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• ABSTRA CT

Tills note describes an analysis of data from short-term (2 hours to 6
days) monitoring of indoor radon concentrations and other related

paranaeters in six New Jemey houses before and during application of
depressurization with blower doom. We examine the data for consistency,

and analyze them to assess the usefulness of this short term test for iden-

tifying houses that could expose their occupants to high levels of indoor

radon. The analysis shows that, the short term testing of houses with

applieat, ion of depressurization witl] blower doom may have the potential
of being developed into a useful screening technique. However, the data

from the present experiments do not conclusively demonstrate this poten-

tial. More careful experimental tests are needed for this purpose.
Reeoinmendat, ions are made for improving future experiments.

* Present address: Office of l-{adiation Programs, tl.S. EPA, Washington D.C.

** Present address: 10,5 F. M_rcy Sl., Rrn 109, Santa Fe, NM 87_.)I
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1. Introduction

Long term exposure to radon may constitute the highest single health risk to indivi-
duals from indoor air pollution in residences. Therefore the need to identify houses that
expose their occupants to high long term radon concentrations has gained increasing
attention in recent years. The standard means of such identification are based on either
a short term (2-7 d) sampling of indoor air (e.g. with a charcoal cannister), or a long
term (30 d or longer) measurement of indoor radon concentrations with alpha track
detectoz_.

Each of these mettmds has its disadvantages; the short term samples have not been
shown to be good indicators of long term average radon concentrations, and the alpha
track detectors require a long exposure (of the order of several months) + and thus do
not allow rapid assessment. A rapid screening or diagnostic technique is needed that
provides a more reliable estimate of average radon exposures in the house.

Pressure driven flow of radon bearing soil gas is the predominant source of radon in
houses with elevated concentrations [Nazaroff and Nero, 1988]. It is therefore possible, in
principle, to simulate "worse ease" conditions in a house regardless of season, employing
mechanical dep_'essurization of the house to simulate natural basement pressure eondi-
t,ions found in winter. In practice, however, one expects that some of the factors that
may affect indoor radon levels, such as soil moisture and temperature conditions, will
change seasonally and may iinpair the predictive ability of the test.

In this note, we analyze results from this experimental method of radon testing as
applied to six New Jersey houses. The houses were extensively instrumented and data
collected before and during application of controlled depressurization with blower doom
for short periods. The resulting changes in the indoor radon concentrations, and several
other parameters were monitored. Our primary objective was to compare the indoor
radon concentrations or radon entry rates stimulated by the mechanical depressuriza-
t,ion, with those observed in these same hollses under natural winter-time conditions.
]hl., would allow us to assess the suitabilit, y of this short term diagnostic test, carried

out at any time of i,he year, as a basis for predicting the time-averaged indoor radon

* Present address: Office of Radiation Programs. LI.S. EPA, Washington D.C.

** Present address: 105 E. Marcy St., ftm 109, S,anta Fe, NM 87,501

*-An exposureof alpha track detectors t:o30 pCi-day/l of radon concentration is needed
t.oobt,ain est.imat,eswith mea,surementerrors of less than 20c_.
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concentrat, ions in winter occurring under natu"al depressurization.

2. House Characteristics

The six holl,_es had basements with hollow-core concrete block walls. In sonic

houses, tilt:, walls were terminated on the top with solid concrete blo0ks. The frame

walls of the he)use were supported on wooden sill plates that rested on the top of the

basement walls. The hollow-core walls in the b_sements provided multiple pathways for
the soil gas to enter the house. These were difficult to characterize: soil gas could not

only enter the b'._ement through the porous material of the walls, but could also be

ehallneled through the hollow connected spaces inside the blocks, and cracks and open-
ings in the blocks, to the basement interior. Once in the basement, the radon e<mld be

transported into the living space via the openings eoInmonly round in the baselnent ceil-
ing or by the air distributioll system of the forced air furnace during winter heating
111ollths.

At, least in sonle borises, the il!terlial partition walls and title chases probably pro-

vided a channel for air from the attic to come into the basement and the living space

when the house was depressurized with a blower door. This further complicates the
analysis of data taken undor these conditions.

3. Experimental Procedure and Limitations

This work was part of an intensive study of radon entry and control in seven NJ

houses. These houses were monitored under ordinary conditions for almost one year (in

1987). Several relevant variables (e.g. radon concentrations in the living space and the

basement, wind speed and direction, pressures at various points, and temperatures of

indoor, outdoor air, and soil) were recorded at 30 rain intervals. These long term data

form a background for this study. Some of the data have been used as the input for a

model of indoor radon concentrations [Revzan 89]; additional analysis of the long term

data are described in Turk et al [1988, 1989].

The short term tests were aimed at measuring the time-dependent radon entry

rate:s and indoor radon concentrations in response to controlled depressurization.

A blower door continuously depressurized the entire house (or in some instances,

Ohi- tlle basement) by a controlled amount, usually to about-10 pascal (Pa). The
depressurization was calculated as tile average of the pressure differences between the
house interior and three or four ollt, door points on different sides of the house. The data,

from eontinuolls radon monitors (CRMs) were collected at ,5 minute intervals during

these tests. The short term data were collected for periods ranging from 2 hours (houses
LBL-00, -11, -11:2, and -1.t) to 6 days (house I.BL-13)in June 1987.

Before starting each short-term depressurization experiment, all exterior doom and
windows of the house were opened, and the house flushed with outside air for 15

min_ltes using the blower door. This was i_ended to remove ali pre-existing radon in
the lionise. I towever, the flushing process also pressurized the hollse to about 10 Pa for

that period. I)uriilg the subsequent (Iepressurlzatioi_ tests, the radon concentrations

were mc)nit, ored with CRNIs at the following points: a single point aL mid-height above
the approxirnate center of the basement ttoor, a single point at mid-height a_,ove the
al)t)rr)xin_ale center of the tirst-ftoor living room, and at one location below the sl_.'b. The
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air in the basement and the living room was, however, not well mixed with fans. lt is
likely that, during the depressurization, air intiltrated into the l_ouse Doa different loca-
tic)ns, and exited through the blower door before complete mixing. Thus the CRM read-
ings taken at tile central single point in the space may not correctly represent the aver-
age c(_neentration or radon in the space being monitored. Similarly, the radon concentra-
tions measured at a single point under the slab may not rel)I'eseI_t the average concen-
tration of radon in the soil-gas entering the basement. This is particularly true because
of the hollow concrete block walls that generally would allow entry to s_,il gas bearing
less radon tlian that from under the slat).

. Rain fell intermittently during SOlne of the tests. This rain would increase the

saturation of the top layer of the soil. The magnitude of the inerea.se, (and its effect)
would depend on the intensity and duration of the rainfall, the initial soil moisture con-

tent, the soil permeability, and other physical characteristics (e.g. the degree or drainage
at the site).

4. Analysis Objectives

This analysis had the following objectives:

a) Examine the data and try to interpret it in _erms of a model that relates the
observed radon concentrations to house characteristics and other measured causa-
tive factors.

b) Compare the concentrations or radon entry rates during the test period with those
(luring winter. Examine if the short term tests could serve _s diagnostic tools to
identify houses with high radon winter concentrations.

5. Analysis Method and Results.

Since the data were logged at 5 minute intervals, much shorter than the equili-
bri_lm time of CRMs (which is about 100 minutes), ali CRM count, rates were processed
using a dynamic analysis [[/usigin et al 1979]. Software for processing the count rate
data using this procedure was adaI)ted froln Bonnefous [Bonnefous 1989].

First we consider the effect of the initial pressurization of the house to about 10 Pa
for 15 minutes in terms of i_s interference with the interpretation of data from the
depressurization experiments. The measurements or soil permeability adjacent to the
borises yield values of the order of 0.5 Darcy. At these values, assuming homogeneous
soils (e.g. no exceptionally high permeability pathways for air from the sub-slab region
to exposed gro_lnd surface), we calculate that the sub-slab soil will net be flushed of
radc)n bearing soil gas during the 15 minute init;al pressurization. On the other hand,
presence of a sllb-slal) graw:.l layer (typical thickness 10 em, porosity 0.,1) would dilute
the radon concentration in tile soil g:us held in the gravel layer by about 5°4), assuming
eonlplete mixing. Thus in either ease, the small alnount of b_sement air that enters the
su.l)-slab region during the initial pressurization would not significantly affect test results
ot)t,ained well after tile first 15 minutes of depressurization.

\Ve exanliIle(t if it is possible, to analyze tile radon concentration data for a fraction
of tlJe test d_ration f()r a house, and use it to extract some model parameters that would
allow _ls to predict the radon concentration for the rest of the test duration for that

tlO_lSe. The radon concentration in tile basement, un(lcr conditions of complete mixing
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and steady state rates of ventilation and radon entry, is obtained from basic mass-
balance considerations as:

S -0_

)

where C(t) = concentration at time t, (Co = initial value), Bq/m a

S = source entry rate, Bq/sec

V = basement volume, ma

Q = basement air exchange rate, sec -1

l}_- , xpression assumes that tile air entering the basement (except, as soil gas) has a

negligible radon concentration, and that S and Q are constant after depressurization.

For this analysis, we selected a segment of data that, showed relatively steady levels

of sub-slab radon concentration. An exponential was fitted to the rising concentration

of basement radon at the initiation or the depressurization, using the meazured eoneen-

ti'ations of radon at the beginning of and well into the depressurization, and adjusting
the ventilation rate as a free parameter. A fit, to the data for house LBL-la is shown in

Fig. 1. The basement ventilation rate (under depressurized conditions) found from the
fit is 1.6 air changes per hour (ACH).

We round Chat a quasi-steady-state analysis using the above equation over small
time intervals is not able to predict, the basement radon concentrations. This is true

even if one uses, as ata input to the analysis, the measured (and variable) radon concen-
tration at the sub-slab point.

\Ve first briefly deseribe the expeeted time-dependence of radon eoneentrat_ions in

the sub-slab soil gas and in cawell mixed basement, for a basement sited in homogeneous

soil and subjected to a sudden inerease in depressurization. This deseription is relevant
for interpretation of the observed time dependenee of radon eoneentrations in sub-slab

soil gas and l_t_e basements in these experiments. Pot a sudden onset of a small and

steady depressurization of a basement, one expeets_ that the basement radon eoneentra-

tion would first rise rapidly, and then more a.nd more slowly until it asymptotically

approaches a higher steady-state value. For depressurization with only a few Pa, one
expects the subslab radon concentration to not change significantly. On the other hand,

ii' the depressurization is large, the transit time of air, as it enters the ground surface
and travels through the soil to the basement, may be so shortened that it becomes com-
parable to t,he mean life of radon atoms. In that ease, the subslab radon concentration

will remain st,eady for a while after the onset of depressurization, but will then decline,
a.s f'resher, less radon-laden soil gas reaches the sub slab points. Similarly, the radon con-

cent.ration in t,he basement will first rise towards a higher steady-state value, and then

slightly declille, a.s l,he radon concentration in the soil gas entering the b_sement
declines to a val_le lower thall at. the onset of the experiment. Eor almost ali soils, and
for eornmonly found })f_sement geometries, the time scale for the rise of basement radon

concentration is expected to be nlueh shorter than the time scale for the decline in the

radon concent,-ation in the sub-.slab soil gas. Nazaroff and Sextro [1989] give a more
detailed exposition of' the analyses. |towever, as the dat, a in Figs. 2 - 5 show, the radon

concerti, rations at, t_he sub-slab location (and in the b_sement and the living area), do not
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always follow the expect, ed ehaiiges wit, h changes in depressurization.

This brings us to one of t,he points on which the present aa_alysis approaeh flound-
el>: t,he mea.'_urod stlb-slab radon coneent, rat, ions oft,en va,'y strongly in a puzzling

manner. Unless t,he analysis (aral the experiment, al t,echilique) are capable of predicting
t,he large variation in radon entry rat, e (whieh is a product of l,he sub-slab radon eoneen-

tration and the soil gas entry rate), one would not be able to predict reliably Lhe indoor

long term eoneentrations in winter. Similar short-term variation w_s observed in the

sub-slab radon concentrations (measured aL 30 rain intervals) over a period of several
months. Su,eh variation is an indication that there are ill-underst, ood mechanisms sup-

- plying radon at tile sub-slab point, perhaps fissures or cracks, or highly permeable strata

allowing long range t,ransporl; of radon to the sub-slab point. Changes ii1 atmospherie

pressure can possibly affect the motion of soil-gas and lead to suetl changes in sub-slab

radon eoncentral, ion. This effect, sometimes called "atmospherie pumping" refers l,o

changes in the velocity of soil gas flow in the region near the baseinent, caused by the

random fluctuations in atmospheric pressure. These fluet.uations ean be of the order of

50 Pa over periods ot' 30 minutes [Narasimhan et al, 1.990]. Another possible mechanism
eontributing to variation in the sub-slab radon eoneentration would be the interaetion of

wind with an exposed high permeability stratum of soil that eonneets the soil surfaee to

a point below the basement slab. The fluetuabing wind pressure at the ground level sur-

face of the stratum eould result, in fluctuating amounts of radon-rieh soil gas being
driven to the sub-slab point.

The resistance to the pressure driven flow of soil gas into the basement eonsists of

t,wo eont, ributions: that from the soil-block surrounding the basement, and that from the

basement shell i_self (e.g. from the cracks in the slab). The ratio of these two resis-

tances equals the ratio of pressure differences across them; one difference measured just
across t,he ba.sement slab, and the otoher bel_ween a point inside the basement and a

point ra," away f,'om the house, inside t,he soil, (with bol, h points at the basement, floor
level). This lat, ter ratio can be ealeulat,ed from experiment,al measurement,s, lr one

assumes t,hat the resist, anee offered by the basement shell is eonst,ant, the temporal vari-

ations in this ratio provide seeondary information on t,he t,emporal variations in the

effective combined permeabilit,y of sub-slab aggregate and the soil surrounding t,he base-

ment. \Ve examined t,he correlation bet,ween this ratio, obtained from l,he long term

dat.a for LBL-la, and LBL-10, and t,he sub-slab radon eoneentrations. No relationship

was found (eorrelat,ion coefficients of 0.20 and 0.02 respectively). Therefore we believe
that, the variations in the soil and aggregate permeabilit, y did not, play a significant, role
in causing the large variations in sub-slab radon eoneent,rations. This of course does not,

rule out, the roles of the mechanisms ment,ioned in the previous paragraph in causing the
observed variat, ions in t,he sub-slab radon eoneentrations.

t-Iouse LBI,-10 was sit,ed on low permeability clay, but with a layer of higll permea-

bility disturbed soil around l,he llouse and below t;he basement. Tills high permeabilit,y

layer probab!y allowed a large rate of' soil gas ent, ry into the house, aeeording to model

predictions t'or such configurations [Revzan and lqsk, 1990]. We explored t,he possibility

l_hat t,he radon eoneentrat, ions in t,his high permeability layer ehanged sharply partly
owing 1,o wind-illdue0d pressure driven flow through it,, al_d l,his caused t,he large varia-

l,ions in t,he sllb-slab radon eoneent,rations, (Fig. a). ltowever, we did not find evidence
ot' any (:lear link bet;ween the wind speed and l;he sllb-slab radon concentrations for
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LBL-10.

Incre_ses i11soil saturation (owing to intermittent rain) can sharply reduce tile rela-
tive permeability of soil, strongly affecting the rate of transport of soil gas (and radon)
into the house even when the depressurization is maintained constant. Thirty-minute
records of rainfall data were examined; however, the analysis yielded no useftll relation-
ship linking the soil-g_ entry rate to the rainfall.

An alt.erna:,ive to detailed modeling of the mechanism of radon entry, iS to look for
a simple proportionality between the radon levels observed during depressurization to
those observed during winter, ttowever, the proportionality factor may have to be
modified by a eorrecl, ion term to take into account seasonal variables (e.g. soil permea-
bility) to provide a retmonable estimate of long term average radon concentrations.

Soil perraeability data were collected weekly for several months, at. several points
around each house. There is some variation in the soil permeability from week to week,
the ratio of the largest too the smallest values recorded for a given loealoion being of the
order of 2, during the period from August to September. No data, were reeorded for
mid-winter weeks (November through January), so a comparison of mid-win.tct and
test-date values is not possible. Variation in soil permeability of the order of :2 is within
experimental reproducibility. Since the variation is not significantly out,side the range of
experimental error, the correction factor can be set to 1.

During t,he test period itself, the ratio of pressure difference across the b_ement
sial) to that between the basement's interior and a distant point in the soil, did not vary
much. For example, for LBL-la this ratio varied modestly between 0.4 and 0.2 over the
six-day test period. This suggests that integrated over the different paths of soil-gas,
the soil permeability did not vary much during the test. period, in spite of the intermit-
tent, rain. An examilm.tion of the limited data on monthly soil permeability from the
vicinity of the test houses also shows permeability values during the tesi, period to be
close to those mea_sured during 1,he long term test period.

For" the last 8 houm of the test on LBl:la, the blower" door was moved from the
living room patio to the ba.sement entrance. Recall that the depressurization was main-
rained constant,, as measured by the average pressure difference between the basement
and four exterior point, s on different sides of the house. This averaging was performed to
obtain a constant, depressurization not affeeted by pressure variations induced by the
interaction of the wind with the building. From an examination of the wind speed data,
and the data from the Cot,,,pressure difference sensors, we eonelude that there were no
over-riding effects of high wind speeds that would lead to large wind-indueed variations
in the ventilation ra_e. lr, as a result, the basement ventilation rate and the soil-gas
entry rate (owing to constant depressurization) can be presumed to be more or less con-
st,ant over this 8-hour' period, almost ali the variati(m in the radon eoneentration in the
blower door exhaust should be accounted for by the variation in the radon concentration
of soil-g_ks entering the ba.sement. This is conceptually straight forward, t)tlt, could not

be verified with the data that we examined. We round poor correlation (R of 0.3)
between the s_lb-slab radon concentration and the blower door exhaust radon concentra-
tion f{)r these 8 hours. The transport_ of fresh air into the depressurized basement from
the attic via partitic)n walls and flue eha.ses (this ttow could be variable witl, fluctuating
wind, and the va.rial, ion remain undetected by the four pressure ditferenee senso'-s), as
well a.s the poor mixing of radon in the b_sement air, may be implicated; i.hese
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mechanisms may. have led to dat.a for ba_seT_Jentradon concvnt:-,_,,lo_.s"s that are not a use-
rul measure of radon entry rates in the basement.

Lastly, as a simplistic measure of predictive ability of tile present tests, (without
attempting to formulate any model to interpret the data and extend it to winter condi-
tions), we looked tor a correlation between the values of volume-averaged indoor radon
concentrations (during the end of the periods of depressurization, when indoor eoneen-
trations are more stable), with time-averaged and volume-averaged radon eoneentrations
measured (during the long term monitoring) in the heated zones during winter. (Since

the mixing rates of basement air with living zone air are differen.t during winter and
, short term depressurization tests, only a volume-weighted average can be expeeted to

yield reasonable results). A eorrel:_tion coefficient, R, of 0.73 is obtained, (Fig. 6). An
examination of t,his figure also shows that the single data point contributed by house
LBL-la may contribute substantially to the appearance of a correlation. This is
confirmed ,vhen the correlation obtained by excluding this data point turns out to have
an R of 0.48. Since the radon eoneentral_ion is only weakly dependent on the level of
depressurization (recall that with inereasing depressurization the rates of radon ent,ry as
well as that of its removal by ventilation, both increase, alt,hough not in proportion), a.
correlation of winter volume-averaged house radon concentrations with that during
depressurization on a per pascal basis, leads to a somewhat poorer correlation eoeffieient,
R -- 0.66, (Fig. 7). Excluding the data point eontributed by house LBL-la lowers the
correlation dramatically t,o R of 0.16

6. Suggestions for Future Work

Additional efforts are needed to experimentally test the predictive ability of t,his
method of short t,erm screening for radon. However, these efforts should be undertaken
with care. We suggest the following points tor consideration in the design of future
experiments:

1) The experiments should be undertaken init,ially with houses having potentially
fewer complications than those in the present study, regarding flow and leakage
pathways for air and soil-gas entry. Houses w_th basements having poured concrete
walls would be preferable to those with hollow-core block walls. Or as an even

simpler approzeh, initial experiments can be conducted on slab-on-grade houses
without b_sements, and without any combustion appliances vented direetly to the
outdoors. Mixing fans should be operated in ali the indoor spaces where radon con-
centrations are being monitored.

2) Data analysis should proceed concurrently with experiments so that problems in
• data collection, inadequacies in the numtoer of data channels, methodological

weaknesses, etc., are identified and rectified during the experiment. The field study
schedule should allow for the necessary time tor iterations between the data

* For some houses that, had two stories, the winl,er radon content, rat, ions upstairs were
not mea.sur,.d - we assumed that. t,hese were the same as those me_mured on the first floor,
since both levels were supplied with heal, cd air from a basemenl, furnace. On the other

hand, we ,_ssumed zero radon concentrations on the second level du,'ing the depressuriza-
tion test.s, because t,here was no idenl, ifiable mechanism during t,he tests tha_, would l,ra n-
sport, t,he radon 1,othe second story.
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analysis and the instrumenI, _nodificatioI:s and collection of more daloa, until t,he

data collection and analysis are satisfactorily concluded. Ii'or examI_le, tile main

stumbling blocks in the present, analysis (lohe large llnexplained variat, ions ill sub-
slab radon concentrations, and the poor mixing of air in th_ ba.semen_ space leading

to CRM data t,t:at may not represent basement radon entry rates) could have been

addressed ii' we had more Lime and personnel to eoncurrenl;ly schedule, preliminary
da.ta analysis. Other experin:ent,a,i lacunae may exist, and would be ident,ified and
el:minated 1:)3, the iterations between analysis and data collection.

i

3) lt is perha.ps desirable to "overinstrument" one or two houses, (wit, h thorough
instrumental, ion for the analysis of ali air and soil-gas entry and removal meehan-.
:sins), befc)re widening t,he scope of the study l,o include more houses, and t:ouses

with more complex pathways. In such a study, one would plan t,he inst,rumentation

with some loedundancy (e.g. monitoring subslab rac_(m concentrations at, mulloiple
points).

4 The houses should be tested at, several levels of depressurization. The lower magni-

tudes are close:" too the depressurization that occurs in nat, ural sett, ings, but l,he tests

at higher depressurizaloion have less interference from naturally caused pressure
changes.

7. Concluding Remarks

The present, data do not, st,rongly support, the predictive ability of this technique for
screening for l:igh radon houses. This is perhaps understandable given that this is the

first, t,ime that depressurization with blower doors was experimented wiloh as a short

term screening test. The houses on which lt was t,ried turned out, to be surprisingly
c(_mlplex, and t,he experimental methods did noto prove ext,ensive enough to unravel ali
the unanticipated complexities.

The empiric, al correlal, ion obta:ned between the radon concentrations during the
short tel'::: t,ests and t.hc_,)..(,during wint, er is encouraging. The resullos, ba.sed on a lin:iloed

samt_le of 6 New ,Jersey houses, indicaloe that a house with high levels of indoor radon in

winter wo:lld also have elevated levels during depressurization. The technique may have

practical us;e if developed further and validated by testing on a larger sample of houses
under a broader range of soil types and winter radon levels.
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