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Abstract.
Ninety eight groundwater samples from water utilities from around the state of Wisconsin
were analyzed for uranium activity (U-234, U-235, and U-238), thorium activity (Th-228,
Th-230, Th-232), radium activity (Ra-226 and Ra-228), polonium-210 activity (Po-210),
and gross alpha activity. The gross alpha activity was determined using EPA method
900.0. Many of these groundwater sources were known to have a combined Ra-226 and
Ra-228 activity in excess of 5 pCi/L, which 1s a radium violation according to EPA
regulations. Most of these samples contained insignificant amounts of thorium or Po-210.
The activity of thortum found 1n the all of the samples was on the order of 0.1 pCi/L or
less. Only two samples contained Po-210 at a level of 1 pCi/L or more. A model was
developed to determine the contribution of each radionuclide to the gross alpha activity.
An analysis of the factors affecting the gross alpha measurement was conducted using
this model. The gross alpha activity depends appreciably on the radionuclide used as the
calibration standard, the time between sample collection and sample preparation, and the
time between sample preparation and sample analysis. The adjusted gross alpha activity,
the gross alpha activity minus the total uranium activity, can depend appreciably on
whether a radiochemical or a gravimetric method is used to determine the total uranium
activity. This is important since according to EPA regulations an adjusted gross alpha
activity exceeding 15 pCi/L is considered to be a gross alpha violation. Using the model,
it 1s shown that for some water samples the value obtained for the adjusted gross alpha
activity can range from being well within compliance to being well out of compliance as
the parameters affecting the gross alpha activity are varied within the limits set forth by
Method 900.0. In cases where a water sample was analyzed within a few days of
collection, it was found that if the sample contained a significant amount of Ra-228, the
measured gross alpha activity was significantly greater than the calculated gross alpha
activity unless it was assumed that the sample also contained Ra-224 at a level
approximately equal to the Ra-228 activity. This result is not unexpected since Ra-224 is
in secular equilibrium with Ra-228. In many cases, the majority of the gross alpha
activity of a sample was due to the alpha-emitting progeny of Ra-226 and to Ra-224 and
its alpha-emitting progeny. This situation often leads to confusion about the gross alpha
activity, since the activities of the progeny of Ra-226 and of Ra-224 and its progeny are
never routinely measured in the laboratory. The use of the model developed in this work
should be of assistance in helping a water utility with a gross alpha violation determine
the reason for the violation, and, therefore, should be helpful in determining how to treat

the gross alpha violation.
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1. Introduction.
Many naturally occurring groundwaters contain measurable amounts of alpha-emitting
radionuclides. The levels of some of these radionuclides, like Ra-226 and Ra-228, are

regulated because there are groundwaters in which the levels of these radionuclides are
sufficiently high to be deemed unsafe. Current United States Environmental Protection
Agency (EPA) regulations’ require that the combined activities of Ra-226 and Ra-228 be
less than 5 pCi per liter. A measurement of the gross alpha activity of a water sample is
usually performed before the water sample is tested for radium. The gross alpha activity
of a water sample 1s an estimate of the actual alpha activity of the water sample. If the
gross alpha activity is greater than 5 pCi/L but less than 15 pCi/L, then an analysis 1s
performed to determine the Ra-226 and Ra-228 activities of the water sample. If the
combined activities of the radium isotopes exceeds 5 pCi/L, then the sample has a radium
violation. If the gross alpha exceeds 15 pCi/L, then, 1n addition to the Ra-226 and Ra-228
activities, the total uranium activity is determined. The total uranium activity 1s
subtracted from the gross alpha activity to obtain the adjusted gross alpha activity. If the
adjusted gross alpha activity exceeds 15 pCi/L, then the water sample has a gross alpha
violation, even if there is no radium violation.

There are two types of methods available for the measuring the gross alpha activities of
water samples: evaporative methods and precipitation methods. An example of an
approved evaporative method is EPA Method 900.0.* In this method a water sample is
evaporated, and the solid residue containing the radionuclides 1s analyzed for alpha
activity. An example ofa precipitation method is EPA Method 900.1.° In this method the
radium isotopes are co-precipitated with barium sulfate, and the precipitate is analyzed
for alpha activity. In general, an evaporative method 1s less costly and less time
consuming to perform than a precipitation method. For this reason EPA Method 900.0 is
the method used at the Wisconsin State Laboratory of Hygiene and many other
laboratories. Thus, EPA Method 900.0 is analyzed in detail in this work, although the
general principles involved would apply to any of the methods.
In EPA method 900.0, a water sample for gross alpha activity analysis 1s prepared using a
small volume of water, typically 200 mL or less. Nitric acid 1s added to the sample and
the sample is evaporated to near dryness. This step is repeated. The purpose of adding the
nitric acid is to reduce the chloride content of the sample, thereby making the sample less
corrosive to the stainless steel planchet in the next step. The sample is transferred to the
planchet and is reduced to dryness. Then the resulting solid film in the planchet 1s heated
to redness using a Meeker burner. The purpose of this step is to convert the nitrates in the
film to oxides, and to reduce the mass of the film. The nonvolatile radionuclides that

were originally in the water sample are now contained in the solid film
Since radon is volatile, immediately after sample preparation, the solid
a small fraction of the radon activity present 1n the original sample. The
alpha particles from the solid film is measured using a gas proportional
gross alpha activity is calculated using the alpha-particle emission rate,
solid film, and an experimentally determined calibration curve.
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of the planchet.
film contains only
emission rate of
counter. Then the
the mass of the

The interpretation of the gross alpha measurement has been a source of much confusion
among water utility operators and workers 1n the environmental and public health fields.
As mentioned above, the gross alpha activity is an estimate of the actual alpha activity of
a water sample (excluding radon, which was lost during the evaporation and heating
processes). As will be seen below, the gross alpha activity is often a substantial
overestimate of the actual alpha activity of the nonvolatile radionuclides of the water
sample. Many think that the sum of the total uranium activity and the Ra-226 activity
should equal the gross alpha activity. In general, this is not the case. Many other factors
affect the gross alpha measurement. On the time scale of a typical gross-alpha
measurement, Ra-226 decays into a series of alpha emitters that contribute to the gross
alpha activity. Also, although Ra-228 is a beta emitter, the presence of Ra-228 in a water
sample indicates the presence of its decay product Ra-224. The activity of Ra-224 in
water samples is never routinely determined. Like Ra-226, Ra-224 decays into a series of
alpha emitters that contribute to the gross alpha activity. Many other factors affect the
gross alpha activity like the alpha-particle energy of a particular radionuclide; the
radionuclide that is used as the calibration standard (natural uranium or Th-230); the
uniformity of the film in the planchet; the time between sample collection and sample
preparation; and the time between sample preparation and the gross-alpha measurement.
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Figure 1. U-238 decay scheme.

The state of Wisconsin is known to have many public waterworks using groundwater in
which the groundwater is known to be in violation of the current radiological standards.
Consequently, these groundwaters provide a good source of samples for the current gross
alpha study. Ninety eight groundwater samples from around the state of Wisconsin were
collected, mostly from water supplies in which there were known radium or gross alpha
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violations. A series of radiological tests were performed on these samples including a
gross alpha analysis and analyses for the following radionuclides: Po-210, Rn-222, Ra226, Ra-228, Th-228, Th-230, Th-232, U-234, U-235, and U-238. The purpose of this

report is to quantify the effect of the various physical and radiological factors on the
gross alpha activity measurement.
The main natural alpha emitters found in raw water samples are members of either the U238, the U-235, or the Th-232 decay series. In radiological terms, the abundance of

radionuclides belonging to the U-235 decay series is much less than the abundance of
radionuclides belonging to either the U-238 or the Th-232 decay series. Consequently,
the contribution of U-235 and its progeny to the gross alpha activity will be neglected.
The U-238 and Th-232 decay series are shown in Figures | and 2, respectively. The
presence of a radionuclide in groundwater depends on some complex chemical and
geological phenomena. The ultimate source of a U-238 or Th-232 is an ore containing
one or both of these radionuclides. Because groundwater often flows at a considerable
rate, a radionuclide can be found far from its source. In this report we are not concerned
with the ultimate source of a radionuclide, but are concerned with which radionuclides

are actually found in the groundwater samples and how these radionuclides contribute to
the gross alpha.
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Figure 2. Th-232 decay scheme.

In general, radionuclides are distributed among various phases. A radionuclide can be
part of a parent ore, dissolved in water, adsorbed to the surface of a solid, or part of a
solid matrix that was created as matter that was dissolved in solution deposited from
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solution. If one accounts for all of the activity of a radionuclide among these various
phases, one finds that the activity of the radionuclide is approximately equal to the
activity of the parent, either U-238 or Th-232. This phenomenon is known as secular
equilibrium. Secular equilibrium occurs when the half-life of the parent nuclide 1s much
longer than the half-life of any of the progeny nuclides. Inspection of Figures | and 2
shows that this is the case for both the U-238 and Th-232 decay series. A further example
of secular equilibrium for Ra-226 will be given in Section 1.4.
1.1. Physical and chemical factors affecting the presence of radionuclides in
groundwater. Although secular equilibrium exists in the U-238 and Th-232 decay series,
the amount of a particular radionuclide found in water will depend to a large extent on
some of the physical and chemical properties of the radionuclides. For example, when a
radionuclide undergoes alpha decay, it emits an alpha particle with several million
electron-volts of energy. To conserve momentum, the nucleus that emits the alpha
particle will recoil in the direction opposite to the direction in which the alpha particle
was emitted. If the parent nuclide started in the solid phase, the progeny nucleus may
have recoiled far enough for it to have reached the aqueous phase. For example, suppose
that in an aquifer U-238 is present in an ore, which may be a small grain of material.
When the U-238 decays, the recoiling Th-234 nucleus may reach the aqueous phase and
precipitate from solution. The Th-234 atom then undergoes two successive beta decays
forming a U-234 atom, which readily goes into the aqueous phase. Without the recoil
step, this atom of U-234 would have remained in the parent ore. This process tends to
enrich the aqueous phase in U-234 relative to U-238. This phenomenon, known as
disequilibrium,” can be seen in the U-234 and U-238 activity data collected in this study
(see Appendix A).
Chemical properties tend to determine the amount of some of the radionuclides in water.
For example, uranium has two common oxidation states, the +4 state and the +6 state. In
the +6 oxidation state uranium 1s in the form of the soluble uranyl ion UO )*?: in the +4

oxidation state uranium is usually insoluble and precipitates from solution. The oxidation
state that uranium is 1n usually depends on the amount of dissolved oxygen in the water.
In water with high levels of dissolved oxygen, the uranyl 1on forms and uranium is quite
soluble; in anaerobic water, the uranium is reduced to the +4 state, and such waters are

usually low in dissolved uranium.
The amount of radium in water is affected by other factors. Radium tends to adsorb onto
the surfaces of solids in an aquifer. The amount of radium in the water would be expected
to be relatively higher when the number of such adsorption sites 1s relatively low. In
addition, radium competes with other metals— e.g., barium, calcium and magnesium —
for these adsorption sites. This is known as the common-ion effect. Consequently,
aquifers whose water contains relatively high dissolved solids tend to have
correspondingly higher levels of radium.”
Thorium exists naturally in the +4 oxidation state only, so it is does not participate in any
oxidation-reduction reactions. Thorium is soluble in acidic solutions, but thorium

hydroxide, Th(OH)., begins to precipitate from solution at a pH of about 3. The solubility
product constant of Th(OH), is about 107°, so in near neutral solution, thorium
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precipitates almost quantitatively from solution.® Very little thorium has been found in
any of the groundwater samples tested in this study (see Appendix A).
Polonium 1s soluble in highly acidic solutions, but is relatively insoluble in neutral
solutions. Polonium tends to absorb onto surfaces. It is sometimes found on colloids
suspended in solution. These colloids are sometimes referred to as radiocolloids.’ Most of
the groundwater samples tested in this study had very little Po-210. However, there were
two water samples (samples 80732 and 80743 in Appendix A and B) that contained a
substantial amount of Po-210. The origin of Po-210 in these two samples is not clear.
These samples where not characterized chemically or analyzed for colloidal matter.
Radon gas is relatively soluble in water.® It is not unusual for a water sample to contain
several thousand pCi of Rn-222 activity. However, such high levels of radon are never
observed in samples prepared for a gross alpha-measurement. The reason for this 1s due
to the volatility of radon. During the phases of sample preparation in which the sample 1s
evaporated and 1n which the solid film is heated with a Meeker burner, most of the radon
originally present in the sample 1s driven off . This does not mean that Rn-222 is not
present in the solid film. Rn-222 is continually being produced by the decay of Ra-226,
and once the film solidifies, the Rn-222 atoms produced by Ra-226 decay are trapped in
the solid film.
None of the water samples were tested for any isotopes of bismuth or lead. From Figures
1 and 2 it is seen that all of the isotopes of bismuth have relatively short half-lives and
would be expected to decay away rather quickly. Most of the lead isotopes in these two
figures are either stable (at the end of the decay series) or have relatively short half-lives.
The exception is Pb-210, which has a half-life of 22 years. Although Pb-210 is not an
alpha emitter, it undergoes two successive beta decays to form Po-210, an alpha emitter.
1.2. Relevant time scale and significance of radionuclide levels. In this study the water
samples were processed for gross alpha activity relatively soon after sample collection,
usually within one week. In some cases the sample batch did not meet quality control
standards, and were reanalyzed. Consequently, a few samples were reanalyzed one or two
months after sample collection. Thus, 1n the following discussion we will be concerned
with radioactive transformations that occur on a time scale of about one month or less.
Many of the most abundant radionuclides found in the water samples in this study
occurred at a level of 1 pCi/L or more. Thus, for our purposes an activity on the order of
1 pCi/L will be assumed to be substantial, and an activity on the order of one-tenth of a
pCi/L or less will assumed to be negligible.
1.3. Supported and unsupported activity. In general, to account for the alpha activity in
a water sample, one must know the activities of all of the radionuclides that are present in
the sample, and one must determine how the activities of these radionuclides change with
time. Before going into greater detail, some definitions are in order. With the exception
of the radionuclides at the beginning and end of each series, a radionuclide 1s both being
produced by the decay of its parent and being consumed by its own decay into its
progeny. Conceptually, the activity of any radionuclide can be divided into two
categories: supported activity and unsupported activity. The activity of a radionuclide in a
water sample is unsupported if the radionuclide has no parent, or if the parent is not
7

present in the sample and 1s not being produced by decay processes 1n significant
amounts over the time scale of interest. Thus, the activity of an unsupported radionuclide
will decay away with its characteristic half-life. Examples of radionuclides that are
unsupported are U-238 and Th-232. Since these radionuclides are at the beginning of
their respective decay series, they cannot be produced, and, therefore, all of their activity
is unsupported. Another example of unsupported activity 1s that of Ra-226. Th-230, the
parent of Ra-226, 1s highly insoluble in water, and was not present in significant amounts
in any of the water samples in this study. It 1s possible that U-234 could decay to Th-230
and then to Ra-226, but on a time scale of one month, the amount of Ra-226 produced by
this process 1s negligible. Thus, for the present purposes, the activity of Ra-226 1s
unsupported.
At the other extreme are radionuclides whose activities are completely supported. The
activity of a radionuclide is completely supported if the existence of its activity is due
only to the decay ofits parent. In the solid film the Rn-222 activity is completely
supported by the decay of Ra-226. As discussed in Section 1.1, Rn-222 1s driven off of
the solid film during the evaporation and heating processes. After the heating step, as
time progresses, Rn-222 1s produced by the decay of Ra-226. Consequently, the existence
of Rn-222 activity in the sample is completely due to the decay of its parent, Ra-226.
There can be cases of an intermediate nature, where the activity of a radionuclide is
neither completely supported nor completely unsupported. That is, a water sample may
contain a radionuclide and its parent, but the activity of the radionuclide may be 1n excess
of what the decay of the parent in the water sample could have produced. In such cases,
for accounting purposes, the activity of the radionuclide can be arbitrarily divided into
supported and unsupported activity. One may classify the original activity of the
radionuclide in the water sample as unsupported and classify the activity that arises due
to the parent decay as supported. The unsupported activity of the radionuclide will
decline with a time constant that is characteristic of the half-life of the radionuclide.
Simultaneously, the supported activity, which 1s initially zero, will increase as the parent
decays, possibly going through a maximum and then decreasing as the parent decays
away.
In the case of the U-238 and Th-232 decay series there are numerous considerations that
allow us to focus on subsections of these decay series, rather than considering the decay
series as a Whole. These subsections consist either of a single radionuclide or of a
sequence of radionuclides, the first member of which supports the activities of the
subsequent members. This is the subject of the next two sections.
1.4. Subsections of the U-238 decay series. The activity of U-238 is assumed to be constant,
since its activity is unsupported and its lifetime is 4.49 billion years. Before defining other
subsections, it is helpful to use U-238 as an example to estimate how the activity of a parent
affects the activities of its progeny. In general, to determine the effect that the decay of a parent
radionuclide will have on the activities of its progeny, one must solve of system of coupled
differential equations. However, for the radionuclides at the beginning of the U-238 decay series,
some approximate calculations are sufficient.
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It should be noted that the lifetimes of the radionuclides in each series range over many orders of
magnitude. For example, in the U-238 series, the half-life of U-238 1s 4.49 billion years, whereas
the half-life of Po-214 1s 0.16 ms. This is a range over almost 21 orders of magnitude. The
activity, A, of a given radionuclide is given by
A= In(2) N,

(1)

Lio

where ¢1/2 1s the half-life of the radionuclide and N is the number of atoms of the radionuclide.

This formula has been used to obtain the results in Table 1.’ In this table for a selection of
radionuclides, the half-life is given in seconds, and the corresponding number of atoms required
to produce | pCi of activity is given. Again, it is seen that the number of atoms required to
produce | pCi of activity ranges over almost 21 orders of magnitude.
Table 1. Number of atoms required to produce 1 pCi of activity.

One pCi of activity 1s about 0.037 decays per second, or about | decay every 27 seconds. Thus, a
decay rate of 1 pCi corresponds to about 96,000 disintegrations in 30 days. In one month, 1 pCi
of U-238 will undergo about 96,000 disintegrations and produce 96,000 atoms of Th-234. The
addition of 96,000 atoms to either of the beta emitters Th-234 or Pa-234 will be substantial, but

the addition of 96,000 atoms to 1 pCi of the alpha-emitter U-234 only amounts to about 2.3
«10° % of the U-234 atoms. Consequently, on a time scale of about one month, an activity of 1
pCi of either U-238, or Th-234, or Pa-234 will have virtually no effect on the U-234 activity.
And because U-234 has a half-life of 248,000 years, its activity can be assumed to be constant.
The next subsection in the U-238 series starts with Ra-226. The Ra-226 activity is unsupported
because its parent, Th-230, 1s highly insoluble, so that the activity of Th-230 in the water
samples amounts, at most, to a few tenths of a pCi. The decay of 0.1 pCi of Th-230 in one month
produces about 9,600 Ra-226 atoms, which 1s about 3.5 x10* % of the Ra-226 atoms in 1 pCi of

Ra-226. One might be concerned with the amount of Ra-226 that is produced indirectly by the
decay of U-234. Ifa sample contains | pCi of U-234, then 96,000 atoms of its progeny, Th-230,
would be produced in 30 days. From Equation (1) the activity of 96,000 atoms of Th-230, the
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parent of Ra-226, is only 0.83 decays per year. Consequently, on a time scale of one month, the
Ra-226 activity can be assumed to be unsupported.
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Figure 3. Ra-226 and progeny.

From Figure 1, it is seen that the five radionuclides—Rn-222, Po-218, Pb-214, Bi-214 and

Po214— following Ra-226 have relatively short half-lives as compared to Ra-226 (on the order
of milliseconds to a few days). If these progeny were unsupported, their activities would tend to
decay away rather quickly. However, these progeny are supported by the decay of Ra-226, and
it is clear that the decay of Ra-226 over a period of days will have a substantial effect on the
activities of these progeny. Three of the progeny are alpha-emitters—Rn-222, Po-218, Po214—
and their activities must be determined in order to account for the gross alpha activity results.
Such a calculation is readily performed using the Bateman equations. The Bateman equations are
the solutions of a series of coupled linear differential equations governing the decay ofa series of
radionuclides. Figure 3 shows the result of a calculation in which the activity of the three alphaemitting progeny (Rn-222, Po-218, and Po-214) of Ra-226 are determined as a function of time.
On the time scale in the figure the activities of Rn-222, Po-218, and Po-214 are virtually equal.
The plot in Figure 3 demonstrates a phenomenon known as secular equilibrium. If the half-life of
the parent radionuclide, Ra-226, is much longer than the time scale of interest, (30 days), then

the activity of the parent will be virtually constant over the time scales of interest. If the halflives of the progeny (Rn-222, Po-218, Pb-214, Bi-214, and Po-214) are short compared to the
time scale of interest (30 days), then the activities of the progeny will closely approach the
activity of the parent over the duration of the time scale of interest. The reason for this is
relatively simple. Each of the progeny is being produced by the decay of its immediate parent
and is being consumed by its own decay. The decay of a radionuclide is a first order process. Ina
first order process, the probability per unit time, 1, that an atom will decay is independent of the
presence of other atoms. In a population of atoms, all of the atoms have the same probability of
decaying, so that if there a NV atoms in the population, then the instantaneous rate of decay of
atoms is just AN. Thus, if the population of a particular radionuclide is doubled, then the decay
rate of that population is doubled. Initially, the number of Rn-222 atoms is zero, but as Ra-226
decays, Rn-222 atoms are being created at a constant rate, which is just the decay rate of Ra-226.
Some of these Rn-222 atoms decay, but, initially, they tend to accumulate. As the Rn-222 atoms
accumulate, their decay rate increases (remember more atoms lead to a higher decay rate). The
10

Rn-222 population increases until the Rn-222 decay rate equals the rate at which Rn-222 is
produced, which is equal to the decay rate of Ra-226. At this point, the population of Rn-222 has
stabilized. Now the stable population of Rn-222 atoms is producing Po-218 atoms at a constant
rate (the decay rate of Ra-226), and the Po-218 population will build until the decay rate of Po218 equals its rate of production (the decay rate of Ra-226). The process of building radionuclide
populations whose activities equal the activity of Ra-226 will keep occurring for each
radionuclide along the decay series, as long as the Ra-226 half-life is long compared to the halflife of the radionuclide of interest, and as long as the half-life of the radionuclide is short

compared to the time scale of interest. Further down the decay series Pb-210 is encountered with
a 22 year half-life. On our time scale of interest (30 days), 22 years is a long time, and the Pb210 population will not have built to a large enough number and have stabilized such that the
decay rate of Pb-210 equals the decay rate of Ra-226. The next alpha-emitting radionuclide after
Po-214 is Po-210. If one uses the Bateman equations to determine the activity of Po-210
produced from Ra-226, one finds that it takes approximately 1440 days to produce 0.1 pCi of Po-

210 from 1 pCi of Ra-226. The low production of Po-210 from Ra-226 is due to the relatively
long half-life of Pb-210 (22 years). On a one-month time scale the Pb-210 population arising
from the decay of Ra-226 gives rise to a negligible Pb-210 activity. In effect, on a one-month
time scale the presence of Pb-210 in the decay chain acts as a “bottleneck” for the production of
Po-210 from Ra-226.
Actually, in Figure 3 it is seen that the activities of Rn-222,
same. This is because the half-lives of the progeny Po-218,
much less than the half-life of Rn-222. Consequently, these
equilibrium with Rn-222 rather quickly on the time scale in
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Figure 4. Pb-210 decay and Po-210 ingrowth.

As mentioned above the activity of Pb-210 was not determined in the samples. The amount of
Pb-210 present in the water samples is of interest because it decays into the alpha-emitting Po210. Figure 4 is a plot of the ingrowth of Bi-210 and Po-210 from 1 pCi of Pb-210 over a period
of 30 days. After 30 days, Bi-210 is in secular equilibrium with Pb-210, but the activity of Po210 produced is about 0.1 pCi. When one measures the activity of Po-210 in a sample, because
of its relatively short half-life (134 days), one decay corrects the Po-210 activity to obtain the Po210 activity in the sample at the time of collection. If 0.1 pCi is decay corrected backward 30
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days, it is found that it results in an initial Po-210 activity of 0.12 pCi. Consequently, for the
present purposes, it likely not necessary to measure the activity of Pb-210.
Another source of Po-210 is Bi-210. If 1 pCi of Bi-210 completely decays, then, from the data in
Table 1, it 1s clear that this would amount to about 3.6 percent of the number of Po-210 atoms in
1 pCi of Po-210 activity. For the present purposes, this is insignificant.
To summarize, in considering the U-238 decay series, we need to consider only U-238; U-234;

Ra-226 and its subsequent three alpha-emitting progeny (Rn-222 Po-218, and Po-214); and Po210.
1.5. Subsections of the Th-232 decay series. The data in Appendix A show that the activities of
Th-232 and Th-228 in all of the groundwater samples were insignificant. This is presumably due,
in part, to the formation of insoluble Th(OH)4. The activity of Ra-228 1s of interest because its
presence in a water sample is a certain indicator of the presence of Ra-224 in the water sample.
In this project, the Ra-228 activity was measured, but not the Ra-224 activity. It is not difficult to
show that, on a one-month time scale, the activities of the radionuclides preceding Ra-224 in the
Th-232 decay series have a minor effect on the activity of Ra-224. As mentioned above, the
thorium isotopes are not important because of their insolubility. The decay of Ra-228 and Ac228 will not significantly alter the activity of Ra-224 because Th-228 has a half-life of 1.9 years.
This is seen in the plot in Figure 5 where the ingrowth of Ra-224 from 1 pCi of Ra-228 is
plotted. Thus, Th-228 acts as a “bottleneck” for the production of Ra-224, in the same way that
Pb-210 acts as a “bottleneck” for the production of Po-210 from Ra-226. Although the presence
of Th-228 limits the amount of Ra-224 produced over a one-month time scale, Figure 5 shows
that there is significant ingrowth of Ra-224 from Ra-228 over a period of a few years, and,
consequently, the presence of Ra-224 in aquifers containing high levels of Ra-228 should be
expected. In fact, Ra-224 is in secular equilibrium with Ra-228. Moreover, because Th-228, an
alpha emitter, is between Ra-228 and Ra-224 in the decay series, some water samples may
actually be enriched in Ra-224 relative to Ra-228.'"
The above considerations show that, in the Th-232 decay series, one only has to be concerned
with the activity of Ra-224 and its progeny. From Figure 2 it is seen that all of the progeny of
Ra-224 have relatively short half-lives. Thus, unless they are supported by Ra-224 decay, their
activities would quickly decay away. Four of the Ra-224 progeny—Rn-220, Po-216, Bi-212, and
Po-212—are alpha emitters, and their activities must be calculated in order to account for their
effect on the gross alpha activity. Since the activity of Ra-224 was not determined, the Ra-224
activity will be estimated using the calculations outlined below. In general, the results of the
calculations will show that the ratio of the activity of Ra-224 to the activity of Ra-228 ranges
from | to 2, which is in agreement with previous studies. |!
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Figure 5. Ingrowth of Ra-224 .

From the discussion in the previous two sections, we know which radionuclides in our water

samples will be important contributors to the gross alpha activity (U-238; U-234; Ra-226 and its
subsequent three alpha-emitting progeny; Po-210; and Ra-224; and its four subsequent alphaemitting progeny). The activities of U-238, U-234, and Ra-226 have been measured. The activity
of Ra-224 can be estimated from the model discussed in Section 2. The activities of the alphaemitting progeny of Ra-226 and Ra-224, although not measured, can be readily calculated using
the Bateman equations.
1.6. Methods of Analysis. The gross alpha activities of the groundwater samples were
determined using EPA Method 900.0 employing Th-230 as the calibration standard. Method
900.0 stipulates that the time between sample preparation and analysis should be three days or
more, to allow for the ingrowth of the progeny of Ra-226. However, in this work the samples
were analyzed as soon as possible after preparation in order that the contribution of the shortlived Ra-224 and Ra-224 progeny would be detected.

The Ra-226 and Ra-288 activities were determined using EPA Methods 903.1” and 904.0,"°
respectively. The Po-210 activity was determined using a modified version of Procedure Po-02RC, the Environmental Measurements Laboratory, United States Department of Energy.'* It was
found that during volume reduction of the acidified sample by evaporation, silica gel formed
from silicic acid present in the sample. This reaction is catalyzed by acids,'*'® which are
concentrated during the evaporation of the sample. To prevent the formation of silica gel, the
acidified water samples were digested with hydrofluoric acid. A water sample was reduced in
volume to about 200 mL, and transferred to a 400-mL Teflon beaker. Then 10 mL of 48%

hydrofluoric acid was added to the beaker, and the contents of the beaker were evaporated to
dryness. An acidic boric acid solution was added to the beaker, which dissolved the sample and
reacted with any fluoride ion that was left. In Procedure Po-02-RC the sample is reduced in
volume to 5 mL, not to dryness, and the polonium is co-precipitated with lead sulfide. However,
in this step, when the pH of the solution was adjusted to bring about the precipitation of lead
sulfide, a large amount of another precipitate formed, which was probably one or more metal
hydroxides. Consequently, the co-precipitation step was omitted. The acidic boric acid solution
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usually contained a small amount of insoluble white matter, so the solution was filtered, and the
polonium in the filtered solution was deposited on a nickel disc, as in the original procedure.
The activities of the uranium isotopes were determined using alpha spectroscopy. The samples
were prepared for analysis using Eichrom Method ACW02 ‘employing U-232 as the tracer. The
activities of the thorium isotopes were determined using alpha spectroscopy. The samples were
prepared using a modified version of Eichrom Method ACW10"* employing Th-229 as the
tracer. Initially, when Eichrom Method ACW10 was employed, the yield of the thorium tracer
was low and somewhat variable. The cause of the low yields was traced to two steps in the
procedure. First, there is a co-precipitation step in the procedure in which thorium purportedly
co-precipitates with a calcium phosphate precipitate, which 1s formed when the acidic solution is
made slightly basic. It was evident that the percentage of thorium that co-precipitated was
usually quite low and variable. Experiments showed that the addition of magnesium to the
solution before the co-precipitation step was performed greatly increased the amount of thorium
in the precipitate. A molar ratio of magnesium to calctum of 5:1 was optimal. For practical
purposes, since the amount of calcium in each sample was unknown, an amount of magnesium
was added to the solution to assure that the magnesium to calcium ratio was 5:1 or greater. Also,
adding sodium carbonate to the solution was found to increase the thorium yield in the
precipitate. Thus, when the acidic solution was at or near neutral pH, just before precipitation
occurred, about | g of sodtum carbonate was added to the solution. It was also found that if
fluoride was present at a level of about 1 ppm, the amount of thorium in the precipitate was
usually low and somewhat variable. Consequently, prior to the co-precipitation step, boric acid
was added to the solution, and the solution was heated for an hour so that the boric acid would

react with the fluoride.
The second step affecting the Th-229 yield was the micro-precipitation step, in which the
thorium was co-precipitated with certum fluoride. Eichrom Method ACW10 calls for the use of 1
mL of 48% hydrofluoric acid in this step, which results in low Th-229 yields. The use of 5 mL of
48% hydrofluoric acid in this step increases the Th-229 yield to an acceptable level.
2. The Model.
2.1. Introduction. In the following sections the model used to calculate the gross alpha activities
of the water samples 1s discussed. The use of such a model is important for several reasons. The
model gives one a deeper insight into the physical and radiochemical processes that affect the
gross alpha activity measurement; a successful model allows one to perform computer
experiments, which are usually faster than performing experiments in the laboratory; and one can
obtain results from the model that would be difficult at best to perform in the laboratory. As an
example of this last point, many of the supported short-lived progeny of Ra-224 and Ra-226 have
very high alpha-particle energies as compared to the alpha-particle energies of their parents.
Consequently, the contribution of one of the progeny to the gross alpha activity can be
significantly greater than the contribution of its parent. It would be virtually impossible to isolate
one of these progeny because of its short half-life and because it decays into other radioactive
progeny relatively quickly. Thus, experimentally, it would be difficult to isolate the effect of one
of these progeny on the gross alpha activity. However, using a model, the contribution of one of
these short-lived progeny on the gross alpha activity can be readily determined. The discussion
of the model will start with a discussion of the composition of the solid film in the planchet.
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2.2. Solid film composition. Table 2 gives the average composition of a groundwater sample
from a sandstone aquifer.'” As discussed in the introduction, the chloride content of a water
sample is reduced by alternately adding nitric acid to the sample and evaporating. Presumably,
the bulk of the residue left in the planchet after this procedure is performed is a mixture of metal
nitrates and sulfates [NaNO3, NazSOu4, KNO3, K2SO.z, Mg(NO3)2, MgSO.z, Ca(NO3)2, CaSOz,|

and some silicic acid (S10.). Since silicic acid decomposes at 150 C, it will be assumed that any
dissolved SiO, decomposes to amorphous SiO upon heating. In general, the sulfate salts do not
melt or decompose below 800 C, so 1t will be assumed that any sulfate salts present in the solid
film are not altered by the heating process. An experiment was performed to determine the
stability of nitrate salts during the heating process. When Mg(NO3)2 or Ca(NO3)2 1s placed in a
planchet and heated, it is observed that a brown gas is evolved, probably NO:, and that the mass
of the residue left in the planchet is consistent with the formation of the decomposition products
MgO

or CaO, respectively. When NaNO3

or KNO;

is heated 1n a planchet, the solid melts, but

no brown gas 1s evolved, and the mass of the residue does not change indicating that neither
NaNO; nor KNO3

decompose.
Table 2. Average composition of groundwater.

(ppm)

In this work it is assumed that the film in the planchet after the heating step is performed is
composed of NaNO3, KNO3, MgO, CaO, MgSQOu, CaSOxz, and S102. However, some work must

still be done to characterize the decomposition products for mixtures of salts. It 1s quite possible
that, during the heating step, much of the sulfate becomes associated with sodium and potassium,
and that most of the nitrate is associated with magnesium and calcium. If this is the case, then,

after the heating process, the amount of nitrate salts left in the solid film may be negligible.
2.3. Energy and efficiency considerations. Before discussing the model in more detail, it 1s
instructive to discuss qualitatively how the energy of an alpha particle affects the gross alpha
activity. When an alpha-emitting radionuclide decays, 1t emits an alpha particle at one or more
characteristic energies. A schematic diagram of the sample and detection system 1s given in
Figure 6. As discussed in Section 1.1, the radionuclides of a water sample, excluding radon, are

contained in the solid film of the planchet. When an alpha-emitting atom of the film decays, it
emits an alpha particle. The direction in which the alpha particle is emitted is completely
random. As the alpha particle moves through matter, 1t continually loses energy, eventually
coming to rest. Two conditions must hold for an alpha particle to cause a pulse in the detector.
First, the alpha particle must have enough energy to reach the active region of the detector (P10
gas fills the active region of the detector and 1s 10% methane and 90% argon) and, once it
reaches the active region, it must have enough residual energy to ionize enough molecules of the
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P10 gas to cause a measurable pulse in the detector. Second, the alpha particle must be emitted in
a direction such that it will pass through the active region of the detector.

film
a

~ detector window
lanchet
planche

a

Figure 6. Schematic of the sample and detection system.

Alpha particles
collisions with
that a collision
particle. As an

move in relatively straight lines. Alpha particles lose most of their energy in
electrons. An alpha particle is about 8000 times more massive than an electron, so
with an electron does not cause much of a deviation in the path of the alpha
alpha particle moves from the solid film to the P10 gas of the detector (traversing

the film, about one centimeter of air, and the entrance window of the detector), it continually

loses energy. Within a single medium, an alpha particle of a given energy has a relatively welldefined path length. Thus, for a given medium, one can construct plots of the alpha-particle
range versus alpha-particle energy. One can then fit a function to these plots to obtain rangeenergy functions for that medium. The derivation of the range-energy functions for the various
media will be discussed in the next section. These plots, or range-energy functions, can be used
to determine the amount of energy lost by an alpha particle 1n traversing a given length of
material. Thus, given these range-energy functions, it can be determined whether an alpha
particle reaches the P10 gas and whether the alpha particle has enough residual energy to cause a
pulse in the detector.
It often happens that an alpha particle loses all of its energy before reaching the detector. It 1s
clear that the more energetic an alpha particle 1s, the more likely it is that the alpha particle will
reach the detector, provided its trajectory has an suitable orientation. An alpha-emitting
radionuclide is characterized by the efficiency with which its alpha particles reaches the detector.
The efficiency of a particular radionuclide 1s just the ratio of the number of alpha particles
reaching the detector and causing a measurable pulse to the number of alpha particles emitted by
the radionuclide in the solid film. It 1s clear that radionuclides with relatively high alpha -particle
energies will have relatively high alpha-particle efficiencies.
Table 3. Alpha particle energies for selected radionuclides.
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In general, alpha particles from short-lived radionuclides are more energetic than alpha particles
from longer-lived radionuclides. Table 3 shows the alpha-particle energies for a selection of
alpha-emitters.~’ In the event that there are two energies, the branching ratio indicates the
fraction of alpha particles emitted at that energy. The last two radionuclides in the table are or
have been used to calibrate the detection system. Currently, natural uranium and Th-230 are the
only two calibration standards that can be used in EPA Method 900.0. Prior to 1995 Am-241 was
allowed to be used as a calibration standard in Method 900.0. As will be discussed in Section
2.8, the gross alpha method implicitly assumes that all of the radionuclides have the same
efficiency as the calibration standard. As will be seen in Sections 3.3 and 3.6, the effect of this
assumption 1s that the gross alpha activity of a water sample often greatly exceeds the actual
alpha activity of the water sample (excluding radon).
Inspection of the entries in Table 3, reveals that, qualitatively, there 1s an inverse relationship
between the half-life of a radionuclide and the energy of the alpha particle that it emits. The
shortest lived but highest energy alpha particles come from the progeny of Ra-224 and Ra-226.
Because of their short half-lives, the activities of these progeny are never routinely measured; but
because of the high energy of their alpha particles, these short-lived progeny sometimes account
for the bulk of the gross alpha activity. The calculations presented in Sections 3.3 and 3.6
demonstrate this phenomenon.
2.4. Range-energy functions. To determine whether an alpha particle of a given energy causes a
measurable pulse in the detector, one must know how much energy the alpha particle losses
before it enters the active region of the detector (the cylindrical space filled with P10 gas), and
how much energy it dissipates in the active region of the detector. To determine how much
energy the alpha particle losses on its way to the active region of the detector, one must
determine the alpha-particle range-energy functions for the various materials—the solid film, the
air layer, and the entrance window of the detector—that the alpha particle traverses on its way to
the detector. To determine how much energy is dissipated 1n the active region of the detector,
one must determine the range-energy function of an alpha particle in the P10 gas. The rangeenergy data for many materials can be obtained using the National Institute of Standards and
Technology ASTAR program.” The range-energy plot for air is shown in Figure 7. The entrance
window is a thin three-layer sheet composed of a thin polyester film with a thin film of
17

aluminum evaporated on either side. The NIST web site has the range-energy functions for
aluminum and Mylar, a polyester that will be used to model the polyester film of the window.
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Figure 7. Range-Energy Plot for Air.

The composition of the solid film in the planchet is quite complex. The NIST database contains
the range-energy relationship for oxygen, but not for any other element of the solid film. The
range-energy function for any other element of the solid film can be estimated using the rangeenergy function of an element whose atomic weight is close to the atomic weight of the element
of interest. This is done using the Bragg-Kleeman rule:
RX

— Pov A,

Ry

pity

Here Ro, Po, and Ao are, respectively, the range, the density, and the atomic weight of the known
element; and Rj, 1, and A; are, respectively, the range, the density, and the atomic weight of the

element whose range is to be estimated. A range-energy function for each element of the solid
film was estimated using one element whose atomic weight is greater than the element of interest
and one element whose atomic weight is less than the element of interest. The two estimates
were averaged to arrive at the range-energy function for the element.
Once the range-energy functions for each of the constituent elements of the solid film were
determined, the range R of an alpha particle in the solid film could be determined using another
formula also called the Bragg-Kleeman rule:

——
Yixi(4,/R)
Here x; A; and Ri are the mole fraction, the atomic weight, and the range of the ith element in the

solid film, respectively.
2.5. The detector. Initial attempts to model the detector resulted in calculated Th-230
efficiencies that far exceeded the experimentally determined Th-230 efficiencies. It became
evident that not every alpha particle reaching the P10 gas caused a measurable pulse. A pulse is

18

generated when electrons created by the ionization of P10 gas molecules are collected at the
anode wires of the detector. In order to be counted, a pulse must exceed the discriminator level
of the instrument. It may be that the residual energy of the alpha particle is so low that the
number of electrons created by the ionization of the P10 gas is too small to generate a pulse that
exceeds the discriminator level. However, attempts to model the detector by adjusting the
discriminator level upward resulted in discriminator levels that were unreasonable high (they
discriminated out pulses of 1 MeV or even more) and resulted in calculations that could not
model the efficiencies of several radionuclides simultaneously. It was clear that another
phenomenon was at work.

i>) JH 9:25 em

(5

Figure 8. Schematic diagram of the detector.

To understand the reason for the lower efficiencies, one must understand the physics of the
electron dynamics in the detector. A schematic diagram of the detector is given in Figure 8. The
active region of a detector is a cylindrical region filled with P10 gas, a mixture of 10% methane
and 90% argon. One face of the cylinder is covered with a thin entrance window, which allows
alpha particles to enter the active region. In the Berthold detection system, there are two wire
anodes that traverse the active region. A potential of 1750 V is applied between the anodes and
the detector housing. One must remember that an alpha particle 1onizes molecules in the PIO gas
leaving a trail of electrons and positively charged gas ions. Part of the reason for the potential
applied to the anodes 1s to create an electric field inside the detector that separates the positively
charged ions from the electrons before they can recombine. If recombination occurs, then a part
of the signal 1s lost. Because of the design of the detector, there are regions within the detector
where the electric field is relatively low and where recombination of ions and electrons is more
likely to occur. In order to determine the portions of the detector where the electric field is low,
and where recombination is most likely to occur, the electric field in the detector was determined
numerically. This was done using a standard finite-difference method known as the Gauss-Seidel
method with over-relaxation.
The problem can be simplified somewhat because the active region
symmetry planes, each of which divides the detector in half. Taken
divide the detector into octants. If one obtains a solution in any one
any of the other seven octants is easily obtained by reflection of the
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of the detector has three
together the three planes
of the octants, the solution in
solution through the

symmetry planes. The solution of the finite-difference equations in one of the octants requires
three types of boundary conditions. The first boundary condition is that the electrostatic potential
must be zero at the boundary of the active region of the detector. The second boundary condition
is that the electrostatic potential must be 1750 V at the surfaces of the anode wires. The third
boundary condition is that on any of the symmetry planes the component of the electric field
normal to the plane must vanish. In other words, the electric field vector on any of the symmetry
planes must lie in the plane. If the normal component did not vanish, the solution of the
electrostatic field at the symmetry plane would not be unique.
To implement the solution of the finite-difference equations, a Cartesian coordinate system was
set up in the detector, and a rectangular array of points was defined inside the detector. Then,
using the Gauss-Seidel method with the appropriate boundary conditions, the electrostatic
potential was determined at all of the points of this array. Once the electrostatic potential @ was
determined, the electric field E was determined from @ by differentiation; 1.e.,

p=,
Ox

9
Oy

9
OZ

where 71, 72, and n3 are unit vectors in the x-, y-, and z-directions, respectively. Actually, we are
only interested in the magnitude of the electric field |E| and not its direction. The magnitude of
the electric field 1s given by
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In the calculations of the radionuclide efficiencies, it was assumed that the detector can be

divided into two regions. The two regions are separated by a surface defined by the equation |E|
= E.,, where &, is called the cutoff field. In the first region, called the live region, |E| exceeds EF,
and it 1s assumed that all of the electrons generated in this region are collected at the anode; in
the second region, called the dead region, all of the electrons are assumed to recombine with ions
and not to reach the anode. The surface between the live and dead regions was constructed using
Lagrange basis functions between every set of eight data points that make up a rectangular cell in
the finite-difference method.
The division of the detector volume into a live and a dead region 1s, of course, an approximation
since some electrons in the dead region will reach the anode, and some of the electrons in the
live region will recombine with ions. However, for our purposes, the division of the detector
volume into these two regions gives reasonable results. Figure 9 depicts a cross section of the
detector that is perpendicular to the anode wires and divides the detector in half. Figure 9 shows
the live and the dead regions for a cutoff field of about 150 V/cm.
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live region

dead region

Figure 9. Schematic of detector dead and live regions.

From Figure 9 it is clear that there is a significant dead region between the two anodes. This 1s
not unexpected because the three symmetry planes of the detector intersect at the point at the
center of the detector. Since the normal component of the electric field vanishes on a symmetry
plane, the only way that the normal component of the electric field can vanish on all three planes
simultaneously 1s if the electric field is zero at the center point. There is also a significant dead
region at the extremities of the detector. The magnitude of the electric field diminishes at
distances far from either anode. In the calculations below, for a pulse to be registered, it is
assumed that a certain threshold energy must be deposited in the live region of the detector. An
alpha particle may cross from the dead region to the live region, or vice versa, in which case only
that portion of the energy deposited in the live region is counted as contributing towards the
generation of a pulse.
2.6. Solid film geometry. Inspection of a random selection of planchets from processed samples
reveals that the solid films are usually not of uniform thickness, but that the geometry of the
films is quite complex. Before a planchet is heaed, the film is usually rough, and often not evenly
dispersed over the surface of the planchet. When the planchet is heated, the film usually melts
and often solidifies into a fairly thick patch, surrounded by a relatively thin film of material. The
formation of the thick patch may be due to the surface tension of the melt, which tends to gather
the melt together. The presence of these thick patches has a significant effect on the efficiencies
of the radionuclides. For a given alpha-particle energy there is a maximum depth, Zmax, within the
solid film from which an alpha particle can be emitted and still cause a pulse in the detector.
Alpha particles emitted from depths greater than Zmax may reach the detector, but will not have
enough energy to cause a pulse in the detector. For films of relatively low mass, if the film is
uniform, the film thickness may be less than Zmax for many of the radionuclides. In this case,
alpha particles emitted from throughout the entire film can cause a pulse in the detector.
However, when a thick patch exists, there are regions of the patch where alpha particles have no
chance of causing a pulse in the detector because the thickness of the patch greatly exceeds Zmax
for many or all of the radionuclides. Consequently, the presence of these thick patches
diminishes the radionuclide efficiency. In order to determine the radionuclide efficiencies with
reasonable accuracy, it is important to characterize the geometry of the solid film with some
degree of precision.
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The thin portion of the film surrounding the thick patch, or patches, is usually non-uniform. For
films in windowless 27 detectors (detectors that have no air layer or entrance window so that the
P10 gas 1s in contact with the sample) where the film thickness does not exceed Zmax, the

radionuclide efficiency diminishes linearly with the standard deviation of the film thickness,
regardless of the details of the film geometry. Consequently, the thin portion of the film will be
modeled using a geometry in which it 1s relatively easy to alter the standard deviation of the film
and in which it is relatively easy to perform efficiency calculations.
Let the probability of finding a patch of thickness ¢ be f(t). Then the fraction of the film between
the thickness ¢ and the thickness ¢ + dt 1s f(t)dt. An equation is needed for f, A function that
satisfies the above requirements for ease of varying the standard deviation and ease of
computation is given by
O
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where f¢, 1s the minimum thickness of the film and f, 1s the maximum thickness of the film. Thus,

fis constant for a film thickness between ¢; and f:, and 1s zero elsewhere. The average thickness
(t) and the standard deviation o of the film thickness are given by
(t) ala
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respectively.
The area of the thick patch usually increases with the mass of the film. It was found that if the
total film mass mr is expressed in grams, then assuming that the thick patch has a mass mp of
m, = 75m;

(3)

and a thickness of 0.1 mm gave results in reasonable agreement with experiment as will be
shown in Section 3.2. This equation 1s in reasonable agreement with visual observations of the
films, although more work must be done to better quantify the relationship between mp and me.
2.7. Monte-Carlo simulations. Monte-Carlo simulations are used to determine the efficiencies
of the various alpha-emitting radionuclides. The idea behind Monte-Carlo simulations 1s
relatively simple. In the present model it is assumed that each radionuclide 1s uniformly
distributed in the solid film. Consequently, if some volume element AV, of the film is chosen at
random, the probability of finding a given radionuclide in AV; will be the same as the probability
of finding the same radionuclide in another volume element AV of same size. In this simulation,

22

a function called a random number generator is used to obtain three random numbers. Then an
algorithm uses the three random numbers to pick a point in the solid film. The algorithm is such
that if the film was partitioned into volume elements each of the same size, then the point
determined by the algorithm and the three random numbers would have an equal probability of
being placed within any of the volume elements of the partition. Thus, when the process of
placing a radionuclide in the film, using the algorithm and the random number generator, 1s
repeated a large number of times, one finds that the points representing the radionuclides are
evenly dispersed throughout the volume of the solid film.
When a radionuclide emits an alpha particle, the alpha particle 1s emitted with equal probability
in any direction. Once a radionuclide 1s located within the film, the random number generator is
used to obtain two more numbers. A second algorithm uses these two numbers to fix a direction
in which the alpha particle is emitted. Because the two numbers are picked at random, the alpha
particle is equally likely to be emitted in any direction. Once the position of the alpha particle is
fixed in the solid film and the direction in which the alpha particle is emitted is fixed, one can
determine whether the trajectory of the alpha particle 1s oriented towards the detector, and, if it
is, whether the alpha particle has enough energy to reach the detector. If the alpha particle has
enough energy to reach the detector, one can determine whether the alpha particle deposits a
sufficient amount of energy in the live region of the detector to cause a measurable pulse. If one
repeats this process Ny times, then the radionuclide efficiency €1s given by
é=N D /N: Ts

where Np is the number of times that an alpha particle causes a pulse in the detector.
2.8. Contribution of a radionuclide activity to the gross alpha activity. The first step in the
implementation of EPA Method 900.0 is to generate an efficiency, or calibration, curve. Water
samples are spiked with a known activity of the calibration standard, either natural uranium or
Th-230. The spiked sample is prepared and analyzed like any other sample tested for gross alpha
activity. The amount of the calibration standard added to the sample 1s chosen such that the
activity of the calibration standard far exceeds the alpha activity of any of the naturally occurring
radionuclides in the sample. The efficiency & of the calibration standard is defined as the ratio of
the number of pulses Vs counted by the gas proportional counter per unit time to the activity As
of the calibration standard added to the sample; 1.e., és = Ns/As or
As

= N. s/ cs.

The efficiency of the calibration standard, &, 1s determined for a range of water volumes to

obtain a range of solid film masses. Then a calibration curve of the efficiency of the calibration
standard versus the film mass 1s generated. When actual samples are analyzed, the mass of the
solid film in the planchet is used to obtain an efficiency from the calibration curve. The method
implicitly assumes that this efficiency 1s the same for all of the radionuclides in the solid film.
From the discussion in Section 2.3, it is clear that this 1s not true. The radionuclides with the

highest alpha-particle energies have the highest efficiencies.
Suppose that a given radionuclide has an efficiency &g and an activity Ar. Then the number of
counts that it would generate in the gas proportional counter per unit time 1s just ép Ar. Using
equation (4), the activity Araic that would be calculated for this radionuclide would be
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(4)

AR cate = oR Ap .

(5)

Es

Thus, when &g > &s, the calculated activity exceeds the actual activity of the radionuclide in the
sample by a factor of ég/é. Consequently, in samples that contain Ra-224 and Ra-226, and their
short-lived, high-energy progeny, the gross alpha activity often greatly exceeds the actual alpha
activity of the sample. Equation (5) also shows that the measured gross alpha activity will
depend on the calibration standard that is used. A calibration standard with a higher energy alpha
particle will yield a lower gross alpha. Some specific examples will be given in Section 3.7.
2.9. Summary of model and calculations. First the electric field in the detector is calculated so
that the live and dead regions of the detector can be determined. For a given film mass the
characteristics of the thin portion of the film are given by equation (2) and the characteristics of
the thick patch are given by equation (3). Next a Monte-Carlo simulation is performed to
determine the efficiency of each radionuclide in the film. Once the efficiency of each
radionuclide is determined, including the efficiency of the calibration standard, the amount of
each radionuclide in the film is determined. It is assumed that at the time that the planchet is
fired, the amounts of Rn-222 and Rn-220 in the solid film are both zero, due to their volatility.
The activites of U-234, U-238, Ra-226, and Po-210 in the film are determined from their

measured activities in the groundwater samples. After the sample has been heated, the activities
of the alpha-emitting Ra-226 progeny (Rn-222, Po-218, and Po-214) are determined using the
Bateman equations. Once the activity and efficiency of the each radionuclide 1s determined,
Equations (5) can be used to calculate the contribution of each radionuclide to the gross alpha
activity of the water sample. If the water sample contains a significant amount of Ra-228, then
one usually finds that the calculated gross alpha is significantly less than the measured gross
alpha, unless the time between sample collection and analysis 1s long compared to the half-life of
Ra-224. If not, the amount of Ra-224 required to elevate the calculated gross alpha activity to the
measured gross alpha activity is determined. This requires that the efficiencies of Ra-224 and its
alpha-emitting progeny (Rn-220, Po-216, Bi-212, and Po-212) be determined, and that the
activities of the alpha-emitting progeny of Ra-224 be determined using the Bateman equations.
3. Results and Discussion.
3.1. Demonstration for the need of a cutoff field. Before proceeding to model the data, a
demonstration of the necessity of having a cutoff field Ecut dividing the detector into a live region

and a dead region 1s 1n order. Figure 10 shows simulated Th-230 calibration curves for four
values of Egy:—O, 100, 150, and 200 V/cm. In these calculations it was assumed that the solid

film was uniform and that the threshold energy required to be deposited in the live region was
0.5 MeV. A mesh spacing of 0.5 mm was used 1n the finite-difference method to determine the
electric field in the detector. It should be noted that the finite-difference solution to the electric
field more closely approaches the actual solution as the mesh-point spacing 1s reduced. It is
observed that as the mesh point spacing is reduced, for a given value of Ecut, the efficiency
decreases. Consequently, to obtain accurate results, reducing the mesh point spacing is
important. However, reducing the spacing of the mesh points increases the number of mesh
points. For example, if the spacing between mesh points 1s halved, the number of mesh points
increases by about a factor of eight. Thus, more computing time is required. Future work
involves reducing the mesh point spacing while keeping the computing time within manageable
limits.
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Figure 10. Graph of Th-230 calibration curve for various values of the cutoff field E.. The film is uniform, the
mesh spacing is 0.5 mm, the required energy to be deposited in the live region is 0.5 MeV.

Figure 10 shows that at zero film mass the efficiency obtained when the cutoff field is zero is
about 26% while the efficiency obtained when the cutoff field is 200 V/cm is about 18%, which
is very close to the experimental value. Thus, not accounting for the dead region of the detector
would introduce an error in the efficiency of about 40%.
3.2. Simulation of a calibration curve. Before any results can be calculated using the model,
some of the parameters used by the model must be determined. For example, the cutoff field,
Ecut, between the dead and the live regions of the detector, the minimum amount of energy Errip

that must be deposited in the live region of the detector to cause a measurable pulse, and the
characteristics of the film geometry must be determined before a simulation can be performed.
These parameters are determined by comparing experimentally generated calibration curves for
Th-230 and Am-241 to the corresponding calibration curves generated by the model. If the
calibration curves generated by the model deviate too much from the experimental calibration
curves, then one can adjust one or more of the parameters and generate a new set of calibration
curves. This process is iterated until there is acceptable agreement between the experimental
calibration curves and the calibration curves generated by the model. Figures 11 and 12 compare
the experimental calibration curves to the calibration curves derived from the iterative process
discussed above.
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Figure 11. Fit to a Am-241 calibration curve. The squares represent the actual data
points. The dashed line was calculated using the model.

The mass of the thick patch of the solid film was determined using Equation (3). This patch was
assumed to have a thickness of 0.1 mm. The area of the planchet covered by the thick patch is
just mp/(0.1 pr), where pr is the density of the solid film. The solid film density was assumed to
be 3.3 giem? . (For thin films, i-e., films without a thick patch, the radionuclide efficiencies are

nearly independent of the film density. The main effect of the film density is that
the size of thick patch.) Since the remaining area is covered by the thin film, and
thin film is just mp — mp, the average thickness (¢) of the thin portion of the solid
calculated. The choice of parameters used in Equation (2) are ¢) = 0, & = 2(4), and

it determines
the mass of the
film is easily
o=

(t)/3 Vv ? which is the maximum allowable value of the standard deviation. The cutoff field, Zou,

that divides the dead region of the detector from the live region is 150 V/cm. The threshold
energy, Etrip, required to be deposited in the live region of the detector is 0.5 MeV. This value of
the threshold energy may be somewhat high, although it is found that the gross alpha activities
calculated below are nearly constant for threshold energies ranging from 0.25 to 0.75 MeV.
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Figure 12. Fit to Th-230 calibration curve. The solid line represents the actual data.
The dashed line was calculated using the model.
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Figure 13. Schematic of the groove in the bottom of the planchet.

It is seen that the data models the Am-241 calibration curve rather well. The data for the Th-230
calibration curve is somewhat high. Reducing the mesh point spacing will yield more accurate
results for the electric field in the detector and will reduce the efficiency somewhat. However, it
is probable that there is another factor affecting the efficiency. It 1s seen that at zero mass the
calculated efficiency is higher than the experimental efficiency. Since the mass at this point 1s
virtually zero, the film mass and composition cannot be the cause of the elevated efficiency. In
the model it is assumed that the bottom of the planchet is a flat. Actually, as shown in Figure 13,
there are grooves on the bottom of the planchet. The purpose of the grooves 1s to distribute the
sample more evenly in the planchet. The film in the planchet tends to sit in these grooves. When
an alpha particle is emitted from the bottom ofa groove, it is possible that the trajectory of the
alpha particle is such that although it points towards the detector, it passes through a ridge of the
planchet where the alpha particle is either absorbed or losses enough energy such that it is
absorbed before reaching the detector. Future refinements of the model involve taking the
absorption of alpha particles by the planchet ridges into account. Unless specific mention is
made to the contrary, the values of Eu, Lirip, and the parameters of the film geometries used for

the calibration curves in Figures 11 and 12 will be used in the calculations presented below.
3.3. Gross alpha simulation of an actual sample. The results of the gross alpha activity
calculations of all of the samples analyzed in this study are given in Appendix B. The results of
the gross alpha simulation of sample 78177 are given in Table 4. The film mass was 62.9 mg.
The time between sample collection and the heating of the planchet was 22.56 hrs., and the time
between the heating of the planchet and the gross alpha measurement was 4.8 hrs. (The heating
of the planchet is the last step in the sample preparation process.) The measured gross alpha
activity of this sample was 29 pCi/L. The activity of Ra-224 required to achieve a gross alpha of
29 pCi/L was 3.52 pCi/L. The measured Ra-228 activity for this sample was 3.1 pCi/L. Thus, the
ratio of the calculated activity of Ra-224 to the measured activity of Ra-228 is 1.14. Since most
values of this ratio fall between | and 2, a value of 1.14 pCi/L 1s quite reasonable.
Table 4. Gross alpha simulation for sample 78177.
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The results of the gross activity calculations for sample 78177 are given in Table 4. The data in
this table show that the total alpha activity of the water sample is 17.89 pCi/L, whereas the gross
alpha activity 1s 29 pCi per liter. Thus, in this sample, the gross alpha activity overestimates the
actual alpha activity by about 62%. This data also shows that the alpha-emitting progeny of Ra226 (Rn-222, Po-218, and Po214) and the alpha-emitting progeny of Ra-224 (Rn-220, Po-216,
Bi-212 and Po212) account for 16.47 pCi/L of the gross alpha, or 57% of the gross alpha.
Consequently, these short-lived progeny of Ra-226 and Ra-224, which are never quantified in
the laboratory, account for the bulk of the gross alpha activity in this sample. As discussed in
Section 2.3, this 1s because the alpha-particle energies of these short-lived progeny are relatively
high so that their corresponding efficiencies are relatively high. This is readily seen from the data
in Table 4. The efficiency of the standard Th-230 is 7.0% whereas the efficiencies of the shortlived progeny range from 9.6% to 16.7%.
As mentioned in the Introduction, many water utility operators and public health workers believe
that the gross alpha activity should be equal to the sum of the total uranium activity and the Ra226 activity. From Table 4 it is clear that this only accounts for 6.59 pCi/L of the gross alpha
activity, or just 22% of the gross alpha activity.
3.4. Effect of film roughness on the gross alpha. In this section the effect of the solid film
geometry on the gross alpha activity will be investigated. As discussed in Section 2.6, when the
solid film in the planchet has a significant amount of mass, usually one or more large patches
form that are surrounded by a thin film. However, occasionally, it is observed that a solid film

containing a substantial amount of mass does not have a large patch. Instead although it may be
somewhat rough, the film 1s observed to cover the entire planchet with some degree of
uniformity. In this section when the term rough film is used, it is understood that the same
parameters are used in the calculations 1n this section that were used in Section 3.2. That 1s, the
film has a one or more large patches surrounded by a thin film. When the term uniform film 1s
used, it is understood that the film is of uniform thickness over the whole area of the planchet.
Table 5. Gross alpha simulation for rough and uniform film geometries.
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Some calculations were performed to demonstrate how the geometry of the film affects the gross
alpha activity. A summary of these results is given in Table 5 for a water sample containing 1
pCi of U-238 and 1 pCi of U-234 and having a film mass of 50 mg. In the first case, when both
the film of the calibration standard and the film of the sample are rough, the gross alpha 1s 1.75
pCi/L. In the second case, when both the film of the calibration standard and the film of the
sample are uniform, the gross alpha activity is nearly the same as in the first case. However, in
the third case, when the film of the calibration standard 1s rough and the film of the sample is
uniform, the gross alpha activity is 2.17 pCi/L. Thus, in the third case the gross alpha activity has
increased by about 27% relative to the other two cases, and it 1s clear that the film geometry
alone can have a substantial effect on the gross alpha activity.
3.5. Determination of uranium activity for the computation of the adjusted gross alpha
activity. The adjusted gross alpha activity of a water sample 1s equal to the gross alpha activity
of the water sample minus the total uranium activity of the water sample. In common practice
there are two ways of determining the total uranium activity of a water sample. In the first
method, the total uranium activity of the sample is measured directly by a radiochemical method.
EPA Method 908.0” is one such method. In the second method, which will be referred to as the
gravimetric method, the total uranium mass of the sample 1s measured, and, then, the total

uranium mass is converted into a total uranium activity. EPA Method 908.1°° is gravimetric
method in which the total uranium mass 1s determined fluorometrically. In order to convert the
total uranium mass to a total uranium activity, one must make an assumption about the relative
abundances of the uranium isotopes in the water sample. In general, it is assumed that the
uranium isotopes are 1n natural abundance. Below, it 1s shown that a consequence of this
assumption is that the total uranium activity of a water sample, using the gravimetric method, is
approximately equal to twice the U-238 activity of the water sample, regardless of the U-234
activity.
There are three naturally occurring isotopes of uranium: U-234, U-235, and U-238. Ona
gravimetric basis the relative abundances of U-234, U-235, and U-238 are 0.0054%, 0.7110%,

99 .2830%, respectively. Although the abundance of U-234 is much less than the abundance of
U-238 ona gravimetric basis, U-234 is in secular equilibrium with U-238, so that when all of the
media containing these isotopes is taken into account, the activity of U-234 must equal the
activity of U-238. As was discussed in Section 1.1, it is known that groundwater samples are
often enriched in U-234 relative to U-238. In such samples it is not unusual for the U-234
activity to exceed the U-238 activity by a factor of five (see data in Appendix A).
The alpha activity A ofa particular uranium isotope is just ZN, where / is the decay constant of
the uranium isotope and N is the number of atoms of the uranium isotope. Now N = mN)/W,
where m 1s the mass of the uranium isotope, No 1s Avagodro’s number, and W 1s the atomic
weight of the uranium isotope. If m 1s the mass of the isotope, my is the total uranium mass, and f
is the fractional abundance of the uranium isotope, then
A=

A

Noma

A

I Nome.

(6)

The total uranium activity, Ar, is just the sum of three such terms, one for each uranium isotope:
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If U-234 and U-238 are in secular equilibrium, or in natural abundance, then the first and the
third terms in the parentheses are equal. If one assumes that the three uranium isotopes are in
natural abundance, then, for the purpose of making a calculation, the factor enclosed in
parentheses is constant, and the only term that varies is my. That 1s,
A, =km,

= K(My.234 + My.235 + My238) >

(7)

where my.234, My-235, and my.-23g are the masses of U-234, U-235, and U-238, respectively; and

the constant k is given by
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A simple calculation shows that & = 0.684 pCi/ug.
Since U-238 accounts for most of the total uranium mass, it 1s seen that the total uranium activity
calculated by Equation (7) would be rather insensitive to the mass of U-234. The following
example demonstrates this point. Consider two water samples that are identical 1n all respects
except for the amount of U-234 contained in them. Both samples contain 1 pCi of U-238 and that
amount of U-235 that 1s in natural abundance with 1 pCi of U-238. The first sample contains that
amount of U-234 that 1s in secular equilibrium with U-238; 1.e., the first sample contains | pCi of
U-234. The second sample is assumed to be enriched in U-234 and to contain 5 pCi of U-234.
From Equation (6) it is found that both samples contain 3.00 ug of U-238. Assuming U-235 to be
in natural abundance with U-238, both samples contain 0.0213 ug U-235, or, from Equation (6),
0.0017 pCi U-235, an activity which for our purposes is negligible. From Equation (6) it 1s found
that the first sample contains 1.62x10~ ug of U-234, and that the second sample contains
8.09x10~ ug of U-234. Thus, both samples contain about 3.02 ug of total uranium. From
Equation (7), the percent difference 1n activities between the two samples, using the gravimetric
method, is
10* —1.62
—1.62x10~
k(8.09 x10"
x10")
k3.02

x100 ~ 0.02%.

Consequently, using the gravimetric method, there is scarcely any difference between the total
uranium activities of the two samples. The total uranium activity for either sample is
approximately equal to twice the U-238 activity, and, using the gravimetric method, the
calculated value of the total uranium activity for the second sample would be about 2 pCi when it
is actually about 6 pCi. The error of 4 pCi for total uranium activity incurred using the
gravimetric method could be the cause of a gross alpha violation when no gross alpha violation
actually exists. Because of the large discrepancy between the U-234 and U-238 masses in most
samples, the gravimetric method will almost always yield a total uranium activity that 1s just
equal to twice the U-238 activity.
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3.6. Effect of sample collection, preparation, and analysis time on gross alpha activity and
sample compliance. In this laboratory it is not an uncommon occurrence that a sample 1s
analyzed that has no radium violation but has a gross alpha violation. Such a situation may be
due to the error inherent in the gross alpha measurement, but it is possible for such a situation to
occur when no error has been committed. The example presented in this section will demonstrate
such a case. This example will also demonstrate the inherent variability of the gross alpha
activity with the sample collection, preparation, and analysis times. It is not uncommon for a
customer to send a water sample for gross alpha analysis to several laboratories, and to find that
there 1s widespread disagreement among the gross alpha activity results obtained by the various
laboratories. Such differences are not unexpected when one takes into account all of the factors
that affect the gross alpha measurement.
Consider a sample that contains 2 pCi/L of Ra-226, 2 pCi/L of Ra-228, 3 pCi/L of Ra-224, 1

pCi/L of U-238, and 5 pCi/L of U-234. Such a sample would have no radium violation since the
sum of the Ra-226 and Ra-228 activities 1s 4 pCi/L. If this sample is prepared one day after
collection, and if the planchet is allowed to sit for three days before analysis, then a calculation
(see Table 6) yields a gross alpha activity of 23.12 pCi/L and an adjusted gross alpha activity of
17.12 pCi/L. Thus, it is seen that, for regulatory purposes, there is no radium violation, but, due
to the presence of Ra-224 and its short-lived progeny, there is a gross alpha violation. Such
situations cause confusion among both chemists and clients because one 1s not able to identify
the source of the gross alpha violation. Often the chemist will perform the measurement on the
planchet again. In this example if the planchet is reanalyzed 7 days after 1t was prepared, one
would obtain a gross alpha activity 20.38 pCi/L and an adjusted gross alpha activity 14.38 pCi/L.
Now the sample 1s in compliance. The reduction in the gross alpha activity occurred because the
increase in the part of the gross alpha activity due to the Ra-226 progeny 1s less than the decrease
in the part of the gross alpha activity due to Ra-224 and its progeny. If one waits until all of the
Ra-224 has decayed away and the progeny of Ra-226 have come into secular equilibrium with
Ra-226, then the gross alpha activity would be 18.12 pCi/L and the adjusted gross alpha activity
would be 12.12 pCi/L. In this example it has been assumed that the total uranium activity was
determined directly. If the total uranium activity had been determined using a gravimetric
method, then the total uranium activity would have been determined to be 2 pCi/L rather than 6
pCi/L, and the sample would have had a gross alpha violation regardless of how long it had sat
before sample analysis.
Table 6. Gross alpha calculation for a sample that contains 2 pCi/L Ra-226,
2 pCi/L Ra-228, 3 pCi/L of Ra-224, 1 pCi/L U-238, and 5 pCi/L U-234.
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Due to sample backlogs, it is not unusual for a sample to be 1n storage for a month before a gross
alpha analysis is performed on it. Over this period of time most of the Ra-224 activity will have
decayed away. Table 7 gives the results for a sample held for 30 days before processing and
analyzed 3 days after firing. This sample has the same radiochemical composition as the sample
whose results are given in Table 6. For this sample the gross alpha activity is 12.36 pCi/L and the
adjusted gross alpha 6.36 pCi/L. The results summarized in Tables 6 and 7 demonstrate that the
time between sample collection and preparation and between sample preparation and analysis
can determine whether a sample is in or out of compliance. These results also demonstrate the
variability of the gross alpha activity as a function of sample collection, preparation, and analysis
time. Even more variability among laboratories could occur if not all of the laboratories use the
same calibration standard. The variability of the gross alpha activity as a function of the
calibration standard 1s the topic of the next section.
Table 7. Gross alpha calculation for a sample prepared 30 days after collection.
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3.7. Effect of the calibration standard on gross alpha activity. Since the various calibration
standards have different efficiencies, and since it is implicitly assumed that the efficiencies of all
of the radionuclides in the solid film have the same efficiency as the calibration standard, it 1s
clear that the gross alpha activity of the sample will depend on the choice of calibration standard.
EPA Method 900.0" allows for the use of either natural uranium or Th-230 as the calibration
standard. EPA Method 900.1° allows for the use of Th-230 or Am-241] as the calibration
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standard. Prior to 1995, EPA Method 900.0 allowed for the use of Am-241

as the calibration

standard. Consequently, there may be some confusion over the use of Am-241 for Method 900.0,
and it is possible that some laboratories may still be using Am-241 as the calibration standard for
this method.
For a 50 mg solid film the efficiencies of natural uranium, Th-230, and Am-241

are 0.07462,

0.08557, 0.13109. respectively. From Equation (5) the percent change in the gross alpha activity
in going from a calibration standard of efficiency &; to a calibration standard of efficiency &> 1s
given by
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For a 50 mg solid film Table 8 shows the percent change in the gross
incurred in going from one calibration standard to another. From this
choice of a calibration standard can have an substantial effect on the
Evidently, the choice of the calibration standard alone can determine
a gross alpha violation or not.

alpha activity that 1s
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gross alpha activity.
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Table 8. Percent change in the gross alpha activity
between two calibration standards for a 50 mg film.
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With many methods available and a choice of calibration standards, one might wonder which
method and which calibration standard will give the most accurate results. The fact is that it
depends on which radionuclides are in the sample. Some water samples contain uranium and
very little radium. If the uranium in the sample is present in natural abundance, then, of course,

the use of natural uranium as the calibration standard would give the most accurate results.
However, typically, the water sample is enriched in U-234 relative to U-238. Suppose the sample
has 1 pCi/L of U-238 and 5 pCi/L of U-234. Then, for a 50 mg solid film, the gross alpha
activities calculated using natural uranium, Th-230, and Am-241 as the calibration standards are
6.895, 6.013, and 3.925 pCi/L, respectively, as shown in Table 9. From Table 3 it is seen that the

alpha-particle energies for U-234 and Th-230 are relatively close, and since most of the activity
in the sample is from U-234, using Th-230 as the calibration standard gives the most accurate
results.
Table 9. Affect of calibration standard on the gross alpha of a sample containing uranium.
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Some samples contain radium and little uranium. Often water samples are stored for a period of
time before the gross alpha procedure is performed on them. EPA Method 900.0 allows samples
to be stored for a period of up to six months before sample preparation. Since Ra-224 has a halflife of 3.64 days, 1f a water sample is stored for a period of about a month or more, then most of
the Ra-224 activity will have decayed away. The gross alpha method stipulates that once the
sample is prepared it should be stored for at least three days prior to measuring its gross alpha
activity. This allows the progeny of Ra-226 to grow in, although, as Figure 3 shows, after three
days they are not in secular equilibrium with Ra-226. Suppose that a water sample has 2 pCi/L of
Ra-226, and that all of the Ra-224 has decayed away. Three days after sample preparation, the
total alpha activity in the solid film 1s 4.487 pCi/L. For a 50 mg solid film the gross alpha
activity calculated using natural uranium, Th-230, and Am-241 as the calibration standards is
7.230 pCi/L, 6.305 pCi/L, and 4.115 pCi/L, respectively, as shown in Table 10. Thus, although
Th-230 gives the most accurate results for Ra-226 (2.151 pCi/L), Am-241 gives the gross alpha
activity that is closest to the actual alpha activity of the sample. The reason for this 1s that the
alpha-particle energy of Am-241 is closer to the alpha-particle energies of the Ra-226 progeny,
which make up the bulk of the activity in the sample.
Table 10. Affect of calibration standard on the gross alpha of a sample containing Ra-226.
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Table 11. Affect of calibration standard on the gross alpha of a sample containing Ra-224.
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Although it is unlikely that that a water sample would contain Ra-224 without containing Ra226, it is informative to determine how well the use of each calibration standard approximates
the activity of Ra-224 and its alpha-emitting progeny. It 1s assumed that a water sample contains
3 pCi/L of Ra-224, that there is one day between sample collection and sample preparation, and
3 days between sample preparation and sample analysis. The portion of the gross alpha activity
due to Ra-224 and its progeny for the 3 calibration standards 1s given in Table 11. It is seen that
each calibration standard overestimates the alpha activity of the sample. Although Am-241
comes the closest to actual alpha activity of the sample, the alpha activity using Am-241 1s still
overestimated by 22%.
3.8. Discussion of data for the groundwater samples. Table 18 in Appendix B gives a
summary of the gross alpha activity calculations for the 98 samples analyzed in this study.
Included in the table for each sample is the solid film mass, the time between sample collection
and sample preparation, the time between sample preparation and sample analysis, and the
measured gross alpha activity. A calculated gross alpha activity 1s also included in which it was
assumed that Ra-224 was in secular equilibrium with Ra-228 at the time of sample collection,
1.e., that the Ra-224 activity equaled the Ra-228 activity. In general, it is found that the Ra-224
activity exceeds the Ra-228 activity. Consequently, the amount of Ra-224 required to be present
in the original sample to attain the measured gross alpha activity was also determined and
included in Table 18. This calculation was not performed for samples in which the gross alpha
activity was determined 30 to 60 days after sample collection, since the Ra-224 activity would
have decayed away by then. These include samples 1n which the first analysis did not meet
quality control standards, so that they had to be reanalyzed. The measured value of the Ra-228
activity for each sample is included in Table 18, and the ratio of the calculated Ra-224 activity to
the measured Ra-228 activity is also included. This ratio 1s referred to as the Ra-224/Ra-228 ratio
below.
It is seen that 71 samples have radium violations; 1.e., the combined activity of Ra-226 and Ra-

228 exceeds 5 pCi/L. Eight of the samples had a gross alpha violation when there was no radium
violation. These are samples in which the adjusted gross alpha exceeds 15 pCi/L, but the
combined activity of Ra-226 and Ra-228 is less than 5 pCi/L. In addition, if a gravimetric
method were used to determine the total uranium activity, there would be an additional 5 samples
which would have a gross alpha violation but no radium violation. In this study the samples were
analyzed soon after sample preparation, rather than the requisite 3 days required by Method
900.0, in order to observe the effect Ra-224 and its progeny on the gross alpha activity.
Undoubtedly, some of the samples having gross alpha violations would not have gross alpha
violations if the samples were allowed to sit long enough for the Ra-224 to decay away.
Out of the 98 samples that were analyzed, 78 were analyzed within about 15 days of sample
collection. Out of the 78 samples, 5 samples had negative Ra-224/Ra-228 ratios, and sample
80732 had a Ra-224/Ra-228 ratio of 71.82. The Ra-224/Ra-228 ratios for the remaining 72
samples are plotted as a histogram in Figure 14. In Figure 14 the x-axis is divided into segments
of 0.25 units, and the y-axis gives the number of samples falling within a given 0.25 unit range.
Most of the Ra-224/Ra-226 ratios fall within the 0.50 to 3.50 range with 43 samples falling
within the 1.00 to 2.00 range. The Ra-224/Ra-228 ratio exceeded 3.5 for three of these samples
(samples 80737, 80743, 80264). Some data for these three samples and sample 80732 are
summarized in Table 12. The data in this table includes the error in the experimentally
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determined gross alpha activities. Errors in the calculated gross alpha activities were not
determined, although such an error analysis will be performed in future work. From the table it is
seen that the experimental gross alpha activity for sample 80737 agrees with the calculated gross
alpha activity to within the experimental error. The calculated gross alpha activities for the other
3 samples are not within the error of the experimentally determined gross alpha activities.
Although a complete error analysis was not performed for the calculated Ra-224/Ra-228 ratios,
some simple error estimates will demonstrate whether the Ra-224/Ra228 ratios for the other
samples are within acceptable error limits.

20

15

“= 10
3

E

Z

5

0

1

2

3

4

#5

6

Ratio Ra-224 activity to Ra-228 activity
Figure 14. Histogram of Ra-224/Ra-228 ratios.

In section 3.4 1t was shown that if a 50 mg solid film 1s of uniform thickness, 1.e., if the film 1s

smooth, the corresponding gross alpha activity of the sample can be elevated by about 27%
relative to the case 1n which the solid film 1s rough. The data in Table 12 show that when the
calculated gross alpha activities are increased by 27%, the experimental and calculated gross
alpha activities are in agreement for samples 80737 and 80743. If the experimental Ra-228
activity error is taken into account, then it 1s seen that the Ra-224/Ra-228 ratios for the samples
80737 and 84264 are can be as low as 1.67 and 2.66 respectively. Consequently, when a full
error analysis is performed, it is likely that the Ra-224/Ra-228 ratios for samples 80737, 80743,
and 84264 will, within experimental error, fall within the normal range of | to 2.
Sample 80732 seems to be an exception. This sample contained 6.17 pCi/L of Po-210. It is
known that Po-210 is not very stable in many solutions and begins to hydrolyze at a pH of about
2.5. Consequently, it can be difficult to keep Po-210 in solution. In general, the samples were
prepared for gross alpha analysis within a few days of arrival at the laboratory, whereas analysis
for Po-210 could take weeks. It is possible that some of the Po-210 originally in the solution
precipitated from solution and was lost. From Table 3 it is seen that the alpha-particle energy of
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Po-210 is significantly larger than the alpha- particle energy of Th-230. For a 44.7 mg solid film
the Th-230 efficiency is 0.09369 and the Po-210 efficiency is 0.13151. The difference between
the measured and the calculated gross alpha activities is about 68 pCi/L, so the amount of Po-210
required to make up this deficit would be (68 x 0.0937)/ 0.132 = 48 pCi/L. It 1s difficult to
determine whether this is a reasonable number since so few studies have quantified the Po-210
activity in groundwater samples.
Data for the five samples in which the Ra-224/Ra-228 ratios were negative are shown in Table
13. When the error in the measured gross alpha activity is taken into account, it is seen that the
measured and calculated gross alpha activities for samples 80736 and 84675 are in agreement.
Samples 84271 and 84522 had negative Ra-224/Ra-228 ratios because the measured values of
the Ra-228 activities were both —0.1 pCi/L. Ifthe Ra-228 activity error is taken into account,
then the minimum Ra-224/Ra-228 ratios for samples 84271 and 84522 are 2.49 and 3.02,
respectively. Consequently, when a complete error analysis for these samples is completed, the
Ra-224/Ra-228 ratios may very well fall within the acceptable range of 1 to 2. For sample 80354
the calculated gross alpha overestimates the measured gross alpha, and, as a consequence, the
calculated Ra-224 activity is negative. For this sample the gross alpha and the measured
activities of the various radionuclides are relatively low and have rather high relative
uncertainties; consequently, it is likely that when an error analysis 1s completed, it will be found
that the measured and the calculated gross alpha activities agree within experimental error.
Table 12. Samples with Ra-224/Ra-228 ratios exceeding 3.5.

ID

alpha | alpha | gross
|film gross] activity of] activity | activity | Ra-224 | activity | Ra-224
activity jactivity]
alpha
alpha
Ra-224 | (pCi/L) | error | to Ra- | (pCi/L) | to Ra(pCi/L) | error | activity | activity | (pCi/L)
(pCi/L) | 228
228 ratio
(pCi/L)} (pCi/L) | (pCi/L)

80732] 183] 8115.08] 146.00] 15.08] 0.21] 0.44) 71.82] 6.18] 23.20
80737] 62] 656.13] 71:30] 2.33] 0.56] 0.84] 4.17] 0.05] 1.67
| 80743] 143.8] 6.8] 115.87] 147.00]
8.65] 1-43] 0.64] 6.05] 4.60] 4.18
84264) te] at 7.09] 9.00] 3.72] 0-9] 05] 414] 0.03] 2.66
Table 13. Samples with negative Ra-224/Ra-228 ratios.
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Alpha | alpha | gross
(pCi/L) | error | alpha
(pCi/L)| (pCi/L)
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Ra-224
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Activity
error
(pCi/L)

|Ra-224 to}
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Ra-228 | Ra-224 to
Ra-228
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In general, the Ra-224/Ra-228 ratios are close to the expected range of | to 2. It is likely that
when a complete error analysis is performed, the majority of the Ra-224/Ra-228 ratios will,
within experimental error, fall within the range from | to 2.
4. Summary and Conclusions.
Several steps must be taken to prepare this report for publication. The electric field in the
detector should be determined with a greater degree of accuracy. This involves decreasing the
mesh point spacing 1n the detector, and making a better initial guess of the solution to Laplace’s
equation. Currently, if the mesh point spacing 1s made too small, the solution oscillates and does
not converge to the final solution in a timely manner. The calculated calibration curve for Th-230
exceeds the actual one. It is probable that the ridges in the planchet are at least partially
responsible for this. Consequently, the model will be altered to take the effect of these ridges into
account. Some work should be done to further characterize the geometry of the solid film, so that
the calculated calibration curves for Th-230 and Am-240 are more accurate. The composition of
the solid film in the planchet should be studied in order to determine whether the sulfates
preferentially combine with sodium and potassium, and whether the nitrates associated with
calctum and magnesium are completely decomposed to the oxides when the planchet 1s heated.
Figure 14 shows that most of the data for the Ra-224/Ra-228 ratios fall in or near the range from
1 to 2 as expected, demonstrating that Ra-224 is present in most of the samples at the expected
levels. However, an error analysis must be made on the Ra-224/Ra-228 ratio data, and a

statistical analysis must performed to determine whether experimental error can account for the
data that fall outside of the range from | to 2.
There is often much confusion over the meaning of the gross alpha activity. The gross alpha
activity contains contributions from U-234, U-238, and Ra-226. If Th-230 is used as the
calibration standard, the contributions of these radionuclides to the gross alpha activity are
approximately equal to the sum of their activities, because of the closeness of their alpha-particle
energies to the alpha-particle energy of Th-230. If Ra-228 is present in the sample, then the
sample will contain Ra-224, unless sufficient time has passed so that it has decayed away. In
general, the gross alpha activity contains contributions from the progeny of Ra-226 and Ra-224
and its progeny. In fact, because the progeny of Ra-226 and Ra-224 and its progeny have high
alpha-particle energies, they can be responsible for the majority of the gross alpha activity of a
sample.
This work shows that the value obtained for the gross alpha activity of a groundwater sample
using EPA Method 900.0 is a function of many factors. These factors include the time between
sample collection and sample preparation; the time between sample preparation and sample
analysis; the radionuclide used as the calibration standard; the geometry of the solid film in the
planchet; and, if the adjusted gross alpha activity must be determined, whether a radiochemical
or gravimetric method is used to determine the total uranium activity. Although it was not
investigated specifically in this work, the composition of the solid film probably affects the gross
alpha activity as well.
It was seen that it is possible for a water sample to have a gross alpha violation (even though
there is no radium violation) when prepared one way, but not to have a gross alpha violation
when prepared in another way, even though both ways of preparing the sample are within
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acceptable parameters set by EPA Method 900.0. In the example in Section 3.6, the cause of the
gross alpha violation was due to the presence of Ra-224, a radionuclide whose activity is not
routinely measured in the laboratory. This situation can be a point of frustration between a
chemist and client, since the chemist often cannot attribute the gross alpha violation to a known
cause. The presence of a significant level of Po-210 can also give an adjusted gross alpha activity
that exceeds 15 pCi/L when no radium violation exist. In general, laboratories do not routinely
test for Po-210.
There is often much confusion over the meaning of the gross alpha activity. It is often wrongly
assumed that the sum of the total uranium activity and the Ra-226 activity should equal the gross
alpha activity. In general, this is not the case because the alpha-emitting progeny of Ra-226 and
Ra-224 and its alpha-emitting progeny contribute to the gross alpha activity also. The
contribution of one of the progeny to the gross alpha activity usually exceeds its own activity,
because the efficiency of the progeny significantly exceeds the efficiency of the calibration
standard. With the model developed in this work, it 1s possible to determine the contribution of
each radionuclide to the gross alpha activity. In water samples where there is gross alpha
violation but no radium violation, the model could be used to determine whether the gross alpha
violation could be due to the presence of Ra-224, or if some other cause should be investigated.
In cases where public water supplies must be treated because of radium or gross alpha violations,
such a calculation could be a valuable tool in pinning down the exact cause of the violation, and,
therefore, a valuable tool in determining how the water should be treated to bring it within
acceptable radiochemical limits.
It is often observed that when a sample is sent to several laboratories, one obtains widely
disparate values of the gross alpha activity. This is not surprising. The higher the alpha -particle
energy of the radionuclide used as the calibration standard, the lower is the measured gross alpha
activity. Thus, EPA Method 900.1, in which the calibration standard Am-241

is used, would, in

general, be expected to yield lower gross alpha activities than EPA Method 900.0, in which the
use of Am-241 is not allowed. If there is much radium in a water sample, either Method 900.0 or
Method 900.1 will yield a lower gross alpha activity if the sample is allowed to sit long enough
for most of the Ra-224 to decay away. This is not only due to the decay of the Ra-224, but is due
also to the disappearance of the alpha-emitting progeny of Ra-224. For example, since Ra-224
has a half-life of 3.64 days, after 30 days only about 0.33% of the original Ra-224 activity
remains. Method 900.0 stipulates that once the planchet is heated, one must wait at least three
days before analyzing the planchet, to allow for the ingrowth of the Ra-226 progeny. If the Ra224 has decayed away, then to achieve the lowest gross alpha activity, the sample should be
analyzed promptly after three days, because the activities of the Ra-226 progeny, and, therefore
the gross alpha activity, continue to grow until secular equilibrium is reached after about 30
days. Thus, to achieve the lowest gross alpha activity one should use the calibration standard
with the highest alpha-particle energy allowed (Th-230 for Method 900.0 and Am-241 for
Method 900.1); one should allow the sample to sit for about 30 days before preparation, so that
the Ra-224 decays away; and one should measure the alpha activity of the planchet promptly
three days after sample preparation. If, alternatively, one prepares the sample soon after
collection and allows the sample to sit for 30 days, Ra-224 and its progeny will have decayed
away, but the progeny of Ra-226 will have come into secular equilibrium with Ra-226. This may
cause a gross alpha violation. Since the treatment of a gross alpha violation can be costly, there 1s
undoubtedly pressure for laboratories to achieve the lowest gross alpha activities possible. Thus,
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in an attempt to satisfy a customer, a laboratory could easily manipulate the gross alpha analysis
of a water sample, within the parameters set forth by the method, to achieve the lowest possible
value for the gross alpha activity. This minimum value may be well within regulatory limits,
even though other acceptable ways of sample preparation may lead to a gross alpha violation.
To achieve a higher degree of uniformity among the various laboratories, 1t would seem sensible
to place further restrictions on the range of parameters allowed by the various methods. For
example, one might require that all of the methods use the same calibration standard, that a
sample be analyzed within a certain time period after collection (below, it 1s argued that a time
period of 10 days 1s satisfactory), and that, for the purpose of computing the adjusted gross alpha
activity, a radiochemical method be used to determine the uranium activity.
Ultimately, the purpose of a gross alpha test is to ensure that a water supply is safe from a
radiological perspective, not to justify the avoidance of water treatment by manipulating the test
to obtain the lowest gross alpha activity possible. Clearly, the value obtained for the adjusted
gross alpha depends on many factors. Since the activity of Ra-224 and its progeny decline at a
predictable rate, and since the progeny of Ra-226 grow in at a predictable rate once the sample is
prepared, it is, in principle, possible to use the model outlined in this work to determine the
amount of Ra-224 and Ra-226 in a sample. This might require the measurement of the gross
alpha activity of the sample at several points in time. However, the calculations would be rather
complicated and would probably be subject to relatively large errors. In the final analysis, it
would seem that the gross alpha test 1s best used as a screening tool to determine whether a water
sample has an uranium or a radium violation. Ra-228 is not an alpha emitter, but its activity is
highly correlated with the activity of Ra-224. In the analysis that follows, it will be assumed that
at the time of sample collection the Ra-224 activity, Arpa-224,0, equals the Ra-228 activity.
If the sample is prepared just after collection, the total activity of Ra-224 and its progeny would
significantly exceed the activity of Ra-228, and, therefore, the part of the gross alpha activity due
to Ra-224 and its progeny, Gra-224, would be an upper bound for the Ra-228 activity. It is clear
that to a first approximation, Gpa-224 decays away with a half-life equal to the half-life of Ra-224,
1.e., 3.64 days. It 1s of interest to know for what period of time after sample collection that Gra-224
remains an upper bound for the original Ra-228 activity of the sample. Let this time period be
denoted by At. To estimate At, an example 1s in order. If Th-230 1s used as the calibration
standard, and one has a 50 mg solid film, then, the example in Section 3.6 shows that the ratio of
Gra-224 to the activity of Ra-224, Arg-224, 18 about 7.7; 1.€., Gra-224 = 7.7ARa-224. Since
ArRa-224 = ArRa-224,0exp|[In(2)z/3 64],

and it is desired to know the value of t when Gra-224 = Apa-224,0, It is clear that
ARa-224,0

~7.7A Ra-224,0eXp| In(2)Az/3 64].

Consequently, At ~ 10.7 days. Thus, given the assumptions made above, if a water sample 1s
processed and analyzed within about 10 days of collection, then Gra-224 would be an upper bound
on the Ra-228 activity. Moreover, since the portion of the gross alpha activity due to Ra-226 is
slightly greater than the activity of Ra-226, when Th-230 1s used as the calibration standard, it is
clear that if the water sample is processed and analyzed within about 10 days of sample
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collection, the gross alpha activity will be an upper bound for the sum of the Ra-226 and Ra-228
activities. As the example in Section 3.6 shows, it is possible that processing the sample soon
after collection will yield a gross alpha violation when there is no radium violation.
Current EPA regulations do not provide much guidance on how to proceed when one encounters
a gross alpha violation. If the gross alpha activity is to be retained as a regulatory device, some
plan of action should be set forth in the EPA regulations to try to identify the source of a gross
alpha violation. Ifa sample with a gross alpha violation was processed soon after collection, the
planchet could be recounted or the sample could be reanalyzed at a later time, when the Ra-224
activity has decayed away, in order to determine whether the gross alpha violation 1s related to
the amount of Ra-224 1n the sample. If the adjusted gross alpha was computed using a uranium
activity determined using a gravimetric method, it could be recalculated using a uranium activity
determined by a radiochemical method. Another step may be to determine whether a calculation
of the gross alpha activity, based on the known activities of the most commonly measured
radionuclides (U-234, U-235, U-238, Ra-226, and Ra-228) is consistent with the experimental
gross alpha activity. If not, then it may be necessary to test the water for other radionuclides. In
this study and others, the levels of thorium isotopes found in all of the water samples were not
significant. In this study two samples had significant levels of Po-210. Consequently, when an
unexplained gross alpha violation persists, a Po-210 determination may be in order. If the gross
alpha violation persists, 1t may be necessary to test for radionuclides whose origin is due to
human activity.

4]

Appendix A. Radiochemical Data.
This appendix has four tables containing the radiochemical data for each of the samples in this
study. Each sample 1s characterized by a sample identification number (sample ID), a location, a
public water system identification number (PWSID), and a well number. Only the sample
identification number 1s used 1n the other three tables. Included with each data point 1s an error,
based on a 95% confidence level, and a minimum detectable activity (MDA). All error estimates
were determined using counting statistics only. Table 14 is a summary of the gross alpha and the
eross beta activity data. Table 15 is a summary of the isotopic uranium data. Table 16 1s a
summary of the isotopic thorium data. There 1s no data for sample 78260. Table 17 1s a summary
of Ra-226, Ra-228, and Po-210 data. There are no Po-210 data for samples 78112, 78148, and

78325.
Table 14. Gross alpha activity and gross beta activity data.
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Table 15. Uranium data.
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Table 16. Thorium data.
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(Table 16 continued.)
Sample ID

Activity

95% error

MDA

Activity | 95% error

84528

(pC/L)
0.0201

(pCi/L)
0.0384

(pCi/L)
0.00026]

(pC/L)
0.0409

(pCi/L)
0.0104}

84529

0.0096

0.0176

0.00036]

0.0310

0.0126}

84530

0.0255

0.0173

0.00029]

0.0336

0.0107}

84669

0.0127

0.0152

0.00031

0.0284

84670

0.0063

0.0153

0.00039]

0.0557

84671

0.0244

0.0146

0.00031

84672

0.1546

0.0269

84675

0.0219

0.0214

84677

0.1014

0.0224

MDA

|

(pCi/L) |
0.00013]

Activity | 95% error|

MDA
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0.0029

0.0067]

0.00024

0.00023)

0.0034

0.0050]

0.00017

0.0093]

0.00018]

0.0046

0.0049]

0.00016

0.0156}

0.00036]

0.0043

0.0073]

0.00026

0.0882

0.0170}

0.00015}

0.0179

0.0077]

0.00015

0.00028]

0.0543

0.0124}

0.00013]

0.0087

0.0054]

0.00013

0.00031
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Table 17. Po-210, Ra-226, and Ra-228 data.
Sample ID |

Activity

95% error
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(Table 17 continued.)
sample ID

Activity
(pC/L)

95% error
(pCi/L)

MDA
(pCi/L)

Activity | 95% error
(pC/L)
(pCi/L)
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(Table 17 continued.)
sample ID

Activity
(pC/L)

95% error
(pCi/L)

MDA
(pCi/L)

Activity | 95% error
(pC/L)
(pCi/L)
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(pC/L)
(pCi/L)

MDA
(pCi/L)

Appendix B. Gross Alpha Calculations.
This table in this appendix gives a summary of some of the data from Appendix A and gives the
results of the gross alpha calculations. The first entry is the sample identification number. The
second entry is the solid film weight 1n the planchet. The third entry is the time between sample
collection and sample preparation. The fourth entry is the time between sample preparation and
sample analysis. The fifth entry is the gross alpha activity of the sample measured 1n the
laboratory. The sixth entry 1s the calculated gross alpha activity, assuming that Ra-224 is in
secular equilibrium with Ra-228, i.e., assuming that the activity of Ra-224 equals the activity of
Ra-228. The seventh entry is the value of the Ra-224 activity required to make the calculated
gross alpha activity equal the measured gross alpha activity. The eighth entry of the table is the
measured Ra-228 activity. The last entry of the table 1s the ratio of the calculated Ra-224 activity
to the measured Ra-228 activity
Table 18. Results of gross alpha simulations for water samples.
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