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PERSPECTI VE
Gordon D. Nifong, Ph. D

Florida Institute of Phosphate Research

One of the great natural resources available to the citizens
of the State of Florida, but one perhaps too often taken for
granted, is a source of plentiful and clean water for donestic
consunption and other uses. For a majority of the people |iving
in Florida, this source is groundwater, often obtained from
shallow, private wells, but nore often obtained from public,
community wells tapping the Floridian aquifer. The supply is not
infinite, however, and continued growh and devel opnent of the
state depend in part on proper managenent of this resource,
I ncluding especially conservation neasures and avoi dance of
pol | uti on. It has |long been known that elevated |evels of
uranium and many of its associated radi oactive decay products
occur naturally associated wth phosphate deposits found in sone
soils and waters of central and north Florida. Because of its
low solubility, wuranium itself generally is not considered to be
a maj or environnmental hazard, but several of the nmenbers within
Its decay series are nore of a cause for concern. These woul d
i nclude radium 226, a radioactive element chemcally simlar to
cal cium radon-222, a water-soluble gas that is chemcally inert
but still radioactive; and a long-lived "daughter"” product,
pol oni um 210, that is the subject of a portion of this report.
All the above are naturally occurring radioactive materials that
are ubiquitous in the environment, including groundwater, but
which tend to be elevated in areas of phosphate deposits.

Since its inception, the Florida Institute of Phosphate
Research has been interested in the environnmental aspects of the
phosphate industry. It is believed that all phases of ore
mning, mnerals processing, and land reclanation can be
acconplished in an environmental |y acceptable manner. Because of
the array of radionuclides found in phosphate ores and rel ated
materials, much of the Institute's concern for the environnent
has been focused on the issue of radiation. Vell over a dozen
proj ects have been conducted or sponsored that directly address
the topic of radiation, and nunmerous additional projects have had
radi ol ogi cal conponents as secondary issues. The Institute has
tried not only to characterize natural radionuclides as to their
nature, extent, and nmagnitude, but also to determne their
effects on the population that |lives and works in the phosphate
regi ons. Assessing the quality of water has been a goal of
several sponsored studies. As early as 1981 the Institute
sponsored a study by the state Departnment of Health and
Rehabilitative Services to investigate radi ochem cal
contam nation in shallow drinking water wells in central and
sout hwest Fl ori da. Later the departnment expanded the study to be
state-w de in scope. Further water quality studies, done nainly
at the University of South Florida and Florida State University,



have | ooked in detail at the radiological conponents of

gr oundwat er . Most recently, USF has provided confirmation that
pol onium not radium indeed accounts for nost total alpha
radiation in groundwater from surficial aquifers. In addition to

water quality, other topics of interest over the past few years
have included radon gas and how to prevent its entry into homes,
radi onuclides in foods grown in the phosphate region, and the
radi ol ogi cal aspects of phosphogypsum storage and use.

One largely unnmet need for the protection of the public
agai nst elevated levels of radon gas is sone neans of estimating
from site soil conditions the potential for excessive indoor
radon in a structure that mght be built on that site. Soi |
radi um content, radon in soil gas, and radon flux from the soil
to the atnosphere have all been used as "predictors," but all
di splay very high spatial and tenporal variations. This study
suggests that radon in shallow or surficial aquifer water could
be a useful indicator of the radon potential of an undevel oped
site, and one subject to nuch less variation than is true for the
soi|l paraneters. A second finding of this study is further
confirmation that polonium can be present in shallow waters in
quite high concentrations, unsupported by "parent" radionuclides
but related to low pH and to type and content of sulfur present
in the water. A last finding 1s that common activated carbon
seens to be an excellent material for the near-conplete renova
of both radon and pol onium from | ocal waters.

A central theme that continues to run through nmuch of the
Institute's work is the evaluation of human exposure to radiation
as contributed by sone phase of the natural environnent. Thi s
type of research seens consistent with the societal goal of
keepi ng radiation exposure to "as |ow as reasonably achievable."
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Natural “*U decay chain with nuclides of interest to this study enclosed in boxes.
Downward arrows indicate alpha particle decay and diagonal arrows represent beta

decay.

Index map of Florida with locations of 3 well fields established for this project.
Site“L” a@ow radon) is located in southern Leon county, site “A” in northern
Alachua County (high radon), and site “H” in southeastern Hillsborough County
(high polonium, moderate radon).

Diagrammatic representation of one of our typical stations with a monitor well for
water sample collection from the shallow aquifer, a charcoa canister and/or track
etch detector buried in the ground for measurement of soil gas radon, and a charcoal
canister deployed inside a PV C pipe for measurement of radon flux.

Index map of test site “A” located in northern Alachua County. Letters refer to
monitor wells, numbers represent existing wells.

Index map of test site “H” located in southeastern Hillsborough County, across
from the Fort Lonesome Phosphate Mine. Letters refer to monitor wells, numbers
represent existing wells.

Index map of test site “L” located in southern Leon County, at the Florida State
University Reservation on Lake Bradford. In addition to the five monitor wells
(stations A through E established for this study), we also sampled an existing
USGS monitor well.

Calibration factor “R” for our charcoal canisters versus weight gain. Each data
point represents a mean and standard deviation of 4-5 measurements taken in
calibrated radon chambers.

Results of a precision test showing variations of soil gas radon both within single

holes and between holes placed within an approximate 25 square foot area centered

at station B in Alachua County. Most canisters deployed within the same hole

ﬁroduced concentration measurements within about £10% -- variations between
oles were substantially greater.

| ntercomparison of radon concentration measurements made in an interior room on
the third tloor inside the Department of Oceanography Building at Florida State
University. Measurements were made using 3-day deployments for charcoal
canisters and “grab” samples analyzed via aPylon ABS/'TEL Radon Detector
system.

Comparison between soil %as radon measurements made with 1-day deployment of
charcoal canisters (shown by x’s) compared to one to three month deployment of
track-etch detectors (shown by solid line) for stations in Alachua County, Florida:
a) 138, b) B;c) F; d) H; and e) I.

Comparison between soil %as radon measurements made with 1-day deployment of
charcoal canisters (shown by x’s) compared to one to three month deployment of
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track-etch detectors Sshown by solid line) for stations in Hillsborough County,
Florida: @) A; b) B; ¢) C; d) D; and e) E.

Fig. 12.  Comparison between soil gas radon measurements made with 1-day deployment of
charcoal canisters (shown by x’s) compared to one to three month deployment of
track-etch detectors (shown by solid line) for stations in Leon County, Florida: a)
A,b)B;c)C;d)D;ande) I.

Fig. 13.  Scatter plot of all measurements of soil gas radon as measured by track etch
detectors él—S month deployment perioci)J versus measurements by charcoal
canisters (<|-day deployment). All concentrations in units of pCi/L. A least-
squares linear regression of these data results in an equation: y = 1.003x + 58.2;
r* = 0.80.

Fig. 14.  Relationship between radon concentration and time inside plastic 16-0z. drinking
cups used for deployment of our charcoal canistersin soil. Concentrations were
measured by collection of grab samplesvia an in-line pump which circulated gas
from the buried cups to L ucas alpha scintillation cells located at the surface. Results
of al-day deployment of a charcoal canister deployed at the same time is shown for
comparison.

Fig. 15.  Efficiency of radon adsorption, f., versus moisture as measured by weight gain of
charcoal canisters. Efficiencies were measured by collection of radon released from

filter samples of barium palmitate spiked with known amounts of “°Ra.

Fig. 16. Results of a precision test showing variations of radon flux both for the case when
3 canisters are deployed as close together as possible as well as when canisters are
grouped at 4 separate locations within an approximate 25 square foot area centered
at station B in Alachua County. Asin the case of soil gas concentration
measurements, canisters deployed directly next to each other produced values with
significantly greater precision than for the separate clusters of canisters.

Fig. 17. Diagramatic view of radon flux measurements made via a semi-closed chamber
approach.  Symbols defined in the text.

Fig. 18. Diagrammatic view of radon flux measurements made via the charcoal canister
approach used in this investigation. Symbols defined in the text.

Fig. 19. Comparison of radon flux measurements made by chamber and charcoal canister
techniques during April and May, 1989 at station B, Leon County site.  The results
shown for the charcoal canister represent the mean and standard deviation of eight
simultaneous measurements. No chamber measurement was made on April 6th.

Fig. 20. Flow chart of a new procedure developed in our laboratory for electrochemical
separation of “°Pb, #°Bi, and *°Po from natural water samples.

Fig. 21.  Effects of applied voltage on the recovery of bismuth during electrodeposition: (a)
from 0.5 N, 1.0 N and 1.5 N HCIl solution; and (b) from 0.5 N HCI solution with
50 mg ascorbic acid, 1.5 g hydroxylamine hydrochloride and small amounts of
nitric acid.  All electrodeposition runs were for 30 minutes.
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Radon concentrations (pCi/L) in groundwater samples versus sampling date for
stations in Alachua County that have sampling depths at both 15 and 25 feet below
ground surface: (a) A; (b) B; (c) C; and (d) F.

Radon concentrations (pCi/L ) of all remaining wells at the Alachua County test site
plotted versus date of sampling. Station designations with numbers refer to
existing wells while letters refer to monitor wells installed for this study.

Radon concentrations (pCi/L) in soil, measured via charcoal canisters at 15" below
the surface, versus sampling date for the Alachua County test site: (a) low values,
and (b) high values.

Radon flux measurements (pCi/m”sec) versus sampling date for stations at the
Alachua County test site: (a) low values; and (b) high values.

Radon concentrations (pCi/L) in groundwater samples versus sampling date for
stations in the northeast corner of the Hillsborough County test site that have
&arg?g)ng depths at both 15 and 30 feet below ground surface: (a) A; (b) B; (c) D;
an E.

Radon concentrations (pCi/L) in groundwater samples versus sampling date for the
remaining stations in Hillsborough County that have sampling depths at both 15
and 30 feet below ground surface: (a) C, (b) F; and (c) G.

Radon concentrations (pCi/L) of all remaining wells at the Hillsborough County test
site plotted versus date of sampling.  Stations designated by numbers refer to
existing wells while letters refer to monitor wells installed for this study.

Radon concentrations (pCi/L) in soil, measured via charcoal canistersat 15" below
the surface, versus sampling date for the Hillsborough County test site: (a) low
vaues; and (b) high values.

Radon flux measurements (pCi/m”sec) versus sampling date for stations at the
Hillsborough County test site: (a) low values; and (b) high values.

Radon concentrations (pCi/L) of all wells at the Leon County test site plotted versus
date of sampling. The USGS well is an existing monitor well which samples the
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Radon concentrations (pCi/L) in soil, measured via charcoal canistersat 15" below
the surface, versus sampling date for all stations at the Leon County test site.

Radon flux measurements (pCi/m?sec) versus sampling date for all stations at the
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Radon concentration measurements in soil samples versus percent moisture for soil
samples collected from each station at the time of measurement: (a) all results; and
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Descriptive logs of cores recovered from stations A-C (Alachua County), H-B
(Hillsborough County), and L-D (Leon County).

Xi



Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

36.

37.

38.
39.

40.

41.

42.

46.

47.

Activities of the natural decay-series isotopes 28, **Ra, *°Pb, and “available”
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Activities of “°Ra, (“potential” radon) and “’Rn as determined by extraction and

LSC versus depth for cores. (a) A-C; and (b) H-B.

Activity ratio of “available’-**Rn/total-**Ra versus depth in cores H-B and A-C.

Scatter plot of “available” 2?Rn versus total “°Ra in soil samples from cores A-C
and H-B. Thetrend line for an emanation coefficient of 0.5 is shown for
comparison.

Scatter plot of all soil gas concentration measurements made via charcoal canisters
versus all groundwater radon measurements for all stations at all three test areas:
Alachua County (solid squares); Hillsborough County (solid diamonds); and Leon
County (open diamonds). A log scale has been used on the vertical axisin order to
effectively display al 30|I gas concentration measurements which vary by over three
orders of magnitude. Units of soil concentration are pCi/L.

Scatter plot of al radon flux measurements (pCl/m 'sec) made versus all
groundwater radon measurements for all stations at al three test areas. Alachua
County (solid squares); Hillsborough County (solid diamonds); and Leon County
(opendiamonds). A log scale has been used on the vertical axisin order to

ef ect_iveéy display all flux measurements which vary by almost three orders of
magnitude.

Log of the radon flux values versus log of al soil gas concentration results for all
three test areas. Alachua County (solid squares); Hillsborough County (solid
diamonds); and Leon County (open d|amonds) The most ighly correlated data set

is that for Hillsborough County with an r* = 0.87. The r° of al data is only 0.40.

Averages and standard deviations of measurements of radon flux (pC|/m 'SEC);
radon concentrations in soil via charcoal canister dgf)l oyments (pCi/L); and radon
concentration in groundwater results (pCi/L) from all stations at all three test areas.

gr%oh |IIustrat| ng the disequilibrium relationships in the radioactive series
222R 210pp-29Bi-29Pg in groundwater samples from: (a) Alachua County; (b)
Hillsborough Count%/b
excess activities of
measureable sulfide.

and (c) Leon/Wakulla Counties. All stations with significant
Po are characterized by pH less than 5.0 and contain

Time-series plot of “°Po activities (pCi/L) in shallow groundwater samples from
wells at the Alachua County test site.

Time-series plot of #°Po activities (pCi/L) in shallow groundwater samples from
wells at the Hillsborough County test site for: (a) low values; (b) high values. Note
that wells C15 and C30 are sampling two different depths at the same location.

Time-series plot of *°Po activities (pCi/L) in groundwater samples from wells at
the Leon County test site.
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Twenty-four hour rainfall records during the course of this study for: (&) High
Springs, near the Alachua County test site; (b) Ruskin Airport, near the
Hillsborough County test site; and (c) Tallahassee Municipal Airport, near the Leon
County test site.

Variation of bacterial growth, soluble, particulate, and total “°Po with time in a

well water sample from station 18, Hillsborough County test site. Bacterial
growth, monitored by the rate of uptake of H-adenine into nucleic acids, closely

follows the trend of the transformation of soluble to particulate polonium observed
in this experiment (from Harada et al., 1989).

Variation of **®Po and #’Rn activity (pCi/L) as well as relative bacterial growth
rates (shown by bars) over the last two years at the same station in Hillsborough
County where our uptake experiment was performed (Pig. 3-28). Radon activities
have been divided by 100 in order to express them on the same scale.

Diag?rammatic representation of an experiment performed to evaluate various water
purification s?/stems to assess removal of radon and polonium from shallow well
water. The four filtration cartridges were filled with activated carbon, manganese
greensand, a proprietary water softening agent, and a mixed resin bed.

Mean, standard deviation, and number of measurements of the radon concentrations
in treated water compared to unprocessed water from well 18, Hillsborough Count
test site.  The activated carbon removed over 99% of the radon present in this wel
water.

Mean, standard deviation, and number of measurements of the polonium
concentrations in treated water compared to unprocessed water from well 18,
Hillsborough County test site.  The activated carbon and mixed resin removed
approximately 99% of the polonium present in this well water.
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INVESTIGATIONS OF RADON AND RADON DAUGHTERS
IN SURFICIAL AQUIFERS OF FLORIDA

EXECUTIVE SUMMARY

The principal purpose of thisinvestigation, initiated in January, 1988, wasto test the
hypothesis that radon soil flux, considered the principal source of indoor radon contamination,
has an underlying relationship to the radon content of associated shallow groundwaters. Our
working hypothesis was that radon build-up in both soil and shallow groundwater is basically
a consequence of the same factor, radon emanation from soil grains and the solid surfaces of
the aquifers.  Furthermore, since soils are usually very heterogeneous while groundwaters are
not, groundwater may be advantageous as an indicator of radon potential.  In other words,
groundwater may act as a better “integrator” of the radon source term than surface soils which
may provide inconsistent results.  Another objective of our research project was to investigate
tempora and spatia trends of radon daughter products in shallow aguifers. Priority was given
to investigation of the cycling of *°Po, a radioisotope previously identified as occurring at
very high concentrations in some shallow aquifers of Florida. A fina objective was to evaluate
several water purification techniques for removal of radionuclides from domestic waters.

Our approach to this study consisted of developing three test sites on undeveloped
property in an area of high indoor radon (northern Alachua County), moderate indoor radon
but high polonium in groundwater (southeast Hillsborough County), and low radon (southern
Leon County). Based on a preliminary survey of these areas, test sites were selected and well
fields were developed using a combination of existing shallow wells as well as monitor wells
installed for our investigation. We worked with atotal of 15 wells at the Alachua site, 14 in
Hillsborough County, and 6 in Leon County. At each of these stations, we made
approximately bimonthly measurements of radon concentration in the soil, radon flux from the
soil to the atmosphere, and radon concentration measurements in the shallow groundwater.
Radiochemica measurements and some physical properties were also measured on surface soil
samples, and on sediment samples taken at 2-foot intervals throughout three cores up to 30-feet
in length, one from each study area.

A modified, charcoal canister based technique was developed as part of this investigation
for measurement of radon fluxes. This method, calibrated via radium-spiked barium palmitate
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filters, compared very well to classical chamber techniques. We also developed a new
electrochemical separation method for processing the radon daughters “°Pb, “°Bi, and *°Po
from groundwater samples.  The technique produced reliable results with only about 6 hours of
processing time, compared to approximately two days for standard ion exchange procedures.

During the course of this investigation, we obtained parallel charcoal canister and track
etch measurements of soil radon concentrations at 16 stations over a two-year period. These
results, as well as an experiment which monitored the radon concentration inside a shallow
hole as a function of time, showed that short-term (~18 hours) canister deployments tend to
underestimate the true “equilibrium” radon concentration in the soil. A surprising finding was
that the long-term (1-3 months) track etch data appeared to consist of distinctly higher radon
“events’ superimposed on alower concentration baseline just dightly higher than the
corresponding charcoal canister results.  Since track etch detectors provide an integrated,
average concentration over long time periods, the actual radon concentration obtained during
these transient events must have been extremely high.  Although we are uncertain what process
causes these phenomena, it is reasonably certain that the radon events are real since
neighboring stations display similar records.

Analysis of surface soil and core samples for “®Ra and “available’ or “extractable” radon
shows that the amount of radon free to migrate from soil particles closely follows the total
amount of radium present inthe soil.  The distribution of these radionuclides in the core
samples showed that available radon was highest at those levels in the core where the
associated groundwater was highest in dissolved ?Rn.  These stratigraphic layers were closer
to the surface at the Alachua County test site which is apparently the prevaent reason for the
greater radon potential measured at this site compared to the othersinvestigated.

After analyzing all of the radon sail, flux, and groundwater measurements made at all 35
stations over the two-year study period, it is clear that while there is no direct relationship
between either radon soil concentration or flux and groundwater radon, there are reasons to
consider radon in shallow groundwater as a viable indicator of the radon potential of an
undeveloped area.  When averaged over the study duration by study site, all three indicators
provide the same result in terms of potential, i.e., the Alachua site has the greatest radon
potential with the Leon site displaying the least. However, both soil radon concentration and
flux measurements display considerably more spatial and temporal variation than do the
corresponding radon in groundwater records. Our soil measurement results ranged over 1000-
fold at any one study site while maximum variations in the groundwater data were limited to no
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more than a factor of about eight between stations and only about +10% variation at any single
station investigated during this study. Therefore, for radon assessment purposes, when only a
single or alimited number of measurements are practical, it is recommended that radon
concentration measurements be made in shallow, water table aquifers of the undevel oped site.
This approach is more likely to produce an accurate, yet timely, representation of an integrated
radon potential over the areato be evaluated.

Measurements of radon daughter activities and related parametersin several of the same
wells developed for the radon assessment portion of our study has provided valuable
information concerning the cycling and possible origin of excess polonium which has become a
health concern in parts of Florida. Our measurements in wells where polonium is present at
very high concentrations have shown that: (i) “*°Po is largely unsupported by its radioactive
predecessor, “°Bi; (ii) the greatest disequilibrium in the *°Po/*%Bi activity ratio occurs in
aquifers with low pH which contain reduced forms of sulfur; (iii) polonium is considerably
more variable, in both space and time, than other parameters measured in the same wells,
including radon; and (iv) both experimental and field evidence suggest alink between polonium
and the sulfur cycle. These observations lead us to suspect that polonium is being “processed’
by sulfur bacteria present in some aquifers and that these bacteria are capable of mobilizing
polonium from aquifer surfaces by conversion to a more soluble form. Further research will
be necessary to identify the speciation of polonium -- we suspect that the more soluble form
may be atype of sulfide or organically-bound complex.

Four standard water purification tanks containing different types of purification products
(granular activated carbon or “GAC”, a standard water softening agent, manganese greensand,
and amixed resin bed) were installed early in our project adjacent to awell in Hillsborough
County which contains high radon (~20,000 pCi/L) and very high polonium (~500 pCi/L).
Each type of material was evaluated by analysis of water independently treated by each system
as well as an analysis of the unprocessed “feed” water. Our results showed that, of the agents
tested, GAC was superior overall with >99% removal efficiencies for both radon and polonium
from the well water. In view of its known capacity for removal of other impurities and its
relatively low cost, activated carbon appears to be an excellent choice for this type of
application.
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INTRODUCTION AND BACKGROUND

PURPOSE OF STUDY

Naturally-occurring radon originating within the earth and transported into indoor
atmospheres in amounts large enough to constitute a considerable health hazard has been a
matter of growing concern throughout the United States.  The State of Florida has been one of
the leaders in investigating the occurrence of radon within its borders -- a statewide survey of
indoor and soil gas radon was funded by the Florida Institute of Phosphate Research and
conducted during 1986-87 by Geomet Technologies, Inc. The Geomet survey measured
indoor radon in 6158 homes in addition to soil gas measurements at 2896 homes with ground-
level total gamma readings taken indoors and outside the 2896 homes.  Because of the
statewide nature of the survey and because of time constraints, it was not possible to address
the various aspects of the behavior and distribution of radon and radon progeny in a detailed
manner.

It has been demonstrated that groundwater can be an important reservoir of radon.  Our
study was intended to evaluate whether a relationship between a shallow aquifer reservoir and
the soil gas radon flux is pertinent to understanding radon pathways. In addition, we
previously showed that polonium, a highly radioactive descendent of radon, is present in some
shallow aguifers at high enough activities to be of health concern. It is the investigation of
these two aspects, namely the relationship between radon in shallow groundwater and radon
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migrating into the atmosphere and the mechanisms of release and transport of polonium, that
were the main aspects of this study.

Each of these investigations dovetail nicely with the other. In the following pages, we
will discuss the project results both in terms of development of new techniques to measure
these nuclides as well as the findings which have enhanced our understanding of these
elements.

The research goals of this investigation may be summarized as follows:

(1)  Todiscern the processes responsible for release and transport of radon and
radon daughters (Fig. 1) in the shallow terrestria environment;

(2) Toinvestigate the natura pathways of radon in soil and shallow groundwater
to discern if there is a predictive relationship between radon flux into the
atmosphere and radon concentration in water table aquifers; and

(3)  Toevaluate the controls on the concentration of radon daughter isotopes,
particularly polonium, in shallow groundwaters.

PRELIMINARY STUDY

A preliminary survey of radon in shallow aquifers in various parts of Florida was
conducted in order to locate sites for establishment of our detailed study areas which would be
satisfactory in terms of several criteria.  First, we wanted to have at |east two areas in which the
groundwater radon was known to be elevated, at least one of which would also contain
polonium-enriched waters.  We also wanted to have one area of similar geology with relatively
low radon to serve as a comparison in terms of temporal variations.  Secondly, the land where
the well fields would be located must be owned by persons amenable to the drilling of wells on
their land and to our sampling of the wells for an extended period.  Thirdly, the well fields
needed to be located such that the frequent sampling trips would not consume excessive
amounts of travel time.

To thisend, we utilized the Geomet Technologies survey in order to determine the
general areasto reconnoiter.  Of the areas chosen on the first pass, the Phosphate Mining
District of west central Florida and the north central area of Marion and Alachua Counties were
deemed most likely to have high radon. A third site, to be located in Wakulla or Leon
Counties, was thought to be a likely location for low radon sampling and would be within easy
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reach of our laboratory.  Our previous investigation of the west central Florida area indicated
that property owned by C.B. Hiscock in southeastern Hillsborough County not only met the
criterion of elevated radon but also had several well locations where high polonium was present
in the groundwater.  Mr. Hiscock was agreeable to the establishment of a monitor well field on
his property.

We had not previously sampled in the north central area of Florida so several collecting
trips were necessary to determine the best location for awell field.  Collecting trips were
undertaken during the early stages of this investigation on February 11-12, Feb. 25-26, March
10-11, and April 13, 1988 to this area to locate and define areas which would best suit the
purposes of the investigation.  In southwestern Marion County, the area of highest radon in the
county as determined by the Geomet survey, there was difficulty in locating shallow wells
which were productive.  After considerable sampling in the two counties, the area of most
promise was located in extreme northern Alachua County.  The site chosen is owned by Earl
Hill who has been very cooperative in alowing development of awell field as well as allowing
us to sample several shallow existing wells on his property.

Thethird site was to contain relatively low radon at asite geologically similar to the other
sites.  Our initial area of interest was in the areain the vicinity of Newport springs in southern
Wakulla County, an area which we knew from previous sampling to be low in radon but with a
site having at least episodically elevated polonium.  However, several factors negated this
location: (1) the land islow and drill rigs would have a difficult time getting to the possible
drills sitesand (2) at some times of the year we would have a difficult time getting to the sites.
After sampling several locations in Wakulla and Leon Counties, a site was chosen on land
owned by Florida State University.  The geology is reasonably similar to that of the
Hillsborough and Alachua County sites and the logistics of sampling were greatly simplified.

APPROACH AND STRATEGY

We have established 3 monitor well fields in areas of interest which have been defined on
the basis of the reconnaissance sampling referred to above (Fig. 2).  The monitor wells provide
samples from known depths and lithologies.  Each area over which the wells are distributed is
relatively small, at most a quarter section (about 2500' x 2500'). We feel that thisis an area
large enough to have some diversity, while at the same time being logistically manageable.
Because the general lithology should not change significantly over an area of thissize, a
reasonable idea of the integrated radon reservoir and flux should be obtainable.
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Index m of Florida with locations of 3 well fields established for this project.
Site“L” (low radon) is located in southern Leon county, site “A” in northern
Alachua County (high radon), and site “H” in southeastern Hillsborough County
(high polonium, moderate radon).



Along with the areal distribution of radon flux and radon concentration both in soil and
associated groundwater, the temporal variation of these parameters over about two years was
determined. At each monitor well location, a surface soil sample has been obtained for
radioelement analysis.  In addition, up to 42-ft long cores have been taken at each test site for
analysis of vertical variations.  Thus, at each monitor well location, we have determined radon
in the groundwater, the radon content of the soil gas, the flux of radon into the atmosphere,
and the radon generating capacity of the soil.  Many of these parameters have been determined
severa times over the duration of the study, in order to assess tempora trends. A schematic
diagram showing the various elements of our sampling approach at each station is shown in
Fig. 3.

For the radon daughter aspect of our study, the monitor well field in Hillsborough
County, site “H”, provided control and a spatial distribution not previously available. This
control allowed closely-spaced measurements of polonium, sulfide, and other parameters
which we felt may be related to mobilization.

ESTABLISHMENT OF TEST SITES

Wells at the three monitor well fields were installed by Ardaman and Associates, the
Alachua (*A”) and Leon (“L") fields through their Tallahassee office, and the Hillsborough
(“H”) field through their Bartow office. The first field to be developed was the Alachua
County site which was drilled on June 14-15, 1988 (Fig. 4). A total of 15 wells were drilled at
nine locations. Five locations had a paired set of 15 and 25 ft. deep wellsinstalled; three
locations had only 15 ft. wells and one location had a single 25 ft. well. In addition to the
regular monitor wells installed, an experimental well having four screened intervals (12.5-15,
17.5-20, 22.5-25, and 27.5-30") was installed. There are also 4 existing shallow wells at
this site for sampling. A continuous split spoon sampling of the lithology was obtained to a
depth of 30 ft.

The Hillsborough County site was developed June 20-24, 1988 (Fig. 5). A total of 20
wellswere drilled at 11 different locations. Eight of the locations had a paired set of 15 and 30
ft. deep wells installed, the other locations had 15 ft wells.  An experimental well having four
screened intervals was also installed at thissite.  Three existing shallow wells are available for
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sampling at site“H”. A continuous split spoon sampling of the lithology was obtained to a
depth of 30 ft.

The Leon County monitor well site was developed August 24, 1988 at the Florida State
University Reservation in southern Leon County (Fig. 6). A total of 5 wells were drilled, 2 to
a depth of 15 ft. and 3 to 30 ft. depths. One USGS monitor well approximately 200 ft. below
land surface was also available for sampling at this site.  We aso obtained a 42 ft, continuous
split spoon sample at thislocation. A summary of the characteristics of each of the three test
Sitesisgiven below in Table 1.

Tablel. Summary of test site characteristics where well fields were established for this

study.
County: Alachua Hillsborough Leon
Location: ~4 mi north of southeast part of FSU
LaCross county, across from  Reservation on Lake
Fort Lonesome Mine Bradford
Approx size (ft): 1700 x 1100 2000 x 2000 500 x 200
{~43 acres} {~92 acres} {~2.3 acres}
Existing wells: 5 3 1
Monitor wells: 8@ 15 11 @ 15 2@ 15
6@ 25 8@ 30 3@ 25
1 multi-level 1 multi-level
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ANALYTICAL METHODS AND DEVELOPMENTS

RADON CONCENTRATIONS IN SOIL AND WATER

All radon in water concentration measurements have been made by standard scintillation
counting techniques (Prichard and Gesell, 1977) using sample volumes of 10 milliliters. All
analyses have been performed in triplicate and results more than 10 % below the mean of the 3
analyses were rgjected. Standards were prepared in triplicate from NBS standard reference
material 4958 (radium solution) in a series ranging from 100 to 100,000 pCi/L. In most cases,
results of our standard triplicate analyses agreed to better that +1% while field samples, subject
to occasional loss of “’Rn during sample collection and handling, had higher variations but
generally agreed to better than £10%.

Our measurements of soil gas radon concentration have been made with 3" diameter,
diffusion-barrier (Pittsburgh style) charcoa canisters (Cohen and Nason, 1986). These
charcoal canisters contain 25 grams of charcoa and have diffusion barriers (Sorbet bags) to
absorb moisture.  After overnight deployment inside a plastic drinking cup under 15" of soil,
the canisters were returned to the laboratory and counted on one of two Nal detectors for
measurement of the activities due to “*Pb and “Bi daughters of “?Rn.  We corrected for
moisture effects by measuring the weight gain during the deployment period and relating this to
our calibration factor measured in radon chambers (Fig. 7).  Our andytical system (2 Nal

detectors and 1 computer-controlled, 16k MCA) is fully calibrated and has been checked
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against the radon chambers at the EPA Radioactivity Laboratory in Montgomery, Alabama and
the Mound Laboratory Division of Monsanto, Inc. Deployments were run in these chambers at
near constant radon concentrations and humidities for varying lengths of time to produce
varying amounts of moisture buildup. We aso deployed a number of Terradex track etch
detectors at some of the same sites for longer periods (1-3 months) for comparison to our
short-term measurements (Alter and Price, 1972). A detailed comparison between these two
techniques is presented in the following section.

In order to test the true precision of our radon in soil measurements using charcoal
canisters, we designed an experiment to test the precision both within a hole dug into the soil
(three canisters deployed inside plastic cups at the bottom of the same 15"-deep hole) aswell as
between holes dug at nearly the same site.  For these experiments, we placed 3 canisters into
each of 4 holes dug at spacings of approximately 5 feet around a selected group of our regular
stations. Each experiment, therefore, consisted of atotal of 12 canisters placed 3 each in 4
holes oriented in compass directions around several of our sites. A total of 9 precision
experiments were performed at 7 different sites in Hillsborough and Alachua countiesin late
1988 and early 1989.  The tabulated results from all these experiments are given in the
Appendix of this report.

Virtually al of our precision experiments show the same general result, i.e., relatively
good precision within the same holes with significantly higher variations between holes.  Our
results at site A-B are typica (Fig. 8). None of the four deployments had coefficients of
variation greater than 10% but because one hole, “A-B West”, had a significantly higher “’Rn
concentration than the other 3, the overall variation was 48%!  Out of the 9 experiments
performed in this manner, only 1 (station A-H in January, 1989) produced an overall precision
less than 10% while only 3 replicate measurements within the same hole, out of atotal of 36,
had coefficients of variation greater than 10%.  These results illustrate an important point
regarding soil measurements of this kind, i.e., soil is inherently very heterogeneous.  Radon
concentration results in soil for deployments only a few feet apart can be very different--far
beyond the analytical uncertainty of the measurement.  This type of natural variability in the
system must be considered, therefore, when using this type of approach for radon assessment.

Itisintrinsically more difficult to test accuracy of these types of measurements then
precision.  Our cdibration runs at both the EPA facility in Montgomery, Alabama and at
Mound Laboratories were internally consistent implying that our results should be of high
quaity.  Inorder to test this further, we developed an intercalibration exercise with a colleague
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at Florida State University, Dr. Jeffrey Chanton, who is equipped for making radon
concentration measurements using a Pylon AB-5 meter coupled with a Trace Environmental
Level (TEL) radon detector. We deployed pairs of canisters in the same room (an inside
laboratory on the third floor of the Oceanography Department Building) and made repeated 3-
day measurements over a period of approximately three weeks in March, 1989.  During this
interval Dr. Chanton made “grab sample” measurements using an electric pump to completely
replace the air in the 17-liter Pylon chamber.  The results of both groups of measurements (Fig.
9) show that agreement between the two methods was excellent.  These results are especially
impressive if one considersthat (i) the two techniques were calibrated completely
independently (the Pylon detectors were calibrated using a radium standard solution); (ii) the
integration times of the two techniques were very different (3 days for the canisters and about
45 minutes for the Pylon chamber); and (iii) the concentrations measured were all extremely
low, mostly in the range of only 0.1-0.4 pCi/L.

COMPARISON TO TRACK ETCH MEASUREMENTS

We selected five stations at the Alachua County test site (138, A-B, A-F, A-H, and A-I;
Fig. 10, a-€), six dites at the Hillshorough County site (H-A, H-B, H-C, H-D, H-F, and H-G;
Fig. 11, af), and five sites a the Leon County test site (L-A, L-B, L-C, L-D, and L-E; Fig.
12, a-€) for along term intercomparison of the charcoal canister and track etch detector
methods of measuring soil radon.  All canister measurements reported here follow our standard
procedure as outlined above with deployment periods for these canisters ranging from 14-18
hours.  The track etch detectors (Terradex® DSM detectors in plastic cups) were all deployed
at the same depth (15") but in an adjacent hole to the charcoal canisters. This was necessary
since the canisters were deployed and retrieved within relatively short time periods while the
track etch detectors were left in place for periods ranging from 1-3 months.  In view of our
observations concerning the heterogeneity of soils (see above), this may account for some of
the differences observed. We made every effort to maintain the spacing between the holes for
the track etch detectors and the charcoal canistersat aminimum. In no case was this distance
grester than approximately three fedt.

Because this data set covers virtually the entire period of our study, it is very complete.
We are not aware of any other such detailed and long-term intercomparison of these
measurement techniques being available, therefore we have reproduced all of our results for
thisreport.  The data plots show the track etch concentrations as an unbroken (except in the
rare occasions when detectors were lost) curve of straight-line segments.  Canister
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measurements are shown as discrete data points (x's on the plots) since they represent
essentially “instantaneous’ measurements on a 2-year time scale.  Since track etch detectors
were usually changed each time a particular station was visited (approximately bimonthly), our
time-series plots will normally show two canister concentrations, one at each end of the
straight-line segment representing a long-term track etch deployment.

When these results are inspected, it is clear that the most general trend in the datais for
the canister results to display lower concentrations than the respective track etch detectors.
Thisistrue for avariety of soil types and for both low and high concentrations although there
Is somewhat better agreement at higher concentrations (for example, see Fig. 10d, A-H, and
Fig. 11c, H-C).  Surprisingly, the charcoal canister trends are smoother than the track etch
detector trends.  Before this study was initiated, we suspected that the long-integration times of
the track etch detectors would flatten out short-term (hours to days) variations and produce
more of an “average” concentration not only over the deployment time but for the entire study
period.  In fact, many of our time-series plots show just the opposite, with track etch detector
“events’ superimposed upon a lower-concentration “baseline” which is usually much closer to
the charcoal canister results. These “events’ seem to occur at nearly the same time within one
study area.  If these “events’ are ignored, especially the relatively isolated occurrences (see for
example the July-October 1989 high radon event which occurred at stations A-B, A-F, and A-l;
Fig. 10), the agreement between the two methods is considerably improved.  We have no
explanation for these “events’ other than to suggest that they may have been caused by
relatively rare meteorological events such as extreme low pressure fronts missed by our short-
term canister deployments.

Even if the high “events’ are ignored, most of these stations still show a 10-30% lower
charcoal canister concentration than those by track etch detectors.  As previously discussed, the
precision and accuracy of our canister technique, as measured against other, “active”
procedures, appearsto be excellent.  In actual fact, the overall agreement of the two techniques
compared here is not that bad (Fig. 13).  If alinear regression isfit to all track etch
measurements versus complementary charcoal canister concentrations, the slope of the best-fit
line is amost exactly unity (1.003) with an intercept on the y-axis (track etch) of 58.1 pCi/L
andanr®=0.80. Thisimpliesthat while there is an average offset of ~60 pCi/L, the
differences between the two detection systems tend to remain constant.

How can we explain this offset which causes the charcoal canister results to be
consistently lower than the track etch detector concentrations? We have already demonstrated
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that our canisters record radon concentrations quite well for “constant concentration”
conditions. However, the situation which exists in performing these “soil gas’ measurements
is actualy quite different. When we dig a 15" hole in the ground to deploy a canister, the
concentration of radon at the base of the hole is instantaneously lowered to atmospheric levels,
l.e., essentially zero.  After the canister is placed at the base of the hole (inside a plastic
drinking cup) and the hole is backfilled with the same soil, the radon will diffuse back into the
pore openings and eventually retain an equilibrium concentration similar to that present before
the soil was disturbed.  But how long does this take? Should the re-establishment of
equilibrium ?Rn levels require atime period of the same order as our deployment period then
we have a situation completely different than the steady-state conditions normally encountered
(or assumed) when attempting to measure radon concentrations.

An experiment we performed at station L-B on September 17-18, 1989, will illustrate this
problem.  During this experiment we dug a large-diameter 15"-deep hole and deployed 3
charcoal canisters and 8 additional cups of the same type used for supporting our canisters
inside the hole.  Each of the 8 empty cups had 2 ports in the upper surface through which air
could be circulated from the surface via tygon tubing secured to each port.  When al canisters
and cups were buried, the tygon tubing was maintained at the surface and pinched off with
clamps.  Thisexperimental design allowed us to make individual measurements of the radon
concentration within each cup at timed intervals by using a small portable air pump with in-line
Lucas cells (alpha scintillation cells).  We used this experimental system to monitor the change
in radon concentration in the soil at this site over atime period comparable to our normal
canister deployment times.

The results (Fig. 14) show that the return to equilibrium conditions (~40 pCi/L in this
case) does take a significant amount of time (over six hours), at least at this station. The
charcoal canister buried at the same time was slightly lower than the last few Lucas cell results
(charcoal canister = 35.9 £+ 3.6 pCi/L, Lucas cells = 41.3 £+ 4.3 pCi/L) athough the results are
actually within the measurement error inthiscase.  If thistype of situation is typical, the radon
concentration “integrated” by a charcoal canister would necessarily be somewhat lower than the
true value since the measurement is being made during atime of changing concentration, from
almost zero to some higher equilibrium concentration. A track etch detector deployed for
weeks to months at atime will not suffer from this effect since the equilibration time
(approximately afew hours) is very short relative to the deployment period.
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Rel ationship between radon concentration and time inside plastic 16-0z, drinking
cups used for deployment of our charcoal canistersin soil.  Concentrations were
measured by collection of grab samples via an in-line pump which circulated gas
from the buried cups to Lucas alpha scintillation cellslocated at the surface. Results
of a 1-day deployment of a charcoal canister deployed at the same time is shown for
comparison.
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In summary, the results of this intercomparison show two principal features of interest:
(i) occasional high-radon “events’ show up only in the track etch results, most likely because
the short term deployments used for charcoal canisters are not frequent enough to see these
transient phenomena; and (ii) on average, the track etch results are systematically higher than
the canister concentrations, most likely because the equilibration time for soil gasradonisa
significant fraction of the deployment period used for charcoal canister measurements. It is
aso likely that certain physical properties of soils (moisture, grain size, etc.) may play arolein
determining equilibration times and thus influence the agreement between these two passive
methods of measuring soil radon.

RADON EMANATION PROM SOIL

Radon emanation from soil was measured by aliquid scintillation method, first devel oped
by Wadach and Hess (1985). Small (~5 gms.) samples of soil were placed in 20 ml glass
liquid scintillation vials, covered with 5 ml of deionized water, and 10 ml of amineral oil-based
scintillator was added. Each sample was measured in triplicate to avoid problems encountered
by the natural heterogeneity of soils. The vials were stored for about 3 weeks to ensure
equilibrium between the *°Ra and ““Rn of the associated mineral grains.  After that period,
#’Rn was measured via liquid scintillation counting in a similar manner to our water samples.
The count rates are converted to activity units per gram of soil using our standards made from
the NBS radium solution.  This technique measures only the radon which was free to escape
from the soil grains, migrate through the water and into the overlying scintillator -- the

“effective” or “available’ radon.
RADON FLUX MEASUREMENTS

In order to determine the radon flux from the soil, we used a method also based on
charcoal canister deployment, except that it was located at the soil-air interface, rather then
imbedded in the soil (Pearson, 1967; Megumi and Mamuro, 1972; Countess, 1976). A
charcoal canister, fastened with a magnet inside a cylindrical container (a4" high PVC pipe,
covered at the top) open on the bottom, is sealed into the ground surface for approximately one
day, allowing the radon which escapes into the overlying air to adsorb onto the charcoal
surface.  We have chosen to strip each site of vegetation before deployment to eliminate that
variable from our assessment.  This method is similar to that used for concentration
measurements, except an additional parameter must be known, the radon adsorption efficiency.
In addition, it is necessary to evaluate what, if any, effect moisture has on this quantity.  After
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recovery of the canister and measurement of radon daughter activity by gamma spectroscopy,
the radon flux may be calculated according to the equation:

2
. A ooty e’ Cm
(1 -e’“l) (1 —e_h’) fege ® fags * A
where:
F = R flux from soil (dpm cm® min’);
Cm = net count rate measured by Nal detector (cpm);
t = sampling period (min);
1) = elapsed time from retrieval to counting (min);
t3 = counting time (min);
f4 = counting efficiency (cpm/dpm);
f,gs = radon adsorption efficiency, fraction;
A = surface area of measurement (cm?); and
A = decay constant of “?Rn (1.26 x 10 min™.

The counting efficiencies, f, of our Nal detectors for the energies of interest and the
canister geometry employed have been determined by running canisters with a known amount
of “°Ra dispersed throughout the charcoal.  Counting efficiencies as well as background count
rates are routinely determined in our laboratory to ensure consistency of results.  The radon
adsorption efficiency, f., has been determined using a modified method of Megumi and
Mamuro (1972).  Thistechnique relies upon the preparation of a radium-bearing compound
known to emanate 100% of the “’Rn generated during decay. We have prepared severa such
barium palmitate precipitates on filters, with known amounts of “°Ra, which were then
exposed to our canistersfor timed intervals.  The adsorption efficiency can then be determined
since the “’Rn emanation rate is known. We also evaluated differences in f 4 which relate to
moisture buildup during deployment by measuring the weight gain during the deployment
period.  Our results (Fig. 15) suggest that the effects appear to be minor for short deployments
with diffusion barrier canisters.

Two experiments to test the precision of our radon flux measurements were performed in
April, 1989 in much the same manner as the radon concentration precision tests were
conducted. The results were also similar with the precision for three canisters deployed right
next to each other usually better than 10% (7 out of 8 times), while the “overall” variation, for
al 12 canisters deployed at 4 sites within 5 feet of the center of the station, was significantly
higher.  An example of these tests is shown in Fig. 16 for station A-B.
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Fig. 15.  Efficiency of radon adsorption, fs versus moisture as measured by weight gain of
charcoal canisters. Efficiencies were measured by collection of radon released from

filter samples of barium palmitate spiked with known amounts of “°Ra.

28



Rn Flux
Site A-B

e

e

NORTH G

S

]

R

s 0.28 £ 0.01

T

WEST i
e

3 0.52 + 0.02

0.00

Fig. 16.

0.10 0.20 0.30 0.40 0.50 0.60
pCi/m2 sec

Results of a precision test showing variations of radon flux both for the case when
3 canisters are deployed as close together as possible as well as when canisters are
grouped at 4 separate |ocations within an approximate 25 square foot area centered
at station B in Alachua County.  Asin the case of soil gas concentration
measurements, canisters deployed directly next to each other fprod_uced values with
significantly greater precision than for the separate clusters of canisters.
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Testing the accuracy of our flux measurements is very difficult since standardized flux
chambers are not readily available.  However, it is reasonable to evaluate our approach against
amore established technique.  One of the best known approaches for measuring radon flux is
via a semi-enclosed chamber (Martens et al., 1980). Using this technique, an inverted chamber
is placed over the ground and at |east two radon measurements are made at timed intervals.
Theincrease of radon in the chamber may be converted to flux by the equation:

VMG Coe™

F
All -e™
where:

F =flux (pCi m?sec’)
V. =volume of the chamber (m®);
A = crossectional area of the chamber bottom (m?);
A = decay constant of “Rn (1.26x10*min™):
G = fina radon concentration (pCi/L); and
C = initid radon concentration (pCi/L)

0

Since the objective is to measure them of radon increase, it is important to make the
concentration measurements relatively quickly, when the rate of increase is still relatively

linear.  Since the entry of radon into the chamber will be largely diffusion controlled, the rate of
diffusion will decrease as the concentration of radon increases inside the chamber (Fig. 17).

Use of our charcoa canister technique, however, only requires one measurement (Fig.
18).  Thisis because we have calibrated our canisters for flux measurements using a flux
standard.  Thefact that charcoal canisters are very inexpensive and may be conveniently
deployed inside small PV C chambers makes this a very useful technique, especially when large
numbers of measurements are being made.  In fact, the flux measurements are operationally
easier than the soil concentration measurements because no holes are required.  Our “flux
holders’ are simply inserted, open end down, at the soil surface and retrieved the next day.

We arranged with Dr. Jeff Chanton for an intercomparison of flux measurements using
Pylon TEL's coupled together with a large (0.406 m?) stainless steel chamber. We positioned
8 charcoal canistersin our “flux holders’ along the outside (2 on each side) of the stainless
steel chamber while Chanton used portable air pumps to circulate the air, as required, inside the
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Fig. 17. Diagramatic view of radon flux measurements made via a semi-closed chamber
approach.  Symbols defined in the text.
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Rn Flux Measurements
Charcoal Canister Approach
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Fig. 18. Diagrammatic view of radon flux measurements made via the charcoal canister
approach used in this investigation.  Symbols defined in the text.
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chamber with an in-line TRL.  Concentration measurements were made for the chamber a few
hours apart and the radon flux calculated according to the equation shown above.  All of our
flux measurements were based on overnight, single deployments for each canister. We
repeated the experiment 3 times (April 6, April 25, and May 3, 1989).  The results showed
good agreement between the two techniques with only slightly lower chamber fluxes (Fig. 19).
All results agreed within a 95% confidence interval.  The tendency for slightly lower
concentrations in the chamber approach may have been due to areduction in the actual radon
flux under the stainless steel chamber because of radon build up during the experiment.

As discussed previously, it isimportant to measure the radon concentration in the
chamber technique of assessing radon fluxes before the concentration has built up to a point
where further diffusion isinhibited. Since our flux measurement technique utilizes “mini-
chambers’ of sort, we felt that it would be prudent to assess any possible relationship between
deployment time and calculated flux. ~ We felt that there should not be any direct relationship
since much of the radon entering the “flux holder” is adsorbed onto the resident charcoal
canister and our calibration method is approached in exactly the same manner as the actual
measurements are made. Therefore, reduction in radon diffusive fluxes into the “flux holders’
has aready been accounted for during the calibration runs.

We designed an experiment to evaluate whether our calculated flux values were
dependent on length of deployment.  We deployed eight pre-weighed canisters in PVC “flux
holders’ at station L-B all at the same time on May 5, 1989. Over the next day, we recovered
pairs of canisters at approximately 6, 12, 22, and 25 hours after deployment.  The canisters
were weighed and counted as soon as possible after recovery.  The results (Table 2) show that
there is no apparent relationship between calculated fluxes and length of sampling.

Furthermore, the overall precision of the eight individual measurements is within £10%,
approximately the same level we estimate as the overall uncertainty of a single flux or soil
concentration measurement.

RADIOCHEMICAL ANALYSS OF SOIL

Determinations of uranium-series nuclides “*U via (*'Th), “°Ra, and “°Pb and
thorium-series nuclides “®Ac and *®Tl in soil were made in surface soil samples as well as
samples from the three cores collected at our study sites.  These measurements were made by
high-precision, nondestructive gamma-ray spectrometry using a well-type intrinsic germanium

(IG) detector (Kim and Burnett, 1983).  Soil samples were homogenized by grinding, and then
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Table 2. Results of four radon flux measurements, each made in duplicate at station B at
the Leon County test site on May 5-6, 1989 over varying length of deployment

times.

Deployment Radon Flux

Time (min) pCi/m® " sec
374 0.39 £ 0.05*
773 041 + 0.01
1310 0.39 + 0.06
1487 0.41 £ 0.03

Overal = 0.40 + 0.05** pCi/m* " sec

*Standard deviation of two measurements made at the same time.
** Standard deviation based on eight individual measurements.
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dried to a constant weight.  After loading 1-2 grams of each sample into plastic sample vials
and sealing with epoxy to prevent radon escape, the samples were stored for 3 weeks to ensure
equilibration of radon daughters.  Gamma activities were then measured and U was
determined from the **Th photopeaks at 63 and 93 keV, “*°Pb from the photopeak at 46.5
keV, “°Ra was determined via peaks at 242, 295 and 352 keV (“**Pb) as well as 609 keV
(**'Bi), “Ac from the pesk at 338 keV and “*TI from the photopeak at 583 keV. The
counting efficiency of our |G detector has been calibrated by running severa natural standards
(soils and rocks) supplied by EPA and the National Bureau of Standards.

NEW TECHNIQUE FOR SEPARATION OF Pb-Bi-Po

Because it was desired to analyze all radon daughters with significant half-lives (“°Pb =
22.4 yrs, “°Bi = 5.02 days, and “%Po = 138.4 days) from the same samples, we spent some
time developing an improved method for separation of these elements -- necessary before low-
level counting can begin.  Using conventional ion-exchange techniques for this analysis,
approximately 2 days of processing time are necessary for each sample.  Using our new
approach, based on electrochemical separation, each sample can be processed in less than about
6 hours.  Counting times are independent of separation technique and vary with sample activity
- about 1 - 2 daysistypical.
Qverview

An improved method of determination for #°Pb, “°Bi and “°Po in both natural waters
and solid materials has been developed.  Polonium-210 is spontaneously plated onto a silver
disc from adilute hydrochloric acid solution. Bismuth-210 is electrodeposited onto a platinum
gauze cathode directly from the same solution using a graphite rod anode.  After bismuth
processing, “°Pb is then electrodeposited from a fluoroborate medium onto the same platinum

gauze used as an anode.  All nuclides are subsequently measured using standard low-level
aphaand beta counting techniques.

The speed of this method (approximately 6 hours per sample after pretreatment) isa
distinct advantage over existing techniques as “°Bi must be quickly separated from “Pb
because of its 5.02 days haf-life.  Another advantage of this method is that the chemical form
of the sample solution is conducive to established separation schemes for analyzing other
decay-series isotopes (U, Th, Pa, etc.) after these short-lived nuclides have been processed.
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| ntroduction

Lead-210 (half-life = 22.3 yrs), “°Bi (half-life = 5.02 days) and “°Po (half-life = 138.4
days) are naturally-occurring radon daughters known to be useful as tracers for certain
geochemical phenomena.  For example, Fry and Menon (1962), Poet et al.( 1972), Tsunogai
and Fukuda (1974) and Moore et a. (1974) have estimated atmospheric residence times of

aerosols from 2°Bi/”°Pb and #°Po/*°Pb activity ratios.  These isotopes are also of interest

20 210 210

as progeny of environmental radon. Harada et al. (1989) measured “"Pb, “"Bi and “"Po in
Florida groundwater and showed that “*°Po occasionally occurs in great excess of its
radioactive predecessors.  Noshkin et al. (1984) have also measured these isotopes in muscle,

liver and bone of fish.

Typically, the separation of bismuth from lead is carried out by precipitation, ion
exchange, electrodeposition and solvent extraction. Fry and Menon (1962) and Tsunogai and
Fukuda (1974) separated bismuth from lead by precipitation of bismuth oxychloride from a
dilute hydrochloric acid solution.  Small amounts of lead may contaminate the bismuth
oxychloride precipitate.  Ishimori (1955) demonstrated that ion exchange techniques are useful
for the separation of these nuclides.  Poet et al. (1972) applied this type of bismuth purification
after separation from lead by precipitation. Harada et al. (1989) also used an ion exchange
technique for Pb-Bi separation in their groundwater study.  Although bismuth may be
quantitatively separated from lead by this method, it is a tedious and long procedure, requiring
up to 2 days. MacKenzie and Scott (1979) demonstrated that “°Bi and “°Po were
spontaneously plated onto copper foil from a dilute hydrochloric acid solution.  This method,
however, is not strictly quantitative because achemical yield monitor isnot added.  Solvent
extraction techniques were employed by Blais and Marshall (1988) who successfully used

liquid scintillation counting to determine °Pb in the presence of variable amounts of °Bi

and “°Po even in samples with moderate quenching.

It is necessary that °Bi be separated from *°Pb as soon as possible after sample

collection in order to measure “°Bi activity with high precision.  This is not only because of
loss by radioactive decay but because a significant amount of “°Bi is produced from its parent,

%, in a short time.  In order to achieve quick separation of “°Bi from “°Pb in natural

materials, we applied electrodeposition techniques which Brown (1926) and Lingane (1958)

had earlier developed for gravimetric analysis of bismuth. By our improved method,”°Bi can

be separated from “°Pb within about 6 hours after the end of pretreatment.  We designed our

method so that other natural decay-series nuclides (uranium isotopes, thorium isotopes, *'Pa,
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etc.) can also be measured if desired in the same sample preparation by further treatment using
an established cation exchange technique (McCabe et al., 1979).

Experimental

Apparatus
A constant-potential stabilized power supply was used to control the applied potential for

electroplating. A 60 mesh cylindrical platinum gauze electrode (45 mm in height and 35 mmin
diameter) was used for electrodeposition of lead as an anode and bismuth asacathode. A
platinum coil electrode made of platinum wire (10 mm in length, 1 mm in diameter) was used

as a cathode during electrodeposition of lead. A graphite rod electrode (58 mm in length and 8
mm in diameter) was used as an anode for electrodeposition of bismuth.

Silicon surface barrier detectors (PAUL DOWNEY & CO. Model P450-26-100M)
routed to a 16K -channel pulse height analyzer (CANBERRA Series 95) and alow background
2 = gas flow proportional counter (CANBERRA model 2404) were used for low-level apha
and beta counting.

Reagents and Materials

All reagents used were analytical grade.

Lead carrier: 23.73g of Pb(NO3), were dissolved in 500 mL of 0.5 N nitric acid solution
for afinal concentration of 29.69 mg Pb**/mL.

Bismuth carrier: 43.15 g of Bi(NOs);-5H,0 were dissolved in 500 mL of 0.5 N nitric
acid solution for a final concentration of 37.18 mg Bi**/mL.

Iron carrier: 48 g of FeCl 5-6H,0 were dissolved in 300 mL of 8 N hydrochloric acid.
Theiron was purified by extraction into isopropyl ether and then stripped with double
deionized water.  In order to decompose any remaining isopropyl ether, 7 mL of
concentrated nitric acid were added and the solution was heated.  The fina solution was
diluted to 200 mL, resulting in an iron concentration of 50 mg Fe**/mL.

Po-200 tracer: A yield tracer, calibrated at two concentrations, 18.62 dpm/ml and 186.6
dpm/mL, was prepared in 0.5 N nitric acid.  The high activity tracer was only used for
work on polonium-enriched groundwater at the Hillsborough County test site (Harada et
al., 1989).

20% (w/v) hydroxylamine hydrochloride solution: 20 g of hydroxylamine hydrochloride
was dissolved in 100 mL of double deionized water.
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HNO,-H,0, mixture: 20 mL of 30% H,0, was added to 80 mL of 3 N nitric acid
solution.

Pretreatment

For solid samples (soil, sediment, etc.), a suitable amount of dried sample is decomposed
with 3 mL concentrated nitric acid, 2 mL of 60% perchloric acid and 1 mL of 46% hydrofluoric
acid in a Teflon acid digestion bomb (160° C; 12 hours) after adding 1 mL of “*Po tracer and
0.5 mL each of Fe, Pb, and Bi carriers.  The decomposition solution is then transferred to a
100 mL graphite bottom Teflon beaker.  The solution is heated until fumes of perchloric acid
persist for fifteen minutes.

Immediately upon collection, liquid samples (groundwater, seawater, etc.) are acidifed
with 20 mL of concentrated nitric acid per liter of sample followed by addition of yield tracers
and carriers, and vigorous stirring.  After standing for 6 hours or more to ensure isotopic
equilibrium, the solution is neutralized with ammonia water to precipitate iron hydroxide. The
precipitateis collected by decantation and centrifugation and dissolved with 2 mL of
concentrated nitric acid, 2 mL of 60% perchloric acid and 0.5 mL of hydrofluoric acid. The
solution istransferred to a 100 mL graphite bottom Teflon beaker with a small amount of
double deionized water, and treated as the solid samples described above.

Separation Procedure

A flowchart of our new separation scheme is shown in Fig. 20. Fifteen mL of 8 N
hydrochloric acid is added to the residue from perchloric fuming after pretreatment and iron is
removed by a single extraction into an equivalent volume of isopropyl ether.  The aqueous
phaseistransferred to a 100 mL graphite bottom Teflon beaker and heated on a hot plate until
the volume is reduced to about 5 mL.  After diluting to 50 mL with double deionized water, 5
mL of 20% hydroxylamine hydrochloride solution and 50 mg of ascorbic acid are added.
Polonium is then spontaneously plated onto asilver disc with its back side covered by electric
tape at 90°C for 3 hours.  After washing the silver disc with afew mL of double deionized
water and a small amount of ethanol, the alpha activities of **Po and “°Po are measured by a
spectrometry.

The solution is then transferred to a standard 100 mL Teflon beaker with 30 mL of 0.5 N
hydrochloric acid.  After addition of 0.5 g of hydroxylamine hydrochloride, bismuth is
electrodeposited onto the platinum gauze cathode at 1.4 volts and 60° C for 30 minutes, using a
rotating graphite rod asan anode.  The mid-point of this electrodeposition period is recorded as
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Fig. 20. Flow chart of a new procedure developed in our laboratory for electrochemical
separation of 210Pp, 210Bj, and 210Po from natural water samples.
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the time of Pb-Bi separation, used for correction of >°Bi in-growth or decay since sample
collection. Bismuth isleached from the platinum cathode with a few mL of concentrated nitric
acid and the cathode is washed with a small amount of double deionized water.  The solution is
evaporated to dryness and the residue dissolved with 30 mL of 1 N nitric acid.  After bailing,
5N ammonia water is carefully added until afaint opalescence appears.  The bismuth
oxychloride precipitate is made by adding 2-3 mL of 0.2 N hydrochloric acid to the solution,

and curing by heating until the supernatant is completely clear. This precipitate is collected by
centrifugation, washed with hot water, dissolved with 1 N nitric acid and reprecipitated. Since
some lead may still be present (we found it better not to wash the electrode to prevent loss of
bismuth after electro-deposition), the supernatant and wash water from the bismuth

oxychloride precipitate is combined with the Pb fraction and saved for “°Pb analysis.  We
found the reprecipitation step to be very important for complete purification of the bismuth
oxychloride precipitate.  Thisis especially true in the presence of other beta-emitting nuclides.
The bismuth oxychloride precipitate is collected onto a pre-weighed Gelman GA6-Sfilter (pore
size = 0.45um, diameter =25 mm) and washed with a small amount of hot water and ethanal.
Thefilter isdried at 60° C until constant weight is obtained.

The Pb fraction is treated with 5 mL of concentrated nitric acid and 5 mL of hydrogen
peroxide on a hot plate until al reducing agents are completely oxidized.  After addition of
10 mg of iron carrier, iron hydroxide is precipitated by adjusting the pH to 8 with ammonia
water. The resulting precipitate is collected by centrifugation and dissolved with 2 mL of
perchloric acid and 1 mL of concentrated nitric acid.  The solution is then transferred to a
graphite bottom Teflon beaker and prepared in a fluoroborate matrix, suitable not only for Pb
electroplating, but U-Th-Pa cation exchange as well (McCabe et al., 1979). The sample
solution is heated until fumes of perchloric acid appear and after cooling, the beaker is
weighed. A few mL of concentrated nitric acid is added, the solution is heated on a hot plate
until fumes of perchloric acid persist for twenty minutes.  After cooling, the beaker is weighed
and perchloric acid is added to make up the weight loss. At this point, 0.5 mL of hydrofluoric
acid is added and the solution is transferred to a standard 100 mL Teflon beaker with double
deionized water and diluted to 40 mL.  If further actinide analysisis desired, the solution is
heated for about seven hours to break down auminum fluoride complexes.  Free fluoride ions
are required for proper operation of the ion exchange procedures of McCabe et al. (1979) for
separation of uranium, thorium, and protactinium.  The final step in the preparation of the
sample matrix is the addition of 1-2 g of boric acid, added to solubilize insoluble fluorides.
Lead is then electrodeposited onto the platinum gauze anode as lead oxide at 2.3 volts and 60°
C for 45 minutes using a platinum coil as a cathode.  After washing the electrode with a small
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amount of double deionized water, the lead oxide on the platinum gauze anode is dissolved

with a HNO;-H,O, mixture and evaporated to dryness.  The residue is then dissolved with 30
mL of 1 N nitric acid and 30 mL of saturated sodium sulfate is added in order to form alead
sulfate precipitate after adjusting the pH to 2-3.  After curing the precipitate by gentle heating

on a hot plate, it is collected onto a pre-weighed Gelman GA6-S filter and washed with a small
amount of double deionized water and ethanol.  The precipitate isdried at 60° C until constant
weightisobtained.  Chemical yields of bismuth and |ead are determined gravimetrically by
weighing the prepared bismuth oxychloride and lead sulfate precipitates, respectively.  The beta
activity due to “°Bi is counted immediately for the BiOCI source and after an approximately 3-

4 weeks ingrowth period for the PbSO, source.

Result Di Too

Spontaneous Plating of Polonium

In order to separate °Po from the other nuclides and to make an acceptable counting

source for apha spectrometry, we used a somewhat modified version of the method described
by Flynn (1968).  The small amount of perchloric acid which remains in the polonium plating
solution does not interfere with the spontaneous deposition.  Chemical yields are generally
better than 90% . We used one inch diameter silver discs with their backside covered with
electric tape in 100 mL graphite bottom Teflon beakers instead of using a specially designed
plating cell.

Electr ition of Bismuth

During the developmental work of this technique, we determined the optimum conditions
for the specific electrodeposition of bismuth from dilute hydrochloric acid solutions.  In order
to determine the most suitable applied voltage and acid concentration conditions, we added a
known amount (18.59 mg) of Bi** to various concentrations of hydrochloric acid and
electrodeposited the bismuth at various applied voltages at 60° C for 30 minutes (Fig. 21a).
The bismuth was subsequently stripped from the platinum gauze electrode with concentrated
nitric acid, diluted, and measured by a standard calorimetric technique (Sandell, 1965). The
recoveries of bismuth on the platinum gauze cathode did not show any significant difference
when the strength of the hydrochloric acid varied from 0.5 N to 1.5 N. Thereis a significant
effect of the voltage applied across the cell, however, with no detectable bismuth plating out
below 1.2 volts.  On the other hand, the average recoveries over 1.4 volts were at least 94% .
Thisis thought to be a minimum figure because we experienced some loss of bismuth from the
cathode caused by an uneven bismuth coating resulting from the evolution of hydrogen during
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plating.  Although small amounts of nitric acid, added as a cathodic depolarizer to prevent
evolution of hydrogen, helped this situation, we still noted loss of bismuth if the electrode was
washed.

Because of the need to add hydroxylamine hydrochloride and ascorbic acid to our sample
solutions for polonium plating, we also tested bismuth recoveries from solutions which
contained 50 mg ascorbic acid, 1.5 g hydroxylamine hydrochloride, and a few drops of
concentrated nitric acid (Fig. 21b). We found that recoveries over 1.4 volts were consistently
greater than 98% . Recoveries below 1.3 volts were extremely variable with essentially no
bismuth being plated out below 0.9 volts.  On the other hand, a small amount of lead was
deposited with bismuth over 1.8 volts.  Although we do not understand the reason for high
variability below 1.3 volts, it is clear that these reducing agents do not interfere with the
bismuth deposition above 1.4 volts.  Furthermore, the addition of nitric acid has prevented the
problems associated with hydrogen evolution.  Using the stated conditions, the bismuth yields
are generally about 85% .

Electrodeposition of Lead
The separation of *°Pb from other nuclides was carried out by using a modified version

of the method of Lingane (1958) and Matsumoto and Wong (1977).  In our method, lead is
electrodeposited onto a platinum gauze anode as lead oxide from amatrix of acidsin a
fluoroborate medium, also suitable for cation exchange techniques used to quantitatively
separate uranium, thorium, and protactinium (McCabe et al., 1979).

Andyticadl Results of Natural Materids

We used standard reference materials supplied by the U.S. Environmental Protection
Agency (Environmental Monitoring Systems Laboratory, Las Vegas, NV); “Climax Mill
Tailings’ and “Composite Sand Tailings’ for analysis of #°Pb, “°Bi and #°Po. The
analytical results (Table 3) show that our values agree with the certified values “°Bi and
P are assumed to be in secular equilibrium with “°Pb) within 1s counting error.

We also applied this method to the study of Florida groundwater (Table4). The
groundwater results are in good agreement with earlier analysis of these isotopes from the same
well by Harada et al. (1989) using ion exchange techniques.  The source of the extremely high
excess “°Po in these surficial groundwaters remains an ongoing investigation in our

laboratory (Burnett et al., 1987; Harada et al., 1989).
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Table 3.  Analytical results of standard soil materials. All activities in dpm/g. Errors for our

analyses are £ 1 o based on counting statistics.

EPA EPA
Climax Composite
Isotopes This work Certified value This work Certified value
210pp 707+ 7 696 + 14 1034+ 7 1010+ 20
210Bj 703+ 3 - 1029 + 10 ----
210po 704 £ 10 - 1030+ 12 -

Table 4.  Activities of 210Pb, 210Bj and 210Po for 3 samples of groundwater from station
18, a shallow well in Hillsborough County, Florida. "A" and "B" are duplicate
samples. All activities are in dpm/L. Errors are * 1o based on counting statistics.

Collection Date 210pp* 210g;4 210po**
4/15/88 A 0.382 £ 0.065 16.4 £ 0.6 1350+ 16
B 0.358 + 0.058 154+ 0.3
6/30/88 A 0.521 £ 0.076 155+£0.2 1320 £ 18
B 0.420 + 0.056 15.7+£0.2
7/14/88 A 0.483 £ 0.077 16.1+04 1312+ 32
B 0.399 £ 0.069 14.6 £ 0.2

* Corrected for ingrowth from 222Rn.

**Smaller subsamples were analyzed separately for polonium because of the extremely high

activity encountered at this station (Harada et al., 1989).
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Accuracy of our radon daughter results, as well as other analyses reported here, are
ensured by frequent analysis of geochemical standards supplied by the National Institute of
Science and Technology (NIST) and the EPA.  We also participate in laboratory intercalibration
exercises such as those sponsored by the International Atomic Energy Agency.
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PROJECT FINDINGS

RADON FLUX AND CONCENTRATIONS IN SHALLOW SOIL AND GROUNDWATER
Alach nty Test Sit

During the period from June, 1988 to June, 1990, we organized fourteen fieldtrips to the
Alachuatest site.  Water samples were collected from each of twenty-two wells, five of them
existing shallow wells (~20' depth) and the remainder being monitor wells of either 15 or 25’
which were installed for our study (see Fig. 4 for a Site description).  During the course of this
study, our monitor wells at stations C and E had to be abandoned after only a few months of
sampling because of the property owner’s need to make use of that area for agricultural
purposes. Two new wells were installed at site “J’ in early 1989 to make up for the loss of
these other wells. An experimental well, “FX”, was installed at site F which had open dotsin
the PVC well casing at depths of 15, 20, 25, and 30 feet.  This was done in an attempt to
sample water from different depths with only one well casing.  After a few months of sampling
thiswell, it was determined that all of the water was entering the well from the shallowest
depth and no matter which depth interval was sampled, the water was characteristic of the same
water sampled in F15, the 15" well.  We decided, therefore, to suspend sampling operations
from the FX well.  The complete results from this site are presented in tabular form in the
Appendix of this report.
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All radon in water results are shown as time-series plots for wells which have two depths
(A, B, C, and F; Figs. 22, ad) and all others (Fig. 23). Severa of the wells (25 ft well at A,
Fig. 22a, for example) show significantly lower “°Rn on the very first sampling than at any
other time during the two year period.  We are quite certain that this was due to surface
contamination that occurred during the establishment of the monitor wells.  We sampled the
wells within hours after they were installed in June, 1988.

Three of the four stations which have two sampling intervals show that the shallower
water located at 15 feet below ground surface has the highest radon concentration at around
30,000 pCi/L dthough the radon content reached levels above 60,000 pCi/L at station C.
Station A (Fig. 22a) shows an opposite trend with the deeper well showing the higher
concentration at about 30,000 pCi/L.  Thisis apparently the same aquifer but reached at a
different level because of land elevation differences.  All other wells monitored at the Alachua
site show radon concentrations between 10,000 - 40,000 pCi/L.  Although thereis
approximately a difference of afactor of four between different wells, the time-series plots
show that there is afairly high degree of temporal consistency at any one station.  Most of the
radon in water concentration data for any one well have coefficients of variation of
approximately 10%.

Sail gas radon concentrations were measured by charcoal canister deployment at each site
where a water sample was collected (Figs. 24, a-b). These results show a total range between
sites of about three orders of magnitude and also show considerable variation at any one site.

If the soil gas “radon events’ observed in our track etch results (see Part |1 of this report) are
included, the variation is even more significant.  The highest soil radon concentrations occurred
at station H in the extreme northwest part of the site, and were lowest at station 138 in the

extreme southwest comer.  Station 138 is also in the lowest elevation of this study areaand is
directly next to a swampy area which contained standing water throughout the entire period of
thisinvestigation.  Coefficients of variations of the soil radon data at any one station were most
commonly in the range of 30-50% with some stations showing temporal variations of greater

than 100%.

Not as many radon flux measurements were made during this study because of a longer
technique development period (see Part I1) and because of a higher instance of loss of samples,
usually because our “flux holders’ tended to be kicked over by cows during the overnight
deployment periods.  Time-series plots (Figs. 25, ab) show that the soil flux results are
similar to the soil concentration resultsin that there is both considerable variation between sites
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Radon concentrations (pCi/L) in groundwater samples versus sampling date for

stations in Alachua County that have sampling depths at both 15 and 25 feet below
ground surface: (@) A; (b) B; (c) C; and (d) F.
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Fig. 23.  Radon concentrations (pCi/L) of all remaining wells at the Alachua County test site
plotted versus date of sampling.  Station designations with numbers refer to
existing wells while letters refer to monitor wells installed for this study.
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Fig. 24.  Radon concentrations (pCi/L) in soil, measured via charcoal canisters at 15" below
the surface, versus sampling date for the Alachua County test site: (a) low values,
and (b) high values.
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(approximately 100-fold) as well as considerable temporal variation at any one site. ~ Although
there is a general tendency for the sites with the highest radon concentration (H, J, and 154 for
example) to have the highest flux, there is no clear one-to-one response between the two
parameters.  The temporal trends in radon flux, for example, show a distinct rise in flux during
the June, 1989 sampling at several stations (Fig. 25). Thisis not reflected in most of the same
stations in the concentration data (Fig. 24).  Station F, in fact, actually shows a significant drop
to the lowest concentration recorded during the entire study at that site while the flux is at about
its highest level.  These observations support the view expressed earlier concerning the
difficulty of producing internally consistent and reliable results when dealing with a system

with as much natural variation as soil.

Hillsborough County Test Site

During the two year study period we made fifteen fieldtrips to the Hillsborough County
test site.  Water samples were collected from twenty-one wells, three of which were existing
wells of approximately 20" depth and the remainder were monitor wellsinstalled at 15 and 30
feet below ground surface for this study (see Fig. 5 for a site description).  We also installed an
experimental well at this site, well “BX”, with screens in the casing at depths of 15, 20, 25,
and 30 feet. Our experience with this experimental well was basically the same as at the
Alachua site, i.e., water appears to enter from the shallowest level thus contaminating deeper
parts of the well.  We stopped sampling well BX after the first several months of our study.
Results from dl stations at this site are given in tabulated form in the Appendix of this report.

The radon in water results for the stations that have wells at two sampling depths show
differences that are reasonably explained by the station locations.  For example, stations A, B,
D, and E (Figs. 26, a-d) all have very similar results with the deeper wells at about 30 feet
below ground surface, having the higher concentrations at approximately 20,000 pCi/L. These
dations are al located within about 300 feet of each other in a rectangular area in the northeast
part of the study area (see Fig. 5 site map).  The results are also consistent with those from the
well at station 18 (also about 20,000 pCi/L) whichislocated adjacent towell B.  The other
three stations with two sampling depths (C, F, and G; Figs. 27, a-c) al have higher
concentrations in the shallower 15" wells which are, at least in the cases of C and G, about the
same radon concentrations as the deeper wells at stations A, B, D, and E.  Thisis most likely
an effect of the sloping land surface whichiislower at C, G,and F.  The core recovered at
station B shows that uranium-enriched phosphatic material occurs at about 25 feet below the
ground surface at this site. It is not surprising, therefore, that radon is highest in the deeper

53



Hitlsborouph Sne
Sia A - Rn in Waler

40000 ~ a 45000 -1 b
! .

Hilistorouph Sae
Sta B - Rn in Waier

35000 ~ 25000

30000 T 30008 +
]

25000 lf = Z5000 =
e - -

20000 < - e D 30 n 20000 ~

; T~ , _/\ 301
15000 - 15000 - \/\/_,___—/ —

10000 % 10000 /ﬂ\/\\/
5000~ " w 1% 4 5000 1 /'/-\‘
T i ——

[ ]
g D Julsd
Apr8E  AupbE  NovBB  Fepbe  Junee  SepES  DecBE  Marg APIBE  AupBE  NovBE  FebBE  JunEt  SeoBS  Dec8S  Margd  JuiBD
P Sampling Date ? Samphing Date Y
Hillsborouph Site Hilisborough Site
Sia D Rn in water ] Sta E Rn in Water
40000 - c 40000 ~
55000 - 35000C -
- 30000 T '
30000 2 1
-
25000 -« 25000 -
m o o r‘_:/\\P A~ :
200007 o = = 30 n 20000 © N T o
—/-\;/‘\:—________:, f )
15000 = : 15000 - .
10000 - .!“ 10000 <
\'/J——Uv\‘ 15 # ./I
5000 < N, 5000 + / \'\_
,_——-‘\'w_____._.._——-—-l Ty ".\‘,’J\‘\'/I——"—.—‘*—-—C
. . 15 1
o - . o - ,
Apr8E  Aug88 Nove8E  FebBE JunBE  SepBS  Decgz  Mared  Juleo ApTBE AupBE Nov88 Fenee Junge Sepgs Decke Marso Juiso
Sampiing Date Sampling Daie

Fig. 26.  Radon concentrations (pCi/L) in groundwater samples versus sampling date for
stations in the northeast corner of the Hillsborough County test site that have
&ag%)ng depths at both 15 and 30 feet below ground surface: (a) A; (b) B; (c) D;
an E

54



40000 T
35000 T
30000 +
25000 +
20000 +
15000 +
10000 +

5000 1

a

'/./‘\./'\ ____.\/ \' 15 fi 30000 +
7 \

o}
- 30 & CoR e e
%\_/E~D—:——3—-—D”’L\ . 5000 x \ 2o n
: . . N [ ~ D’ /(

Hilisborough Site
Sta C - Rn in Water

Hillsborough Site

&] Sta F - Rn in Water

40000 1

35000 +

25000 +
]
20000 +
15000 +

10000 +

0
Aprgs

Aug8s Nov8sg Feb8g Jung89g SepB9

Fig. 27.

Sampling Date

40000 1
35000 +
30000 +
25000 +
20000 ¢
15000 +

10000 +

5000

15 f

0
Dec8s Marg0 Julso

Sampling Date

Hillsborough Site
Sta G

-\_-*/\'\//\'/._ﬁ'
oo "/1\:»\-\/‘-—\_ _’\so ft

i - =)

Aprg8

Aug8s Nov8s Febg9 Junss Sep8s Dec8d Mars0 Juiso
Sampling Date

Radon concentrations (pCi/L) in groundwater samples versus sampling date for the
remaining stations in Hillsboroug Count that have sampllng depths at both 15
and 30 feet below ground surface C(b)Fad(c) G

55

Aprgg Augss Nov8g Feb89 Jungg SepB89 Decgd MargS0

Jutsod



30' wells at the adjacent stations.  The lithology and radiochemistry of the core material will be
discussed in alater section of this report.

The radon in water values for the remaining wells (10, 11, 18, I, J, and K; Fig. 28)
show a similar range of values from close to 5,000 to 40,000 pCi/L.  Aswas the case at the
Alachua County test site, variation of radon concentrations in water is much greater spatially
(about afactor of 8) than isthe temporal variation at any one station.  Several of the wells at
this site had variations of less than 10% over the entire course of the study.

Results of soil gas radon (Fig. 29, a-b) display considerable more “noise” than the water
results.  Concentrations of radon in soils throughout the test area have a range of several orders
of magnitude. The temporal variation at any one site is less although still very high.  Most
stations have temporal variationsin their soil radon content greater than 50% over the study
period and severa stations were greater than 100%. There are no recognizable patternsin the
soil data which correlate with trendsin the water results.  Not many trends in the soil data are
common among the different stations at the site. One exception to this observation is the
obvious decline in soil radon which is centered on August, 1988.  Almost every station shows
asignificant drop at this time which we believe is related to a series of very heavy rainfalls
which occurred during this period.

Radon flux results (Figs. 30, a-b) are similar to the concentration resultsin that the
records show an extreme degree of noise covering several orders of magnitude over the study
gte.  Within any one station, the variation is less, but still high at about 50%. Trendsin the
radon flux data do not seem to be common between stations (we had not started making radon
flux measurements during the high rainfall period around August, 1988) at thissite.  We do
observe some correspondence, however, between radon concentration and flux results for the
same stations.  For example, the secular trend of increasing radon concentration in the data for
station C (Fig. 29b) is clearly seen in the corresponding flux data for that station (Fig. 30b).

Leon nty T it

Although six wells were available for sampling at our Leon County test site (one existing
monitor well established by the U.S.G.S. which samples the deep Floridian Aquifer and five
shallow wells were installed for our study) only three wells (B, E, and USGS) produced water
reliably during the study period. The remaining three wells (A, C, and D) were al “wet” when
first established but quickly became dry and failed to produce water again during the study
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period.  Thiswas obviously one consequence of the extended drought this area has
experienced over the past few years.  All results for the Leon County test site are compiled in
tabular form in the Appendix.

Time-series plots for radon in water (Fig. 31), soil radon (Fig. 32), and radon flux (Fig.
33) at the Leon County test site are somewhat different than those observed in the more
extensive data sets from Alachua and Hillsborough Counties.  For the two sitesin Leon
County where we have shallow monitor wells (B and E) both the soil concentration and radon
flux show lower temporal variations than the radon in water results.  The very sandy soil at the
Leon County site appears to be relatively uniform and has produced comparatively constant soil
concentration and flux results.  The water results, however, show variations of approximately
50%, much higher than anticipated based on results from the other two test areas.  Radon
concentrations reached an especially low level (below detection at station “E”) around June,
1989, aperiod of relatively highrainfall.  We believe that the variations noted are a
consequence of the coupling which exists between the nearby standing body of water (Lake
Bradford) and the water table aquifer inthisarea. ~ Although lakes are usually supplied water
via seepage from unconfined aquifers, there is evidence in our data that Lake Bradford
occasionally “seeps’ back into the aguifer.  The lowering of ?Rn concentrations at both
stations B and E from over 300 pCi/L to values less than 50 pCi/L indicates an intrusion of
low-radon surface water into the aquifer.  This observation suggests that monitor well sites
near standing bodies of water should be avoided if the intention isto sample aquifer waters
without exterior influences.

Soil Measurements

Some of the variations in the concentrations of radon in soil and water as well as the flux
of radon can be explained by consideration of the “source term”, i.e., the physical and
radiochemical characteristics of the soil.  We have examined soil samples from three cores, one
at each study area, and surface samples collected at every station where soil radon
measurements were made.  All samples have been megascopically described for general
characteristics (color, grain size, etc.) and the core samples were further analyzed by x-ray
diffraction (XRD) techniques for identification of the main minerals present. ~ Radiochemical
analysis for most soil samples was provided by high-resolution gamma-ray spectroscopy for
the uranium-series radioisotopes U, “°Ra, and “°Pb as well as thorium-series nuclides

“ac and “TI.  An estimate of “available” radon in the soil was made by aliquid scintillation
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Fig. 31.  Radon concentrations (pCi/L) of all wells at the Leon County test site plotted versus
date of sampling. The USGS well is an existing monitor well which samples the
Fl o&idian Aquifer, the other two wells are shallow monitor wells installed for this
study.
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the surface, versus sampling date for al stations at the Leon County test site.
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technique (see methods section). Al of the radiochemical results are tabulated in the Appendix
of this report.

We also measured soil moisture in several dozen soil samples collected at the sametime a
charcoal canister was deployed for concentration measurements.  When soil radon
concentrations are plotted against soil moisture (Fig. 34a), it is clear that the highest
concentrations tend to occur in arelatively narrow range of soil moistures, centered at about
10% water content.  When replotted on a different scale so that the lower concentration values
can be examined, the result appears to be virtually the same.  These observations are consistent
with theories of radon emanation proposed by Rama and Moore (1984) and others (see
Nazaroff et al., 1988) concerning emanation processes of radon from soil grains.  These
theories suggest that some moisture is important in the pore spaces between grains to retard the
path length of the radon atom (by alpharecoil from its parent radium).  Completely saturated
soils, however, will retain the radon in the fluid phase. It seems, therefore, that a low
optimum moisture will enhance emanation and allow diffusion into the open pore spaces of the
soil.

The core samples were taken during the drilling of the monitor wells at stations A-C
(Alachua County), H-B (Hillsborough County), and L-D (Leon County).  All of these core
stations are near the central part of the respective study area.  Examination of these cores
showed that H-B is composed of sand aternating with clayey sand, a clay layer at ~10-14 feet
and visible phosphate pellets below ~26 feet (Fig. 35). X-ray diffraction analysis confirmed
apatite as amajor phase below 25 feet.  The core from A-C had athinner sandy layer (~ 6 feet)
and was underlaid by clayey sand.  Apatite was detected in every sample below 15 feet by
XRD analysis. The L-D core had the thickest sand layer at over 18 feet.  No apatite and only
minor amounts of clay were detected by XRD in the core from the Leon test site.

When the radiochemical results for the core samples are plotted against depth (Fig. 36),
the general pattern of uranium decay-series activities follows the distribution of apatite fairly
closely with higher activities of “*U and its daughters occurring closer to the surface in the
Alachua core relative to that from Hillsborough County.  The Hillsborough core has its activity
in arelatively narrow zone and has a maximum concentration of about a factor of two higher
than the Alachua core.  As expected for the predominantly quartz-rich sand at the Leon County
gite, all radioisotopes are present at very low activities, generally less than 1.0 dpm/g.
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Fig. 35. Descriptive logs of cores recovered from stations A-C (Alachua County), H-B
(Hillsborough County), and L-D (Leon County).
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In terms of radon source strength, the measurements of “available” radon should be the
best indication.  In order to show this more clearly, we have plotted the soil *Rn
measurements, together with the corresponding “°Ra results, versus depth for cores A-C and
H-B (Fig., 37). Itisclear that the radon available for release from the soil closely parallels the
radium distribution.  In most samples emanated radon is about 50% of the “°Ra activity or
“potential” radon (Figs. 38 and 39).

It isinteresting to compare these core results to the radon in water concentrations
measured at the two monitor wells at each of the two corresponding stations: Alachua station C
(Fig. 22c) and Hillsborough station B (Fig. 26b). At station A-C, the shallower well at 15 feet
had a much higher radon concentration (up to over 60,000 pCi/L) than the 25-foot well
(~10,000 pCi/L).  Thisisnot surprising in view of the radiochemical profiles which show the
highest activities of al nuclides, as well as available radon, at about this core depth.  The wells
at station H-B are opposite, having higher concentrations in the deeper 30-foot well (~20,000
pCi/L) compared to the 15-foot well (5,000 - 10,000 pCi/L).  This agrees with the genera
distribution of radionuclidesin the core which has at maximum at about 25 feet below the
surface.  The fact that the water in the Alachua County station C shallow well has much higher
radon concentrations than either of the wells at Hillsborough station B, is most likely a
conseguence of having the well depth at the Alachua site correspond almost exactly to the depth
of maximum available radon.

The fact that the radon soil concentration and flux measurements tended to be higher at all
the stations at the Alachua County test site compared to those measured in Hillsborough and
Leon Counties must be related to the “source term” being significantly closer to the surface in
Alachua County.  Thus, the radon potential at these three comparative sitesis very much a
function of local geology.

Summar Y

If al of our results are combined and relationships between radon in water, soil radon,
and radon flux investigated, the general trends discussed for each of the study sites still hold
(see Tables 5, 6, and 7 for a statistical summary of each station). A plot of soil radon
concentration versus radon in water for al stations (Fig. 40) shows that, overall, soil radon
varied by over three orders of magnitude while most water results were all within one
magnitude. A similar plot for radon flux versus water radon (Fig. 41) shows the same
pattern-  The only two of these parameters which are reasonably well correlated are radon flux
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Table 5.  Statistical summary by station of all results of radon in water measurements.
Complete results for each station area given in the appendix.
Station Minimum Maximum Average sd n
No. pCi/L
Alachua County Site
138 9931 17011 12720 2094 14
151 24175 38957 32111 4286 12
152 30933 40779 34857 3316 8
153 15886 23530 18489 2114 13
154 27246 47588 36556 4897 14
Al5 9162 22385 14798 3509 14
A25 12071 37805 30229 6274 14
B15 27615 43341 34599 4119 14
B25 3862 39370 26221 8933 14
C15 1150 66150 28974 21920 12
C25 1150 19892 13388 7356 6
D25 1714 35045 25586 7874 13
E15 811 3951 1873 1210 5
E25 678 4524 3331 1597 5
F15 20316 33828 25600 3645 14
F25 7036 12535 9223 1383 14
FX 15342 26862 23338 3380 10
G15 7769 14907 10620 1696 13
H15 2969 11519 6263 3033 8
I15 4321 16750 11961 4023 13
J15 6120 19649 12682 5038 6
J25 282 2046 972 646 6
Hillsborough County Site
10 2718 4751 3876 593 12
11 8593 13119 11374 1222 14
18 15212 21617 18944 2173 15
Al5 818 5565 3074 1521 12
A30 11023 24377 19821 3124 14
B15 2841 11918 7858 3291 14
B30 11301 20412 15602 2551 14
BX 2838 7434 5558 1440 11
C15 21168 38206 28818 4514 14
C30 1163 7609 3540 2240 14
D15 2930 9673 5848 2183 14
D30 17506 23516 20408 2065 14
E15 2482 8020 4786 1553 14
E30 17714 25848 21209 2135 14
F15 1471 7394 5696 1796 14
F30 5126 7662 6614 815 14
G15 15433 23539 20777 2050 13
G30 8854 14671 12158 1846 13
H15 16753 24478 21031 2397 8
H30 22708 36261 29109 4979 8
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Table 5. Radon in water summary (continued).
Station Minimum Maximum Average sd n
No. pCi/L
I15 9136 12174 10383 956 14
J15 30256 38172 33534 2279 14
K15 3257 7758 6200 1239 14
Leon County Site
A - - - - -
B <50 171 94 58 11
C - - - - -
D - -- - - -
E 101 315 187 83 6
USGS 280 465 340 61 8
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Table 6.  Statistical summary by station of all results of radon in soil measurements.
Complete results for each station area given in the appendix.

Station Minimum Maximum Average sd

No. pCi/LL
Alachua Test Site
138 2.7 56 15 18 13
151 50 92 73 15
152 92 183 137 32 10
153 58 102 77 13 11
154 168 1472 495 360 14
AlS 62 219 130 44 14
B15 21 76 41 16 14
C15 212 579 332 149
D25 70 120 95 19 14
E15 104 958 546 345
F15 126 307 209 55 14
G15 107 243 149 39 14
H15 97 2206 1737 511 13
I15 64 121 87 16 13
J15 155 276 225 38
Hillsborough Test Site
10 4 59 34 17 11
11 2 16 6 5
18 1 27 9 8
AlS 1 17 5 5 14
B1S 2 16 9 4 13
C15 228 1871 1056 467 15
D15 1 47 15 11 15
E15 35 366 204 91 15
F15 26 210 111 54 14
G15 92 859 412 196 15
H15 8 671 209 240
I15 2 135 ‘ 82 40 14
J15 44 394 201 92 15
K15 12 120 35 27 15
Leon Test Site

A 25 86 39 18 12
B 30 78 49 12 12
C 12 37 26 7 13
D 25 80 38 16 13
E 30 58 42 10 13
USGS 18 52 32 11
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Soil Rn vs Rn in Water
All Sites
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Fig. 40. Scatter plot of al soil gas concentration measurements made via charcoal canisters

versus all groundwater radon measurements for all stations at all three test areas:
Alachua County (solid squares); Hlllsborou%h County (solid diamonds); and Leon
County (open diamonds). A log scale has been used on the vertical axisin order to
effectively display all soil gas concentration measurements which vary by over three
orders of magnitude. Units of soil concentration are pCi/L.
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County (solid squares); Hillsborough County (solid diamonds); and Leon County
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ef ect_iveéy display al flux measurements which vary by aimost three orders of
magnitude.
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and soil radon (Fig. 42), an expected result as the diffusional transport of radon depends upon
the concentration gradient between soil and the overlying atmosphere.

In spite of the lack of direct correlations between these parameters, it is interesting to note
that when the results from each study site are averaged, the three types of data all show the
same genera trend (Fig. 43). Itis clear from these averaged results that the Leon County site
is lowest in “radon potential” based on any of the three measurements.  Likewise, the Alachua
County site is highest based on all parameters, and the Hillsborough County siteis
intermediate.  Although these conclusions are hardly surprising based on two years of
measurements, this observation should be considered in light of the details of our individual
measurements in order to evaluate how to best assess the potential sourceterm for anarea. It is
clear that if alimited number of measurements are to be taken to evaluate the radon potential of
an undeveloped site, that it would be preferable to make use of a parameter that is reasonably
constant throughout the year.  Otherwise, one can never be sure if a measurement or alimited
set of measurements, is truly characteristic of that site.  Our results plainly show that shallow
groundwater is less variable in both time and space than soil concentrations or flux
measurements.  Since any of these measurements will eventually demonstrate the same genera
result when integrated over along period at one study site, we suggest that water table aquifer
measurements be made, at least in areas where the water table is shallow.  This should provide
less variable results than soil-based measurements and is thus more likely to produce a more
accurate assessment of the radon potential of an undeveloped area.

RADON DAUGHTERS IN SHALLOW GROUNDWATER

As part of our research on the source of excess polonium in shallow groundwaters of
Florida, we have analyzed a series of selected samples for all three radon daughters, “°Pb,

298j, and #°Po.  Previous studies in Florida, for the most part, have been limited to only

*’Rn and #°Po analysis.  Our approach has been to analyze samples from selected stations at
the Alachua, Hillsborough, and Leon test sites.  Samples collected for this purpose from the
Leon County area were from wells which were used as part of our preliminary study and
included wells in Wakulla County aswell.  Results of our analyses (Fig. 44, a-c) indicate that
although there is some disequilibrium between 2°Bi and *°Pb, it is not typically as great as
that between “°Po and its predecessors.  In the Leon/Wakulla area, “°Pb and “°Bi are near
equilibrium with °Po in small to moderate excess.  The greatest disequilibrium between
2198129 and *°Po/*°Bi occurs in the only sample which contained measureable

dissolved sulfide (Table 8).  Results from the Alachua test site show a deficiency in Bi relative
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and (c) Leon/Wakulla Counties.  All stations with significant
Po are characterized by pH less than 5.0 and contain



Table 8.

Radiochemical results for 210pb , 210Bi, and 210po from shallow aquifers in
Florida. Measurements of pH and H>S measured in the same samples also
reported.

210pp 210B; 210po

Station Sampling pH H»S

No. Date dpm/L. (uM/L)
: Leon/Wakulla County

109 11188 0.30 = 0.03 0.21 = 0.14 040 + 0.02 6.10 0.0

110  2/5/88 0.10 £ 0.04 0.42 =+ 0.04 11.80 =+ 0.30 4.60 5.2

112 2/5/88 0.09 =+ 0.04 0.20 = 0.05 021 £ 004 7.15 0.0

Alachua County

138 5/26/88 1.24 = 0.09 0.25 £ 0.17 166 = 0.6 4.70 3.9

154 5/27/88 524 = 0.14 0.97 £ 0.15 022 £ 007 5.10 0.0
Htllsborough County

10 6/30/88 0.16 =+ 0.06 6.80 £ 0.14 3714 = 3 3.90 247

7/14/88  0.46 £ 0.08 6.52 £ 0.21 238 + 4 - 165

7/28/88  0.75 £ 0.08 6.62 + 0.11 686 + 17 427 20.6

11  6/30/88 0.59 = 0.10 3.31 =+ 0.14 856 £ 15 490 15.7

7/14/88  0.28 £ (.08 3.15 £ 0.19 879 + 20 - 172

7/28/88  1.33 £ 0.07 3.86 Q.08 916 + 18 4.80 14.0

18  4/15/88 036 £ 0.06 154 * 0.3 1350 + 15 3.70 184

6/30/88 0.52 + 0.08 155 £ 0.2 1320 + 18 450 18.8

7/14/88 0.48 £ 0.08 16.1 * 04 1312 + 32 - 20.6
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to Pb, but a moderate excess of Po in the sulfide-bearing station and is deficient at the other
well. Hillsborough County shows the largest excess of “°Bi relative to “*Pb (activity ratios
~10-40) as well as a spectacular excess of ?po to ?°Bi (activity ratios up to >200). Thus,
whatever the process is that mobilizes polonium, it may effect bismuth as well but to a much
lesser extent.  These results confirm that the presence of high activities of *%Po in shallow
groundwaters is normally not associated with high activities of its predecessors, i.e., the
polonium is unsupported.

During the course of this study, we collected and analyzed water samples for “°Po and
water quality parameters at six stations at the Alachua County test site (Fig. 45), 10 stations at
the Hillsborough County test site (Figs. 46, ab), and 2 stations at the Leon County site (Fig.
47). Examination of the time-series records of these results not only shows that polonium is
much lower in the shallow aquifers of our Alachua and Leon County test sites compared to
wells at the Hillsborough site, but that the polonium activities are much more variable than the
radon in water results from the same wells (compare to the time-series plots for radon in these
shallow aquifers: Alachua - Figs. 22 and 23; Hillsborough - Figs. 26, 27, and 28; Leon - Fig.
31).

We have compared these temporal variations with rainfall records obtained from nearby
monitoring stations (Fig. 48). None of the variations in polonium concentration appear to vary
in an obvious, systematic manner with rainfall.  In fact, as can be seen by comparing different
stations on the same time-series plot, trends in neighboring stations may occasionally be quite
different. Thisis aso true for different levels in the aquifer.  For example, notice the
completely different trends for “°Po in the two levels at station C in Hillshorough County
(Fig. 468). The deeper 30-foot well shows a well-defined maximum during the winter of
1988-89 while the shallower, 15-foot well remains relatively low until the following 1989-90
winter and remains high into the summer.

Earlier studies sponsored by FIPR and the Florida Department of Environmental

Regulation (FDER) performed by our research group have also showed that 2°Po, the last

radioactive member of the “®U decay chain, is often present in great excess over its
predecessors in shallow groundwaters of west central Florida (Burnett et al., 1987a, 1987b;
Cowart et al., 1988). The search for the explanation of this anomalous situation lead us
ultimately into the field of microbiology because of our observations that high levels of “°Po
were invariably associated with S°, formed by sulfur bacteria (see Table 8).  As a member of

group 6B in the periodic classification of the elements together with sulfur, tellurium, and
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Fig. 47. Time-series plot of 210Po activities (pCi/L) in groundwater samples from wells at
the Leon County test site.

86



" e JyOoI3—

Hillsboréugh County
. Alachua County 0 .
a i High Springs b Ruskin Airport
4.50 . 5.00 - L
4.00 T b 4.50 +
’ L 4.00 1
3.50 ¢ . | 3.50 1
8007 " n 3.0 1
2.50 = . 2501
2.00 + B > " 'i e 2007
1.50 e . T b S 1.50 1
A1 T al
1.00 1 e i u ;T X i 1.00 1
0.50 1 : \ ek 11_/'{ -':\ - .M ',! m /\‘4"“_l " ﬂ ﬂ% 0.50 1
ey | Mgt gl 4= T
0.00 .é_i'i: 'H&!L_hz_-ﬂihynﬂﬂ%m; I—Il‘.l.l‘!-m 0.00 - S 5o Maroo s :gl
Apr-88 Aug 88 Nov-88 Feb-89 Jun-89 Sep-89 Dec-89 Mar-80 Jul-90 Apr-88 Aug-88 Nov-88 Feb-8% J:n;89 ep-88 Dec- ar- u
: B ate
Date .

Léon County
Tallahassee Muncipal Airport

o] -
ERY A,
020 ﬂgﬁmﬁj\f _1..;..7"- \M_%HNL AR

Apr-88 Aug-88 Nov-B8 Feb-89 Jun-89 Sep-89 Dec-89 Mar-80 Jul-90
Date

Fig. 48. Twenty-four hour rainfall records during the course of this study for: (&) High
Springs, near the Alachua County test site; (b) Ruskin Airport, near the

Hillsborough County test site; and (c) Tallahassee Munci pal Airport, near the Leon
County test Site.
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selenium -- the so-called “sulfur group” -- polonium may be influenced by sulfur bacteria living
in the aquifer, which encounter polonium in their search for sulfur.

An experiment, published by our group last year (Harada et al., 1989) monitored both
polonium and bacterial growth in awater sample taken from a shallow well at station 18 at the
Hillsborough County test site which routinely contains in excess of 500 pCi/L “°Po.  Our
experiment simultaneously monitored sulfide, soluble and particul ate polonium, and bacterial
growth over aperiod of severa hours after collection of one large water sample in a collapsible
plastic “cubitaner” (Fig. 49).  Sulfide should decrease by the action of sulfide-oxidizing
bacteria at arate proportional to the increase of bacterial cells within the sample.  Furthermore,
if polonium is affected in the same manner as sulfide, there should be a corresponding decrease
in soluble polonium and an increase in particulate polonium over the sametime interval.
Bacterial growth rates were evaluated by a* pulse labeling method” developed by LaRock et al.
(1988).  This method “pulses’ subsamples with a labeled nucleic acid precursor (*H-adenine)
in such away that the true growth rate of the bacterial community is determined.

Our results showed that soluble polonium displayed a drop in concentration of amost one
order of magnitude over the time span (<40 hrs) during which sulfide decreased from close to
30 uM to 0. Bacterial growth, as seen by pulse labeling results, show a sharp rise during the
first several hours of the experiment with a doubling time of approximately 6 hours, the same
as the apparent haf-life of polonium uptake during the same period.  After the first 10 hours or
so of the experiment, there is a change in slope of al parameters with a doubling time of about
22 hours for the bacterial growth, close to the half-life of the next segment of polonium uptake
(20.7 hrs).  Sometime after the 30-hour mark, when the sulfide concentration had dropped to
zero and no further bacterial growth is seen, the soluble “*°Po remains more-or-less stable
from about that time to the end of the experiment.  These data show that soluble poloniumis
largely converted to particul ate polonium over atime scale of about one day and this decrease
responds to a disappearance of the water’s sulfide content and concomitant increase in bacterial
cells.  The apparent decrease in “total” “°Po is significant and probably represents
accumulation of bacterial growth on the walls of the container used in the experiment.

The most reasonable interpretation of these resultsis that transformation from soluble to
particulate polonium is accomplished by inadvertent uptake by bacteria, perhaps in a manner
resembling the metabolic transformation of sulfide to sulfur (or sulfate) by active sulfide-
oxidizing bacteria.  Our results clearly document the fate of dissolved polonium during a
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Fig. 49. Variation of bacterial growth, soluble, particulate, and total 210po with time in a
well water sample from station 18, Hillsborough County test site. Bacterial
growth, monitored by the rate of uptake of 3H-adenine into nucleic acids, closely
follows the trend of the transformation of soluble to particulate polonium observed
in this experiment (from Harada et al., 1989).
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sulfide oxidation in groundwater. This led us to suspect that the source of the dissolved
polonium in the aquifer may also be related to bacterial growth.

It iswell known that sulfate reducing bacteria (SRB) may utilize solid phase sulfate as a
sulfur source. Zgjic (1969) reported that microbia sulfate reduction may be responsible for
solubilization of gypsum and Bolze et al. (1974) and McCready and Krouse (1980) showed
that SRB are capable of metabolizing barite (BaSO,). Fedorak et al. (1986) demonstrated that
bacteria utilizing the SO,” of (Ba,Ra)SO, sludges, dissolved Ba® and “°Ra’™ from the
sludge with the concurrent production of .

A possible, yet admittedly tentative relationship between bacterial growth and polonium
release may be seen upon examination of the relationships between “°Po and bacterial activity
at the same station used for our experiment (Fig. 50). Although there are few data points for
bacteria growth activity, there is a strong suggestion of a relationship between polonium
activity and bacterial growth at this station. None of the other parameters monitored at this
station, including “°Rn, display variations similar to “°Po and bacterial growth. The
bacterial growth rates may be related to temperature or other climatic patternsinthisarea. It is
possible, for example, that the supply of organic matter to the aquifer microbes may vary
during theyear.  Growth rates were actualy slightly negative during a cold, very low rainfall
period centered around December, 1988--a period when the “°Po concentrations were also
very low.

After seeing clear evidence of polonium uptake during the sulfide oxidation, most likely
by sulfide oxidizing bacteria, we hypothesized that polonium release could also be controlled
by bacteria.  Our initial assumption was that bacteria appear to “confuse” Po with Sin their
metabolic processes and are able to solublize it in the reductive portion of the cycle, and
ultimately precipitate it in the oxidative, or energy generating phase. Further research in our
laboratory, however, has shown that while bacteria do seem to be actively involved in
polonium cycling, our initial assumptions were in part incorrect. It now appears that it is the
surface charge on the bacterial envelope that adsorbs polonium.  For example, we have
observed that if cellsare killed by the addition of penicillin, the attached polonium immediately
returns to solution (Burnett and LaRock, 1988).

Although further work will obviously be necessary to fully resolve the complexities of

the *°Po cycle in shallow aquifers, the following observations can be made: (1) #°Po is often
in great excess of secular equilibrium with its radioactive predecessors “°Pb and #°Bi by up
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Fig. 50.  Variation of “°Po and “’Rn activity (pCi/L) as well as relative bacterial growth
rates (shown by bars) over the last two years at the same station in Hillsborough
County where our uptake experiment was performed (Fig. 3-28). Radon activities
have been divided by 100 in order to express them on the same scale.
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to 3 orders of magnitude; (2) this disequilibrium is often accompanied by a lesser excess of
“9Bi over “°Pb; (3) the shallow groundwaters which are significantly enriched in #°Po are
invariably characterized by low pH (<5.00) and contain reduced forms of sulfur; (4) most
polonium in these enriched waters exist in a form which does not coprecipitate with iron
hydroxide implying that it is not present as a “free” cationic species (Harada et al., 1989); and
(5) aconversion of soluble to particulate polonium occurs after asampleis collected over atime
scale of afew daysduring sulfide oxidation.  Thelast finding, together with the observation
that bacterial growth occurs at the same time and approximately the same rate as polonium
transformation, leads us to suspect that polonium is being “processed” by sulfur bacteria

residing in these shallow aquifers.
REMOVAL OF RADON AND POLONIUM BY WATER PURIFICATION

In an effort to determine what type of water purification system is most efficient at
removing radionuclides from groundwater, we designed a simple experiment to simultaneously
evauate four common types of water purification systems (Pig. 51).  Four standard
purification cartridges were installed in-line at an existing well (Station 18) in our test sitein
Hillsborough County.  As previously discussed in this report, we have a considerable amount
of data on this well and have shown that it is consistently high in “°Po (~500 pCi/L) and
”Rn (~20,000 pCi/L).  The experiment was designed so that all tanks can be isolated and the
well water can be cycled through any tank to evaluate its effective removal efficiency. We also
installed flow metersto enable usto determine if a discernible change in removal efficiency
occurred after a certain volume was passed through any of these cartridges.

Our experiment was designed so that purification tank #1 processed water through 1.5
cubic feet of 20 x 40 mesh granular activated carbon (GAC).  Tank #2 contained an equal
quantity of manganese greensand, tank #3 a standard water softening agent (Cullex resin), and
tank #4 contained a mixed resin bed (both anion and cation exchange) for nearly complete
deionization. Wetested al four tanks atotal of 10 times for radon removal and 8 times for
polonium purification during the course of this study. Untreated water from station 18 was
collected at the same time for comparison to results from water samples which passed through
the purification systems.  With the exception of the first two samplings, we flushed each tank
out with at least 50 gallons of well water from station 18 before samples were collected for
anayses. A total of approximately 500 gallons of water was processed through each of these
tanks by the end of the study.  Although some of the early results for radon implied that
substantial uptake was occurring, this was apparently an artifact of sampling caused by
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WATER PURIFICATION EXPERIMENT
HILLSBOROUGH COUNTY, FLORIDA

Act. Carbon Mn Greensand Water Softener Mixed Resin

Fig. 51. Dia_%_ram_matic representation of an experiment performed to evaluate various water
purification systems to assess removal of radon and polonium from shallow well
water.  The four filtration cartridges were filled with activated carbon, manganese
greensand, a proprietary water softening agent, and a mixed resin bed.
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insufficient flushing.  The apparent low concentrations were aresult of decay of radon inside
the tanks since the last sampling.  After this problem was resolved, the results became much
more internally consistent.  All results, for both radon and polonium, as well as for
temperature, pH, and conductivity measurements, are given in tabulated form in Appendix
Table A-7.

After excluding the results obtained when insufficient rinse volumes had been used, we
averaged the result from each treatment system as well as the unprocessed water.  The radon
results (Fig. 52) clearly show that only GAC has a significant effect on radon removal. The
carbon is very effective, removing greater than 99% of the initial radon.  Note that the results
from all three other purifiers are virtually the same with measured radon activities equivalent to
91+1% of the untreated water. This may actually imply that there isno effective radon removal
by any of these 3 systems but the apparent 9% removal is simply a consequence of incomplete
flushing, even when a 50-gallon rinse was used.

Our results concerning radon removal by GAC are consistent with the results reported by
previous investigators including Lowry and Lowry (1988).  In severa other studies radon has

been shown to be about 99% removed by GAC, compared to influent waters.  With constant
flow through a GAC bed, a steady-state condition will eventually be reached where the
adsorption of radon onto the carbon is just balanced by radioactive decay. If the flow is
interrupted, as in our experiment, the radon will decay and the site will be available for
subsequent adsorption.  Thus, the GAC bed may last almost indefinitely, especially for
domestic use where flow rates are modest.  In actua practice, the capacity of the GAC units
would most likely be limited by adsorption of other species (metals, organics, etc.) in the
influent water.

The polonium results also show that activated carbon worked most effectively although
al the treatment systems demonstrated substantial polonium uptake (Fig. 53). Both the GAC
and mixed resin bed had removal efficiencies of greater than 99% compared to the untreated
well water.  The manganese greensand also has a high removal efficiency of 98% while the
water softener was somewhat lower at about 95%. None of the remova efficiencies, for either
radon or polonium, varied significantly during the course of our study, even after more than
500 gallons had been processed through each of the tanks.

Although GAC systems apparently provide an effective means of removing radionuclides
from domestic water supplies, a potential drawback is the buildup of gamma radiation caused
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concentrations in treated water compared to unprocessed water from well 18,
Hillsborough County test site. The activated carbon and mixed resin removed
approximately 99% of the polonium present in this well water.
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primarily by ““Pb and **Bi daughters of radon. In addition, longer-lived nuclides such as

6Ra and *®U may be retained.  Although these nuclides may be below regulatory concern in
the influent groundwaters, they could become concentrated on the GAC to the point that it
eventually becomes a low-level radioactive waste (Kinner et al., 1990).  Problems associated
with gamma radiation may be handled by shielding with awater jacket or similar approach.

The accumulation of long-lived radiation, however, could present some serious as well as
expensive disposal problems.  Thus, it is recommended to evaluate these potential problems by
prior analysis of the groundwater and application of the principles outlined by Lowry and
Brandow (1985) for calculating the extent of radon daughter concentration on the GAC
depending upon flow rates and initial isotopic activities.

These results demonstrate that while any of the water purification systems tested may be
suitable for removal of polonium from domestic water, only the GAC effectively removes both
radon and polonium at high efficiencies.  Interestingly, of the four systems evaluated for this
investigation, the activated carbon unit was the least expensive, yet performed the best overall
for removal of radon and polonium.  Since activated carbon is aso very useful for removal of
other impurities, including organics, it seems an appropriate choice for use in areas where high
radionuclide contents are suspected.
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CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions and recommendations from this investigation are summarized
below according to subject area.

Methods:

1)

A

1)

A simple, inexpensive radon flux measurement technique has been developed which
Is based on radon adsorption onto charcoal.  This technique, calibrated by use of
radium-spiked barium palmitate on afilter substrate, produced excellent agreement
when compared to the more established chamber technique.

Comparisons of soil radon measurements by overnight charcoal canister deployment
to long-term (months) track etch measurements showed two principal features: (i)
generaly lower charcoal canister results, most likely the result of the radon
equilibration time congtituting a substantial fraction of the tota deployment period;
and (ii) occasional, very high radon “events’ which appear only in the track etch
results. The causes of the events are unclear, but their simultaneous appearance in
records from neighboring stations provides convincing evidence that these periods of
elevated soil radon are authentic.

A new technique for electrochemical separation of the radon daughters, Pb, Bi, and
Po, has been developed that substantially reduces the time required for processing
natural water samples before low-level aphaor beta counting isinitiated.

t of Radon Potential:

Radon concentrations in soils and associated radon fluxes into the atmosphere
measured at 35 stations in three study areas over atwo year period have shown that
these parameters display considerable spatia and temporal variation. Regionally,
results range by over three orders of magnitude between different stations at any one
study site.  Temporal trends show less variation although still significant, often
amounting to more than 100% of the mean value at any one station.

Radon concentrations in shallow groundwaters display considerably less variability
in either time or space than radon concentrations in soils or radon fluxes.  Overall,
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shallow groundwater radon contents varied by about a factor of eight regionally
within one study area, and were usually within about 10% at any one station.

Radiochemical studies of surface soils and core samples shows that “available”’
radon (defined operationally as that fraction free to migrate from soil particlesinto
water and measured via LSC) follows the distribution of total soil “°Rafairly
closely, with most soils showing about 50% radon loss.

In spite of the observed high variation in all radon parameters measured, long-term
averages of radon soil concentrations, radon fluxes, and radon in associated shallow
groundwater, al show the same pattern, i.e., the order of radon potential for the
sites examined is as follows: Alachua>Hillsborough>Leon.  Since any of these
parameters, given a sufficient number of measurements, would apparently indicate
the same potential, it is clearly advantageous to employ the least erratic parameter for
situations when only one or a few measurements are possible.

Radon Daughters in Shallow Groundwaters:

1)

Radiochemical analyses of the portion of the uranium decay-series, ““Rn-*""Pb-

#198j-*%q in shallow groundwaters from several stations in Florida has shown

that while there is often significant disequilibrium in #°Bi/*°Pb, it is not nearly as

great as the spectacular disequilibrium which occasionaly exists in the 2°Po/*Bi
activity ratio. The analyses of al radon daughters confirms that “%Po is largely

unsupported when present in excessive amounts.

Polonium-210 is present in excess of its predecessor activities only in cases where
the groundwater pH is low (<5.0) and measureable sulfide is present in the aquifer

waters.

Time-series plots of “*°Po in shallow groundwater show that polonium is
considerably more variable than radon concentrations within the same wells.  Trends
between neighboring stations, and even different levels of the aquifer at the same
station, are often quite different. There are no readily discernible trends which
correlate to rainfall events over the time period studied.
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(4)

Both experimental and field evidence suggest that polonium cycling may be related to
the sulfur cyclein these shallow aquifers.  Variationsin bacterial growth rates at one
station generally parallels the concentration of polonium in the groundwater at the
same station.  The variable #°Po concentrations, therefore, may represent changes
in the growth rates of microbes that mobilize polonium from the aguifer solids.

Removal of Radon and Polonium from Domestic Waters

(1)

(2)

Activated carbon removed >99% of the “’Rn present when unprocessed water was

passed through a standard water purification unit containing this material.  None of
the other three purification agents tested (manganese greensand, a water softening
agent, and a mixed deionizing bed) removed a significant amount of radon.

All four purifying agents tested removed almost all “°Po from the unprocessed
water. Activated carbon and the mixed resin bed showed the greatest efficiencies at
about 99% while the manganese greensand and water softener were both 295%. No
reduction in removal efficiencies of either radon or polonium were noted after a total
of greater than 500 gallons were passed through each purification cartridge.

Based on the high removal efficiency for both radon and polonium, as well as its
reported use for removal of other impurities and relatively low cogt, it is
recommended that activated carbon be used for purification of domestic water when
contamination by natural uranium decay-series isotopes is suspected.
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Table A-1 Results of precision tests for soil concentrations measured at 3 sitesin
Hillsborough County in December, 1988 and 4 sites in Alachua County in
January, 1989.  Averages, standard deviations and coefficients of variation
shown for canisters deployed within each hole as well asfor al canisters
centered around one station.

- Date Location Radon
Deployed Soil Conc Av sd Cv
: pCi/L %

! Station H-E
12/8/88 north 177+ 19
170+ 19
159+ 17 168 8 4
east 165+ 18
133+ 15
161+ 18 153 14 9
south 139+ 15
150+ 17
141+ 16 143 5 3
west 153+ 17
137+ 15
103+ 11 131 21 16
Overall =149 19 13

: Station H-C
- 12/8/88 north 80
754 £ 83
876 £ 96 784 66 8
east 796 £ 88
745 + 82
757 £ 83 766 22 3
south 1122 £123
975 £107
1077 £118 1058 62 6
west 854 + 94
760 £ 84
840 + 92 818 41 5
Overall =856 128 15

Station H-D
12/07/88 north 25 +

24 1 5
east

13 1 9

—— NN = = NW W

1
1
1
south 1
1
1 13 1 10
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Table A-1 Continued

Date Location Radon
Deployed Soil Conc Av sd Cv
pCi/L %%
west 15+ 2
18+ 2
17+ 2 17 1 9
Overall= 16 5 29
Station A-H
01/09/89 north 1963 £216
1644 +181
2038 +£224 1882 171 9
west 1701 +187
1768 +194
1976 £217 1815 117 6
south 1885 £207
1797 £198
1766 £194 1816 50 3
east 1957 £215
1766 +£194
1766 £194 1829 90 5
Overall = 1836 119 6
Station A-B
01/09/89 west 57+ 6
49+ 5
45+ 5 50 5 10
south 16+ 2
19+ 2
19+ 2 18 1 8
east 20+ 2
22+ 2
20+ 2 21 1 4
north 24 + 3
21+ 2
21+ 2 22 1 6
Overall= 28 13 48
Station A-F
01/09/89 west 21524
177 £20
205 £ 23 199 16 8
south 94 + 10
118 £13
106 £ 12 106 10 9
east 225 £25
184 £ 20
165 £ 18 192 25 13
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; Table A-1 Continued

~ Date
Deployed

Location

Radon
Soil Conc
pCi/L

Av

sd

01/30/89

01/30/89

01/30/89

north

north

east

south

west

north

east

south

west

north

east

south

172 £ 19
184 + 20
164 £ 18

173
Overall =168

Station H-E

232 £26
213 £23
238 +26
262 29
209 £23
226 £ 25
165 £ 18
166 £ 8
177 £19
196 £ 22
213 £23
207 £23

228

232

169

205
Overall =209

Station H-F

62 7
67+ 7
65+ 7
95 £ 11
105 £ 12
86+ 9
87 £ 10
104 £ 11
90 + 10
93 +£10
96 + 11
109 £12

95

94

99

Overall= 88

Station H-D

e b st = N BN WD

108

22

10

11

22

10



Table A-1 Continued

Date Location Radon
Deployed Soil Conc Av sd Cv
pCi/L %
west 13+ 1
15+ 2
14+ 2 14 7
40

Overall =14
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Table A-2 Results of precision tests of radon flux measurements made at 2 sitesin Alachua.
County in April, 1989.  Averages, standard deviations, and coefficients of variation
shown for clusters of 3 canisters deployed next to each other as well as for all
canisters centered around one station.

Radon
Date Location Flux Av «d Cv

Deployed pCi/m” sec %

Station A-B

04/12/89 north 0.36
0.56

0.49 0.47 0.08 17
east 0.34
0.31

0.35 0.33 0.02 4
south 0.24
0.24

0.22 0.23 0.01 4
west 0.54
0.50

0.52 0.52 0.02
Overdl=0.39 0.12 31

Station A-H

04/12/89 north 12.39
10.99

10.81 11.40 0.70 6
south 11.38
11.38

9.37 10.71 0.94 9
east 16.93
17.15

1471 16.26 1.10 7
west 11.12
10.65

12.20 11.33 0.65 6

Overall=12.42 2.40 19
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Table A-3 Results of radon flux and concentrations in soil gas and shallow groundwater from
the Alachua County test site. Po-210 concentrations and water quality parameters
are also shown.

Radon  Radon Radon  Po-210 Temp Cond
Date Location Flux  Soil Conc Water Conc pCi/L oC pH uS
pCi/m2sec pCi/L pCi/L

13-Jun-88 138 17011 11.2 21.2 425 40
28-Jun-88 138 56 12935 6.1 220 470 42
11-Jul-88 138 50 14351 10,6 24.0 5.00 48
9-Aug-88 138 9 12551 72 242 528 48
6-Oct-88 138 0.33 4 13388 7.6 240 49
7-Nov-88 138 3 13605 82 235 482 45
9-Jan-89 138 0.06 8 13275 7.5 220 480 40
23-Feb-89 138 0.27 5 16056 7.2 200 520 38
12-Apr-89 138 0.20 28 9931 12.0 199 449 39
28-Jun-89 138 0.10 14 10692 9.8 235 636 40
10-Oct-89 138 0.00 3 11023 7.6 239 430 40
19-Dec-89 138 0.04 5 11565 7.5 228 520 32
25-Feb-90 138 0.12 3 10705 11.9 201 420 30
27-Jun-90 138 0.10 3 10988 11.8 23.0 490 36
13-Jun-88 151 77 31138 240 410 63
28-Jun-88 151 62 32710 239 540 359
11-Jul-88 151 32414 215 480 60
9-Aug-88 151 68 31032 259 572 68
6-Oct-88 151 38957 23.0 91
7-Nov-88 151 38029 21.8 470 59
9-Jan-89 151

23-Feb-89 151

12-Apr-89 151 0.53 50 33385 0.5 180 495 48
28-Jun-89 151 1.58 57 24175 23.0 5.15 69
10-Oct-89 151 0.33 80 36497 232 545 31
19-Dec-89 151 1.02 92 30553 19.5 4.60 42
25-Feb-90 151 0.67 91 28967 21.0 485 40
27-Jun-90 151 0.22 77 27478 250 4.80 50
13-Jun-88 152 183

28-Jun-88 152 166 32962 21.0 470 42
11-Jul-88 152 146 36907 24.0 48
9-Aug-88 152 170 34680 225 559 48
6-Oct-88 152 92 33642 22.9 50
7-Nov-88 152 0.88 110 37386 1.0 229 460 50
9-Jan-89 152 0.72 124

24-Feb-89 152 40779 1.3 20.1 471 40
12-Apr-89 152 0.85 121 30933 20 205 465 39
28-Jun-89 152 1.87 162 31568 2.3 235 525 41
10-Oct-89 152 0.40 99
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Table A-3 Continued

|
|
l
| Radon Radon Radon Po-210 Temp Cond

Date Location Flux  Soil Conc Water Conc pCi/L oC pPH uS
| pCi/m2sec  pCi/L pCi/L

' 13-Jun-88 153

28 Jun-88 153 19720 21.0 490 103

11 -Jul-88 153 86 20144 22.0 490 102

' 9-Aug-88 153 90 17598 240 5.24 102
. 6-Oct-88 153 79 18045 23.0 103
7-Nov-88 153 68 18739 20.1 443 98
- 9-Jan-89 153 0.58 67 19343 27.5 490 107

24-Feb-89 153 23530 2.9 169 4.67 81

. 12-Apr-89 153 0.29 58 15886 0.2 199 446 88

- 28-Jun-89 153 0.41 63 20211 02 220 525 87

- 10-Oct-89 153 0.49 81 17463 222 445 719
. 19-Dec-89 153 0.77 102 16187 21.0 5.06 58
- 25-Feb-90 153 0.61 79 16618 195 5.10 62
27-Jun-90 153 0.39 80 16876 223 470 70
- 13-Jun-88 154 328 38612 20.5 5.30 63
28-Jun-88 154 407 38141 21.5 520 68
- 11-Jul-88 154 448 39115 23.0 5.40 68
- 9-Aug-88 154 454 36386 0.1 220 5.22 68
- 6-Oct-88 154 168 37087 0.1 22.9 77
~7-Nov-88 154 261 40444 0.3 223 434 70
- 9-Jan-89 154 2.86 298 39995 0.8 22,1  5.00 65
' 24-Feb-89 154 6.78 379 47588 159 4.69 55
12-Apr-89 154  16.12 395 34463 0.6 210 480 60
+ 28-Jun-89 154 374 33391 1.3 240 5.10 60
. 10-Oct-89 154 1.00 189 35882 0.6 236 480 58

19-Dec-89 154  63.06 1055 32477 0.2 215 6.00 50
+ 25-Feb-90 154 8.01 1472 30957 1.4 21.0 4.60 47

27-Jun-90 154 3.37 705 27246 1.1 240 455 31
- 13-Jun-88  A-AlS 219 12456 23.1 450 60

28-Jun-88  A-AlS 144 14872 0.9 22.1 530 76
- 11-Jul-88  A-AlS 62 16939 04 240 465 60
- 9-Aug-88  A-AlS 139 17350 239 561 43
- 6-Oct-88 A-AlS 85 10933 24.0 43
' 7-Nov-88  A-AlS 109 17260 1.9 22.5 429 38
- 9-Jan-89 A-AlS 0.27 175 15655 1.4 218 490 38

24-Feb-89  A-AlS 104 22385 180 483 35
. 12-Apr-89  A-AlS 0.51 94 15730 4.5 20.2 448 31
- 28-Jun-89  A-AlS 1.09 92 15091 4.8 25,0 493 32
- 10-Oct-89  A-AlS 0.39 102 16923 246 438 25

19-Dec-89  A-AlS 0.58 168 11963 21.0 540 23
- 25-Feb-90  A-AlS 160 9162 198 455 20
1 27-Jun-90  A-AlS 1.32 159 10449 230 450 25
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1 Table A-3 Continued
|

\ Radon  Radon Radon  Po-210 Temp
Date Location  Flux  Soil Conc Water Conc pCilL  °C
‘ pCi/m2sec pCi/L pCi/L

'13-Jun-88  A-A25 12071 23.5

28-Jun-88  A-A25 32208 23 221
11-Jul-88  A-A25 33194 1.4 225
'9-Aug-88  A-A25 34297 22.6
6-Oct-88  A-A25 37805 22.8
7-Nov-88  A-A25 36654 22.0
9-Jan-89  A-A25 33309 23.0
24-Feb-89  A-A25 30142 19.4
12-Apr-89  A-A25 25599 21.0
28-Jun-89  A-A25 30621 26.5
10-Oct-89  A-A25 31134 23.5
19-Dec-89  A-A25 20638 21.5
25-Feb-90  A-A25 25611 21.8
27-Jun-90  A-A25 30927 23.0
13-Jun-88  A-BI5 39 27615
'28-Jun-88  A-B15 66 37134 0.6 237
11-Jul-88  A-B15 76 36420 0.9 23.0
'9-Aug-88  A-BI5 45 37266 23.9
'6-0ct-88  A-BI5  0.26 28 37998 24.0
7-Nov-88  A-BI15  0.35 51 36335 20 235
9-Jan-89  A-B15  0.36 21 37329 37 249
24-Feb-89 A-BI5  0.43 41 43341 21 19.1
12-Apr-89  A-BI5  0.33 31 30257 21.0
28-Jun-89 A-BI15  0.36 26 31460 27.0
10-Oct-89  A-B15  0.49 24 32025 1.5 252
19-Dec-89 A-B15  0.09 36 33898 09 220
25-Feb-90 A-BI5  0.19 40 32949 41 216
27-Jun-90 A-BI15  0.46 44 30361 1.4 240
13-Jun-88  A-B25 3862 25.0
28-Jun-88  A-B25 35857 22.5
11-Jul-88  A-B25 24080 09 26.0
9-Aug-88  A-B25 20953 23.0
6-Oct-88  A-B25 39370 23.0
7-Nov-88  A-B25 25796 22.7
9-Jan-89  A-B25 37627 24.0
' 24-Feb-89  A-B25 27210 18.4
12-Apr-89  A-B25 19038 3.6 210
' 28-Jun-89  A-B25 22329 26.0
10-Oct-89  A-B25 31595 24.0
19-Dec-89  A-B25 29082 22.0
25-Feb-90  A-B25 24123 22.9

' 27-Jun-90  A-B25 26177 23.0
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Table A-3 Continued

Radon Radon Radon Po-210 Temp Cond
Date Location Flux  Soil Conc Water Conc pCi/L oC pH uS
pCi/m2sec pCi/L pCi/L

13-Jun-88 A-C15 347 7462 62.8 25.0 450 60
28-Jun-88 A-C15 40595 1.1 28,0 5.10 65
11-Jul-88  A-C15 579 53893 1.2 250 6.00 55
9-Aug-88  A-C15 295 56813 3.9 243 566 55
6-Oct-88 A-C15 212 66150 1.7 24.9 58
7-Nov-88  A-C15 1.42 225 42447 26 231 443 52
13-Jun-88  A-C25 1150 1.3 255 5.80 60
28-Jun-88  A-C25 8377 248 5.70 40
11-Jul-88  A-C25 14325 1.2 265 570 68
9-Aug-88  A-C25 16802 2.7 229 6.06 58
6-Oct-88 A-C25 19779 23.2 61
7-Nov-88  A-C25 19892 222 490 53
13-Jun-88  A-D25 108 1714 260 6.40 115
28-Jun-88  A-D25 86 28010 23.0 5.10 102
11-Jul-88  A-D25 112 27345 240 5.20 108
9-Aug-88  A-D25 70 25959 222 5.71 102
6-Oct-88 A-D25 78 29645 22.0 97
7-Nov-88  A-D25 77 29865 220 476 99
9-Jan-89 A-D25 0.81 98 31037 225 5.20 88
24-Feb-89 A-D25 0.64 92 35045 20.1 495 80
12-Apr-89  A-D25 0.79 71 23580 20.8 5.09 82
28-Jun-89  A-D25 1.83 105 26862 23.0 495 79
10-Oct-89  A-D25 0.44 75 25224 222 490 69
19-Dec-89  A-D25 0.90 116 24955 215 552 60
25-Feb-90 A-D25 0.58 118 21.0 5.00 55
27-Jun-90  A-D25 0.70 120 23379 225 470 59
14-Jun-88  A-E15 457

28-Jun-88  A-E15 643 1337 1.6 251 5.60 250
11-Jul-88  A-E15 958 811 30.2 5.70 221
9-Aug-88  A-El5 881 1681 23.1  6.16 204
6-Oct-88 A-E15 0.18 104 1585 23.8 5.36 270
7-Nov-88  A-E15 1.29 232 3951 41.3 21.8 5.34 261
28-Jun-88  A-E25 4209 22.5 6.00 530
11-Jul-88  A-E25 678 30.0 5.60 380
9-Aug-88  A-E25 4255 245 6.09 430
6-Oct-88 A-E25 2990 245 5.50 318
7-Nov-88  A-E25 4524 19.6 5.45 268
13-Jun-88  A-F15 294 20316 22.0 6.00 115
28-Jun-88  A-F15 233 27236 0.6 230 550 78
11-Jul-88  A-F15 209 22463 0.7 250 5.40 93
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" Table A-3 Continued

Radon Radon Radon  Po-210 Temp
Date Location Flux Soil Conc Water Conc pCi/L oC pH
pCi/m?sec pCi/L pCi/L

9-Aug-88  A-F15 200 23869 244 5.50
6-Oct-88 A-F15 1.25 134 29943 1.1 24.3
7-Nov-88  A-F15 0.86 163 29560 3.3 23.0 4.55
9-Jan-89 A-F15 0.87 192 27815 2.5 223  5.09
24-Feb-89 A-F15 0.91 199 33828 1.3 183  4.79
12-Apr-89  A-F15 0.85 185 23707 6.9 21.0 4.80
28-Jun-89  A-F15 1.92 126 23458 248 5.20
10-Oct-89  A-F15 0.61 175 25774 242 470
19-Dec-89  A-F15 2.04 227 23946 21.5 496
25-Feb-90  A-F15 0.87 307 23071 203 475
27-Jun-90  A-F15 1.08 277 23414 23.0 4.90
13-Jun-88  A-F25 9210 219 6.00
28-Jun-88  A-F25 9225 2.1 22.8 540
11-Jul-88  A-F25 7962 0.8 248 5.70
9-Aug-88  A-F25 10398 2277 6.03
6-Oct-88 A-F25 10785 0.3 22.8
7-Nov-88  A-F25 9896 220 5.12
9-Jan-89 A-F25 9494 23.0 540
24-Feb-89  A-F25 12535 194 5.20
12-Apr-89  A-F25 8818 19.1  5.00
28-Jun-89  A-F25 9048 1.9 27.5 545
10-Oct-89  A-F25 8459 23.0 5.15
19-Dec-89  A-F25 8079 22.0 5.60
25-Feb-90  A-F25 8174 219 5.15
27-Jun-90  A-F25 7036 220 5.20
13-Jun-88 A-FX15 20884 235 6.00
28-Jun-88 A-FXI15 23069 23.0 5.60
11-Jul-88 A-FX15 25228 23.0 5.50
9-Aug-88 A-FX15 26862 239 5.49
6-Oct-88  A-FX15 25715 242
11-Jul-88 A-FX20 25008 1.7 260 6.30
28-Jun-88 A-FX25 15342 22.8 5.80
9-Aug-88 A-FX25 25576 23.8 5.54
6-Oct-88  A-FX25 24053 23.7
11-Jul-88 A-FX30 21645 27.0 5.70
13-Jun-88 A-G15 179 8642 20.7 4.60
28-Jun-88  A-G15 120 11383 23.0 5.60
11-Jul-88  A-G15 138 9993 0.4 250 5.30

9-Aug-88 A-G1S 163 11399 242 5.56

115



% Table A-3 Continued

116

3 Radon  Radon Radon  Po-210 Temp Cond
Date Location Flux Soil Conc Water Conc pCi/L oC pH S

| pCi/m2sec pCi/L pCi/L

- 6-Oct-88 A-G15 137 11599 0.8 24.1 133
7-Nov-88  A-G15 1.81 107 10965 0.7 239 470 123
9-Jan-89 A-G15 0.96 130

24-Feb-89 A-G15 1.19 129 14907 1.0 187 5.04 100
12-Apr-89  A-G15 1.02 112 10742 0.9 209 415 104
28-Jun-89 A-GI15 3.17 117 10269 48 255 590 117

- 10-Oct-89  A-G15 1.07 139 7769 243 5.25 108

19-Dec-89 A-G15 1.28 159 10066 215 535 87

25-Feb-90 A-G15 208 10696 206 495 82

. 27-Jun-90  A-G15 1.35 243 9625 239 490 95

14-Jun-88  A-HI15 2077

28-Jun-88 A-H15 1844 3375 9.2 250 6.30 247

~11-Jul-88  A-H15 1937 11519 285 5.60 220
9-Aug-88 A-HIS 1835 5821 27.0 6.46 210
6-Oct-88 A-H15 9.91 1799 2969 229 6.17 121
7-Nov-88 A-HI5  18.63 1874 7368 2.6 175 5.10 108
9-Jan-89 A-H15 12.06 1882

'24-Feb-89 A-HI5  1.50 97

12-Apr-89  A-HI1S 1774 9566 14.0 189 6.10 119
28-Jun-89 A-H15 44.71 1691

- 10-Oct-89  A-H15  10.77 1737 5313 125 238 5.65 104
19-Dec-89 A-H15  15.57 1821 7.8
25-Feb-90 A-H15 11.19 2206 4175 6.3 180 545 175
28-Jun-88  A-I15 96 16750 220 5.10 125

- 11-Jul-88 A-115 121 15560 250 4.70 131
9-Aug-88 A-I15 99 13170 229 570 116
6-Oct-88 A-115 0.09 79 9062 23.1 127

~7-Nov-88 A-I15 1.07 72 14693 1.0 222 482 121

- 9-Jan-89 A-I15 0.82 75 7190 09 21.1 556 101
24-Feb-89  A-115 87 15692 16.1 5.26 82

- 12-Apr-89  A-Il15 0.81 64 13352 3.5 186 540 82
28-Jun-89  A-I15 1.62 105 15607 260 5.19 81
10-Oct-89  A-I15 0.60 70 13547 23.8 500 71
19-Dec-89  A-I15 1.90 83 4321 209 450 49

25-Feb-90  A-I15 0.66 83 7569 20.2 4.65 58
27-Jun-90  A-I15 1.07 100 8979 23.0 4.80 109
9-Jan-89 A-J15 0.20 216 5.8
23-Feb-89  A-J15 238 19649 155 580 48
12-Apr-89  A-J15 1.98 155 6120 4.1 20.8 490 52
28-Jun-89  A-J15 1.58 239
10-Oct-89  A-J15 1.01 189 10301 703 238 520 48
19-Dec-89  A-J15 2.27 237 9006 135 207 5.67 38



Table A-3 Continued

Radon Radon Radon Po-210 Temp Cond
Date Location Flux  Soil Conc Water Conc pCi/L oC pH uS
pCi/m2sec  pCi/L pCi/L

25-Feb-90  A-J15 1.60 253 15254 10.2 19.0 540 35
27-Jun-90  A-J15 1.32 276 15764 58 232 540 40
9-Jan-89 A-J25 2046 223 642 99
28-Jun-89  A-J25 405 32 269 550 75
10-Oct-89  A-J25 960 23.1  5.15 58
19-Dec-89  A-J25 282 185 6.11 47
25-Feb-90  A-J25 830 19.8 5.60 50
27-Jun-90  A-J25 1311 232 570 69
Summary Average= 2.89 286 20886 5.3 2277 5.14 87
sd= 8.09 475 12254 10.4 23 052 62

Minimum = 0.00 3 282 0.1 155 410 20

Maximum = 63.1 2206 66150 70.3 30.2 6.46 530

n =103 172 236 96 236 216 236
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Table A-4 Results of radon flux and concentrations in soil gas and shallow groundwater from
the Hillsborough County test site. Po-210 concentrations and water quality
parameters are also shown.

Radon Radon Radon Po-210 Temp Cond
Date Location Flux  Soil Conc WaterConc pCi/L. ©°C pH pS
pCi/m? sec pCiL pCi/L

19-Jun-88 10 14 3988 219 240 3.60 150
28-Jun-88 10 4352 169 252 390 153
11-Jul-88 10 4437 107  25.0 111
27-Jul-88 10 18 4403 309 24.8 427 119
14-Sep-88 10 , 4 4074 153 252 432 148
26-Oct-88 10 41 3987 114 25.0 4.20 167
7-Dec-88 10 47 4434 2490 21.2 391 132
30-Jan-89 10 4751 82 220 390 140
21-Mar-89 10 0.50 37 3405 232 3.65 160
23-May-89 10 0.57 20

21-Aug-89 10 1.02 28 3752 112 26,5 4.05 179
9-Oct-89 10 0.55 22 3852 152 254 385 172
18-Dec-89 10 0.91 59 3391 173 232 390 146
24-Feb-90 10 0.76 38 3305 114 23.0 390 147
26-Jun-90 10 1.17 57 2718 184 258 390 158
19-Jun-88 11 12093 467 235 420 190
28-Jun-88 11 11746 385 255 490 180
11-Jul-88 11 12439 396 235 182
27-Jul-88 11 13119 411 25.8 4.80 198
14-Sep-88 11 11674 583 260 478 194
26-Oct-88 11 16 12059 290 245 4.21 327
7-Dec-88 11 13 12272

30-Jan-89 11 12309 120 21.6 4.22 162
21-Mar-89 11 0.05 2 11045 306 24.0 435 179
23-May-89 11 0.09 4 10066 260 259 440 186
21-Aug-89 11 0.12 4 10621 177 269 4.45 202
9-Oct-89 11 2 11310 356 265 420 203
18-Dec-89 11 0.11 3 8593 298 24.0 430 171
24-Feb-90 11 0.19 5 9885 508 24.0 4.40 180
26-Jun-90 11 0.19 5

19-Jun-88 18 13 20376 615 240 3.80 39
28-Jun-88 18 20851 595 25.1 4.50 41
11-Jul-88 18 21617 591 245 39
27-Jul-88 18 1 20023 587 253 494 40
14-Sep-88 18 18002 502 28.8 52
26-Oct-88 18 21327 551 227 3.88 40
7-Dec-88 18 20607 454 21.8 4.26 39
30-Jan-89 18 0.28 11 20759 435 204 4.44 35

21-Mar-89 18 0.06 5 18696 24 245 430 38
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 Table A-4 Continued

Radon Radon Radon Po-210 Temp Cond
Date Location Flux'  Soil Conc WaterConc pCi/L ©°C pH pS
pCi/m2sec pCi/L pCi/L

23-May-89 18

9 18891 591 27.0 4.60 39
21-Aug-89 18 0.16 6 19376 553 25.8 4.35 35
- 9-Oct-89 18 0.17 9 17099 563 25.8 4.10 34
18-Dec-89 18 0.16 27 15212 489 23.5 3.80 30
- 24-Feb-90 18 0.16 16072 455 22.5 4.30 30
- 26-Jun-90 18 0.06 1 15246 659
20-Jun-88 H-AlS 14
28-Jun-88 H-A1S 17 5565 80 30.0 5.10 215
11-Jul-88  H-A15 9 3111 112 27.2 108
27-Jul-88  H-A15 6 4668 236 26.4 491 91
- 14-Sep-88 H-A15 4221 25.2 490 81
26-Oct-88 H-A15 2 3377 287 24.8 4.15 78
7-Dec-88 H-A15 2 4080 230 247 4.34 69
30-Jan-89 H-A1S5 0.04 1 3617 3 229 4.67 75
21-Mar-89 H-A1S5 0.04 2 3202 24.5 490 92
23-May-89 H-A15 1 1997 27.5 5.60 90
21-Aug-89 H-A15 0.22 2 28.0 4.90 119
9-Oct-89 H-A15 0.10 1 1281 106 27.5 4.80 140
18-Dec-89 H-A1S5 0.05 3 953 39 240 4.60 119
24-Feb-90 H-A1l5 0.22 4 23.5 495 227
26-Jun-90 H-A15 0.20 3 818 26.5 4.90 125
28-Jun-88 H-A30 21346 248 290 S5.00 319
11-Jul-88 H-A30 19154 160 26.1 312
- 27-Jul-88  H-A30 21379 274 25.5 536 290
14-Sep-88 H-A30 22040 242 5.18 260
- 26-Oct-88  H-A30 20306 315 24.6 4.66 190
7-Dec-88 H-A30 21953 227  4.60 176
30-Jan-89 H-A30 24377 81 239 4.64 240
21-Mar-89 H-A30 19849 24.8 4.70 262
© 23-May-89 H-A30 18977 26.1 450 270
21-Aug-89 H-A30 19851 25.5 450 252
9-Oct-89 H-A30 19092 253 440 256
18-Dec-89 H-A30 16677 24.1 4.00 231
24-Feb-90 H-A30 21467 25.1 445 252
26-Jun-90 H-A30 11023 260 470 241
19-Jun-88 H-B15
28-Jun-88 H-B15 4 8093 28.3 440 210
11-Jul-88 H-B15 10 11918 99 28.0 4.50 82
27-Jul-88  H-B15 2 10317 88 29.3 5.11 90
14-Sep-88 H-B15 3088 90 250 5.18 77

26-Oct-88 H-B15 16 11449 96 251  4.29 71
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 Table A-4 Continued

120

Radon Po-210 Temp Cond
Date Location Soil Conc WaterConc pCyL ©°C pH pS
ﬁ pCi/m? sec pCi/L
7-Dec-88  H-B1S5 10961 24,5 4.50 72
30-Jan-89 H-BI1S5 0.12 8668 38 237 442 71
21-Mar-89 H-B15 0.25 11186 246 4.35 66
23-May-89 H-B15 0.20 9928 240 470 790
21-Aug-89 H-B15 0.24 3046 30.8 4.40 82
9-Oct-89 H-B15 0.34 4505 26.9 4.25 69
18-Dec-89 H-B15 0.51 5615 23.5 395 69
24-Feb-90 H-B15 0.27 7494 23.0 4.50 55
26-Jun-90 H-B15 0.37 2841 25.4 4.23 47
28-Jun-88 H-B30 19422 265 470 119
11-Jul-88  H-B30 17049 28.0 580 141
27-Jul-88  H-B30 13326 278 253 5.21
14-Sep-88 H-B30 15621 245 5.15 58
26-Oct-88 H-B30 11301 270 245 4.65 55
7-Dec-88  H-B30 14845 24.1 445 54
30-Jan-89 H-B30 14910 327 232 445 47
21-Mar-89 H-B30 15955 494 25.0 4.65 52
23-May-89 H-B30 11985 273 240 440 510
- 21-Aug-89 H-B30 15741 26.5 4.25 51
9-Oct-89 H-B30 20412 26.0 4.50 55
18-Dec-89 H-B30 17898 240 4.70 50
24-Feb-90 H-B30 15592 239 4.60 48
26-Jun-90 H-B30 14370 26.0 440 49
- 11-Jul-88 H-BX15 3982 269 6.60 268
27-Jul-88 H-BX15 5245 10 253 5.53 125
14-Sep-88 H-BX15 6190 240 4.88 52
26-Oct-88 H-BX15 3945 25.1 475 95
27-Jul-88 H-BX20 6635 22 25.1 5.01 78
27-Jul-88 H-BX25 6535 32 249 5.33 82
- 28-Jun-88 H-BX30 7434 30.0 5.10 121
11-Jul-88 H-BX30 2838 26.5 7.20 399
27-Jul-88 H-BX30 6631 46 25.1 5.36 83
14-Sep-88 H-BX30 6477 23.6 5.04 59
26-Oct-88 H-BX30 5222 247 453 115
19-Jun-88 H-C15
28-Jun-88 H-C15 21168 11 30,0 S5.10 119
11-Jul-88 H-C15 26099 5 26.1 4.60 86
27-Jul-88 H-C15 28212 8 242 5.10 70



Table A-4 Continued

Radon Radon Po-210 Temp Cond

Date Location Soil Conc Water Conc  pCi/LL.  °C pH uS
pCi/m2sec pCi/L pCi/L

14-Sep-88 H-C15 383 31109 5 242 492 73
26-Oct-88 H-C15 228 32300 9 247 4.60 84
7-Dec-88  H-C15 4.95 754 30088 6 23.6 4.65 97
30-Jan-89 H-C15 6.28 1496 32838 11 223 4.64 91
21-Mar-89 H-C15 7.89 784 27839 20 23.1 4.05 89
23-May-89 H-C15 9.45 1061 27577 25.0 4.20 70
21-Aug-89 H-C15 9.51 1287 27840 18 26.5 4.60 62
9-Oct-89 H-C15 7.03 1123 26976 12 252 4.20 63
18-Dec-89 H-C15 8.72 1638 38206 110 23.1 4.00 61
24-Feb-90 H-C15 7.48 1871 32015 81 23.0 4.00 50
26-Jun-90 H-C15 8.05 1487 21188 153 25.0 4.30 49
28-Jun-88 H-C30 7547 315 560 229
11-Jul-88  H-C30 6989 2 274 580 192
27-Jul-88  H-C30 7609 9 26.0 6.11 145
14-Sep-88 H-C30 1163 25.0 6.30 152
26-Oct-88 H-C30 3216 10 250 6.15 153
7-Dec-88  H-C30 2632 46 238 6.13 148
30-Jan-89 H-C30 2845 145 234 6.07 154
21-Mar-89 H-C30 3103 51 244 570 158
23-May-89 H-C30 3000 9 25,0 5.60 165
21-Aug-89 H-C30 4336 2 28.0 5.30 148
9-Oct-89 H-C30 1498 3 24,1 470 142
18-Dec-89 H-C30 1777 3 225 570 136
24-Feb-90 H-C30 2014 232 5.20 12
26-Jun-90 H-C30 1831 5 25.0 520 147
20-Jun-88 H-DI15 18
28-Jun-88 H-D15 47 8100 27 27.1 490 318
11-Jul-88  H-D15 21 9673 27.5 232
27-Jul-88  H-D15 2 8127 184 26.0 5.18 241
14-Sep-88 H-DI15 1 6860 252 5.04 242
26-Oct-88 H-D15 12 7617 180 26.5 5.02 247
7-Dec-88  H-D15 18 7712 235 441 241
30-Jan-89 H-D15 0.35 10 6287 237 239 490 229
21-Mar-89 H-D15 0.14 14 4667 23.8 4.60 255
23-May-89 H-D15 0.20 9 3772 26.3 420 305
21-Aug-89 H-D15 0.33 12 4958 26.2 479 254
9-Oct-89 H-D15 0.17 9 3244 272 445 272
18-Dec-89 H-D15 0.45 18 2930 144 395 260
24-Feb-90 H-D15 0.73 16 3555 116 250 450 260
26-Jun-90 H-D15 0.48 17 4363 28.0 4.50 300



Table A-4 Continued

Radon Radon Po-210 Temp Cond

Date Location Soil Conc Water Conc pCi/. ©°C pH pS
pCi/m2sec  pCi/L pCi/L

28-Jun-88 H-D30 18919 263 410 165
11-Jul-88  H-D30 22237 29 26.0 178
27-Jul-88  H-D30 21268 38 248 446 168
14-Sep-88 H-D30 21867 245 433 162
26-Oct-88 H-D30 23281 26 253 430 163
7-Dec-88  H-D30 22329 22.1 3.63 148
30-Jan-89 H-D30 23516 27 240 400 138
21-Mar-89 H-D30 19127 55 252 390 138
23-May-89 H-D30 18122 25,6 390 120
21-Aug-89 H-D30 20432 250 430 132
9-Oct-89 H-D30 17959 252 375 132
18-Dec-89 H-D30 20741 240 330 132
24-Feb-90 H-D30 17506 251 380 135
27-Jun-90 H-D30 18404 260 590 149
20-Jun-88 H-E15 177
28-Jun-88 H-E15 366 4057 280 470 182
11-Jul-88  H-E15 361 4029 277 540 166
27-Jul-88  H-E15 161 6970 25 252 558 108
14-Sep-88 H-E15 35 8020 248 5.28 99
26-Oct-88 H-E15 104 7191 14 260 534 112
7-Dec-88 H-E15 153 4526 247 5.10 98
30-Jan-89 H-E15 2.57 204 4988 9 222  5.05 101
21-Mar-89 H-E15 1.54 165 3589 23.8 6.10 111
23-May-89 H-E15 2.30 160 4172 250 5.60 120
21-Aug-89 H-E15 1.98 229 3560 272  4.60 98
9-Oct-89 H-E15 1.39 133 2482 257 4.10 92
18-Dec-89 H-E15 1.05 255 4133 231 450 78
24-Feb-90 H-E15 0.89 267 4789 219 390 87
26-Jun-90 H-E15 284 4491 25.8 4.00 79
28-Jun-88 H-E30 17714 29.2 460 261
11-Jul-88  H-E30 21088 27.5 5.00 169
27-Jul-88  H-E30 22468 994 250 548 162
14-Sep-88 H-E30 17972 248 551 161
26-Oct-88  H-E30 22634 341 25.8 521 149
7-Dec-88 H-E30 22309 253 500 154
30-Jan-89 H-E30 25848 24,1 495 151
21-Mar-89 H-E30 21947 241 246 520 143
23-May-89 H-E30 20204 248 451 147
21-Aug-89 H-E30 20543 27.0 4.60 138
9-Oct-89 H-E30 19347 245 420 129
18-Dec-89 H-E30 23145 233 433 121
24-Feb-90 H-E30 20251 23.1 410 106



Table A-4 Continued

Radon Radon Radon Po-210 Temp Cond
Date Location Flux Soil Conc WaterConc pCilL. ©C pH puS
pCi/m2sec pCi/L pCiL

26-Jun-90 H-E30 21453 250 450 111
20-Jun-88 H-F15 109

28-Jun-88 H-F15 210 4715 324  5.30 38
11-Jul-88  H-F15 5357 380 5.80 570
27-Jul-88  H-F15 55 6306 282 6.25 320
14-Sep-88 H-F15 26 1471 25.0 643 140
26-Oct-88 H-F15 76 2573 27.5 540 152
7-Dec-88 H-F15 131 7174 248 4.67 155
30-Jan-89 H-F15 2.27 62 4938 30 21.8 476 120
21-Mar-89 H-F15 0.71 70 7302 14 235 430 125
23-May-89 H-F15 0.73 78 6221 270 4.70 95
21-Aug-89 H-F15 1.27 171 5774 27.0 480 112
9-Oct-89 H-F15 0.78 89 7258 27.0 420 105
18-Dec-89 H-F15 1.86 164 6938 23.0 4.00 110
24-Feb-90 H-F15 1.25 149 6320 21.5 385 100
26-Jun-90 H-F15 168 7394 27.0 4.10 120
28-Jun-88 H-F30 7564 53 25,0 4.80 119
11-Jul-88  H-F30 6923 25.0 560 142
27-Jul-88  H-F30 7662 79 25.1 5.66 102
14-Sep-88  H-F30 7455 240 5.60 115
26-Oct-88  H-F30 6402 51 258 5.64 108
7-Dec-88 H-F30 7153 75 25.5 5.05 92
30-Jan-89  H-F30 7289 2277  5.16 78
21-Mar-89 H-F30 6755 248 4.64 88
23-May-89 H-F30 6325 255 5.20 95
21-Aug-89 H-F30 6752 265 4.90 83
9-Oct-89 H-F30 5841 248 4.65 88
18-Dec-89  H-F30 5261 240 5.70 74
24-Feb-90 H-F30 5126 240 4.20 70
26-Jun-90 H-F30 6089 250 4.60 81
20-Jun-88 H-G15 350

29-Jun-88 H-G15 858

11-Jul-88  H-G15 452 23539 27.0 530 133
27-Jul-88  H-G15 251 23022 23 25.0 5.07 109
14-Sep-88 H-G15 92 20446 252 464 132
26-Oct-88 H-G15 501 20468 9 27.5 465 122
7-Dec-88  H-G15 460 20140 27.0 438 112
30-Jan-89 H-G15 0.95 391 22648 33 222 445 105
21-Mar-89 H-G15 1.88 240 19374 16 226 3.80 102
23-May-89 H-G15 2.57 307 15433 250 440 108
21-Aug-89 H-G15 2.39 330 20375 27.0 448 98
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Table A-4 Continued

Radon Radon Po-210 Temp Cond

Date Location Soil Conc Water Conc  pCi/.  °C us
pCi/m2sec pCi/L pCiL

9-Oct-89 H-G15 264 22252 27.1  4.00 93
18-Dec-89 H-G15 373 20098 24.1  3.00 90
24-Feb-90 H-GI15 611 21281 240 4.05 90
26-Jun-90 H-G15 698 21024 250 4.00 91
11-Jul-88 H-G30 14671 248 540 188
27-Jul-88  H-G30 13154 273 25.2 5.67 110
14-Sep-88 H-G30 13637 240 541 78
26-Oct-88 H-G30 13481 271 253 5.10 72
7-Dec-88  H-G30 13551 175 25.0 496 70
30-Jan-89 H-G30 14327 240 4.98 68
21-Mar-89 H-G30 11677 260 240 440 70
23-May-89 H-G30 11315 25.0 5.00 75
21-Aug-89 H-G30 12447 252 4.80 65
9-Oct-89 H-G30 9755 25.2 440 63
18-Dec-89 H-G30 10168 240 4.25 58
24-Feb-90 H-G30 11012 25.0 4.70 64
26-Jun-90 H-G30 8854 25.0 4.70 62
20-Jun-88 H-HI15 341
28-Jun-88 H-H15 671 21571 22 24.0 78
11-Jul-88 H-H15 22426 12 24.0 102
27-Jul-88 H-H15 33 24478 16 24.6 85
26-Oct-88 H-H15 23088 18 24.6 84
7-Dec-88  H-H15 8
30-Jan-89 H-H15 0.62 25
21-Mar-89 H-H15 0.71 103 20213 12 22.0 81
23-May-89 H-H15 2.01 499 16753 37 25.5 87
21-Aug-89 H-HI15 2.18 149 20129 11 25.1 79
9-Oct-89 H-H15 1.58 52 19586 14 25.8 78
18-Dec-89 H-H15 0.78
24-Feb-90 H-H15 0.46
28-Jun-88 H-H30 27839 240 520 144
11-Jul-88  H-H30 29299 25 265 580 135
27-Jul-88  H-H30 35834 35 238 6.11 129
26-Oct-88 H-H30 36261 18 246 6.03 119
21-Mar-89 H-H30 29553 228 5.60 125
23-May-89 H-H30 23352 240 580 151
21-Aug-89 H-H30 28028 245 5.60 132
9-Oct-89 H-H30 22708 247 510 152
20-Jun-88  H-I15 111
28-Jun-88  H-I15 10344 178 25.0 410 128



Table A-4 Continued

Radon Radon Radon Po-210 Temp Cond
Date Location Flux  Soil Conc WaterConc pCi/L ©°C pH pS
pCi/m2sec pCi/L pCi/L

11-Jul-88 H-115 75 11580 243 27.0 4.10 123
27-Jul-88 H-115 2 11279 337 26.3 4.61 118
14-Sep-88  H-I15 11 11540 26.0 4.49 123
26-Oct-88 H-115 0.58 65 10690 275 26.5 4.37 120
7-Dec-88 H-115 0.21 61 10231 107 26.2 4.11 121
30-Jan-89 H-115 1.08 70 12174 18 24.0 4.25 112.
21-Mar-89  H-I15 0.77 79 10409 200 23.5 370 125
23-May-89 H-I15 123 9136 255 4.00 139
21-Aug-89 H-I15 109 9880 333 26.5 4.15 119
9-Oct-89 H-115 111 9310 248 26.2 3.75 112
18-Dec-89  H-I15 0.46 108 9481 303 29.0 430 110
24-Feb-90 H-I15 0.68 92 9901 322 24.0 3.60 104
26-Jun-90  H-I15 135 9402 314 26.0 3.60 108
20-Jun-88  H-J15 199

28-Jun-88 H-J15 394 32633 26 23.9 3.90 38
11-Jul-88 H-J15 341 33184 48 255 4.20 34
27-Jul-88 H-J15 43 36334 53 245 5.00 37
14-Sep-88  H-J15 53 35692 55 249 497 41
26-Oct-88  H-J15 0.83 121 35063 45 252 4.85 31
7-Dec-88 H-J15 234 35160 13 245 4091 30
30-Jan-89  H-J15 1.14 166 38172 42 24.1 4.43 27
21-Mar-89 H-J15 164 31468 50 23.5 4.10 28
23-May-89 H-J15 3.21 233 30980 52 239 4.60 300
21-Aug-89 H-J15 223 31825 42 260 490 29
9-Oct-89 H-J15 1.32 207 31764 46 25.5 4.20 27
18-Dec-89 H-J15 1.89 238 30256 44 23.0 4.50 27
24-Feb-90 H-J15 1.61 230 33467 22.5 4.00 22
26-Jun-90  H-J15 1.07 171 33473 65 240 4.30
20-Jun-88 H-K15 45

28-Jun-88 H-K15 41 6524 25.3 5.30 115
11-Jul-88 H-K15 53 6244 26.5 4.60 100
27-Jul-88 H-K15 28 7074 14 26.0 5.53 68
14-Sep-88 H-K15 13 3257 8 262 5.40 62
27-Oct-88 H-K15 0.14 12 4809 22 26.2 4.84 50
7-Dec-88  H-K15 19 5049 13 245 4.65 45
30-Jan-89 H-K15 0.20 21 6489 17 224  4.23 50
21-Mar-89 H-K15 0.17 15 5179 19 27.0 4.00 58
23-May-89 H-K15 0.22 35 6207 245 520 400
21-Aug-89 H-K15 23 7140 18 28.0 4.35 68
9-Oct-89 H-K15 17 6338 20 26.5 3.90 70
18-Dec-89 H-K15 0.24 35 7758 29 222 3.99 61
24-Feb-90 H-K15 0.19 47 7332 31 20.9 3.80 43
26-Jun-90 H-K15 0.73 120 7393 14 25.0 4.00 43
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Table A-4 Continued

Radon Radon Radon Po-210 Temp Cond
Date Location Flux SoilConc WaterConc pCilL ©°C pH uS
pCi/m2sec  pCi/L pCi/L

Summary Average = 1.41 186 13453 163 25.1 468 128
sd = 2.18 324 9178 184 1.9 0.63 87

Minimum = 0.04 1 818 2 144 3.00 12
Maximum = 9.51 1871 38206 994 38,0 7.20 790

n= 98 184 304 169 303 296 302
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Table A-5. Results of radon flux and concentrations in soil gas and shallow groundwater from
the Leon County test site. Po-210 concentrations and water quality parameters are
also shown.

Radon Radon Radon Po-210 Temp pH  Cond
Date  Location  Flux Soil Conc Water Conc pCi/L  ©°C uS
pCi/m2sec  pCi/L pCi/L

18-Aug-88 L-A 30

19-Aug-88 L-A 30

2-Sep-88 LA

20-Sep-88 L-A 36

3-Nov-88 L-A 25

18-Jan-89 LA 0.23 29

16-Mar-89 L-A 0.22 26

26-Apr-89 L-A 0.19 86

22-Jun-89 LA 0.26 56

17-Aug-89 L-A 0.22 42 0.4 24.0 5.00 38
28-Sep-89 L-A 0.32 36

31-Jan-90 L-A 52 1.8 18.5 430 29
9-Jul-90 L-A 0.27 27

18-Aug-88 L-B 46

19-Aug-88 L-B 46

2-Sep-88 L-B 62 98 1.8 21.2 4.54 23
21-Sep-88 L-B 43 171 1.4 21.9 528 22
4-Nov-88 L-B 160 1.3 21.9 4.80 18
19-Jan-89 L-B 0.53 30 <50 21.7 440 19
16-Mar-89 L-B 0.46 50 <50 11.7 19.0 430 19
26-Apr-89 L-B 0.20 48 <50 2.2 21.0 4.60 19
22-Jun-89 L-B 1.00 78 53 3.0 21.8 6.50 20
17-Aug-89 L-B 0.35 43 71 22.5 500 20
28-Sep-89 L-B 0.47 40 169 2.5 22.5 440 39
31-Jan-90 L-B 0.43 53 132 0.7 18.2 3.82 20
9-Jul-90 L-B 0.35 46 103 2.0 21.9 440 12
18-Aug-88 L-C 32

19-Aug-88 L-C 27

2-Sep-88 L-C 37

20-Sep-88 L-C 30

3-Nov-88 L-C 0.08 23

18-Jan-89 L-C 0.14 26

16-Mar-89 L-C 0.17 32

26-Apr-89 L-C 0.16 32

22-Jun-89 L-C 0.15 12

17-Aug-89 L-C 0.23 15

28-Sep-89 L-C 0.22 28

31-Jan-90 L-C 0.22 31
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Table A-5 Continued

Radon Radon Radon Po-210 Temp pH Cond
Date Location Flux Soil Conc Water Conc pCi/LL.  °C TR
pCi/m2sec  pCi/L pCi/L

9-Jul-90 L-C 0.13 19

18-Aug-88 LD 34

19-Aug-88 L-D 36

2-Sep-88 L-D 32

20-Sep-88 L-D 25

3-Nov-88 L-D 0.29 31

18-Jan-89 L-D 0.38 26

16-Mar-89 L-D 0.28 28

26-Apr-89 L-D 0.33 31

22-Jun-89 L-D 0.50 54

17-Aug-89 LD 0.25 52

28-Sep-89 L-D 0.30 44

31-Jan-90 L-D 0.48 80

9-Jul-90 L-D 0.33 27

18-Aug-88 L-E 31

19-Aug-88 L-E 30

2-Sep-88 L-E 41 315 22.5 495 38
21-Sep-88 L-E 43 247 25.1 5.79 40
4-Nov-88 L-E 0.20 43 105 18.7 23.9 469 38
18-Jan-89 L-E 0.25 34

16-Mar-89 L-E 0.21 38

26-Apr-89 L-E 0.18 58

22-Jun-89 L-E 0.24 55

17-Aug-89 L-E 0.28 47 101 35 25.5 520 21
28-Sep-89 L-E 0.44 31 177 23.0 6.20 20
31-Jan-90 L-E 0.31 56

9-Jul-90 L-E 0.23 35 177 4.6 25.5 6.4 25
2-Sep-88 USGS

21-Sep-88 USGS

4-Nov-88 USGS 465 23.0 494 52
18-Jan-89 USGS 0.23 18

16-Mar-89 USGS 336 1.8 21.8 538 50
26-Apr-89 USGS 0.29 31 280 1.5 20.8 540 39
22-Jun-89 USGS 0.29 52 291 2.1 22.0 49
17-Aug-89 USGS 0.29 34 292 1.3 22.2 5.00 40
28-Sep-89 USGS 0.21 26 353 0.5 22.5 5.00 38
31-Jan-90 USGS 0.30 33 377 0.5 20.1 431 31
9-Jul-90  USGS 0.29 29 324 1.1 22.0 5.00 28
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Table A-5 Continued

Radon Radon Radon Po-210 Temp pH Cond
Date Location Flux Soil Conc Water Conc pCi/l.  °C TR
pCi/m2sec  pCi/L pCi/L

Summary: Average= 0.29 38 194 3.1 22.1 498 29
sd=0.14 14 125 4.3 1.8 0.67 11

Minimum = 0.08 12 <50 0.4 18.2 3.82 12
Maximum= 1.00 86 465 18.7 25.5 6.50 52
n= 49 70 25 21 27 26 27
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T1-208
(dpm/g)

Ac-228

Surface soil samples were
(dpm/g)

s and surface samples collected from
recovered during establishment of

U-238
(dpr/g)

Ra-226

(dpm/g)
Alachua Core Profile (A-C)

Pb-210

collected from the same stations where soil radon and flux measurements were
(dpry/g)

monitor wells at stations A-C, H-B, and L-D.
made.

each of the three study sites. Cores were

Depth (ft)
or Site

Table A-6  Radiochemical analyses of soil from core
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Table A-6. Continued

U-238 Ac-228 T1-208
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Table A-7 Results for 210Po, 222Rn, temperature, pH and conductivity for untreated well
water from station 18, Hillsborough County test site, before and after treatment by
four different water purification systems.

132

Total

Date Po-210 Rn-222 Temp pH Cond
(Ci/L) (pCi/L) (©C) (nS)

Untreated
14-Sep-88 502.3 £13.3 18002 + 122 28.8 5.86 52
26-Oct-88 5514+ 6.9 21327 + 307 21.0 3.88 40
7-Dec-88 4537+ 8.3 20607 = 704 21.8 4.26 39
30-Jan-89 4345+ 2.1 20759 +1772 20.4 4.44 35
21-Mar-89 4243+ 4.6 18696 + 211 24.5 4.30 38
22-Aug-89 5530 5.5 19376 = 102 25.8 4.35 35
9-Oct-89 563.2+ 5.0 17099 + 178 25.8 4.10 34
18-Dec-89 489.1 + 4.8 15212 + 148 23.5 3.80 30

3-Apr-94 2202+ 1.7 17432 + 175
27-Jun-94 6589+ 5.4 15240 + 182 25.0 4.30 42

Activated Carbon
14-Sep-88 1.0+ 0.1 9% = 10 29.0 470
26-Oct-88 03+ 0.1 <50 * 21.0 7.64 461
7-Dec-88 179 £ 208 23.0 6.82 220
30-Jan-89 <50 * 222 6.20 218
21-Mar-89 6.0+ 0.3 <50 24.5 5.40 228
22-Aug-89 33+ 03 <50 + 25.8 6.00 170
9-Oct-89 132+ 2.0 <50 = 26.0 5.00 170
18-Dec-89 1.5+ 0.1 <50 + 23.0 5.00 132
3-Apr-94 1.2+ 0.0 <50 £
27-Jun-94 1.5+ 0.1 120 £ 12 25.0 5.50 106
Mixed Bed Deionizing Resin

14-Sep-88 1.2+ 0.1 150 £ 11 28.3 0

26-Oct-88 02+ 090 19019 + 134
7-Dec-88 8822 + 148 23.0 5.40 0
30-Jan-89 3969 + 160 17.5 6.70 0
21-Mar-89 16.0+ 0.3 16519 + 269 24.6 3.40 0
22-Aug-89 3.7+ 0.3 17873 + 102 25.8 4.70 0
9-Oct-89 49+ 0.3 15883 + 110 25.8 5.40 0
18-Dec-89 1.5+ 0.2 14952 + 224 23.0 5.15 0

3-Apr-94 1.6 0.1 17148 + 185
27-Jun-94 34+ 0.1 14535 £ 346 25.0 4.50 0

Manganese Greensand

14-Sep-88 20% 0.2 6176 + 814 28.0 8.00 321
26-Oct-88 7.1+ 0.3 17392 + 107 21.2 6.85 268
7-Dec-88 15294 + 218 23.2 6.68 228
30-Jan-89 16944 + 62 21.3 6.33 220
21-Mar-89 1.0+ 0.0 17911 + 221 25.0 6.20 195
22-Aug-89 223+ 0.0 17855 £ 173 25.8 5.60 192



Table A-7 Continued

Total
Date Po-210 Rn-222 Temp pH Cond
(Ci/L) (pCi/L) ©C) (uS)
9-Oct-89 129+ 04 17720 £ 98 25.8 5.30 160
18-Dec-89 212+ 04 15193 = 201 23.0 5.20 142
3-Apr-94 53+ 0.1 17096 = 436
27-Jun-94 10.0+ 0.2 16884 + 565 25.2 5.60 160
Water Softener
14-Sep-88 33+ 0.2 <50 29.0 222
26-Oct-88 556+ 1.2 19628 + 232 24.3 5.54 100
7-Dec-88 14998 + 144 23.0 5.42 80
30-Jan-89 9522 + 158 17.6 5.10 72
21-Mar-89 183+ 04 17393 + 446 24.5 5.50 75
22-Aug-89 145+ 04 17730 £ 185 25.8 5.60 72
9-Oct-89 7.5+ 0.3 16955 + 282 25.8 5.35 68
18-Dec-89 222+ 04 14531 + 416 23.1 5.00 55
3-Apr-94 10.0 £ 0.2 16884 t+ 565
27-Jun-94 88.3+ 1.1 15051 £ 368 25.0 5.30 52
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