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Investigation of radioactivity in selected drinking water samples
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In 2004, levels of radioactivity exceeding federal drinking water standards were found by state laboratories in two separate areas of Maryland
through gross alpha and beta screening measurements. It was desired to know which radionuclides were responsible for the activity and what effect
water softener systems installed in individual households had on the mitigating problem. Non-destructive gamma-spectrometry and gross alpha-
beta liquid scintillation measurements, as well as chemical separations followed by measurements of 22?Rn, 22°Ra and 2*®Ra, uranium and thorium
isotopes, 21°Po, and 2!°Pb were carried out by National Institute of Standards and Technology (NIST). The results of the studies indicated
disequilibrium among the decay products in the Th and U decay chains had a major influence on the radionuclide content. Unsupported 2!°Po was
found to be the predominant radionuclide in drinking water at one of the locations. Furthermore, the influence of the use of water softeners was

found to be much more effective for radium than for uranium.

Introduction

When the bedrock contains considerable amounts of
uranium and its daughter nuclides, drinking water taken
from drilled wells may contain high concentrations of
natural radionuclides. With respect to radiation dose, the
most significant radionuclides typically found in
drinking water are isotopes of uranium, radium,
polonium, lead, and short-lived 222Rn. The United States
Environmental Protection Agency (EPA) has set
standards in drinking water for contaminants that pose a
health risk in public water supplies. Presently the
maximum contaminant levels for radionuclides are
0.19Bq/l (5pCi/l) for radium (?2°Ra and 228Ra
combined), and 0.56 Bg/l (15 pCi/l) for gross alpha
(including radium but excluding uranium and radon).!
No standards have been established for 222Rn in
drinking water.

In 2004 levels of radioactivity exceeding federal
drinking water standards were found in separate areas of
Maryland by state laboratories charged with the
responsibility for overseeing water quality. The drinking
water samples with high radioactivity originated from
two regions in Maryland: Baltimore County and the
Chapel Point Woods community located in Charles
County. In the Chapel Point Woods community in
Southern Maryland the level determined from gross
alpha and beta screening measurements was not
accounted for by more specific analyses for uranium and
radium concentrations in that water. The gross alpha
concentration of 1.6Bq/l, determined by State
Laboratory was three times above the EPA limit for
gross alpha. Prior to 2002 the gross alpha content of
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water was only 0.3 Bg/l, one fifth of what was found
after 2002. It was desired to know which radionuclides
were responsible for the elevated radioactivity levels in
the water, so that an effective clean-up technology could
be chosen to meet the EPA drinking water regulations.
This community is small and consists of 95 homes.
Drinking water is taken from three wells, the water is
combined and then distributed to people. The Patapsco
aquifer where the water is taken from is the second
deepest in Southern Maryland and its waters are
thousands of years old. No other water system in the
area has shown elevated radiation levels. The only
treatment for the water is chlorination. The sampling
procedure was also changed at the same time as these
high radioactivity levels were detected. Prior to 2002 all
samples were collected from resident homes whereas
after 2002 they were taken from the treatment plant
where the water enters the distribution system. In
addition, prior to 2002 it took about a year before
samples were analyzed whereas after 2002 the samples
were analyzed within three days of collection.

In the second case, in Baltimore County, elevated
levels of radioactivity in the water supply system were
likewise observed by gross alpha and beta activity
screening. It was desired to know which radionuclides
were responsible for the activity, and additionally
authorities wanted to know what effect water softener
systems installed in individual households had on
mitigating the problem. Water softeners are ion-
exchangers which are used to treat hard water by
removing Ca and Mg. They may also reduce
radioactivity in drinking water by removing some of the
radionuclides present.
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NIST provided radiochemical analyses that were
instrumental in addressing both situations. Non-
destructive gamma-spectrometry, 222Rn, gross alpha-
beta liquid scintillation measurements, as well as
chemical separations followed by measurements of
228Ra, uranium and thorium isotopes, 219Po and 210Pb
were carried out.

Experimental
Samples from Charles county, Maryland

Water samples from three wells and from the entry
point to the distribution system were received 19
February 2004. Samples were taken from the Chapel
Point Woods community in Southern Maryland. The
depth of the wells is 210 m. The state laboratories
measured that the gross alpha-concentration was
1.6 Bg/l. They analyzed Ra and U concentrations and
found that there were only 0.01 Bg/l of 226Ra and no
uranium or 228Ra present at all.

Samples from Baltimore County, Maryland

On 17 November 2004 samples were received from
two different wells. These two wells were identified
with codes 2103 and 2144. In each case one sample was
raw water (2103 RAW, 2144 RAW) and the other
sample was taken after the water was passed through
water softeners installed in the homes (2103 AT, 2144
AT). Gross alpha-content for the raw water samples
(2103RAW and 2144 RAW) was measured by the State
Laboratory to be 1.1 Bg/l and 5.5 Bq/l and gross beta
content 0.2 Bq/l and 3.0 Bq/l, respectively. Depths of the
wells where water samples 2103 and 2144 were
collected are 70 m and 120 m, respectively. Both wells
are located in the Baltimore gneiss formation.

Gamma-determination by HPGe detector

Water samples were analyzed with a high purity Ge
detector for gamma-emitters. 500 ml Marinelli beakers
were used for the measurement. Each sample was
measured at least three times over a period of 20 to 24
hours. Blanks were also measured in the same manner.

Alpha-measurements

U, Th, Pu and Am were determined from one-liter
samples following the Eichrom procedure.? One liter of
each water sample was gravimetrically spiked with
tracers of 232U, 229Th, 242Py, and 243Am. Radionuclides
were concentrated from solution by phosphate
precipitation, then separated from each other and from
impurities through extraction chromatography. Sources
were made by electrodeposition and samples were
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counted by alpha-spectrometers. The counting sources
were covered by thin films to prevent possible detector
contamination by alpha-recoil ions.

210po and 210Pb: Polonium was determined from
200 ml samples. 299Po was gravimetrically added as the
tracer, and sample was evaporated and dissolved in
dilute HCI acid. 1 ml saturated hydrazine hydrochloride
was added and then the sample was transferred to 30-ml
plastic bottles. Silver discs were placed in the caps of
each bottle. The bottles were turned upside down so that
silver discs were covered by the sample solutions. The
samples were heated in a water bath at 60 °C for 2 to 4
hours. The silver plates were removed, rinsed with
alcohol and counted with alpha-spectrometers. Samples
were covered with thin films to prevent recoil ion
contamination of the detectors.

Measurements of 2!9Pb and 2!10Po were made from
500 ml samples. A radiochemical procedure based on
extraction chromatography with a crown ether extractant
was used to separate the lead and polonium fractions
simultaneously.3 Pb carrier (30 mg) and 29°Po tracer (ca.
0.15 Bq) were added in order to correct for chemical
recoveries after separation and purification. Purified Pb
was isolated as PbC,0,, dried and weighed to determine
the chemical recovery. It was then dissolved in 1 ml of
6M HNOj; and mixed with 15 ml of Packard InstaGel
XF liquid scintillation cocktail in a 20 ml glass vial and
measured in a Canberra Packard TriCarb 2500 TR liquid
scintillation analyzer. Purified Po was spontaneously
electrodeposited onto Ag disks and measured by alpha-
spectrometry for 210Po relative to 209Po with solid-state
planar Si alpha-detectors.

228Ra: 228Ra was determined by measuring 228Ac
that was separated from its parent using Diphonix ion-
exchange resin 228Ac was measured by liquid
scintillation counters (LSC), and the yields were
determined using a tracer of 133Ba (SRM 4251C) that is
measured by  gamma-spectrometry. 228Ra  was
preconcentrated (with 133Ba as a yield tracer) by co-
precipitation with MnO,. 228Ac is the first daughter of
228Ra, and it was separated along with other elements
(U, Th, Sr etc) using a Diphonix Resin column. The
fraction of 228Ra was held for >30 hours to allow 228Ac
ingrowth until secular equilibrium and then was isolated
using chromatographic separation of Ac via a second
Diphonix column. 228Ac was eluted from the second
Diphonix Resin with 5ml 1M 1-hydroxyethane-1,1-
diphosphonic acid (HEDPA) and quantified by LSC
counting.

Radon measurement

For the radon measurements 200 ml of test water
were placed into the bubbler. The bubbler was purged
by nitrogen, and two pulse ionization chambers (PIC)
with volume 41 each were loaded with the gas
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sequentially. The activities of gas in both chambers were
measured for approximately 60 hours by 2-hour runs.
Background, measured before the chambers were filled
by gas, was subtracted for each chamber’s results
individually. The activity in the second chamber was
always indistinguishable from background activity and
only the results obtained with the first chamber were
used. Typically the number of counts acquired in 2
hours was 700 to 800 while the background count was
around 300.

Results and discussion
Charles county

Gamma-ray measurements failed to find the presence
of any anthropogenic radionuclides such as ©060 or
137Cs, and any 228Ac. Liquid scintillation measurement
confirmed the gross alpha-measurements by the
Maryland State Laboratory. No beta-emitting nuclides
were detected.

Radiochemical alpha-analysis showed no other
alpha-radionuclides of significant amounts to be present
in water except 210Po. The 219Po activity was
1700+100 mBgq/1 and the gross alpha-activity detected is
solely due to 219Po present in water. Results for the
abbreviated uranium decay chain series are shown in
Fig. 1. Other alpha-nuclides were found to be below
detection limits: 235U (<0.4 mBg/1), 232Th (<0.4 mBq/l),
239.240py (<0.1 mBq/1), and 24! Am (<0.1 mBq/l) Based
on LSC measurements there were no beta-nuclides
present in water, not even 210Pb, the parent nuclide of
210po, There is a disequilibrium in the uranium series
radionuclides as shown in Fig. 1, 219Po being the only
radionuclide present in water during the time of the
measurement were being conducted. The 226Ra
supported 222Rn concentration was less than 0.04 Bq/l.
This is consistent with the Maryland State measurements
of low levels of 226Ra (0.01 Bg/l) in the water.

The unsopperted 222Rn in water determined by the
Maryland State in 1998 was 8.5 Bg/l at the water
treatment plant.

In the late 1990s hundreds of wells in Anne Arundel
County were found to have elevated levels of radium but
this is the first discovery of elevated levels of
unsupported polonium in Maryland drinking water
samples. Several occurrences of unsupported 210Po have
been found in Florida groundwater.>:® These studies
suggested that polonium is cycled by sulfur bacteria,
which reduce polonium to a more soluble species while
the 210Pb and uranium remain reactive and sorb to the
solid phase of the aquifer. However, future studies are
needed to confirm that this explanation is applicable to
the Chapel Point Woods water system.

Elevated radioactivity concentrations due to
polonium were detected beginning in 2002. Prior to that
the activity levels were normal. What has caused this
high rise of 210Po in water? The water sampling
procedure was changed in 2002. Prior to 2002 samples
were collected from homes and it took about a year
before the samples were analyzed. After 2002 the
samples were collected from the water treatment plant
and analyzed within three days of collection. The half-
life of 210Po is 103 days and, therefore, after a year the
post-2002 concentration observed would have decreased
to a level of 0.4 Bq/l, which is statistically the same
value as 0.3 Bq/l, the pre-2002 gross alpha-value the
Maryland State Laboratory measured. It is likely that the
concentration of 210Po in the water had not really
changed in 2002; rather, it just was not noticed before
because of the sampling procedure used.

The removal of 210Po from drinking water is
demanding since polonium in groundwater is bound to
various sizes of particles.”-8 Ton-exchange or activated
carbon units are not the best choice to remove 210Po
because they do not completely retain the different size
particles in groundwater to which polonium are bound.”
The only practical method for the efficient removal of
polonium is achieved through reverse osmosis. A pilot
study performed later by Watek Engineering Corp. in
the entry point to the distribution system showed that
97% of polonium was removed from the drinking water.
A reverse osmosis filtration system was installed at the
treatment plant to remediate the Po from the drinking
water.

Baltimore County

Well water samples with elevated radioactivity levels
were received from two different homes (2103 and
2144), before (RAW) and after treatment (AT) with
water softeners. Results are shown in Table 1. All
freshly measured water samples contained considerable
amounts of radon. The two raw waters had very
different compositions; 2144 (raw) contained mainly
radium isotopes and radon whereas 2103 (raw)
contained uranium and radon. After treatment with water
softeners the radium concentration was reduced by
factor of ten but uranium levels remained the same.
Water softeners are known to remove more than 90% of
radium from drinking water.!0 The most efficient
removal methods for radium from drinking water are
ion-exchange using strong acid cation resins and reverse
osmosis. The removal efficiencies attained by these
methods can be as high as 99%.10 However, the water
softener (cation-exchanger based) did not remove
uranium from the drinking water. This is not however
unexpected since uranium in drinking water often exists
in anionic complexes.’
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Uranium series

238 234 230 226 210 210
U U Th Ra Pb Po
<1 mBqg/l <1 mBqg/l <0.4 mBq/l <40 mBq/l <80 mBq/l 1700 100
mBg/l

Fig. 1. Results from Charles County water samples are shown as abbreviated uranium decay chain series. Activities are calculated for March 4,
2004. An expanded uncertainty (k= 2) is given for the concentration of 2!°Po. All other values were below detection

Table 1. Activity concentration in drinking water samples from Baltimore County

Nuclide Half-life 2103 RAW, Bg/l 2103 AT, Bg/l 2144 RAW, Bg/l 2144 AT, Bg/l
U-238 4510%y 0.29+0.04 0.31+0.01 <0.003 <0.003
U-235 713108y 0.014+0.002 0.017+0.001 <0.003 <0.003
U-234 2.4610°y 0.41+0.02 0.43+002 <0.003 <0.003
Th-228 19y <0.001 <0.001 <0.001 <0.001
Th-230 7.54'10%y <0.001 <0.001 <0.001 <0.001
Th-232 1.41010y <0.001 <0.001 <0.001 <0.001
Ra-224* 3.66d <0.2 <0.2 5.66+0.05 0.440.2
Ra-226 1600 y NA 0.07+0.02 0.1240.01 NA
Ra-228 57y <0.2 <0.2 4.340.6 0.440.5
Rn-222 3.82d 25141 2841 %% 2141 1941
Bi-214%% 19.8 min 256116 232+18 18+4 1544
Pb-210 223y 0.18+0.04 0.09+0.03 <0.04 <0.04
Po-210 138d 0.017+0.002 0.005+0.0002 0.003+0.002 0.002+0.002

RAW — raw water, AT — after treatment with water softener. Expanded uncertainty values, U (k=2), are indicated next to
the activity values. Activities are calculated for 11/17/2004. When measured values were below detection, minimum

detectable activity has been given.
* Activity includes both 22*Ra and short living daughters.

** This value is substantially lower that the measured activity of 21*Bi (which is in equilibrium with 2*?Rn). Most probably
this lower result is due to the gas leakage in the process of radon transfer from the sample to the pulse ionization chamber.

% 214Bj {5 a short lived daughter of 222Rn.
NA: Not analyzed.

The most efficient and frequently used method in
private homes for uranium removal is anion-exchange.
Anion-exchange resins have a high capacity for
uranium, where thousands of bed volumes of natural
water can be treated without breakthrough. In most cases
the removal efficiency is over 95% and independent of
water quality.?

These discoveries helped to formulate policy
regarding required radionuclide sampling from drinking
water in Baltimore County. For instance, follow-up
testing for uranium in addition to radium may be
required to verify the cause of elevated gross alpha
results before prescribing treatment.

Conclusions
High polonium concentration (1.5 Bg/l) was recently
discovered from drinking water samples in Maryland for

the first time. Polonium was found to be unsupported
and virtually the only radionuclide present in the water
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(with the exception of Rn, which had already decayed
by the time of measurement). To reduce the radiation
level below the EPA limit for gross alpha (0.56 Bq/l), a
reverse osmosis plant was installed to remove polonium
from drinking water.

In other places where elevated levels of gross alpha
and beta were measured from well waters, the effect of
residential water softeners on radioactivity levels was
studied. It was found that the effectiveness of water
softeners to reduce elevated gross alpha and beta levels
depended on what radionuclides were present. Cationic
water softeners removed 90% of radium, but uranium
levels were unaffected because it probably existed in
anionic complexes. The radionuclide equilibrium in
uranium and thorium decay series is not a likely
condition in the complex environmental crucible.
Detailed radionuclide evaluations are needed to
appropriately select remediation technologies for well
waters with elevated levels of natural radioactivity to
meet the EPA drinking water regulations.
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Certain commercial equipment, instruments, or materials are
identified in this paper to specify adequately the experimental
procedure. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.

References

1. Environmental Protection Agency, National Primary Drinking
Water Regulations; Radionuclides; Final Rule. Federal Register,
40CFR, Parts 9, 141, 142. Thursday December 7, 2000.

2. Eichrom Technologies, Inc., Analytical Procedure ACWO03,
rev 2.1, 2005.

3. N. VAIDA, J. LA ROSA, R. ZEISLER, P. DANESI, G. KIS-BENEDEK,
J. Environ. Radioact., 37 (1997) 355.

10.

11.

. S. NOUR, A. EL-SHARKAWY, W. C. BURNETT, E. P. HORWITZ,
Appl. Radiation Isotopes, 61 (2004) 1173.

. W. C. BURNETT, J. B. COWART, P. A. CHIN, Radon, Radium and
Other Radioactivity in Ground Water: Hydrogeologic Impact and
Application to Indoor Airborne Contamination, B. GRAVES (Ed.),
Lewis Publ., 1987, p. 251.

. K. HARADA, W. BURNETT, J. B. COWART, P. A. LAROCK,
Geochim. Cosmochim. Acta, 53 (1989) 143.

.J. LEHTO, P. KELOKASKI, K. VAARAMAA, T. JAAKKOLA,
Radiochim. Acta, 85 (1999) 149.

. K. VAARAMAA, J. LEHTO, H. ERVANNE, Radiochim. Acta, 91
(2003) 21.

.P. VESTERBACKA, 28U-series Radionuclides in Finnish

Groundwater-Based Drinking Water and Effective Doses, STUK-

A213, Helsinki, 2005.

O. S. ZAPECZA, Z. SzABO, U.S. Geological Survey Water-Supply

Paper 2325, 1986, p. 50.

P. HUIKURI, L. SALONEN, O. RAFF, Desalination, 119 (1998) 235.

159




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


