate (pCi 1" 'h™1)  0.3:0.04 0.3+0.05 0.2¢0.04 0.110.02 0.40.03 0.4:0.04 0.3:0.04 0.3£0.06

P-C/sealed indoor (pCi 1_1) 1.9+0.25 2.6+0.35 1.9:0.13 2.4+0.13 2.3+0.13 2.2+0.10 2.0+0.10 2.2+0.16 7.4 1.2 -7
crawl space (pCi 1-1) 7.4$0.42 7.120.62 6.5:0.36 6.3:0.25 5.8:0.38 5.4:0.24 5.1:0.79 5.410.21
entry rate (pCi l—lh-l) 0.420.07 0.6:0.06 0.6+0.05 0.8+0.07 0.7:0.04 0.7#0.03 0.6t0.10 0.810.07
P-C/open indoor (pCi 1_1) 1.0+£0.17 1.7+£0.38 1.4+0.20 1.6+0.41 1.130.06 1.0+0.06 0.9+0.10 1.2+0.31 11.2 1.4 +24
crawl space (pCi 1-1) 2.5¢0.39 2.4#0.41 2.2+0.37 1.9+0.40 1.8+0.11 1.8#0.11 1.6:x0.20 1.9+0.64
1-1

entry rate (pCi 1 "h ")  0.3:0.07 0.5:0.09 0.4:0.10 0.5:0.14 0.3+0.02 0.330.02 0.3:0.04 0.4+0.13

Table 5. Detailed monitoring data sorted into eight bins according to wind speed, temperature difference, and
rate of barometric pressure change. Each entry reflects the mean + standard error of all three-hour measure-
ments for which each sorting parameter was higher or lower than the median value indicated.



No. of Samples Temperature (°C)a D (10'7 sz Srl)a
1 3.5 0.30
11.4¢1.7 0.65%0.20
6 25,1+1.2 1.61+0.20

8Mean valué * one s.d.

Table 6. Diffusion coefficient of 222Rn through a polyethylene sheet for
different temperatures. Results are averaged for clear and black sheeting
and for thicknesses ranging from 0.10-0.25 mm.
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Sulfur Hexafluoride Weather Ventilation
Date - Hr. Indoor Crawl Space Wind AT Crawl Space Indoor ' Entry Rate Fraction of Comment
Meas. - - - Co
(ppm) (ppm) ms™hH o xh ah (cm> w1y Release Rate
7/25/83 14 1.7 3.5 2.6 8.1 2.7 0:61 420 0.48 vents open
7/26 20 2.0 " 3.5 2.3 7.7 2.7 0.60 470 0.53
7/30 20 -~ 1.8 3.0 2.7 8.5 3.2 0.64 430 0.48
7/31 20 2.1 3.5 2.0 8.3 2.8 0.59 490 0.55
Total 74 1.9 3.4 2.4 8.2 2.9 0.61 460 0.51
7/27 17 2.0 9.6 2.5 9.5 1.0 . 0.65 520 0.59 vents sealed
7/28 19 2.4 9.7 1.9 9.3 1.0 0.61 560 0.63
7/29 20 2.6 10.8 2.3 8.4 0.9 0.60 590 0.67
Total 56 2.4 10.1 2.2 9.0 1.0 0.62 560 0.63
8/1 12 1.5 3.5 2.3 1l.4 2.5 0.45 270 0.31 floor tightened
8/2 20 1.9 3.9 1.9 9.7 2.5 0.41 310 0.35 vents open
Total 32 1.7 3.7 2.1 10.3 2.5 0.53 300 0.33
8/3 15 2.5 9.9 3.0 10.7 £ 1.0 0.49 500 0.56 floor tightened
led
8/4 20 2.7 10.0 2.5 9.6 0.9 0.46 480 0.54 vents seale
Total 35 2.6 10.0 2.7 10.1 0.9 0.47 490 . 0.55

Table 7. Summary of results from the tracer-gas transport study conducted at an unoccupied house in San
Leandro, CA. ‘



House . v Calculated

Condition ’ Measured 1=0.6m 1=1.0m  1=1.5m
SF-B | (F=0.27)% (F=0.31) (F=0.52) (F=0.78)
vents sealed ' 1.4 1.0 0.7 0.4
vents open 0.7 0.6 0.4 0.2
P-C (F=0.26) (F=0.38) (F=0.63) (F=0.94)
vents sealed : 1.4 1.0 0.6 0.4

vents open . 1.1

0.6 0.4 0.2

San Leandro

before tightening floor
vents sealed 0.63
vents open 0.51
after tightening floor
vents sealed
vents open

.55
.33

H-N-1

pCi m < s~

Table 8. Summary of crawl-space transmission factors determined in this
study. Data in the first column are based on measured radon flux or
injection rate; data in the last three columns are derived from eqn (1?
assuming a diffusion ien Eh 1, as indicated. The average flux of radon
from the soil (pCi m ) is given in parenthesis in each case.
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XBL839-868

Figure 1. Schematic diagram of flows relatéd to radon transport from soil, through a vented crawl space, and

into a house. Radon migrating from the soil into the crawl space may be drawn by convective flow into

the

house, or it may enter the outside air, via wind or convective flow. The presence of the house may influence

radon transport from the soil in several ways, as discussed in the text.



Open - Sealed  Open Sealed Open Sealed
T ! ]

I I ! | ' ) ! ' |

200 AT °C :

M Wﬂ«w

5.0 +— ——T
Wmd Speed
(m/s)

50} ‘ M _{

o'.o M +—i o = - -

40 |- Rainfall. . -
(cm) ‘

20 . C ‘ ]

0.0 [—|_'L4'_!:_\_]' L l e | W S | P i ] + |

T 1 ] 1. 4 1 LS j = 1 ]
1.04 |- Barometric Pressure , : —

(X10° Pa) , |
M

1018 W/NM/V‘V\N/M S e

0.99 — v;l —

5.0 - Radon Concentration — v S | _

Indoor (pCi/l) .
25 : : . -

100 Radon Concentration — : L 4
Crawl Space (pCi/l) -

50 ~, K | N | _
o.o“"‘?“Wngf--'« W'JJ\WW }

v I
Radon Concentration —
Soil Surface (pCi/l)

50 - A ' R .
d l Y 1 L rﬁ:fhﬁmvytwﬁkv'“ﬂ". I |
11/19/82 1211 1213 12/25 © /6083
Date ,
XBL 837-458

Figure 2. Measurements made over a two-month period at SF-B, in Lafayette,
CA. During the periods denoted "sealed"”, the crawl space vents were co-
vered with polyethylene sheets and tape. :
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Figure 3. Measurements made over a five-week period at P-C, in Portland,
OR. The crawl space vents were sealed during the first two weeks and open
during the last three.
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Figure 4. Measurements during the 1l-day tracer-gas transport study
conducted at an unoccupied house in San Leandro, CA. As in Figures 2 and
3, "sealed"” indicates that the crawl space vents were covered. with
polyethylene sheets. On August 1, 1leaks in the floor of the house were
sealed using tape, polyethylene sheeting, and caulk. In the temperature
plot, the solid 1line represents outdoor temperature and the dashed and
‘dotted lines represent crawl space and indoor temperatures, respectively.
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