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Potassium content in tea brew was determined by gamma-ray spectroscopy, using the 1461 keV gamma-
ray from 40K, the naturally occurring radioactive isotope of potassium. We measured radiation with a
shielded HPGe detector from individual test samples of tea leaves, before and after infusion preparation,
and from commercial instant tea powder. The correction factor for the gamma-ray self-absorption in the
extended source was determined with the help of Monte-Carlo simulations. This gamma-ray spectros-
copy technique enabled the absolute determination of potassium content with a relative uncertainty
smaller than 4%, at the one standard deviation confidence level, showing the feasibility of this method.
An experiment to evaluate a possible systematic uncertainty due to K distribution heterogeneity in the
sample was performed, with the result that the corresponding relative standard deviation is smaller than
2% at 95% confidence level.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Potassium is present in a wide variety of foods and is an essen-
tial natural element of our diet. Potassium concentration is deter-
mined by several methodologies: precipitation reactions; flame
atomic absorption spectroscopy (Philiber & Darracq, 1971) ICP-
AES (inductively coupled plasma-atomic emission spectroscopy)
(Li, Yu, Li, & Li, 2006); ion-selective electrode (Fritz & Schenk,
1987; Mendham, Denney, Barnes, & Thomas, 2002), and neutron
activation analysis (TRS-273, Yamashita, Saiki, Vasconcellos, & Ser-
tie, 1987; Yamashita et al., 2005). However, some of these methods
depend on hypotheses about the chemical composition of the sam-
ples, which can lead to inaccurate results.

The radioactive decay of 40K, a naturally occurring isotope of K
with 0.0117% abundance (Böhlke et al., 2005), can be used to deter-
mine the potassium content in tea brew samples by gamma-ray
spectroscopy, in a procedure similar to that applied to tea leaves
by Harb (2007). However, we did not find in the available literature
any report on this particular application of 40K natural radioactivity
measurement, and searched for experimental conditions appropri-
ate for reliable results.
ll rights reserved.
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The measurements of the 40K radiation were carried out with a
high purity germanium (HPGe) photon detector. Since the gamma-
rays from 40K occurs also in the background spectrum (Ejnisman &
Pascholati, 1994), special care was taken to account for it. The
small gamma-ray specific activity of natural potassium required
that relatively large amounts of material had to be measured near
the detector. The efficiency calibration was obtained from the mea-
surement of a reference material (KCl), and the consequent gam-
ma-ray self-absorption determined from Monte-Carlo simulation,
which was validated by special measurements, in a procedure that
can be applied to any extended source.

The method allowed the determination of the water-soluble
potassium content in black tea leaves and also in tea drink from in-
stant tea powder. The amount of potassium in tea brew was mea-
sured with a relative uncertainty smaller than 4%, at the one
standard deviation confidence level. A simple experiment was per-
formed to test the hypothesis of homogeneous distribution of
potassium in the sample. The methodology described here is inde-
pendent of hypotheses on the samples’ chemical composition and
can be used with other infusions.

2. Experimental method

The experiment consisted in the observation of the 1461 keV
gamma-rays from the radioactive decay of 40K with a shielded
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Table 1
Column 1 identify the samples, with their masses and 1461 keV gamma-ray peak
areas in columns 2 and 3, respectively, and measurement times in the last column;
numbers between parentheses are the standard deviations, due only to counting
statistics, in units of the values’ least significant digit. The sample labeled ‘‘empty
box” correspond to an empty polyethylene box measurement for background
determination. All values come from single measurements, but for the check sample,
counted 9 times for the reproducibility test, where the ranges of masses and peak
areas are displayed.

Sample Mass (g) Peak area Time (h)

KCl 97.0(1) 146929(386) 20
Tea before (L) 37.5(1) 2287(51) 20
Tea before (A) 40.6(1) 3166(59) 20
Tea after (L) 23.4(1) 497(27) 20
Tea after (A) 24.2(1) 569(29) 20
Instant tea powder 58.6(1) 4142(67) 20
Check sample 31.9–33.6 2056–2204 20
Empty box (bg) 20.40(2) 1255(48) 80
Filter before (A) 4.57(1) 1486(50) 80
Filter after (A) 4.99(1) 1766(53) 80
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photon detector. In the case of herbal tea samples, the amount of K
in tea drink was deduced from radiation measurements of tea
leaves before and after infusion, while in the case of instant tea
powder, a single measurement of the sample was sufficient. The
gamma-ray yield per unit mass from natural 40K isotope was ob-
tained from pure KCl placed in a box similar to those used for the
tea samples, taking into account the gamma-ray self-absorption.

2.1. Decay schemes, observed radiations and atomic data

The natural isotopes of potassium are 39K, 40K and 41K, with
abundances of 93.2581(44)%, 0.0117(1)%, and 6.7302(44)%, respec-
tively (Böhlke et al., 2005). 40K decays to 40Ar by electron capture
(EC) and to 40Ca by beta decay ðb�Þ with probabilities of 10.72%
and 89.28%, respectively; the emission probability of the
1460.830 keV gamma ray is 10.67(13)% and the half-life of 40K is
1.277(8) � 109 y (Cameron & Singh, 2004). The amount of K in
KCl samples was determined by stoichiometry, using
AK = 39.0983(1) g and AKCl = 74.551(2) g for K atomic and KCl com-
pound molar masses, respectively (Wieser, 2006).

The analysis of the measurements performed to validate the
gamma-ray sample self-absorption needed both the number of
1461 keV emitted photons from the KCl reference sample, deter-
mined from the data given above, and the number of 1408 keV
gamma-rays from an activity-calibrated 152Eu standard source,
determined from decay data (Castro et al., 2004).

2.2. Sample preparation

We investigated test samples of black tea leaves from two dif-
ferent brands, named L and A, bought in the market and used with-
out additional treatment, as well as a sample of commercial instant
flavored unsweetened tea powder, and used a sample of KCl (>99%
pure, ACS reagent grade) for calibration purposes. A single sample
of each material was investigated; no replicates were made, since
the aim of this work was to find an adequate procedure for the
measurement of K in tea infusion by its natural radioactivity. All
samples were placed in cylindrical polyethylene boxes with
28.3 mm height, 70.3 mm in diameter, 1.8 mm wall thickness,
and 20.40(2) g mass. The samples filled the boxes avoiding any
gap between the upper surface of the sample and the box lid, since
a gap of 1 mm may affect the detection efficiency up to 3%; hence,
the box was filled with the leaves, tapped repeatedly against a hard
surface to compact the material, refilled, and the procedure re-
peated until the box was completely full. The practical procedure
to check that the void internal space was acceptable was to turn
the box, placing its cylindrical axis in a horizontal direction, and
making certain that the void region between the chord and the cir-
cumference had a height, measured as the maximum distance in
the radial direction, smaller than 2 mm.

Once the 40K activity in a black tea leaves sample was measured
by gamma-ray spectroscopy, we prepared the tea infusion as direc-
ted on the packet, i.e. 200 mL of boiling water for each 2 g of black
tea. After a waiting time of 5 min, the tea leaves were recovered
through filtration to be desiccated and the tea infusion was
discarded.

Sample L used leaves were scattered over Al foil in a petri dish
in a relative humidity controlled room (50% relative humidity at
22 �C) for two days to become dry. Sample A was dried over Al foil
in a petri dish placed in an oven at �60 �C during four hours. Once
dried, the used leaves were weighed, packaged and the remaining
40K activity in each sample was measured. To complete the K mass
balance along the process, the filter used for sample A was dried
following a procedure similar to that used for sample L, weighed,
folded, placed in a polyethylene box with the dimensions given
above, and its gamma-ray activity was measured. Net sample
masses are shown in Table 1, where the uncertainties correspond
to one standard deviation and are given between parentheses in
units of the least significant digit of the value, as will be used
throughout this paper.

The procedure applied for the commercial instant tea powder
was much simpler, since all its content is drunk by the consumer.
Therefore, the sample consisted in a box completely full of the dry
powder, and a single radiation measurement was sufficient for
determining the K content.

2.3. Gamma-ray spectroscopy – radioactive counting

The gamma-ray measurements were performed with a HPGe
type P detector, ORTEC, 35% relative efficiency, 2.2 keV nominal
resolution at 1332 keV, shielded by a 10 cm thick lead wall, using
live time counting methodology and pulse pile-up rejection. The
polyethylene boxes were placed directly on the top of the detector
capsule end cap, with box and detector cylindrical symmetry axis
in the vertical direction; hence, the sample weight assures the ex-
act vertical position. To warrant horizontal position reproducibil-
ity, the polyethylene boxes were fixed by a 2-mm thick PVC
tube, with an internal diameter equal to the box and the detector
capsule external diameters. The detection system energy calibra-
tion was carried out with a 152Eu calibration source.

Table 1 shows the 1461 keV gamma-ray peak areas along with
the counting times of the measured gamma-ray spectra of the
above mentioned samples. The 80 h long time measurements of fil-
ter paper and empty polyethylene box were not required by the
method, and were used only to quantify precisely the small
amounts of K in filter and tea leaves after infusion. Fig. 1 compares
samples spectra in the 1461 keV energy region.

In the spectra of Fig. 1, it can be seen that the peak in the spec-
trum taken from the tea leaves sample after infusion is smaller
than the peak in the spectrum taken before infusion. Also, the peak
areas in the spectra from both the tea leaves after infusion and the
filter paper are somewhat greater than the peak area in the back-
ground radiation spectrum.

Due to the relatively large amount of material in the samples,
gamma-ray self-absorption must be taken into account. This effect
was evaluated by simulation, and it was validated with the help of
some special measurements. An Amersham activity-calibrated
152Eu standard point source was measured over the polyethylene
box either empty or filled with KCl compound or tea leaves, in or-
der to provide experimental tests for the simulation program. Only
the experimental efficiencies for 1408 keV gamma-rays from 152Eu
were considered, and their values must be deduced from the peak
areas taking into account the important sum losses at the small



Fig. 1. Gamma-ray spectrum in the 1461 keV energy region from samples of: KCl,
open diamonds; tea leaves before and after the tea infusion preparation, open
triangle and squares, respectively; instant tea, filled circles; filter paper, black
squares, and background (empty box), crosses. All measurements lasted 20 h, with
the exception of the KCl sample, 1 h.

Fig. 2. Cross-section view of the detector and sample, along their symmetry axis, in
the simulated arrangement; draw from MCNPX editor.
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source-to-detector distance in this experimental arrangement
(Debertin & Helmer, 1988). Both the simulation and its test are dis-
cussed in detail in Section 2.5.

2.4. Reproducibility test

A test sample of tea leaves, which we will call check sample, was
prepared and the measurement of its radioactivity was repeated
nine times, aiming for the observation of a possible difference be-
tween the peak area variance deduced from the repetitions and the
variance calculated from the Poisson statistics characteristic of
radioactivity counting experiments (Jenkins, Gould, & Gedcke,
1995).

Check sample preparation was repeated between two consecu-
tive radioactivity measurements, that is, before each measurement
run the box was emptied, refilled with the same sample of tea
leaves and completed with additional tea leaves when needed, to
fill completely the box as explained in Section 2.2; the sample mass
varied up to 5% during the full cycle. The check sample mass was
measured before and after each run, and the observed mass
changes during each measurement run were always smaller than
10 mg. Table 1 shows the minimum and maximum sample mass
and number of detected photons.

The number of 1461 keV gamma-ray counts observed in each
run was normalised to account for variation in sample mass. The
observed peak areas and standard deviations (solely from counting
statistics), respectively Ciðr̂iÞ, for each measurement i in the N = 9
check sample counting runs, after normalization, are

f2143ð52Þ; 2155ð52Þ; 2262ð53Þ; 2216ð52Þ; 2179ð53Þ; 2204ð51Þ;
2151ð51Þ; 2196ð50Þ; 2204ð51Þg

The statistical analysis of this data is shown in Section 4.2.

2.5. Detection efficiency and gamma-ray self-absorption correction

The relationship between the K content in tea samples and in
the reference KCl sample depends on the gamma-ray detection
efficiency through the ratio

stea ¼
�KðKClÞ

�KðteaÞ
ð1Þ
where �KðKClÞ and �KðteaÞ are the efficiencies for the 1461 keV gamma-
ray from 40K decay in KCl and tea samples, respectively. Note that
stea would be one if it were not for the difference in photon
absorption.

The simulated photon energy deposition from an extended
source with the internal dimensions of the boxes used in the radio-
active counting by the HPGe detector was obtained with MCNPX
code using Tally F:8 (pulse height tally), setting the default elec-
tron and detailed photon physics parameters, and using the inter-
nal photo-atomic data libraries (MCNPX, 2005). The detector
geometry specification included, besides the detector crystal active
volume, an empty internal region and dead layers at the crystal
surface and contact regions. The dimensions of these regions and
crystal length and radius were adjusted in order to fit the experi-
mental efficiencies for the gamma-rays from a calibrated point
source (Venturini, Maidana, & Vanin, 2007). Fig. 2 is an illustration
of the simulated arrangement.

The radiation absorbing media were defined using the experi-
mental density of each sample and their chemical composition,
assuming pure KCl or an average composition for tea: 22% C; 57%
H; 19% O, the other 3% consisting mainly of N and K. However, after
the simulation, we found that the detailed chemical composition
do not affect significantly the absorption of 1461 keV photons, as
will be explained in Section 4.1. The efficiency was calculated as
the net peak area in the simulated spectrum, since the used pulse
height tally already normalises the spectrum to the total number of
primary photons followed in the simulation run. Therefore, the
efficiency ratio factor of Eq. (1) was given by

Stea ¼
�0KðKClÞ

�0KðteaÞ
ð2Þ

where �0KðKClÞ and �0KðteaÞ are the simulated efficiency values for the
1461 keV gamma-ray from 40K decay in KCl and tea samples,
respectively.

The simulations were validated by checking the capability to
account for the attenuation of gamma rays by the absorbing
materials between the radioactive atoms and the detector, com-
paring the simulated efficiencies with the experimental results of
special measurements using the 152Eu point source as described
in the previous section. The simulations used sample sizes, loca-
tions, densities, and chemical composition identical to those used
in the determination of the self-absorption correction, with the
addition of the point radioactive source encapsulated in a plastic
slab.



Table 2
Simulated and experimental detection efficiencies for 1461 keV (40K) and 1408 keV
(152Eu) gamma rays. All K sources are extended, filling the entire box, while the 152Eu
is always the same point source, in a thin plastic slab placed over the box. Numbers
between parentheses are the standard deviations in units of the values’ least
significant digit.

Sample Efficiency

Simulated Experimental

K in air 0.01298(2)
K in KCl 0.01205(2) 0.01218(22)
K in tea leaves 0.01257(2)
K in instant tea powder 0.01254(2)
Eu on empty box 0.00759(10) 0.0076(7)
Eu on tea sample 0.00709(9) 0.0068(6)
Eu on KCl sample 0.00647(9) 0.0061(6)

Table 3
Ratios of the efficiency values appearing in the Table 2. The uncertainties in ratios of
efficiencies for 1408 keV gamma-rays, given in parentheses, were recalculated to
exclude common uncertainties from 152Eu source activity and gamma-ray emission
probability, and correspond to one standard deviation.

Samples Efficiency ratio

Simulated, S Experimental, s

Eu on tea/Eu 0.934(17) 0.900(20)
Eu on KCl/Eu 0.852(16) 0.820(23)
K in KCl/Eu 1.59(2) 1.60(9)
K in KCl/K in tea 0.959(2)
K in KCl/K in instant tea 0.961(2)
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3. Relationship between peak area and K content

The deduction of the K content in herbal tea drink from the
1461 keV gamma-ray peak areas in the obtained spectra can be
done in a few steps. Since the emitted radiation is proportional
to the quantity of potassium in each sample, we deduce from mass
balance that the net activity from K in tea drink is related to the
quantity

DCtea ¼ Cbefore � Cafter � DCfilter ð3Þ

where Cbefore and Cafter are the peak counting rates in tea leaves be-
fore and after infusion, and DCfilter is the difference between the
peak counting rates in the filter spectra after and before infusion.
This expression assumes that the gamma-ray detection efficiency
is the same for tea leaves samples before and after infusion; how-
ever, the K content in tea leaves after infusion is not important
and the efficiency variation, due to gamma-ray self-absorption in-
crease with sample density, is not sufficiently significant to produce
an error of the order of the uncertainty in the final result. The quan-
titative determination of K in tea brew, MKðteaÞ, can be obtained by:

MKðteaÞ ¼
DCtea

C 0KCl

� Stea �MKðKClÞ ð4Þ

where DCtea is given by formula (3), Stea is the self-absorption effi-
ciency correction factor given by formula (2) for tea leaves, C0KCl is
the 1461 keV peak counting rate in KCl spectra after background
subtraction, and MKðKClÞ represents the mass of potassium in KCl
compound reference material, deduced from the KCl mass in the
reference sample, MKCl, and the atomic masses from Section 2.1, by

MKðKClÞ ¼
AK

AKCl
MKCl ð5Þ

In the case of instant tea, the amount of K, MKðinstÞ, can be ob-
tained by:

MKðinstÞ ¼
Cinst � Cbg

C 0KCl

� Sinst �MKðKClÞ ð6Þ

where Cinst and Cbg are the 1461 keV gamma-ray counting rates in
the instant tea and background spectra, respectively, and Sinst is
the self-absorption correction factor given by formula (2) substitut-
ing instant tea for tea. A similar formula with Cinst replaced by Cbefore

gives the amount of K in tea leaves (the raw material), and were
used to determine the 40K activity, as will be discussed in Section
4.3.
4. Results and discussion

4.1. Efficiency validation

Table 2 shows simulated efficiencies for 1461 and 1408 keV
gamma rays, as well as experimental efficiencies whenever avail-
able. The efficiency for the 1461 keV gamma ray in an extended
source with density equal to air cannot be experimentally mea-
sured, but it was simulated to show the importance of self-absorp-
tion effects in the samples, which can reach 8% for the denser
sample, KCl. The difference in the 1461 keV gamma-ray detection
efficiency in tea and KCl sources is mainly due to the different sam-
ple densities; the chemical composition almost does not affect the
absorption of photons of about 1 MeV, contrary to what happens
for photons of lower and greater energies, because the gamma-
ray absorption coefficient is almost independent of atomic number
in this energy region.

The uncertainties in the experimental efficiencies at 1408 keV
are, for the most part, due to the uncertainty in the activity of
the 152Eu standard source; therefore, ratios of efficiencies deter-
mined with the same source are more precise, as can be seen in Ta-
ble 3, and are mainly due to the uncertainty in point source
positioning (�0.5 mm) close to the detector. The good agreement
between experimental and simulated efficiency ratios for the
1408 keV gamma rays using either tea or KCl as absorber shows
that the gamma-ray intensity attenuation in these samples was
correctly evaluated by the simulation program. Moreover, the good
agreement between experimental and simulated efficiency ratio
for 1461 keV gamma rays from the extended K source and
1408 keV gamma rays from the 152Eu point source shows that
the source extension is being correctly accounted by the
simulation.

It is worth to note that the concentration, given by Eq. (4), de-
pends only on efficiency ratios defined in Eq. (1), because the K
content in tea was related to the amount of K in KCl reference sam-
ple measured in the same geometry. Therefore, we did not adjust
the detector parameters to match exactly the experimental effi-
ciency curve, which takes a lot of work not needed by the method,
but choose detector parameters that gave absolute efficiencies rea-
sonably close to the experimental values to assure that the simula-
tion was realistic. The efficiency ratio (formulas (1), (2)) affects the
result by about 4% (see formula (4) and (3)), which is of the same
order of magnitude of the standard deviation of the result; hence,
the relative statistical uncertainty in the simulated efficiency ratio
would impact the result uncertainty only if it was much bigger
than estimated.

The possibility of measuring the aqueous filtered solution of tea
brew was considered. The sample volume corresponding to the tea
leaves mass used in this work amounts to about 4 L, which requires
a Marinelli beaker (Hill, Hine, & Marinelli, 1950; Park & Jeon, 1995)
21 cm in diameter and 13 cm in height with a central hole of 8 cm
in diameter and 7 cm in height, approximately, destined to em-
brace the HPGe detector capsule. In this experimental arrange-
ment, the 1461 keV gamma-ray detection efficiency decreases
with respect to the box-over-capsule geometry employed, due to
the increase both in detector-source distance and self-absorption,



Table 4
Experimental total amount of K in the samples per unity sample mass (column 2),
water-soluble K in the infusion per unity sample mass (column 3), mass of K in
200 mL of drink (column 4), and 40K activity per sample mass (last column). Numbers
between parentheses are the standard deviations, in units of the values’ least
significant digit, under the hypotheses shown and discussed in Sections 4.2 and 4.3.

Sample Total K Soluble K K per cup 40K activity
mg/g mg/g mg/200 mL Bq/kg

Tea (L) 17.5(5) 15.4(5) 30.5(11) 556(15)
Tea (A) 23.4(5) 20.7(6) 41.3(11) 742(16)
Instant tea 21.8(4) 21.8(4) 30.5(6) 691(13)
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reducing the efficiency by a factor of about 1/3. Since the relative
precision in source activity depends basically on the inverse of
the square root of the number of detected photons from the sample
rich in K, as will be seen in Section 4.3, a measurement of precision
equivalent to that obtained with the tea leaves source would take
about one week. This long counting time would also require some
sample shaking mechanism to warrant solution homogeneity.

4.2. Systematic uncertainties

In radioactivity counting experiments, the number of counts in
each channel follows a Poisson probability function, then the sum
of counts in many channels also follows Poisson statistics; since
the average number of counts is large, a normal probability func-
tion with variance equal to the mean value is a very good approxi-
mation for the number of counts probability function (Jenkins
et al., 1995). These characteristics resulted in the very similar
peak-area standard deviation estimates in the different measure-
ment runs reported in Section 2.4, and we can adopt r̂ ¼ 52 as a
very good approximation of the (true) peak-area standard devia-
tion due to counting statistics in the reproducibility test, r̂0. This
value must be compared to the external standard deviation, de-
fined as

r ¼ 1
N � 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ðCi � CÞ2

q
¼ 38 ð7Þ

where C ¼ 2190 is the unweighted mean. Since r̂0 is a lower bound
on the standard deviation because the counting random fluctuation
is unavoidable and r < r̂, we do not need to perform a formal Fish-
er F-test to state that there is no reason to believe that the observed
standard deviation is different from that due solely to Poisson
counting statistics.

We can proceed now to determine an upper limit for the possi-
ble additional uncertainty. First, assuming independence between
counting statistical fluctuations and efficiency changes from potas-
sium distribution heterogeneity, we define the peak-area variance
as

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r̂2

0 þ �2
0

q
ð8Þ

where �2
0 is the variance of all errors that affect the peak area with

the exception of counting statistical distribution; hence, �0 mea-
sures the systematic uncertainty that is associated with a single
radioactivity counting measurement of a sample. The appropriate
statistics to build the confidence interval is not the standard devia-
tion given in Eq. (7), but

ðN � 1Þr
2

r2
0

¼
X ðCi � CÞ2

r2
0

ð9Þ

which is distributed like v2 with N � 1 degrees of freedom (Kendall
& Stuart, 1961). The usual procedure for two-sided variance confi-
dence interval determination (Jenkins et al., 1995) cannot be ap-
plied here, since the variance lower limit is already known from
first principles (the Poisson statistics in radioactivity counting);
hence, we follow the general procedure to build confidence inter-
vals (Kendall & Stuart, 1961) to find an upper limit for �0. The con-
fidence level a for the sought one-sided interval is the integral P of
the v2 probability function for N � 1 degrees of freedom for values
greater than the critical value v2

a, or, using Eq. (9) for the appropriate
argument,

P v2
a 6
ðN � 1Þr2

r2
0

� �
¼ a ð10Þ

After finding v2
a;ra can be determined as the extreme value for

r0, giving
ra ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN � 1Þr2

v2
a

s
ð11Þ

Now, using Eq. (8) and approximating r̂0 by r̂, a very good
approximation as already discussed, we arrive at

�a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN � 1Þr2

v2
a

� r̂2

s
ð12Þ

which allows the determination of the systematic standard devia-
tion with any confidence level.

The values obtained for r and r̂ in this experiment imply that �a
is null at the 83% confidence level and, at 95% confidence level, is
�95 ¼ 39, which, when compared to the average peak area,
C ¼ 2190, represents a 2% relative systematic standard deviation,
which is smaller than the variance in the final result, as will be
seen in the next section. Therefore, the systematic errors are likely
negligible and, since the guide to the expression of uncertainty in
measurement (GUM, 1995) in section E.1 recommends avoiding
conservativeness in expressing uncertainties, we will assume that
there is no contribution from systematic errors to the estimated
variance.
4.3. Potassium concentration in the samples

The experimental values of K content in tea brew and their
uncertainties, according Eqs. (3) and (4), depend on the quantities:

(1) 1461 keV peak areas obtained when measuring the radiation
from:

(a) tea leaves before infusion;
(b) tea leaves after infusion;
(c) filter before use;
(d) filter after use;
(e) KCl reference sample.
(2) Efficiency self-absorption correction.
(3) Potassium mass in the reference sample.

The results shown in Table 4 were obtained using the peak
areas and masses of Table 1, and the ratios of efficiency values from
Table 3. The small difference in peak areas between filter paper
after and before infusion preparation, DCfilter ¼ 70ð18Þ per 20 h
counting, corresponds to less than 3% of the amount of K in sample
A, comparable to the relative uncertainty in the final result, also 3%.
Therefore, in the case of sample L, we used this value multiplied by
3/4, the ratio of K content in sample L to A: DCfilter;L ¼ 52ð18Þ, with-
out reducing the estimated standard deviation to allow for the
uncertainties arising from the simplifying hypothesis used.

The variances were calculated with the usual propagation for-
mula (GUM, 1995). The main component of the variance comes
from item (1a), amounting to 70% and 74% of the total variance
for samples L and A, respectively; hence, the possibility of system-
atic error in this quantity was investigated, as discussed in Sections
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2.4 and 4.2, and an upper limit for the associated variance was
found. Next in importance comes item (1b), which gives rise to
about 20% of the total variance, but, as can be calculated from Table
1, more than half of the observed peak area comes from back-
ground radiation, which cannot give rise to systematic errors.
Moreover, considering that the amount of K inside the tea leaves
sample after infusion is small and its distribution should not be
much more heterogeneous than in the sample before infusion be-
cause the sample filled completely the box, we do not expect
important systematic errors from item (1b). In case of items (1c)
and (1d), it must be noted that the number of counts from filter pa-
per increased by only 20% after use; therefore, the predominant
factor in the variance of DCfilter are background counts, which can-
not be affected by systematic errors. Certainly, there is a systematic
error from the irregular mass distribution due to the simple prep-
aration used for counting the radioactivity from the filter paper,
which was folded and placed inside a box similar to those used
for tea leaves, filling it reasonably well; this systematic error was
neglected because the amount of potassium retained in the filter
represents less than 3% of the final result. Item (2) contributes to
less than 2% of the total variance because the experimental result
depends on a efficiency ratio, as explained in (Section 4.1). Finally,
the contribution of the uncertainty in item (3) is completely negli-
gible. Therefore, we will adopt the upper limit of the variance of all
possible systematic errors relative to the final result as 2% at 95%
confidence level.

The amount of K in instant tea was calculated using Eq. (6). In
this case, the peak areas in the radiation measurements of tea pow-
der and background contribute to 94% and 3% of the final variance,
respectively, and systematic uncertainties are not expected, be-
cause the industrial production process results in a quite homoge-
neous material.

The amount of K given in the Library of United States Depart-
ment of Agriculture (USDA) for tea drink prepared from tea leaves
with distilled water is 42 mg in 200 g of drink (USDA1, 2008), and
in unsweetened instant tea 28 mg in 200 g of drink (USDA2, 2008)
which are in the same range of the values obtained in this work.
We can also compare the 40K activity in the leaves calculated from
the measured amount of K in our samples with the values in the
literature for black tea, 461 Bq/kg (Isasa & Marquina, 1980) and
for other kinds of tea leaves (Scheibel & Appoloni, 2007), which
are in the range 350–1200 Bq/kg. The application of other analyti-
cal techniques to the same tea samples used here would give a very
interesting cross-check of the methodologies.
5. Conclusions

The amount of potassium in tea drink from soluble K in tea
leaves or instant tea powder was determined by gamma-ray spec-
troscopy using the radioactivity of 40K, a natural isotope of potas-
sium. In the analysed individual test samples of two brands of
tea leaves and one brand of instant tea, we found quantities of
potassium similar to reference values and those obtained in other
works. Some of the measurements and calculations were required
to develop the method and do not need to be repeated for every
sample. The amount of soluble K can be determined with a relative
accuracy of about 4% at one standard deviation level with a one-
day experiment. We performed an experiment to search for heter-
ogeneity in potassium distribution in the tea leaves sample before
brewing, which is expected to be the most important cause of sys-
tematic errors. The calculated upper limit for the relative standard
deviation of the systematic errors is null at about 80% confidence
level, and 2% at 95% confidence level. Therefore, in this work, we
found appropriate experimental conditions for using the natural
radioactivity of potassium to obtain the amount of soluble potas-
sium in tea brew, independently of its chemical form. This method
can likely be extended to determine the amount of soluble K in any
other herbal infusion.
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