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SUMMARY OF RESEARCH ON MITIGATION SYSTEM DESIGN AND
MONITORING
Todd McAlary, Ph.D., P.Eng., P.G., CUT, William Wertz and Darius Mali
Geosyntec Consultants, Inc.
tmcalary@geosyntec.com1
Abstract
The U.S. DOD sponsored research through the ESTCP Program for improved understanding of
mitigation systems for radon and volatile organic compounds under project number ER2013-22.
This presentation summarizes the findings of the 5-year study. For large buildings, the research
indicates that significant improvements in cost-effectiveness can be achieved using a few new
lines of evidence and a spreadsheet model. Lines of evidence include steady vacuum versus
radial distance from a suction point, transient vacuum measurements (change in vacuum vs time
in response to turning the fan on or off) and fitting data to equations to calculate the
transmissivity (T) of the material below the floor slab and the leakance (B) of the floor slab.
Helium tracer testing to measure flow rates below the slab and mass removal rate monitoring
provide added value for system design and monitoring.
Introduction
Subsurface vapor intrusion (VI) to indoor air of VOCs and radon pose potential health risks to
building occupants through inhalation exposures. The most common method for mitigating risks
is subslab depressurization (SSD), which is also known as active soil depressurization (ASD) or
may be referred to as subslab ventilation (SSV) if the goal is to reduce concentrations below the
floor slab instead of establishing a vacuum below the floor. These mitigation systems extract gas
from below the floor slab of the building and discharge to outdoor air. Design and performance
specifications were developed by radon researchers decades ago and were based mostly on
achieving a measurable vacuum below the concrete floor slab. For example, U.S. EPA, (1988)
recommended a minimum applied vacuum of 4 pascals and ASTM (2013) recommended a
minimum applied vacuum of 6 to 9 pascals. Revisions to guidance documents are in progress at
the time of this report (ANSI/AARST RMS-LB, RMS-MF, RMS-SF for large buildings, multifamily residences and single-family residences, respectively). This poses an opportunity for
advances to design and performance assessment. The objective of this research was to develop a
more comprehensive approach to provide protective systems at a lower overall cost.
Experimental Methods
This research was predicated on the conceptualization that an SSD/SSV or ASD system is
essentially a “capture system” that could be designed and monitored using methods analogous to
those used to contain the migration of a plume of contaminated groundwater (Bear, 1979).
1
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Pneumatic testing similar to a soil vapor extraction system pilot test is used for data collection, as
described by McAlary et al., 2010 and 2018. The vacuum versus time data are fit to the
Hantush-Jacob (1955) Non-Steady Leaky Aquifer Model (Equation 1) to calculate T and B
values (Masman 1989, Thrupp et al., 1996 and 1998).
Equation 1. Vacuum as a function of time
𝑉𝑎𝑐𝑢𝑢𝑚 (𝑡) =

𝑄𝑆𝑆𝑉
4𝜋𝑇

𝑟2

∞

∫𝑦=𝑈 𝑒𝑥𝑝 (−𝑦 − 4𝐵2 𝑦)

𝜕𝑦
𝑦

Where y is a variable of integration and U and B are defined as:
Equation 2. Well Function.
𝑈=

𝑟 2𝑆
4𝑇𝑡

Equation 3. Leakance of the floor slab.
𝐾 𝑏 𝑏′

𝐵= √
and:

T
U
B
QSSV
r

t
S
K
b
b’
K’

𝐾′

= transmissivity of the region below the floor slab [L2/T] (T=Kb)
= well function [dimensionless]
= leakance [L],
= discharge from the extraction well [L3/T]
= radial distance from extraction well (L),
= 3.14159
= time since the start of gas extraction [T]
= storativity [dimensionless]
= pneumatic conductivity of the zone of extraction [L/T] which is equal to the
transmissivity divided by the thickness,
= thickness of the zone of extraction [L],
= thickness of the floor slab [L],
= bulk average vertical pneumatic conductivity of the floor slab [L/T].

The vacuum versus distance data are then fit using Equation 4:
Equation 4. Vacuum as a function of radius.
𝑉𝑎𝑐𝑢𝑢𝑚 (𝑟) =

𝑄𝑆𝑆𝑉
2𝜋𝑇

𝑟

𝐾0 (𝐵)

where:
Ko
= Modified Bessel function of the second kind of order zero of (r/B) [unitless].
Some iteration may be required to obtain calibration of both Equation 1 to the vacuum versus
time data and Equation 4 to the vacuum versus distance data using one unique pair of T and B
values, however; there are two variables (T and B) and two lines of independent sets of data
(vacuum versus time and vacuum versus distance), which is generally sufficient to yield a unique
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solution. The calibrated T and B values can then be used to calculate velocity versus radial
distance using Equation 5. Velocity as a function of radius.
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟) =
where: n
K1

𝑄𝑆𝑆𝑉
2𝜋𝑏𝑛𝐵

𝑟

𝐾1 (𝐵)

= air-filled porosity of the zone of extraction [volume of air/volume of soil]; and
= Modified Bessel Function of First Order of (r/B) [unitless]

Travel time from a given distance can be determined by integrating the velocities over discrete
segments of the distance using:
Equation 6. Travel time as a function of radius.

where: vI
ttravel

= velocity at a given radial distance [L/T]
= travel time from a given radial distance I [T]

The calculated travel times can be compared to subslab tracer test data to provide another
independent method of calibrating the model inputs and evaluating how well the system behavior
matches the behavior predicted by the model. Two types of tracer tests were developed in this
research: the inter-well tracer test (a small volume of helium is injected into a subslab probe and
the arrival is monitored in the suction pipe), and the helium flood (the system flow is reversed,
helium is added at about 1%v/v and the arrival of helium is monitored at subslab probes at
various distances).
The air-filled porosity (n) can usually be estimated with reasonable accuracy, so this parameter is
not particularly sensitive. The thickness of the permeable layer (b) can often be assessed by
visual inspection of soil core, but otherwise, the helium tracer tests provide an independent line
of evidence for verification of the b value.
The calibrated model can also be used to calculate the relative proportion of the total gas flow
extracted that originates below the slab (QI) as a proportion of the total extracted gas flow (Qssv)
using Equation 7:
Equation 7. Relative proportion of flow originating from below the floor slab.
𝑄(𝑟)
⁄𝑄
=
𝑆𝑆𝑉

𝑟
𝐵

𝐾1 (𝑟⁄𝐵)

where K1 is the first order Bessel Function. Equation 7 can be used to calculate the level of
dilution of the subslab vapor concentrations caused by indoor air leakage across the floor slab for
various distance from the point of suction I. Equation 7 can also be used to calculate the amount
of conditioned indoor air that is drawn across the slab, which can be used to assess whether and
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to what extent there is value in sealing floor cracks, seams, joints and utility penetrations.
Equations 2 through 7 are easily solved using a spreadsheet.
Equations 4, 5, 6 and 7 provide a means to calculate radial profiles of vacuum, velocity, travel
time and leakage across the floor slab. This raises the question of what values for each
parameter would likely be protective. Criteria for each of these lines of evidence will likely
evolve as time progresses and empirical evidence is gathered, but for the time being, there are
reasons to propose the following (see ESTCP ER-2013-22 Final Report for details):
• Vacuum – compare to site-specific cross slab differential pressure, measured over time
using a pressure transducer and data logger
• Velocity – achieve a target velocity of about 3 ft/day or more imposed by the system
• Travel time – achieve a travel time of about 0.1 day or less from all areas with subslab
vapor or radon concentrations of potential concern
• Leakage across floor slab – consider floor sealing when the leakage across the floor slab
approaches a significant proportion of the ambient building ventilation rate
The rate of mass removal by the system also provides a useful performance metric that can be
compared to the mass loading through a building via building pressure cycling as a means of
demonstrating the adequacy of the mitigation system design and performance. It can also be
used to support an exit strategy if the system is clearly capturing all the available mass and the
rate of mass removal of the mitigation system is insufficient to pose an indoor air quality concern
considering the building size and air exchange rate. The mass flux can be conceptualized using a
mass balance equation:
Equation 8. Mass balance approach to calculate mass flux of a SSV system and building mass
flux.
-Deff (C/z) A = QSSV CSSV + Qbuild CIA
where:
Deff
C/z
A
QSSV
CSSV
Qbuild
CIA

effective diffusion coefficient for the compound of interest [L2/t]
vertical concentration gradient [mass/length2 or M/L2]
building footprint area [L2]
subslab venting system flow rate [L3/t]
subslab venting system concentration [M/L3]
building ventilation rate [L3/t]
concentration in indoor air [M/L3] from vapor intrusion (i.e. assumes no
background indoor air contributions)

The goal of the SSV/SSD system is to keep CIA below a threshold. If the SSD system
effectively captures all the available mass flux, then CIA is reduced to zero and Equation 8
reduces to:
Equation 9. Mass flux equation reduced assuming the indoor air concentration is required to be
zero
-Deff (C/z) A = QSSV CSSV
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The upward diffusive flux of VOC vapors on the left side of Equation 9 is typically the ratelimiting step once mass in storage has been removed, so it can essentially be considered a
threshold or target mass flux (MF) for the SSV system to contain, in which case Equation 9
reduces to:
Equation 10. Mass flux equation reduced to assume a target value for SSV capture.
MF = QSSV CSSV
The goal of optimizing the SSV system is to select a QSSV that will maintain a mass removal rate
(the product of QSSV x CSSV) equal to MF as determined by: 1) Deff (C/z) A, estimated from
vertical profiles of sampling and analysis and soil property data, or; 2) Qbuild CIA, estimated from
building pressure cycling. The mass removal rate from the system will initially include removal
of mass from storage and subsequently stabilize at a level controlled by the upward diffusive
flux. If the area of influence of the SSV system extends beyond the boundaries of the building,
the mass removal rate may exceed the target mass flux by some margin. In the optimized
system, the subslab vacuum may be low enough that occasional fluctuations in the building
pressure could cause small amounts of soil vapor flow into the building. This is inconsequential
if the upward flow is short-lived and the air entering the building was simply indoor air that
moments earlier flowed in the opposite direction, or if the subslab ventilation rate is sufficient to
reduce subslab concentrations to levels low enough to contribute negligible mass to the building
over the duration of the pressure field reversal.
The mass flux also can be used to estimate a reasonable maximum indoor air exposure
concentration (CbuildRME) that would be expected to be sustained if there was no operating
SSV/SSD system:
Equation 11. Using mass flux to calculate the maximum indoor air exposure concentration
CbuildRME = MF/Qbuild
Qbuild can be measured directly (ASTM, 2017 or ASTM, 2012) or estimated from the literature.
The U.S. EPA’s Exposure Factors Handbook (U.S. EPA, 2011) lists the mean air exchange rates
as 1.5 AE/hr for commercial buildings and 0.45 AE/hr for domestic residences, which can be
multiplied by the length, width and height of the building to estimate Qbuild.
By similar logic, a mass flux screening level (MFSL) can be calculated with Equation 12, which
represents a threshold MF below which vapor intrusion is unlikely to pose an unacceptable
health risk. This can be useful for defining an exit strategy if the available mass flux is or
becomes insufficient to sustain indoor air concentrations above a threshold risk.
Equation 12. Mass flux screening level to estimate an unacceptable health risk.
MFSL = IASL x Qbuild
where:
IASL = indoor air screening level [M/L3]
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Results
Examples of each line of evidence are shown as follows:
• ambient cross-slab differential pressure (P) to establish building-specific target subslab
vacuum levels, see Figure (1);
• subslab vacuum vs time in response to fan cycles (on/off) as shown in Figure (2) and
subslab vacuum vs radial distance as shown in Figure (3) for matching to Equations 1 and
4 to characterize the transmissivity (T) and leakance (B);
• subslab tracer testing as shown in Figure (4) to measure travel time from different radial
distances to the point of suction to enable performance evaluation based on travel time
and velocity;

Figure (1): Example of cross-slab differential pressure for three buildings with no SSV systems
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Figure (2): Example of subslab vacuum vs time: raw data (top), and fit to the Hantush-Jacob
Model (bottom), using AQTESOLV, by HydroSOLVE, Inc. of Reston, VA
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Figure (3): Comparison of vacuum vs distance measurements to profiles calculated using the
Hantush-Jacob Model

Figure (4): Measured (left) and modelled (right) travel time vs distance from suction point
Analysis of these data yields information regarding the temporal distribution of ambient crossslab pressure differential, the transmissivity of the material below the floor, the leakage of the
floor, the thickness and effective porosity of the dominant zone of air flow beneath the floor, the
radial profiles of vacuum, travel time, gas velocity and proportion of flow originating below vs
above the floor as shown in Figure (5), which provide lines of evidence for system design and
performance assessment. These data can also be used to calculate a building-specific attenuation
factor (AF) to support customized subslab screening levels:
Equation 13. Calculation of attenuation factor based on pneumatic properties of the subslab
materials and building.
𝐴𝐹 =

𝑇 ∆𝑃
𝐵2 ℎ 𝐴𝐸𝑅

where T, P and B are defined above, h is the height of the building (ft) and AER is the air
exchange rate (air exchanges per day) (McAlary et al., 2018).
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Figure (5): Proportion of flow originating below the floor vs radial distance
Discussion
Figure (6) provides a summary of the technology and how it can be integrated with conventional
mitigation system design and performance monitoring practice. The left side of Figure (6)
summarizes current standard practice. The additional lines of evidence developed in this
research are outlined in the middle (recommended) and right (optional). For simple cases, the
conventional approach may be sufficient. For example, in a single-family dwelling with a
reasonably competent floor slab and moderate to highly permeable granular fill, the additional
recommended and optional lines of evidence may not be needed to develop a cost-effective
mitigation system. For cases where the conventional approach results in ambiguous results,
additional lines of evidence are very helpful. For example, if the system has a high flow rate, but
there is no measurable vacuum at the distal communication test points, subslab tracer testing can
quickly demonstrate whether there is rapid flow (indicating that the absence of a measurable
vacuum is simply attributable to a very high transmissivity) or not (indicating that the extracted
gas may be short-circuiting through a preferential pathway).
The incremental costs of many of these lines of evidence are very low. For example, the interwell tracer tests and transient vacuum monitoring typically takes only a few minutes with
equipment that is commonly used by field technicians familiar with vapor intrusion assessment
and mitigation. Additional assessment effort becomes increasingly cost effective as the total cost
of the mitigation system increases, which is typically a function of the size of the building. So,
in general, it will be appropriate to employ more of the recommended and optional activities in
larger buildings, compared to single family residences.
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Figure (6): Logic flow diagram for mitigation system design and performance monitoring.
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Where the material below the floor is granular fill (which is usually specified in building codes)
and the floor is relatively competent (e.g., few utility penetrations, epoxy sealants, sealed
expansion joints), the spacing between suction points can be very large, which reduces the
capital cost of installation for a large building. If the material below the floor is highly
permeable, the flow velocity and induced ventilation below the slab can be sufficient to reduce
subslab concentrations by SSV, even in areas where the induced vacuum is too small to reliably
measure. If the ventilation rate below the slab is sufficient to reduce the VOC and radon
concentrations to very low levels, then an occasional reversal of the cross-slab pressure gradient
will not result in substantial subslab VOC transport into the building. In such cases, current
standard practice generally results in unnecessary installation of larger fans and more suction
points, which both increases capital and operation costs, but also results in wasted energy
because conditioned indoor air is extracted and exhausted outdoors. Energy efficiency is a
growing concern in the design of SSD and SSV systems (Moorman, 2009).
Where the material below the floor has a low permeability and the subslab vapor concentrations
are very high (i.e., >~1E6 g/m3), diffusive transport of VOCs through the floor slab can
potentially pose indoor air quality concerns even if there is an appreciable vacuum below the
floor and supplemental measures such as increased building ventilation or carbon filtration may
be needed as interim measures until there is a reduction in subslab vapor concentrations.
Summary
The aim of the research was to develop new lines of evidence for the design and performance
monitoring of subslab venting systems to mitigate human health risks attributable to subsurface
vapor intrusion to indoor air for volatile organic compounds (VOCs) and radon. Several new
lines of evidence were developed and demonstrated at four test buildings, ranging in size from
2,200 ft2 to 64,000 ft2. Measurements include vacuum vs distance, vacuum vs time, subslab
tracer testing and ambient differential pressure monitoring. Mathematical modeling is calibrated
to the transmissivity below the floor slab, the leakance of the floor or other preferential
pathways, and used to predict trends of vacuum, velocity, travel time and leakance for
comparison to newly proposed decision criteria. The new methods provide insight that has
previously not been available, and can reduce the costs of mitigation considerably for large
buildings with slab-on-grade construction and granular fill below the slab, which is a very
common building design.
The new lines of evidence developed in this research are relatively fast and simple with readilyavailable equipment and the mathematical models are commercially available or readily
programmed into a spreadsheet. As a result, the costs to implement are modest compared to the
potential savings in capital and operations, maintenance and monitoring. Net savings are
expected to be larger for larger buildings. The testing program demonstrated that conventional
methods for determining a radius of influence may result in a much greater number of suction
points being installed than are really needed, which is costly and disruptive. Total system flow
rates may commonly also be overdesigned, which wastes electricity to run the fans and also
incurs excess energy costs when conditioned indoor air is drawn through the floor and wasted by
discharge to outdoor air.
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LARGE DECREASE OF RADON CONCENTRATIONS IN NEW-BUILT
SWEDISH DWELLINGS
Tryggve Rönnqvist
Radonova
P.O. Box 6522, SE-75138 Uppsala, Sweden
tryggve.ronnqvist@radonova.com
Abstract
From the analysis of about 100,000 radon measurements in Swedish dwellings stored in the
database of Radonova, it has been found that the number of dwellings above the Swedish
reference level of 200 Bq/m3 (5.4 pCi/l) has decreased a lot for new buildings. Only 2% of
the single-family houses built during 2014-2016 had radon concentration above the reference
level whereas about 30% of the houses built during 1950-1980 had radon levels exceeding
the reference level. The data show the importance of good building practice. The
development in building technique which can have influenced this improvement will be
discussed. Similar data will also be presented for multi-family houses as well as data showing
how the radon levels in houses built around 2005 have changed from measurement at that
time until now.

Introduction
An efficient way to reduce radon exposures in dwellings is to build new houses so that high
radon levels are prevented. Radonova has a large radon database with results from several
hundred thousand measurements in Swedish dwellings. Through evaluation of these data,
conclusions can be made how the radon concentrations depend on building year as well as
building parameters such as foundation and ventilation types.
Between 1929 and 1975, a light-weight concrete based on alum shale, called “blue concrete”,
was used in many Swedish building. This building material contain elevated levels of radium
and can give a significant contribution to the radon concentrations. In the analysis of the data
from this period, it will be considered if this material is used or not.
Between 1960 and 1980, there was a large peak in the number of new-built dwellings in
Sweden of which many houses were built with the radon-emitting “blue concrete”.

Methodology
Measurement data was mainly extracted from measurement analyzed by Radonova during
2015-01-01 until 2017-12-31 except for building years between 1950 and 1980 where data
were taken from measurements during 2015-07-01 until 2016-12-31 due to the large number
of measurements from this building period. The measurements have been made as long-term
measurements using alpha-track detectors.
The data was analyzed to see if any differences in radon concentrations could be observed for
different foundation and ventilation types. How frequent different foundation and ventilation
types were used at different building periods has also been analyzed. The information about

2018 International Radon Symposum Proceedings
13
_________________________________________________________________________________________________________
Rönnqvist,
Tryggve

the building has been given by the customers of Radonova which for the single-family houses
are the house owners.
Data are compared against the Swedish reference level of 200 Bq/m3 (5.4 pCi/l).

Results
As can be seen in Table 1, the fraction of single-family dwellings with radon concentration
above the reference level decreased from 27% for houses built 1950-1980 (houses with no
“blue concrete”) down to 2 % for houses built 2014-2016. For multi-family houses the
corresponding decrease was from 10 % down to 0.3 % (Table 2). In both single-family and
multi-family dwellings, the “blue concrete” building material give an extra average radon
contribution of about 2.5 pCi/l. High radon levels, more than 10 times the reference level, are
found independent on the building year.
Building year

1950-1980 (all)
1950-1980 (blue concrete)
1950-1980 (no blue concrete)
1980-2000
2000-2010
2014-2016

Number of
Average radon
measurements concentration
(pCi/l)
7495
5.0
1886
6.8
2519
4.4
8099
2.4
1434
1.7
2255
1.1

Highest
value
(pCi/l)
116
90
110
123
52
165

Above 5.4
pCi/l
33 %
53 %
27 %
11 %
6.1 %
2.0 %

Table (1): Radon concentrations in single-family houses

Building year

1950-1980 (all)
1950-1980 (blue concrete)
1950-1980 (no blue concrete)
1980-2000
2000-2010
2014-2016

Number of
Average radon
measurements concentration
(pCi/l)
10080
3.4
2824
5.2
1567
2.5
8691
1.4
3170
1.3
3942
0.8

Highest
value
(pCi/l)
124
48
124
56
38
41

Above 5.4
pCi/l
20 %
38 %
10 %
5.1 %
3.9 %
0.3 %

Table (2): Radon concentrations in multi-family houses
One question on the conclusions drawn above could be if the radon concentrations were
dependent on the time from the year built to the measurement made or if the differences
observed were mainly related to the year built independent when the measurement was
performed. To investigate this, data from building years between 2002 and 2004 were
evaluated with regard on the measurement year. Table 3 and Table 4 the results of radon
concentrations at different years of measurement in the single-family and multi-family house,
respectively. We have performed a non-parametric statistical test to find out whether the
average radon concentration depends on the year when the measurement was performed. The
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result of the Kruskal-Wallis test reveals that there is no statistical difference among average
radon concentrations for various years (p-value = 0.4159).

Measurement year

2005-2006
2007-2008
2009-2010
2011-2012
2013-2014
2015-2016

Number of
Average radon
measurements concentration
(pCi/l)
988
1.9
967
1.9
551
2.1
240
2.3
227
1.8
154
2.0

Highest
value
(pCi/l)
136
106
43
46
18
52

Above 5.4
pCi/l
6.6 %
5.7 %
8.5 %
10.4 %
9.7 %
6.5 %

Table (3): Radon concentrations in single-family houses built 2002-2004

Measurement year

2005-2006
2007-2008
2009-2010
2011-2012
2013-2014
2015-2016

Number of
Average radon
measurements concentration
(pCi/l)
498
1.7
342
1.2
775
1.4
340
1.2
477
1.6
502
1.3

Highest
value
(pCi/l)
14
11
22
11
18
18

Above 5.4
pCi/l
5.6 %
1.8 %
4.3 %
2.9 %
5.6 %
3.8 %

Table (4): Radon concentrations in multi-family houses built 2002-2004
To get a better understanding of the observed decrease in radon concentrations in new-built
houses, data were evaluated against foundation and ventilation types. Only measurements
from buildings without “blue concrete” building material were included in this analysis. To
get a more comparable analysis of the dependence of ventilation type, only measurements
made in houses with slab on grade were included in that analysis.
The foundation dependent data for single-family houses (Table 5 and Table 6) show that from
1980, the radon concentrations in houses with crawl space or slab on grade had significantly
lower radon concentrations compared with basement and split-level foundations. From 1980,
the fraction of single-family houses built with basement was very small and slab on grade
become the dominating foundation type. This change of chosen foundation type is probably
one of the reasons to the decreased radon concentrations.
The ventilation dependent data for single-family houses (Table 7 and Table 8) show that from
1980, the radon concentrations in houses with mechanical ventilation had significantly lower
radon concentrations compared with houses with natural ventilation. From 1980, the fraction
of single-family houses with only natural ventilation was very small. The predominant use of
mechanical ventilation is another reason to the decreased radon concentrations and seems to
be of larger importance than the previously observed effects of foundation type.
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Building year
1950-1980
1980-2000
2000-2010
2014-2016

Crawl space
(pCi/l)
3.7
2.3
2.1
0.7

Basement
(pCi/l)
4.7
3.4
3.2
2.0

Slab on grade
(pCi/l)
4.4
2.3
1.4
1.1

Split level
(pCi/l)
4.6
3.4
2.8
1.4

Table (5): Average radon concentrations in single-family houses with different foundation
types.

Building year
1950-1980
1980-2000
2000-2010
2014-2016

Crawl space (%)
11
21
18
9

Basement (%)
38
5
5
2

Slab on grade (%)
37
66
70
85

Split level (%)
10
7
7
4

Table (6): Fraction of single-family houses with different foundation types.

Building year
1950-1980
1980-2000
2000-2010
2014-2016

Natural ventilation
(pCi/l)
4.5
4.2
2.1
3.7

Mechanical exhaust
(pCi/l)
4.4
2.4
1.3
1.0

Balanced mechanical
ventilation (pCi/l)
5.1
2.0
1.1
0.9

Table (7): Average radon concentrations in single-family houses with different ventilation
types for houses with slab on grade foundation type.

Building year
1950-1980
1980-2000
2000-2010
2014-2016

Natural ventilation
(%)
53
4
8
4

Mechanical exhaust
(%)
42
55
61
55

Balanced mechanical
ventilation (%)
5
41
31
41

Table (8): Fraction of single-family houses with different ventilation types for houses with
slab on grade foundation type.
In the evaluation of multi-family measurements with respect to foundation type, it is
important to point out that the Swedish Measurement Protocol (Strålsäkerhetsmyndigheten,
2013) require that all apartments on the lowest level should be measured if the level has a
direct ground contact which is the case for the slab on grade, crawl space and split level. In
multi-family houses with basement, the requirement is that at least every fifth apartment on
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the ground floor should be measured. Due to the measurement protocol, relatively more
measurements are expected in multi-family houses with slab on grade compared to houses
with basement and that a larger part of the measurements are made on the lowest floor. This
may bias the results from houses with slab on grade towards slightly higher values compared
with multi-family houses with basement (Table 9).
The foundation dependent data for multi-family houses (Table 9 and Table 10) show only
small differences depending on the foundation type. However, the ventilation type dependent
data (Table 11 and Table 12) show that houses with mechanical ventilation have lower radon
concentrations compared to houses with only natural ventilation and that a balanced
mechanical ventilation is preferable. The low fraction of multi-family houses with natural
ventilation after year 2000 makes these natural ventilation data uncertain. The increased use
of mechanical ventilation in multi-family houses and in particular balanced mechanical
ventilation is probably an important reason to the decreased radon levels in multi-family
houses.
Building year
1950-1980
1980-2000
2000-2010
2014-2016

Crawl space
(pCi/l)
4.1
1.2
0.9
1.5

Basement
(pCi/l)
2.1
1.1
1.1
0.8

Slab on grade
(pCi/l)
3.7
1.6
1.4
0.8

Split level
(pCi/l)
4.9
1.5
1.9
1.2

Table (9): Average radon concentrations in multi-family houses with different foundation
types.

Building year
1950-1980
1980-2000
2000-2010
2014-2016

Crawl space (%)
1
6
4
1

Basement (%)
68
26
24
43

Slab on grade (%)
30
62
62
53

Split level (%)
2
7
5
2

Table (10): Fraction of multi-family houses with different foundation types.

Building year
1950-1980
1980-2000
2000-2010
2014-2016

Natural ventilation
(pCi/l)
3.1
2.6
1.2
1.2

Mechanical exhaust
(pCi/l)
2.4
1.7
1.6
0.9

Balanced mechanical
ventilation (pCi/l)
1.6
0.9
1.2
0.8

Table (11): Average radon concentrations in multi-family houses with different ventilation
types for houses with slab on grade foundation type.
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Building year
1950-1980
1980-2000
2000-2010
2014-2016

Natural ventilation
(%)
23
5
4
2

Mechanical exhaust
(%)
74
60
74
38

Balanced mechanical
ventilation (%)
3
35
22
61

Table (12): Fraction of multi-family houses with different ventilation types for houses with
slab on grade foundation type.

Conclusions
A large decrease of average radon concentrations in Swedish new-built single-family and
multi-family houses has been observed. A major factor for this improvement is most probably
better building practice. The measurement data also show that most single-family houses
today are built with slab on grade foundation and with mechanical ventilation and that this is
part of the explanation for decreased radon levels. For multi-family houses, almost all new
houses have mechanical ventilation which might have decreased radon levels.
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Abstract
Radionuclides from three naturally occurring decay series, headed by 238U, 232Th, and 235U, have long
been known to be present in groundwaters in Georgia. In 2010, routine surveillance of drinking-water
testing revealed uranium concentrations exceeded the U.S. Maximum Contaminant Level (30 ppb) in
some private wells in central Georgia. High levels of uranium in well water may be associated with
elevated levels of dissolved radon gas since they are in the same 238U decay series. Drinking water that
contains high levels of these contaminants can have adverse health consequences, though definite
relationships of those health issues with uranium and radon in drinking water have not been established.
This paper provides an overview of our testing, mapping programs, and public education programs for
tracking and mitigating uranium and radon in Georgia well waters. It also sheds some lights on the
temporal variation of these two contaminants in well waters and their interrelationships.

Introduction
Radiation exposure from naturally occurring radionuclides in drinking water sources may result in various
public health concerns. In this regard, alpha radiation emitted by uranium, radium, and their progenies,
including radon are particularly important. The World Health Organization (WHO) suggests that when
the radioactivity in drinking water exceeds the recommended level of 0.5 Bq/L (or 13.5 pCi/L) for grossalpha (α) or 1 Bq/L (or 27 pCi/L) for gross-beta (β) activities, radionuclide-specific concentrations should
be brought into compliance with WHO guidance levels: 0.1 Bq/L for 228Ra; 1 Bq/L each for 223–226Ra,
234
U, and 235U; 10 Bq/L for 238U; 100 Bq/L for 222Rn, and 15 μg/L for total uranium (WHO 2004).
Human body can rapidly eliminate 66% of absorbed uranium through urine ((Wrenn et al., 1985).
However, the rest get distributed and stored in the kidney (12–25%), bone (10–15%), and soft tissues
(Wrenn et al., 1985). Radium accumulates primarily in the bone (Wrenn et al., 1985). Ingested uranium
primarily causes renal impairment by chemical toxicity (Zamora et al., 1998; Zamora et al., 2009);
whereas ingested radium and radon causes carcinogenic effects via radiotoxicity (Wrenn et al., 1985).
This study was partially funded by The University of Georgia Radon Education Program which is
supported by Georgia Department of Community Affairs through funding from State Indoor Radon
Grants (SIRG) program of The United States Environmental Protection Agency, Region-4.
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Once ingested with water, radon gas diffuses into the stomach wall and irradiates the stomach wall tissues
and can cause stomach cancer (Hopke et al., 2000). Inhaled radon from indoor air is known to cause lung
cancer (Darby et al., 2005).
Inhaled radon from indoor air is known to cause lung cancer (Darby et al., 2005). Radon in household
water supply poses both inhalation and ingestion risks. Most risk from radon in water comes from radon
released into the air when water is used for showering, laundering, and other household purposes.
According to USEPA (2012), the risk of lung cancer from inhaled radon from air is much larger than the
risk of stomach cancer from ingesting water with radon in it. A rough rule of thumb for estimating the
contribution of radon in household water to indoor air radon is that water with 10,000 pCi/L of radon
contributes about 1 pCi/L to the level of radon in the indoor air. Based on a National Academy of
Sciences report (NAS, 1999) on radon in drinking water, EPA estimates that radon in drinking water from
public water supplies (PWS) causes about 168 cancer deaths per year nationwide, 89% from lung cancer
caused by breathing in radon released from water, and 11% percent from stomach cancer caused by
ingesting drinking radon-containing water. Public health consequences of radon in private drinking water
wells are yet to be estimated. However, it may be more severe than the radon from PWS.
Radionuclides from three naturally occurring decay series (headed by 238U, 232Th, and 235U), have long
been known to be present in ground water and surface water in Georgia (Cline et al., 1983; Hess et al.,
1985; Zapecza and Szabo, 1988; Coker and Olive, 1989). In a previous study, Albertson (2003) found
elevated gross alpha particle activity, elevated radium-226, and elevated combined radium-226 and
228
Radium activity in some community water systems in the Piedmont, Blue Ridge, and parts of the
Coastal Plain physiographic provinces of Georgia. Elevated uranium concentrations were detected in
drinking water in the Piedmont and Blue Ridge physiographic provinces (Albertson, 2003). Coker and
Olive (1989) tested 90 wells in Georgia for radon and other radionuclides and concluded that groundwater
from the granite and gneiss aquifers in the Piedmont contained the highest average concentrations of
naturally occurring radionuclides. Stone et al. (2002) found elevated levels of radium in drinking water in
the “piedmont and coastal plain sandhills” and elevated uranium in water in the “piedmont (and Blue
Ridge) region” of South Carolina.
In 2010, routine water testing of some private drinking water wells at Agricultural and Environmental
Services Laboratories (AESL) revealed high levels of uranium with concentrations above EPA's
maximum contaminant levels (MCLs) of 30 parts per billion (ppb; 20 pCi/L). These wells were located in
specific areas of the state. High level of uranium in well water was often associated with a high level of
radon gas measured in air by the homeowner (Lynch et al., 2016). Uranium and radon in deep wells
originate from naturally occurring granitic bedrock located primarily in the Piedmont and Blue-Ridge
(PBR) regions of Georgia (Albertson, 2003). The residents in the areas affected by high uranium and
radon in well water reported to various agencies numerous health problems, including cancer, kidney
problems, autoimmune disorders, gastrointestinal symptoms, and neuropathy although there has not been
any report directly linking these contaminants and illnesses. Conversations with residents and county
officials established a need for more public education, testing, and informational resources. From 2010 to
2013, the University of Georgia Cooperative Extension conducted a public education program along with
a half-price water testing service to encourage well owners to test their waters. The intent was to expand
the database to better understand the nature and extent of the problem and increase public awareness in
this regard. In 2015, the AESL and The College of Family and Consumer Sciences of the University of
Georgia launched a new Radon in Household Water Testing and Education program. This paper reports
an up-to-date summary of the testing and education programs on uranium and radon in Georgia household
well waters with special reference to:
1. Mapping uranium and radon concentration in private drinking water wells based on voluntary
submission of samples by the well owners.
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2. Temporal variation in uranium and radon in Georgia well waters.
3. Impact of public education programs on a) peoples’ consideration of water testing for uranium
and radon, b) enhancement public awareness about these contaminants, and c) the engagement of
community advocates in protecting public health.
What We Know So Far?
Testing and mapping uranium and radon in Georgia well waters
The half-price testing service resulted in a substantial increase in voluntary submission of water samples
for testing these contaminants, which in turn, enhanced our understanding about the nature and extent of
the problems in the state. The testing program has been still continuing, but at a full price.
As of July 20, 2018, the total number of water samples tested for uranium was 1305 (Table 1). Of these,
158 had detectable amounts of uranium (above 10 ppb) with 71 being above the EPA’s 30 ppb Maximum
Contaminant Level (MCL). One of the wells tested as high as 6297 ppb, which is more than 200 times
greater than EPA's MCL for uranium for public water supplies. Of these 71 samples, as many as 70 were
from the Piedmont Blue Ridge Regions above the “Fall Line” (Figures (1) and (2)).
Table 1. Total number of wells for uranium and radon and summary of the test results.
Household Wells
Tested

Detectable

Above MCL

Range Above MCL

Uranium (µg/L)
1305

158

71

30.1-6,297

130

311-69,709

Radon (pCi/L)
177

175

The testing program for radon in water at AESL began on August 26, 2015. As of July 20, 2018, 177
well waters were tested for radon. Of these, 175 had detectable level of radon (100 pCi/L) with 130
exceeding the proposed MCL (300 pCi/L) and 18 exceeding the Alternate MCL (AMCL: 4000 pCi/L).
Of the 130 wells with radon levels above MCL were from the areas above “Fall Line” (Figure (4)).

The AESL developed a mapping program for uranium and radon in well waters and made it available
online for public at http://aesl.ces.uga.edu/water/map/. The mapping program updates the maps as the
new results are added to the AESL database. It allows the users to select various options and generate
maps as per their choice. Some examples maps are presented in Figures (1)-(4).
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Figure (1) shows the locations of all 1305 wells tested for uranium until July 20, 2018.

Figure (1): Distribution of 1305 well water samples tested for uranium at Agricultural and
Environmental Services Laboratories (AESL), University of Georgia (UGA) from 03-20-2008 to 07-202018.
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Figure (2) shows the locations of the 87 wells (in yellow) that had uranium concentration at detectable
(10-30 ppb) level and 71 wells (in red) that had uranium concentration higher than EPA’s Maximum
Contaminant Level (>30 ppb).

Figure (2): Distribution of well water samples with uranium levels that are detectable (10 ppb) or above
EPA’s MCL (30 ppb) for drinking water (based on the test performed during 03-20-2008 to 7-20-2018 at
AESL, UGA).
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Figure (3) shows the locations of all 177 wells tested for radon until July 20, 2018.

Figure (3): Distribution of well water samples tested for radon at Agricultural and Environmental
Services Laboratories (AESL), University of Georgia (UGA) from 08-26-2015 to 07-20-2018.
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Figure (4) shows the locations of all 130 wells (in yellow) that had radon concentration above proposed
Maximum Contaminant Level (300 pCi/L) but below the proposed Alternate Maximum Contaminant
Level (300-4000 pCi/L) level and 45 wells that had radon concentration higher than proposed Alternate
Maximum Contaminant Level (>4000 pCi/L).
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Figure (4): Distribution of well water samples with radon levels that are higher than the proposed MCL
(100 pCi/L) or AMCL (4000 pCi/L) for drinking water (based on the test performed during 08-26-2015
to 7-20-2018 at AESL, UGA).

Measured 222Rn (pCi/L)

Temporal variation of uranium and radon concentration in the same well
Apart from evaluating the test results of uranium and radon in household well waters received from
voluntary submission by the well owners, we conducted an independent study of these two contaminants
in four wells namely “Well-6090DFR”, “Well-711JPR”, “Well-715JPR”, and “Well-578TR”. When the
same three wells were sampled and analyzed for radon on two different dates (28 May, 2016 and 16 June,
2016), we obtained remarkably different radon concentrations for the two different dates in any given
wells (Figure (5)). Such results suggest that temporal variation in radon concentration in the well waters is
significant and should be duly considered for determining the actual overall exposure to radon from water
of the household members.
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Submerged Bottle Sampling
Prepared in the lab
Simultaneous Drawing
10 mL Opti-fluor + 10 mL Sample
130-700 keV Assay
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68,376b
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69,267c
42,756d
12,268f

21,453e

Well-711JPR

Well-715JPR

Well-578TR

Figure (5): Measured radon levels in three well waters collected by the “Submerged Bottle
Method” and prepared in the laboratory by simultaneous drawing of Opti-fluor and sample
to compare:
• Two different dates of sampling in a given well.

Out of the four wells, three wells (“Well-6090DFR”, “Well-715JPR”, and “Well-578TR”) had uranium
concentration much higher than the EPA’s drinking water MCL (Table 2). The uranium level in the
“Well-711JPR” was below the MCL. However, all four study wells had radon concentrations much
higher than the EPA-proposed MCL of 300 pCi/L as well as the proposed alternate MCL (AMCL) of
4000 pCi/L. Furthermore, the radon concentrations followed the same trend as the uranium concentrations
in the wells. Nevertheless, it is important to note here that despite there was no concern about the uranium
concentration (22.6 ppb) in the “Well-711JPR”, it contained well over 20,000 pCi/L radon. Therefore,
using uranium concentration over 30 ppb as a trigger for recommending test for radon in well water
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remains questionable. We also noticed temporal variation in the uranium concentration in the “Well6090DFR” and “Well-578TR”. Such variation was significant in the case of “Well-578TR” (1,549 ppb in
June, 2001 versus 4,939 ppb in June, 2016)
Table (2): Concentration of uranium in the four wells.
Uranium
Conc.
Well
Date
(ppb)‡

Comment

Date

Uranium
Conc.
(ppb)

14 June, 2011§

629

Well-6090DFR

3 March, 2016†

542

Sampled by U. Saha

Well-711JP

20 June, 2016†

22.6

Sampled by D. Lynch

Well-715JP

16 June, 2016†

407

Sampled by U. Saha

†

Well-578TR
16 June, 2016
4,939
Sampled by U. Saha
15-June, 2011§
1,549
†
‡
§
Sampled and analyzed as part of this study. EPA’s MCL for drinking water is 30 ppb. Voluntary
submission by the well owner.
Health Risk from Radon in Household Water
Once radon-rich water is ingested, radon gas diffuses into the stomach wall and irradiates the stomach
wall tissues and can cause stomach cancer (Hopke et al., 2000). Inhaled radon from indoor air is known to
cause lung cancer (Darby et al., 2005). Radon in household water supply poses both inhalation and
ingestion risks. Most risk from radon in water comes from radon released into the air when water is used
for showering, laundering, and other household purposes. According to USEPA (2012), the risk of lung
cancer from inhaled radon from air is much larger than the risk of stomach cancer from ingesting water
with radon in it. A very rough rule of thumb for estimating the contribution of radon in household water
to indoor air radon is that water with 10,000 pCi/L of radon contributes about 1 pCi/L to the level of
radon in the indoor air. Based on a National Academy of Sciences report (NAS, 1999) on radon in
drinking water, EPA estimates that radon in drinking water causes about 168 cancer deaths per year, 89%
from lung cancer caused by breathing in radon released from water, and 11% percent from stomach
cancer caused by ingesting drinking radon-containing water.
We evaluated the results a week-long continuous radon monitoring in the indoor air of a Georgia home
with 629 ppb uranium and 79,012 pCi/L radon in the household well water. The average indoor radon
level was 5.8±0.2 pCi/L. However, the indoor air radon level increased up to 14.4 pCi/L during
showering and/or laundering, suggesting 8.6 pCi/L increase from the average concentration of 5.8 pCi/L
(Figure (6)). According to the well-known rule of thumb, a 79,000 pCi/L radon in household water has a
potential to elevate the indoor air radon concentration by 7.9 pCi/L. Interestingly this corresponds fairly
well with the observed elevation of 8.6 pCi/L.
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Uranium in Water: 629 ppb
Radon in Water: 79,012 pCi/L
Radium (Ra-226+Ra-228) in Water: 3.8 pCi/L)

Showering
and/or
Laundering

Average:
5.8±0.2
pCi/L

Figure (6): Results of a week-long radon monitoring in the indoor air of a Georgia home with
high levels of uranium in household well water.
Community engagement in mitigating uranium and radon in well water
In 2010, routine water testing revealed high uranium concentrations exceeding EPA's maximum
contaminant levels (MCLs) of 30 parts per billion (ppb) in some private drinking water wells in central
Georgia. High level of uranium in well water was often associated with a high level of radon. Uranium
and radon in well water originate from naturally occurring granite bedrock. Drinking water that contains
high levels of these contaminants can have adverse health consequences. County residents reported
numerous health problems, including cancer, kidney problems, autoimmune disorders, gastrointestinal
symptoms, and neuropathy. Residents and local officials expressed the need for more public education,
testing, and informational resources.
Several public education workshops were conducted primarily in Monroe and Bibb counties, which are
located in central Georgia. The 1- to 3-hour workshops were attended by 25 to 500 county residents. The
objectives of the workshops were: (1) Educate consumers about uranium and radon, (2) Promote testing
household water for uranium and the air for radon; and (3) Provide information on treatment systems to
remove these contaminants. Post workshop survey showed overwhelming positive response from over
90% of the attendees in terms of knowledge gained and ability to handle well water problems. To
encourage testing, households were offered free radon air sampling kits and half-price uranium water
testing. Extension fielded questions from various stakeholders (well owners, health department and social
workers, journalists, public officials) to allay concerns and clarify issues. Homeowners with homes
testing high radon in air were encouraged to test their water for radon. In some instances, test data showed
that there were areas with very high levels of uranium (as high as 6297 ppb) and radon (as high as 70,000
pCi/L) in water. Such high concentration cannot be removed by a common household water treatment
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system. The only viable option for those affected was to obtain their water supply from the public water
system or move out of the affected areas and abandon their homes (losing 100% of their home equities).
However, extending county water distribution lines to areas with high uranium and radon required a
multimillion-dollar investment.
Our program laid out the evidence-based groundwork that led to increased collaboration with state health
and environment agencies, EPA, and community advocates that resulted in the county securing financing
to extend water lines to the areas of the county impacted by contaminated well water. The project is
complete, and the community is now connected to the county water supply system. See the news at:
http://www.macon.com/news/local/article30142776.html. The program has enhanced our understanding
about the nature and extent of uranium and radon problems in the state and how we can make an even
greater impact by engaging with community advocates and various stakeholders. The program has also
made a significant impact by educating homeowners and improve their knowledge on determining
appropriate mitigation strategies, thereby creating a healthier environment and improve their quality of
living.
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Abstract
Our papers in 2016 and 2017 Symposia discussed optimum sampling and analysis methods for radon in
water. This paper discusses quality assurance. The counting efficiencies of multiple liquid radium
standards purchased from a commercial manufacturer produced inconsistent and unacceptable counting
efficiencies; thus, their use in the analysis appeared questionable. Duplicate analysis of radon in 220 well
water samples mostly yielded relative percentage deviation (RPD) ≤15 and seldom >15. However, >15
RPD in duplicate analysis was associated with the presence of an air bubble in one of the duplicate
samples. Repeated analyses of two radon proficiency-test samples, regenerated at 40- to 60-day intervals
over a period of two years, consistently yielded acceptable precision (based on the duplicate analyses) and
accuracy (closeness to the theoretical radon concentration). Thus, a proficiency testing for radon in water
is a valid and valuable option, and it should be part of programs that analyze radon in water.

Introduction

Carcinogenic effects of ingested radon via radiotoxicity is well established (Wrenn et al., 1985). Once
ingested with water, radon gas diffuses into the stomach wall and irradiates the stomach wall tissues and
can cause stomach cancer (Hopke et al., 2000). Inhaled radon from indoor air is known to cause lung
cancer (Darby et al., 2005). Radon in household water supply poses both inhalation and ingestion risks.
Most risk from radon in water comes from radon released into the air when water is used for showering,
laundering, and other household purposes. According to United States Environmental Protection Agency
(USEPA) (2012), the risk of lung cancer from inhaled radon from air is much larger than the risk of
stomach cancer from ingesting water containing radon in it. As a rough rule of thumb, household water
containing 10,000 pCi/L of radon has a potential toenrich indoor air radon concentration by about 1
pCi/L. Based on a National Academy of Sciences report (NAS, 1999) on radon in drinking water,
USEPA estimates that radon in drinking water from public water supplies (PWS) causes about 168 cancer
deaths per year nationwide, 89% from lung cancer caused by breathing in radon released from water, and
11% percent from stomach cancer caused by ingesting drinking radon-containing water. Public health
consequences of radon in private household water wells are yet to be estimated. However, it may be more
severe than the radon from PWS because private household well water systems have less opportunities to
lose radon than PWS.
This study was partially funded by The University of Georgia Radon Education Program which is supported through funding
from State Indoor Radon Grants (SIRG) program of The United States Environmental Protection Agency, Region-4. It is an
outcome of collaboration between The University of Georgia and The Laboratory of Inorganic and Nuclear Chemistry,
Wadsworth Center, New York State Department of Health.
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Several investigations reported the presence radionuclides from three naturally occurring decay series
(headed by 238U, 232Th, and 235U) in some ground water and surface water in Georgia (Cline et al., 1983;
Hess et al., 1985; Zapecza and Szabo, 1988; Coker and Olive, 1989). Albertson (2003) reported activities
of gross alpha, 226radium, and combined 226radium plus 228radium exceeding the Environmental Protection
Agency’s (USEPA) corresponding drinking water Maximum Contaminant Levels (MCL) in community
water systems in the Piedmont, Blue Ridge, and parts of the Coastal Plain physiographic provinces of
Georgia. Elevated uranium concentrations were also detected in drinking water in the Piedmont and Blue
Ridge physiographic provinces (Albertson, 2003). Coker and Olive (1989) tested 90 wells in Georgia for
radon and other radionuclides and concluded that groundwater from the granite and gneiss aquifers in the
Piedmont contained the highest average concentrations of naturally occurring radionuclides. Stone et al.
(2002) found elevated levels of radium in drinking water in the “piedmont and coastal plain sandhills”
and elevated uranium in water in the “piedmont (and Blue Ridge) region” of South Carolina. Thus,
radioactivity levels in household waters is a potential public health problem at least in the Piedmont-Blue
Ridge regions in the southeastern United States, which merits monitoring, public education, and
mitigation. The cooperative extension systems of the land-grant universities can play a major role in this
regard.
In 2015, the Agricultural and Environmental Services Laboratories and The College of Family and
Consumer Sciences of the University of Georgia launched a new Radon in Household Water Testing and
Education program. In the papers published in the proceedings of 2016 and 2017 International Radon
Symposia, we reported original research findings comparing different sampling methods (Direct Fill vs.
Submerged Bottle), sample preparations (Simultaneous Drawing vs. Separate Drawing), scintillators
(Mineral Oil vs. OPTI-FLUOR), and liquid scintillation counting assays (0-2000 keV vs. 130-700 keV)
for analyzing radon in water four “Household Well Water” samples and two “Proficiency Test (PT)”
samples (Saha et al. 2016; 2017). The “130-700 keV” assay had significantly higher radon recovery than
the “0-2000 keV” assay. The Direct Fill sampling produced significantly lower results than the
“Submerged Bottle” sampling. “Simultaneous Drawing” of both scintillator and water sample yielded
higher radon recovery than “Separate Drawing”. “Mineral Oil” scintillator provided higher radon activity
than “OPTI-FLUOR”. However, in eight consecutive measurements of the PT samples at 60 days (full
ingrowth) interval, “Mineral Oil” always overestimated the radon activity compared to the predicted/
assigned value, whereas “OPTI-FLUOR” invariably produced results close to the predicted/assigned
value (Saha et al. 2016; 2017).
We know the fact that all analytical methods should embrace a well-defined quality-assurance/qualitycontrol (QA/QC) milestones. Because of its gaseous state, developing an appropriate practical QA/QC
protocol for testing radon in water needs special considerations. Such protocols should allow the
evaluation of both precision and accuracy. However, there is no dependable recommendations in this
regard for testing radon in water. In this study, we evaluated precision of measuring radon in the
duplicate water samples from private well waters and accuracy of multiple liquid radium standards
purchased from a commercial manufacturer and two reusable radon proficiency-test samples by repeated
measurement over a period of two years.
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Methodology
Liquid Scintillation Counting (LSC) Assay
When 222Rn goes through radioactive decay, it can produce the progenies 218Po, 214Po, 214Pb and 214Bi, all
of which are relatively short-lived. A secular equilibrium of 222Rn with these four progenies is reached
after approximately 3.5 hours when all five of the radionuclides exist at the same level of activity.
Radioactive decay of these five radionuclides release alpha and beta particles each of a known kinetic
energy. When they are placed in liquid scintillation cocktail, scintillators and solvent of the cocktail
convert this kinetic energy into light photons that are amplified by a photomultiplier tube (PMT) and are
detected as PMT pulse with an amplitude or pulse height proportional to the energy of the decay particle
that induced the response. The number of pulses, which is commonly known as "counts", induced at the
PMT is proportional to the amount of radioactivity interacting in the cocktail.
An analog-to-digital converter transforms the analog PMT pulse to a digital value and assigns it to a
channel in a multichannel analyzer (MCA). Alpha particles generated by radioactive decay have kinetic
energies between 4 and 8 MeV in most cases. But, much of the energy emitted by alpha particles is left
out from conversion to scintillation light photons. Because of such low scintillation light output, a 6.0
MeV alpha particle (for example) produces PMT pulses equivalent to those produced by a 600 keV beta
particle. As such, all alpha particles appear in an LSC energy range of approximately 200 to 800 keV, the
same energy range over which many beta particles are detected (Packard 1992; Kessler 1989).
Conventionally, during LSC the alpha and beta induced PMT pulses are collected in a single MCA.
Because of the lower alpha scintillation yield, the alpha and beta spectra overlap in the MCA and cannot
be effectively separated. Figure (1) shows a typical combined alpha-beta particle spectrum for a radon
sample analyzed on a liquid scintillation analyzer. The two large peaks correspond to alpha particles. The
right peak is from the 7.6 MeV alpha particle of 214Po; the left is due to both the 5.0 and 6.0 MeV alpha
particles emitted from 222Rn and 218Po, respectively. The broad, low height peak is the beta spectrum of
214
Pb and 214Bi.
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Figure (1): A common LSC spectrum for 222Rn and progenies. The right peak is due to 214Po alpha
particle with 7.6 MeV while the larger peak is due to the alpha particles from combined 222Rn (5.5
MeV) and 218Po (6.0 MeV). The remainder of the signal is the beta particle spectrum from 214Pb and
214
Bi.
Thus, in this study Liquid scintillation counting was done using a Tricarb 2910 Liquid Scintillation
Counter (PerkinElmer, Waltham, MA) for counting radon in various sample types with the LSC
assay presented in Table (1) below.

Table (1): The two different LSC assays compared in this study.
Region
A
B
C

Lower Limit
(keV)
130
150
0

Upper Limit
(keV)
700
1800
2000

As obvious in Table (1), this assay is limited within the region of interest (ROI) for 222Rn from 130 to 700
keV, excluding the counts below 130 keV (which is indeed from “Bremsstrahlung” radiation). Cutting out
the low-energy (below 130 keV) betas also reduces the quenching and background.
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Household Water Samples for Evaluating the Precision
Over the three-year period of 2015-18, our laboratory received 220 household well water samples for
testing radon through voluntary submission by the homeowners. All these 220 samples were submitted in
duplicate. Duplicate analysis results of these 220 samples were used to evaluate the precision based
Relative Percentage Difference (RPD) calculated as:
RPD = (|sample result - duplicate result| ×100) ÷ [(sample result + duplicate result) ÷ 2]
We evaluated the precision of radon testing using 15% and 20% RPD thresholds.
Ra-226 Standards from a Commercial Vendors
The 222Rn gas is a progeny produced by the alpha decay of 226Ra. In a 226Ra solution, 222Rn with a 3.83day half-life, reaches a secular equilibrium with its 1600-year half-life parent (226Ra) in approximately 28
days, where both 222Rn and 226Ra co-exist with same magnitude of activities. As such, a standard 226Ra
solution can be used as a 222Rn standard in the analysis of radon in water by LSC.
We evaluated the accuracy of LSC assay of radon using two types of 226Ra standards procured from
Eckert & Ziegler Analytics (Atlanta, GA).
The primary 226Ra standard had 15 mL of liquid in a 20 mL flame sealed liquid scintillation vial. The
15 mL of liquid contained 7.5 mL radium chloride in 7.5 mL OPTI-FLUOR (PerkinElmer, Waltham,
MA) cocktail with a total activity of 3.932 Bq. According to the vendor, “this standard radionuclide
source was prepared gravimetrically from a master solution calibrated by Eckert & Ziegler Analytics,
using a germanium gamma spectrometer system. Radionuclide purity and calibration were checked by
germanium gamma-ray spectrometry, liquid scintillation counting, and/or alpha spectrometry, as
applicable. The half-life was 5.844±0.05 days and reference date was April 24, 2015 according to Eckert
& Ziegler Analytics (EZA). Eckert & Ziegler Analytics (EZA) maintains traceability to the National
Institute of Standards and Technology through a Measurements Assurance Program as described in
USNRC Regulatory Guide 4.15, Revision 2, July 2007, and compliance with ANSI N42.22-1995:
Traceability of Radioactive Sources to NIST.” The expiration date stamped as April 2018, meaning this
standard should have been useful for 3 years after the reference date.
The secondary 226Ra standard was prepared from a NIST traceable 40 mL 226Ra liquid primary standard
in a 0.1 M HCl media supplied by the vendor in a 50 mL flame sealed ampule. The recommended density
of this solution was 1.0 g/mL. This 226Ra primary standard solution had a total activity of 16.01 Bq.
From this primary standard solution, a secondary standard solution was prepared as follows:
An empty, clean 20 mL liquid scintillation vial was placed on a balance and the balance was tared. Then
a 7.5 mL aliquot of the primary 226Ra standard solution was gravimetrically transfer into the vial and the
weight of the 226Ra solution in the liquid scintillation vial was recorded, this weight was used to determine
the actual total activity of the secondary liquid scintillation standard. Then 7.5 mL of OPTI-FLUOR
cocktail was added to the liquid scintillation vial containing the 226Ra solution, the vial was sealed tightly,
and the content was shaken to mix well. This cocktail was kept away from light to increase the longevity
of the secondary liquid scintillation standard. The secondary liquid scintillation standard was shaken
vigorously for one minute before every count. This 226Ra secondary standard solution had a total activity
of around 3 Bq (depending on the actual weight of the primary 226Ra taken).
The remaining 226Ra primary standard solution was stored in a screw-top glass bottle with the highest
quality seal to prevent evaporation. Further protection from evaporation was achieved by wrapping the
top of the bottle and cap with parafilm, placed in an amber secondary container, and stored in a light-free
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refrigerator.
The counting efficiency of the primary and secondary 226Ra standard was evaluated over a long period of
time with an expected efficiency (CPM per DPM) of 2.0.

Proficiency Test Samples
We used two 222Rn in water “proficiency test” or “standard” samples, labelled as “Standard-15” and
“Standard-17”, obtained from the Laboratory of Inorganic & Nuclear Chemistry, Wadsworth Center, New
York State Department of Health, Albany, NY. The “Standard-15” and “Standard-17” are reusable
radon-in-water standards as they were prepared using a 226Ra-loaded filter sandwiched in polyethylene
sheeting (Kitto et al., 2008). At full ingrowth (>30 days), the 222Rn produced by the sandwiched 226Ra
sources in both “Standard-15” and “Standard-17” should be 4375 pCi/L at 100% emanation, but due to
retardation by the polyethylene, produces only 3763 pCi/L at 86% emanation. These two standard
samples were prepared in both OPTI-FLUOR and mineral oil cocktail with simultaneous and separate
drawing of 8 mL and counted by two different LSC assays (Full Sepectrum: 0-2000 keV and ROI: 130700 keV) after every 40-60 day in-growing over a period of two and half years. The preparation methods
of these samples have been described elsewhere (Saha et al., 2016; Saha et al., 2017). The results of these
measurements were evaluated using acceptance window of 3763 ± 940 (25%) pCi/L.

Results and Discussion
Precision of Duplicate Measurements
Figure (2) shows the Relative Percentage Difference (RPD) for the duplicate sampling and measurements
of 220 household well water samples. The results show that >90% of the duplicate measurements had
RPD less than 20% and about 87% had RPD less than 15%. However, the duplicate measurements that
yielded RPD greater than 15 were from the cases where one of the two sample bottles had air bubbles in it
or both had air bubbles of unequal sizes. The finding depicted in Figure (2) is robust because this is based
on a fairly large number of duplicate samples collected by the 220 homeowners and analyzed by 5
analysts (randomly) in our laboratory over a period of three years (2015-18). Thus, our results
demonstrate that liquid scintillation analysis of radon in water could be considered precise if RPD of
duplicate measurements is less than 15% or 20%. The 15-20% RPD accounts for the errors in sampling
and sample preparation. A practically feasible threshold RPD value to evaluate precision of analyzing
radon in water is yet to be formalized. Our findings could be useful in making this much-needed
recommendation of a threshold RPD value for evaluating precision of analyzing radon in water.
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Relative Percentage Difference
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Figure (2): Relative Percentage Difference (RPD) of duplicate sampling and measurement radon
carried out on 220 household well water samples.
Note: The samples were collected by the 220 homeowners and analyzed by 5 different analysts
(randomly) on different over a period of three years (2015-18).
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Efficiency and Longevity of 226Ra Primary Standard (B#45715)
As depicted in Figure (3), the 226Ra primary standard, prepared by mixing 1:1 volume ratio of radium
chloride solution:OPTI-FLUOR, initially gave expected counting efficiency (CPM ÷ DPM) of around 2.0
and this satisfactory performance lasted for a while. However, the standard started to give unacceptable
counting efficiency from October 20, 2016, which was long before its expiry date of April 2018 given by
the vendor. This finding reminds the users and vendors of this kind of 226Ra primary standard regarding
the assigned expiration date (by the vendor).

Figure (3): Liquid Scintillation Counting Efficiency of a 226Ra primary standard over time.

Efficiency and Longevity of 226Ra Secondary Standards
After being reported about the deterioration of the primary standard (B#45715) way before its assigned
expiry date, the vendor provided another 40 mL 226Ra primary standard in a 50 mL flame sealed ampule.
This was indeed a NIST traceable RaCl solution in 0.1 M HCl media with a total activity of 16.01 Bq
(SRS# 107682). As suggested by the vendor, we prepared the secondary working standard by
gravimetrically transferring 7.5 mL of this primary standard solution to a vial containing 7.5 mL of OPTIFLUOR and mixing the content by vigorous shaking. It was first prepared on October 16, 2018 and have
been on counting it with the routine samples. However, it never gave a satisfactory counting efficiency
(Figure (4)). Having such negative observations, we prepared a second secondary standard from the same
source in the same way on May 11, 2018 and has been on counting with the routine samples. As depicted
in Figure (5), the counting efficiency of this second preparation was random and unacceptable for about
two months after preparation. From July 7, 2018, the counting efficiency given by this second
preparation was close to the expected value of 2.0. However, a sustained satisfactory counting efficiency
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Liquid Scintillation Counting Efficiency of 226Ra Standard

of this standard for a considerable length of time could be a reality or an illusion based on the experience
with the standards received from the commercial vendor.
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226 Ra solution.
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Figure (4): Liquid Scintillation Counting Efficiency of a 226Ra secondary standard-1 over time.
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Reusable Proficiency Test Samples
Laboratory of Inorganic & Nuclear Chemistry, Wadsworth Center, New York State Department of
Health, Albany, NY provided us two reusable 222Rn in water “proficiency test (PT)” or “standard”
samples, labelled as “Standard-15” and “Standard-17”. The assigned or known concentration of radon in
both “Standard-15” and “Standard-17” is 3763 pCi/L with the lower and upper acceptance limits of 2822
(~75% of the known) and 4704 (~125% of the known) pCi/L, respectively (Kitto et al., 2008). Figure 6
plots the detailed results of the 13 consecutive radon measurements on these two reusable PT standards
carried out at around 60-day intervals at the University of Georgia (UGA) laboratory using LSC assays
and compare these results with those reported by other laboratories across the United States using various
methods. The x-axis represents the various laboratories in the US. The y-axis is the measured radon. The
data points corresponding to x-axis values 1-22 were reported by various other laboratories in the nation
(Kitto et al., 2008b) and plotted in ascending order. The data points corresponding to x-axis values 23 and
higher are the values obtained in the UGA laboratory by 4 different sample processing (mineral oil and
OPTI-FLUOR in combination with simultaneous and separate drawings: 2 × 2 = 4). The blue-filled and
red-filled circles are the results obtained from the cocktails prepared in mineral oil and analyzed the
assay-2 (130 - 700 keV ROI) and assay-1 (0 – 2000 keV ROI), respectively. The blue-open and red-open
circles are the results obtained from the cocktails prepared in OPTI-FLUOR and analyzed the assay-2
(130 700 keV ROI) and assay-1 (0 - 200 keV ROI), respectively. As depicted in Figure (6), all results
generated by the assay-1 (0 - 2000 keV ROI) were lower than the lower limit of acceptance, which means
they all failed. Among the results generated by assay-2 (130 - 700 keV), the data points for the samples
prepared in “mineral oil” were mostly higher than the upper limit of acceptance, which means they also
failed in most cases. In contrast, all results from OPTI-FLUOR are acceptable, and at least half of them
were very close to the true value. Therefore, the assay-1 (0 - 2000 kev ROI) with both mineral oil and
OPTI-FLUOR can grossly underestimate the actual radon concentration, and with assay-2 (130 - 700 keV
ROI), mineral oil can over-estimate the radon concentration; both should be avoided. Thus, our results
show that these samples can serve as a reusable PT standard when measured in OPTI-FLUOR with the
assay-1 (130 – 700 keV ROI) and this should be a part of nationally coordinated proficiency program and
should be adopted by the laboratories testing radon in water.
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Figure (6). Radon levels in the NYDOH proficiency testing standard samples in 12 consecutive measurements at 40-60-day interval at the
University of Georgia (UGA) laboratory to compare:
• Two different LSC assays: 0 - 2000 keV versus 130 - 700 keV.
• Two different scintillation fluids: mineral oil versus opti-fluor.
Note : The UGA laboratory results generated by LSC have been plotted together with the results (obtained from the coauthor M.E. Kitto ,
New York State Department of Health) from different laboratories across the United States generated by various methods.
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Abstract
Kemling Cave is located in Dubuque County, Iowa. It is a single-entrance cave with 3.51 km of
surveyed passage. The entrance is gated, but done so in a manner that does not impede air
exchange between the cave and the surface environment. Past work has shown that
measurement of radon activity as a function of time in this cave displayed an extreme degree of
variability. In this work, follow-up studies were designed and carried out to measure radon
activity in parallel with a number of other environmental parameters, seeking to find which of
the parameters had the strongest correlation with the radon activity.

(1) The authors have received partial funding from Knox College to support the research
leading to this publication, including allocations from the Billy Geer Fund, the Andrew
W. Mellon Foundation, and the Paul K. and Evalyn Elizabeth Cook Richter Trusts.
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Introduction
Seeking to better understand underground movement of radon and to improve measurement
techniques for radon in caves has led to a research program at Knox College, largely working in
the caves of northeast Iowa. The group has explored the use of continuous radon monitors
(CRM, Welch, 2015) and electret ionization chambers (EIC, Welch, 2016) as sensors for in-cave
measurements, and have utilized EIC units to produce a depth profile of radon activity (Welch,
2017).
Cave radon has proven to be a complex subject, largely due to the vast differences in structures
and locations of caves. Jovanovič (1996) posited that caves that lay deep underground were
expected to have minimal variations in radon activity over time, and caves that were closer to the
surface would be expected to have variations in activity related to surface environmental
parameters. The most commonly-described relationship of this type noted in the literature is a
low-frequency (seasonal) variation in radon with surface temperature. This is typically
expressed as low cave radon levels in the winter, and high cave radon in the summer. Since
cave temperatures are largely constant with the seasons (Palmer, 2007), the standard trend is
thought to be a function of the comparison of surface temperature to cave temperature. When
the cave air is warmer and thus less dense than the surface air, the cave will vent itself via the
chimney effect, releasing radon into the external atmosphere. When the cave is colder than the
surface, the denser cave air is not ventilated efficiently, and radon tends to accumulate and
remain in the cave until its decay. Examples of this behavior have been reported by PinzaMolina (1999) in the Canary Islands, Jovanovič (1996) in Slovenia, Kowalczk (2010) in Florida,
Langridge (2010) in the United Kingdom, Rovenska (2010) in the Czech Republic, and Lively
(1995) in Minnesota. Hakl (1997), working in Hungary, stated that caves with small entrances to
the surface were only impacted by surface temperature to a small degree. Counterexamples
where radon was found to be lower in summer include Altamira Cave in Spain (Lario, 2005) and
Mammoth Cave in Kentucky (Eheman, 1991). Altamira contains valuable cave paintings, the
protection of which has led to artificial barriers altering atmospheric exchange with the surface.
Mammoth Cave is the largest and arguably most complex cave in the world, featuring at present
24 different entrances, greatly complicating analysis (Klausner, 2018).
Higher frequency variations with radon activity have also been related to surface temperature,
often diurnal in nature. Kowalczk (2010) and Lively (1995) reported temperature-correlated
diurnal variations during the autumn, with a daytime increase in temperature and radon, followed
by both dipping at night. Summer and winter trials did not show this same behavior. Rovenska
(2010) reported the same proportional cycling of radon with temperature during the summer, but
not during the winter. Attempts to make short-term correlations with surface atmospheric
pressure have also been made. Hakl (1996), found that atmospheric pressure was an important
driver of radon for largely vertical caves, but not so for caves classified as horizontal. The same
group (Hakl, 1997) reported that atmospheric pressure was the main control parameter of radon
in dead-end cave passages. Rovenska (2010) concluded that radon correlation with surface
pressure was low in both summer and winter. Lively (1995) found that low surface pressure in
the winter produced spikes of radon activity to high levels from a low baseline value, but the
magnitude of the radon change did not follow that of the pressure change and that the radon
spikes always correlated with pressure drops, but pressure drops did not always produce radon
spikes. Summer produced a high radon baseline value with occasional troughs to lower levels,
but they did not correlate with surface pressure. Although not a cave-based study, but looking at

Welch, Lawrence
_________________________________________________________________________________________________________
2018 International Radon Sympoium Proceedings
45

a similar phenomenon, Kotrappa (2013) showed that the extremely low surface pressure
generated by Superstorm Sandy caused a strong negative correlation with radon measurement in
a basement held in closed-house conditions, as the low pressure pulled radon out of the basement
walls and surrounding soil more effectively. On the other hand, Kowalczyk (2010) found the
opposite behavior for a small Florida cave during a tropical storm for a small cave open to the
atmosphere. This observation was thought to be due to an increase in ventilation of the cave.
Most of the temperature and pressure correlations with radon have been explained as being due
to the creation of air movement, and the resultant advection has been described as the most
important factor controlling radon transport (Hakl, 1996). Advection of radon in caves has
largely been inferred from measurements of other environmental variables, as opposed to
measured directly. Kowalczyk (2010) measured wind velocities in some Florida caves, and
noted higher wind velocities were seen in the winter, producing better cave ventilation and lower
radon levels. The opposite behavior was seen in the summer.
Kemling Cave lies near Dubuque, IA in limestone of Ordovician Age, and it has 3.51 kilometers
of surveyed passages (Klausner, 2018). It is on private property and a non-commercial entity.
Unlike many of the studies set in commercial caves, there is no electrical power source in the
cave and any sensors deployed here have to be battery-powered. The cave has a single entrance
of cross-section circa 1 m2 that is gated, but not sealed, to facilitate bat movement in and out of
the cave. As such there is open communication with the external atmosphere. Immediately
inside the entrance is a 7.19 m vertical pit, followed by essentially horizontal passage to the point
where the sensors were placed in this study. The known cave passages are largely at a depth of
20 m or less below the surface, and the cave can best be described as a horizontal maze. The
goal of this study was to measure radon in the entry passage of this cave while concurrently
measuring environmental variables at the same site in the cave and on the surface outside the
cave, looking for significant correlations within a time frame of circa one week.

Materials and Methods
Temporal measurements of radon activity were undertaken using Radon Scout Plus continuous
radon monitors and Radon Vision software version 6.0.7 (Rad Elec Inc.). Scout Plus
measurements were acquired at 1 hour increments. The Scout Plus units were deployed in
Tyvek envelopes to protect them from mud and water while in the cave. Once in the Tyvek,
the Scout Plus units were packaged in their thermoplastic case for transport and deployment in
the cave. Prior work demonstrated that both the envelopes and the thermoplastic cases are
transparent to radon (Stieff, 2012 and Welch, 2015) and do not impact measured levels.
Independent measurements of pressure, temperature, and relative humidity were made using
OM-CP-PRTEMP101 [PRTEMP] and OM-CP-PRHTEMP101 [PRHTEMP] sensors with OMCP Data Logging software (OMEGA Engineering). The measurements were acquired at 5
minute increments. When used on the surface, the PRTEMP and PRHTEMP units were clamped
underneath a board suspended between two buckets, thus protecting them from direct sunlight
exposure, yet maintaining free air circulation. When used in the cave the PRTEMP and
PRHTEMP units were deployed in Tyvek envelopes to protect them from mud and water.
When PRTEMP units were used on the surface, corresponding humidity data was available from
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compiled tabulations at the Weather Underground web site for the nearby Dubuque Regional
Airport, approximately 7 km from the cave (Weather Underground, 2018).
Wind direction and velocity was measured with a Windsonic Option 2 from Gill Instruments
Ltd. A SpaceLogger .W10 WindLogger from Richard Paul Russell Limited was used to record
the data onto an SD card. Various sizes and models of 12V lead-acid batteries were used to
power the detector head and logging unit. The Windsonic sensor head was aligned properly with
magnetic north using a Suunto KB-14 compass. Since the magnetic declination for the location
and time frame being used was very close to +1 degree, which was easily within the uncertainty
of positioning the Windsonic in the cave, it was a safe assumption that the Windsonic was also
closely aligned with true north. The WindLogger and battery were protected during trials and
the entire wind sensor apparatus was transported in the cave inside a modified Trolling Motor
Power Center from Minn Kota, a thermoplastic case with external electrical connection jacks
which had been designed to protect marine batteries from the elements. The Windsonic
measurements were acquired at 1 second increments. Wind direction was given in degrees
representing the direction the wind originated. The Windsonic could only determine wind
direction if the wind velocity during the corresponding time segment was at least 0.05 m/s,
otherwise the data bin for direction was left blank.

PRHTEMP

Radon Scout Plus

Windsonic

WindLogger and Battery

Figure (1): Sensor setup, Kemling Cave
entry passage, facing east.

All of the sensors were mounted on tripods and placed near each other circa 1.0 m above the
cave floor and 0.5 m from each side wall, which placed them generally in the center of the cave
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passage. A location approximately 20 meters into the cave was chosen as the site for this study.
Figure (1) shows the complete assembled sensor array in the Kemling Cave entry passage.
Wet air density values in units of kg/m3 were calculated from measured data in the manner given
by Omnicalculator (2018). Pearson’s R values and Pearson’s P values were calculated with
Microsoft Excel. Correlations were deemed to be statistically significant at the 95% confidence
level if the P value was found to be less than 0.05. For wind calculations, the cave was
considered to be exhaling for Windsonic angles between 70 and 110 degrees, and inhaling for
angles between 250 and 290 degrees.
Results and Discussion
Initial trials looking at radon variation as a function of time were undertaken in Coldwater Cave,
Winneshiek County, Iowa. The entrances to this cave all achieve an airtight seal, and the cave
itself features only minimal air movement as a result. In addition, nearly all Coldwater passages
are deep below the surface. The high-frequency variation in measured radon activity was
minimal, consistent with the prediction by Jovanovič (1996). When the same experiment was
run in the entry passage of Kemling Cave in August of 2012 as Experiment 18, a very different
response was noted (Figure (2)) as befit a shallower cave that was open to the surface. The
radon activity was seen to vary between 96 and 353 pCi/L, and the plot suggested something
close to a regular pattern to the variation. Although fairly regular, the variation did not look to
be diurnal in nature, given the time values.

Kemling Cave Radon Activity vs Time
400
350

Radon (pCi/L)

300
250
200
150
100
50
0
8/8/12 21:36

8/9/12 3:36

8/9/12 9:36

8/9/12 15:36

Date/Time
Figure (2): Kemling Cave radon activity vs. time, August 2012, Experiment 18.
The study was repeated with a much longer duration and with the inclusion of additional sensors.
Radon was measured at the same position in the Kemling entry passage, but atmospheric

Welch, Lawrence
_________________________________________________________________________________________________________
2018 International Radon Sympoium Proceedings
48

pressure, temperature, and humidity were measured concurrently at the same location in the cave
and also on the surface just outside the cave.

Kemling Cave Radon Activity vs Time
900
800

Radon (pCi/L)

700
600
500
400
300
200
100
0
9/14/12 0:00

9/15/12 12:00

9/17/12 0:00

9/18/12 12:00

9/20/12 0:00

9/21/12 12:00

9/23/12 0:00

Date/Time
Figure (3): Kemling Cave radon activity vs. time, September 2012, Experiment 20.
The subsequent trial, Experiment 20 from September 2012, extended for 181 hours, and the
radon activity was hypervariable during this time span (Figure (3)), yet less suggestive of
patterned behavior than that seen in Figure (2). Having both pressure and temperature data for
the surface and the in-cave sampling site allowed radon activity correlations to be found with
each, as well as radon correlations with P and T. Since relative humidity information was
also available, the wet air density could be calculated and correlated as well. Correlation
coefficients (Pearson’s R value) and Pearson’s P values for each category are given in Figure (4),
sorted from largest to smallest absolute R value. All of the correlations were found to be
statistically significant, yet no extremely high R values were found. The variable with the
strongest radon activity correlation was cave temperature. However, it was hard to take this
value too seriously, given that cave temperature was expected (Palmer, 2007) to be almost
constant. An evaluation of the cave temperature data stream for this experiment showed that the
set had a relative standard deviation of only 0.353%, so despite the high R value, it was unlikely
to be a significant factor driving change in radon levels. The second-highest correlation was
with surface pressure. That the correlation was negative was also expected: the partial vacuum
of low pressure would be expected to pull the radon gas out of the rock strata more effectively,
enriching the content in air much like that reported by Kotrappa (2013). What was surprising
was that the correlation between surface pressure and radon was stronger than that with the
pressure measured at the sampling site in the cave, as it would seem that the pressure in the
immediate vicinity would be the driver that pulled radon out of the rock strata. An overlay of the
cave pressure and the surface pressure on the radon variation (Figure (5)), illustrates that the cave
pressure tended to mirror the surface pressure with a bit of a time lag and a muted change in
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magnitude. Replicate trials affirmed that the correlation with cave pressure tended to be slightly
poorer than with surface pressure, although the gap was typically smaller than in this trial.

Parameter - 5 min avg
cave temp
surf pressure
surf wet air density
wet air density (surf-cave)
pressure (surf - cave)
temp (surf - cave)
surf temp
cave pressure
cave wet air density

Exp 20 R
Exp 20 P
Value
Value
Significant?
-0.525
3.27E-14
Y
-0.503
5.09E-13
Y
-0.482
6.38E-12
Y
-0.437
7.77E-10
Y
-0.432
1.29E-09
Y
0.413
7.59E-09
Y
0.400
2.47E-08
Y
-0.342
2.53E-06
Y
-0.251
6.39E-04
Y

Figure (4): Environmental variable correlation with radon activity, Kemling Cave, September
2012, Experiment 20.

Kemling Cave Radon Activity vs Time
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Figure (5): Radon activity overlaid by surface and cave pressure, Kemling Cave, September
2012, Experiment 20.
The correlation with surface temperature was smaller than that with surface pressure, and
positive in sign. This was logical given that comparison of corresponding surface pressure and
surface temperature values yielded a significant negative correlation, and consistent with reports
for autumn behavior from Kowalczk (2010) and Lively (1995). Radon activity correlation with
temperature (surface-cave) was almost the same as that seen with just surface temperature,
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which follows given that the cave temperature was nearly constant. Since pressure differentials
are the most important factor driving cave wind (Palmer, 2007), it was thought that the pressure
correlation would serve as a predictor of how cave wind impacted radon, which was expected to
be high. If the cave was inhaling, it would tend to breathe in surface air that was very low in
radon, dropping the radon activity in the entry passage. If it was exhaling, it would tend to
propel air from deep in the cave through the entry passage, keeping the radon activity high in this
region. However, the pressure correlation was smaller than that seen with surface pressure.
Since the entrance to the cave was a vertical shaft, air density values were calculated and
correlations sought with radon activity. The cave wet air density correlation, though statistically
significant, was the smallest of any of the variables tested, whereas the surface wet air density
had a fairly high R value. The correlation was also a negative one, so more dense surface air
produced small radon activities, which might follow that dense air on the surface would tend to
be pulled down the entry shaft, diluting the entry passage radon with low-radon outside air.
pressure
surf
cave
(surf pressure pressure cave)
R overall
R daytime
R nighttime

-0.503
-0.635
-0.291

-0.342
-0.505
-0.147

-0.432
-0.305
-0.599

surf
temp
0.400
0.264
0.664

cave
temp
-0.525
-0.513
-0.531

surf wet
air
density
-0.482
-0.398
-0.671

Figure (6): Environmental variable day/night subset correlations with radon activity, Kemling
Cave, September 2012, Experiment 20.
In all, the results of this trial did not identify a clear culprit that was driving radon variations. In
an attempt to gather a more nuanced view, the data was broken into day and night subsets, and
the correlations with radon activity calculated for each segment as shown in Figure (6). The
correlations for cave temperature changed minimally no matter how the segments were cleaved,
reinforcing the perception that this category was not yielding any useful information. It was
notable that the magnitude of both pressure correlations went up significantly during daylight
hours, and were much poorer at night. The correlations for surface temperature, density, and for
P (surf-cave) did the opposite – presenting much higher absolute R values at night. In general,
every evening the sun would set, surface temperature would drop, while the surface pressure
would rise correspondingly and the cave pressure would do the same after a time lag. This
would presumably lead to an inhalation by the cave of low-radon outside air, and less suction
pulling radon out of the rock strata, both factors tending to produce low radon activity in the
entry passage. Each morning with sunrise, the surface temperature would go up and the surface
pressure would drop, followed after a lag by a reduction in cave pressure. This would
presumably lead to an exhalation by the cave, pulling high-radon air from deep in the cave out
the entrance and producing more suction pulling radon out of the rock strata, both factors tending
to produce high radon activity in the entry passage. However, the vagaries of changing
temperature and pressure from a continual stream of weather patterns were then superimposed
upon the top of the diurnal pattern, greatly complicating the actual output. It should be noted
that the execution of the experiment during September was important here, as in the height of
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summer the surface low temperatures would never reach cave temperature and in the middle of
winter the surface high temperatures would never reach cave temperature.

Figure (7): Map of the entrance passage, Kemling Cave, courtesy of Ed Klausner.
It was expected that air movement in the cave was an important factor driving radon variations,
but one outcome of Experiment 20 was that there was not absolute confidence that the pressure
measurement was serving as a good proxy for cave wind information. To better understand the
role of wind, a Windsonic unit that measured wind velocity and wind direction was obtained and
added to the in-cave sensor array, and the prior experiment repeated as Experiment 35 in July
2013, a 143-hour trial. A map of the entrance passage of Kemling cave (see Figure (7)) shows
that the passage is narrow and closely aligned with an east-west axis. Thus the wind direction
measurements would be expected to be clustered around 90 degrees (cave exhaling) and 270
degrees (cave inhaling). As such, it was expected that the wind direction would provide a
negative correlation with radon activity. Since wind velocity and wind direction were separate
measurements, a composite category, the net wind vector, was calculated that would blend both
parameters. This value was found by taking the sine of the wind direction multiplied by the wind
velocity for the same time increment. This would give the net wind vector a positive value for
the cave exhaling wind and a negative value for the cave inhaling wind. It was expected that this
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new parameter would give the strongest correlation with radon activity, with a positive sign.
Since the wind data were collected once per second, this information was averaged over a
minimum 5-minute span such that these values matched the frequency of the pressure,
temperature, and humidity data.

Parameter - 5 min avg
surf pressure
surf wet air density
pressure (surf - cave)
surf temp
cave pressure
cave wind direction
cave wind velocity
cave net wind vector

Exp 20 R
Exp 35 R
Exp 35 P
Value
Value
Value
Significant?
-0.503
-0.620
1.84E-16
Y
-0.482
-0.120
1.54E-01
N
-0.432
0.051
5.48E-01
N
0.400
0.044
6.07E-01
N
-0.342
-0.591
9.73E-15
Y
-0.125
3.20E-01
N
0.376
4.03E-06
Y
0.175
1.64E-01
N

Figure (8): Environmental variable correlation with radon activity, Kemling Cave, Experiment
35 vs. Experiment 20.
Notwithstanding the change in season, hypervariable radon activity was still observed for
Experiment 35. Figure (8) shows the outcome of Experiment 35 compared to the prior data from
Experiment 20. Categories that used the nearly-constant cave temperature value (cave T, T,
density) were removed from consideration in this experiment. Surface pressure still showed the
strongest correlation with radon activity, it was still a negative correlation, and was only trailed
slightly in absolute terms by the correlation with cave pressure. Correlations with surface
density, surface temperature and P (surf-cave) dropped to the point that they were not
statistically significant. The great expectation of strong correlation with wind was only partially
fulfilled, with wind direction and net wind vector showing insignificant correlations. Only wind
velocity had a significant correlation, positive in sign, yet this parameter was independent of
wind direction, which was observed to change during the trial. After viewing overlay plots of
the environmental variables vs. radon activity, it was postulated that the wind parameters were in
fact impacting radon levels, but the R values were not properly reflecting that because the impact
on radon was delayed in time. To evaluate this, the radon activity data was offset to earlier time
values one hourly step at a time, and the correlations recalculated. Figure (9) shows the timeoffset correlations for Experiment 35. The pressure correlations did not improve nor change
greatly with the offset, but all of the wind categories improved strikingly to maxima at 3-hour
offsets. The correlation with wind velocity was now the largest of any of the environmental
variables. The correlation with wind direction, although less than the pressure correlations, was
now significant and still negative. The negative value matched expectations, as wind at 90
degrees would mean air from the cave flooding the entrance passage and leading to high radon
levels, whereas 270 degree wind would mean surface air was being pulled into the entrance
passage, leading to low radon levels. The net wind vector R value was also much larger,
significant, and positive in nature due to the sine of 90 degrees being a large positive and the sine
of 270 degrees being a large negative.
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Parameter - 5 min avg
surf pressure
surf wet air density
pressure (surf - cave)
surf temp
cave pressure
cave wind direction
cave wind velocity
cave net wind vector

Exp 35
R value
real
time
-0.620
-0.120
0.051
0.044
-0.591
-0.125
0.376
0.175

Exp 35
R value
1 hour
offset
-0.623
-0.166
0.010
0.086
-0.580
-0.279
0.510
0.344

Exp 35
R value
2 hour
offset
-0.594
-0.192
-0.001
0.111
-0.549
-0.388
0.630
0.462

Exp 35
R value
3 hour
offset
-0.531
-0.185
0.035
0.105
-0.500
-0.404
0.664
0.485

Exp 35
R value
4 hour
offset
-0.452
-0.157
0.086
0.080
-0.442
-0.353
0.624
0.430

Figure (9): Environmental variable correlation with radon activity, Kemling Cave, Experiment
35, July 2013, evaluating correlations with radon data offset to earlier times.

Parameter/Offset
Time

5 min
avg

60
min
avg

120
min
avg

180
min
avg

240
min
avg

Surface Pressure
Real Time
vs Radon 1 hr offset
vs Radon 2 hr offset
vs Radon 3 hr offset

-0.620
-0.623
-0.594
-0.531

-0.627
-0.616
-0.569
-0.497

-0.624
-0.594
-0.534
-0.456

-0.609
-0.565
-0.498
-0.419

-0.585
-0.532
-0.461
-0.383

Cave Pressure
Real Time
vs Radon 1 hr offset
vs Radon 2 hr offset
vs Radon 3 hr offset

-0.591
-0.580
-0.549
-0.500

-0.591
-0.569
-0.527
-0.472

-0.581
-0.547
-0.497
-0.440

-0.563
-0.520
-0.466
-0.409

Cave Wind Direction
Real Time
-0.125
vs Radon 1 hr offset -0.279
vs Radon 2 hr offset -0.388
vs Radon 3 hr offset -0.404

-0.163
-0.318
-0.394
-0.400

-0.267
-0.375
-0.412
-0.405

-0.316
-0.382
-0.404
-0.395

300
min
avg

360
min
avg

420
min
avg

-0.557
-0.498
-0.425
-0.351

-0.525
-0.463
-0.392
-0.323

-0.493
-0.430
-0.364
-0.301

-0.540
-0.494
-0.442
-0.389

-0.516
-0.470
-0.420
-0.371

-0.493
-0.449
-0.401
-0.354

-0.473
-0.410
-0.365
-0.323

-0.327
-0.367
-0.377
-0.364

-0.325
-0.342
-0.343
-0.333

-0.302
-0.310
-0.309
-0.299

-0.262
-0.267
-0.263
-0.250
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Cave Wind Velocity
Real Time
vs Radon 1 hr offset
vs Radon 2 hr offset
vs Radon 3 hr offset

0.376
0.510
0.630
0.664

0.443
0.607
0.716
0.735

0.560
0.706
0.774
0.752

0.663
0.772
0.798
0.744

0.737
0.807
0.799
0.719

0.784
0.819
0.782
0.685

0.811
0.816
0.757
0.656

0.820
0.801
0.733
0.636

Cave Net Wind Vector
Real Time
0.175
vs Radon 1 hr offset 0.344
vs Radon 2 hr offset 0.462
vs Radon 3 hr offset 0.485

0.213
0.380
0.471
0.488

0.324
0.449
0.498
0.492

0.388
0.470
0.499
0.483

0.415
0.468
0.475
0.449

0.433
0.452
0.444
0.420

0.417
0.422
0.411
0.390

0.390
0.391
0.381
0.359

Figure (10): Environmental variable correlation with radon activity, Kemling Cave, Experiment
35, July 2013, evaluating changes in environmental variable integration time and radon offset to
earlier times.
After observing the impact of the offset time, an evaluation was made regarding the time frame
over which the environmental parameter value was averaged. Given the significant lag times
observed for the wind values, would the correlations improve if the average were calculated over
a longer time frame rather than the standard 5-minute window? Figure (10) shows correlations
from Experiment 35 over a range of time values. The pressure variables do not change R value
sign, and do not change much in magnitude before slowly fading to smaller values. The wind
categories all show greatly enhanced correlations with longer integration times, with the velocity
correlation continually increasing with integration time and the direction and net wind vector
values maxing out at a 3-4 hour integration window. Some of the longer time frame correlations
with wind velocity exceeded 0.8.
Although the addition of the time offsets and the varied integration time frames for the
environmental variable added greatly to the understanding of the experimental results, the wind
categories still yielded puzzling output. The net wind vector data were expected to produce the
strongest correlations, yet instead they ended up being smaller than the wind velocity
correlations, which did not factor in the wind direction whatsoever. A deep look into the dataset
illuminated a potential malefactor. As noted in the Materials and Methods section, the wind
sensor in use could only determine wind direction if the wind velocity was at a minimum 0.05
m/s. If velocity was below this value, an empty bin would be recorded for the wind direction,
which also factored into the calculated net wind vector. The environmental conditions during
Experiment 35 were such that a large number of the data bins were bereft of wind direction
values – nearly 75% of the overall total. Figure (11A) illustrates this situation. Giant blank
swaths in the data set for wind direction and net wind vector meant that large time intervals
during the trial had no useful data, doubtlessly weakening the utility of any calculations based on
these parameters. It also meant that the correlation coefficient was being calculated with a much
smaller N value than the other environmental parameters that filled all of the data bins. Finally,
there was some question about whether the longer integration times yielded higher correlations
for the wind categories because they indeed were a cumulative factor impacting radon levels, or
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whether it just better masked the inherent weakness of the wind data set by increasing the
likelihood that the wind direction bin would contain data by averaging over a wider time frame.
A
Experiment
35

Day 1
(partial)

Day 2

Day 3

Day 4

Day 5

Day 6

07/25/13 07/26/13 07/27/13 07/28/13 07/29/13 07/30/13
Wind
direction %
filled bins
Cumulative
% filled bins

Day 7
(partial)

07/31/13

36.77

41.04

30.76

13.86

2.84

28.69

34.66

36.77

40.07

36.01

29.29

23.13

24.18

25.85

Day 1
(partial) Day 2
Day 3
Day 4
Day 5
Day 6
11/06/13 11/07/13 11/08/13 11/09/13 11/10/13 11/11/13

Day 7
11/12/13

B
Experiment
44
Wind
direction %
filled bins
Cumulative
% filled bins

89.03

44.83

69.36

79.51

85.64

92.52

88.64

89.03

59.25

63.32

67.97

71.91

75.67

77.67

Day 9
Day 8 (partial)
11/13/13 11/14/13
Wind
direction %
filled bins
Cumulative
% filled bins

95.51

79.22

80.05

79.99

Figure (11): Comparing the percentage of empty data bins for the wind direction category,
Kemling Cave, Experiments 35 and 44.
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Parameter - 5 min avg
surf pressure
surf wet air density
pressure (surf - cave)
surf temp
cave pressure
cave wind direction
cave wind velocity
cave net wind vector

Exp 20
Exp 35
Exp 44
Exp 44 P
R Value R Value R Value Value
Significant?
-0.503
-0.620
-0.476 7.59E-15
Y
-0.482
-0.120
-0.272 2.06E-05
Y
-0.432
0.051
-0.281 1.11E-05
Y
0.400
0.044
0.168 9.36E-03
Y
-0.342
-0.591
-0.446 4.68E-13
Y
-0.125
-0.548 7.21E-16
Y
0.376
0.240 7.83E-04
Y
0.175
0.623 3.09E-21
Y

Figure (12): Environmental variable correlation with radon activity, Kemling Cave, Experiment
44 vs. prior experiments.
To probe the impact of the empty bins on the wind correlations, an evaluation was made of one
of the replicate trials of this experiment, Experiment 44 from November of 2013. As can be seen
in Figure (11B), nearly 80% of the data bins for wind direction and net wind vector were filled in
this trial, a much higher value than seen in the prior experiment. Figures (12) and (13) give the
output from this experiment, and the enhancement in wind direction and net wind vector
correlations were evident. The net wind vector had the strongest correlation for the 5-minute
average, and, as before, longer integration periods and adding offset periods improved the quality
of the correlation, although only modestly. The wind direction behaved in a similar manner, and
only trailed the net wind vector in correlation strength by a small amount. The pressure values
had somewhat smaller R values than in the previous trial, but they had the same sign, were still
significant, and once again looked to be the most important of the non-wind environmental
variables. Like in the other trials, the surface pressure had a stronger correlation than the cave
pressure, and the addition of longer integration times and the addition of offset periods did not
improve the pressure correlations. Correlations with surface density, surface temperature and P
(surf-cave) were statistically significant, in contrast to the prior trial, but all were small and did
not look to be important. Following on the heels of the extremely high wind velocity correlation
from Experiment 35, the same correlation in Experiment 44 produced much more modest R
values. They were still positive and still significant, but now were smaller than the R values for
either of the pressure values and nowhere close to the R values for the other wind parameters. A
deep look into the dataset helped to explain this outcome. During Experiment 35, the ratio of
data points where the cave was inhaling divided by points where it was exhaling was 131.5. The
same ratio calculated for the duration for Experiment 44 gave a value of only 1.329. So for
Experiment 35, the extremely high correlation of wind velocity, despite its lack of directional
information, could be explained by the fact that the cave was inhaling through most of the
experiment (or at least during the time sectors where the wind velocity was high enough to allow
wind direction to be registered). There was a much more even balance of inhaling and exhaling
during Experiment 44, and the velocity did not correlate as well without the directional
information, whereas the net wind vector, factoring in both direction and velocity, had the
strongest correlation. This latter case with a more balanced proportion of inhaling and exhaling
is likely to better represent normal behavior of the cave environment. Finally, the wind variables
all saw enhancement as the integration period was extended during Experiment 44, but not as
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dramatically as that seen in Experiment 35. It seems likely that part of the dramatic
enhancement in Experiment 35 was due to the longer integration time frame increasing the
likelihood that a bin would have data, given the vast number of empty bins for each individual
reading. Figure (14) illustrates the high degree of net wind vector correlation with radon for this
experiment.

Parameter/Offset
Time

5 min
avg

60
min
avg

Surface Pressure
Real Time
vs Radon 1 hr offset
vs Radon 2 hr offset
vs Radon 3 hr offset

-0.476
-0.445
-0.406
-0.361

-0.460
-0.426
-0.384
-0.337

-0.445
-0.407
-0.363
-0.314

-0.428
-0.386
-0.340
-0.290

-0.408
-0.365
-0.317
-0.265

Cave Pressure
Real Time
vs Radon 1 hr offset
vs Radon 2 hr offset
vs Radon 3 hr offset

-0.446
-0.416
-0.378
-0.335

-0.431
-0.397
-0.356
-0.311

-0.416
-0.379
-0.336
-0.289

-0.400
-0.360
-0.315
-0.266

Cave Wind Direction
Real Time
-0.548
vs Radon 1 hr offset -0.587
vs Radon 2 hr offset -0.607
vs Radon 3 hr offset -0.611

-0.567
-0.597
-0.608
-0.614

-0.587
-0.611
-0.622
-0.623

0.240
0.283
0.309
0.346

0.252
0.290
0.322
0.360

Cave Net Wind Vector
Real Time
0.623
vs Radon 1 hr offset 0.666
vs Radon 2 hr offset 0.694
vs Radon 3 hr offset 0.716

0.650
0.689
0.713
0.734

Cave Wind Velocity
Real Time
vs Radon 1 hr offset
vs Radon 2 hr offset
vs Radon 3 hr offset

120
min
avg

180
min
avg

240
min
avg

300
min
avg

360
min
avg

420
min
avg

-0.388
-0.342
-0.292
-0.240

-0.366
-0.319
-0.267
-0.214

-0.343
-0.294
-0.242
-0.188

-0.381
-0.339
-0.293
-0.243

-0.362
-0.317
-0.269
-0.218

-0.341
-0.295
-0.245
-0.194

-0.319
-0.271
-0.221
-0.169

-0.604
-0.622
-0.627
-0.624

-0.617
-0.629
-0.630
-0.626

-0.628
-0.634
-0.633
-0.629

-0.635
-0.640
-0.638
-0.635

-0.642
-0.645
-0.644
-0.641

0.280
0.316
0.353
0.384

0.307
0.345
0.379
0.399

0.337
0.373
0.397
0.407

0.365
0.394
0.410
0.413

0.388
0.409
0.418
0.417

0.405
0.420
0.424
0.419

0.675
0.707
0.730
0.743

0.696
0.724
0.741
0.747

0.715
0.737
0.747
0.747

0.730
0.746
0.750
0.746

0.741
0.751
0.751
0.745

0.748
0.754
0.751
0.743
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Figure (13): Environmental variable correlation with radon activity, Kemling Cave, Experiment
44, November 2013, evaluating changes in environmental variable integration time and radon
offset to earlier times.

Radon Activity vs 420-min Avg Net Wind Vector, 1 Hr Offset
800

0.250
Radon Activity

0.200

Net Wind Vector

0.150

600

Radon (pCi/L)

0.100
500

0.050

400

0.000

300

-0.050
-0.100

200
-0.150
100

0
11/6/13 12:00

Net Wind Vector (m/s)

700

-0.200
-0.250
11/8/13 12:00

11/10/13 12:00

11/12/13 12:00

11/14/13 12:00

Date/Time
Figure (14): Overlay plot of radon activity offset 1 hour earlier vs. a 420-min average of net
wind vector, Kemling Cave, Experiment 44, November 2013.
Returning to the issue of day/night subset correlations, these values were calculated from
Experiments 35 and 44 and compared to those seen before from Experiment 20 in Figure (15).
Conclusions that might have been drawn from the Experiment 20 subsets were largely
confounded with the inclusion of repeat experiments at different times of the year. Whereas
Experiment 20 (September) showed both pressure values correlating much more strongly during
the daytime, Experiment 44 (November) shows the opposite and Experiment 35 (July) does not
display greatly different subset behaviors. Surface density, surface temperature, and Δpressure
did not significantly correlate with radon activity in July, but were significant in September and
November, and more significant during the nighttime subset. The high-quality wind dataset
from Experiment 44 produced significant correlations for all wind variables, yet did not show
much variation in correlation between day and night.
Conclusions
Surface temperature correlated positively with radon activity, but the correlation was only strong
when the daily surface temperature straddled the cave temperature. July correlations were
insignificant, and the strongest correlation was during September evenings, when cooling surface
temperatures led to low radon activity in the cave entry passage. Surface density and Δpressure
behaved in the same manner: not significantly correlated to radon activity in July, but
significantly correlated in a negative manner during September and November, with the highest
values also seen at night. Surface pressure and cave pressure formed strong and significant
negative correlations with radon activity at all times of the year, with surface pressure
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consistently yielding higher R values. The radon activity responded quickly to pressure changes
with minimal delay time. Differences were seen when dividing the pressure response into
day/night subsets, yet no simple trend could be discerned. The net wind vector, which factored
in both the wind direction and velocity, produced the strongest and most important correlation
with radon activity, but the radon activity response was delayed a few hours in contrast to the
rapid responses seen to pressure changes. Longer integration periods did not improve the
correlations of the environmental variables except for the wind parameters. However, for the
high-quality wind data from Experiment 44, the improvement was only modest. It is important
to note that these conclusions are probably only valid for a cave with open air communication
with the environment, and where measurements were taken near the cave entrance and in the
center of the passage cross-section. Further experiments probing the same cave using data from
sites deeper in the cave and locations closer to the passage walls are in progress.

Exp 20,
September

surf
press

cave
press

press
(surf - surf
cave)
temp

R overall
R daytime
R nighttime

-0.503
-0.635
-0.291

-0.342
-0.505
-0.147

-0.432
-0.305
-0.599

press
(surf - surf
cave)
temp

Exp 35, July

surf
press

cave
press

R overall
R daytime
R nighttime

-0.620
-0.659
-0.581

-0.591
-0.638
-0.530

0.051
0.069
0.045

0.400
0.264
0.664

0.044
0.138
-0.188

Exp 44,
November

surf
press

cave
press

press
(surf - surf
cave)
temp

R overall
R daytime
R nighttime

-0.476
-0.240
-0.602

-0.446
-0.206
-0.569

-0.281
-0.187
-0.423

0.168
0.057
0.323

surf
wet air wind
density direct

net
wind
wind
velocity vector

-0.482
-0.398
-0.671
surf
wet air wind
density direct
-0.120 -0.125
-0.219 -0.148
0.041 -0.114
surf
wet air wind
density direct
-0.272 -0.548
-0.117 -0.509
-0.417 -0.575

net
wind
wind
velocity vector
0.376
0.500
0.229

0.175
0.254
0.032

net
wind
wind
velocity vector
0.240
0.227
0.245

0.623
0.561
0.671

Figure (15): Environmental variable day/night subset correlations with radon activity at different
times of the year, Kemling Cave.
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