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Abstract

Between 2016 and 2021, Germany'’s first total diet study was performed to assess the variety of substances humans are
exposed to by dietary intake. On a global scale rather unique, the natural radionuclides lead-210, uranium-234, uranium-238,
radium-226, and radium-228 should be investigated in over 200 different food samples within that study. This paper serves
as a guide how to successfully determine these natural radionuclides in very low concentrations in a variety of samples.
Two independent laboratories were involved for comparison to assure the quality of the presented sample pretreatment and

analyzing techniques.
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Introduction

Both, natural and human-made radionuclides ubiquitously
present in the environment, may enter the food chain to a
certain extent. The order of magnitude of their transfer and
accumulation in crops and animal products vary widely
and depend mainly on the respective physicochemical
properties of the radionuclide in conjunction with natural
and anthropogenic factors such as soil properties, climatic
conditions or agricultural practices [1-3].

Until recently, the public exposure to radiation from radio-
nuclides caused, among other things, by the consumption
of food, was only considered in the event of a nuclear or
radiological emergency by the International Atomic Energy
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Agency (IAEA) [4]. Accordingly, most of the national envi-
ronmental monitoring programs solely focus on human-made
radionuclides. However, with the establishment of the IAEA
Safety Standard Series No. GSR Part 3 [5] complemented
by the IAEA-TECDOC-2011 [6] and Safety Reports Series
No. 114 [7], the general dietary public exposure to radio-
nuclides in non-emergency situations was brought to atten-
tion. This includes human-made radionuclides present in the
environment due to past nuclear or radiological emergencies
and activities, but also natural radionuclides [5]. Evaluating
127 dietary dose studies covering 46 countries worldwide [7],
approximately 90% of the annual effective dose from dietary
intake can be related to natural radionuclides of the uranium
(U) and thorium (Th) decay chain. The four main contribu-
tors in order of priority are polonium-210 (Po-210), lead-210
(Pb-210), radium-228 (Ra-228), and radium-226 (Ra-226).
This is in good agreement with the generic dose assessment
carried out by the United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR) for the inges-
tion of U and Th series radionuclides [1]. Potassium-40
(K-40) as naturally occurring part of the stable potassium
(K) was excluded from this dose assessment because it is not
amenable to control. Caesium-134 (Cs-134), caesium-137
(Cs-137), and strontium-90 (Sr-90) as human-made radionu-
clides together with the carbon-14 (C-14), originating both
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from natural sources and human activities, accounted only for
8% of the annual effective dose by dietary intake.

To assess the dietary intake and potential exposure to
radionuclides, it is mandatory to investigate their levels in
foods and link them with food consumption data. Differ-
ent study designs of dietary surveys exist, such as canteen
meal studies, duplicate diet studies, market basket studies
and total diet studies [6, 7]. The most efficient study design
to examine contents of substances in foods for risk assess-
ment is a total diet study (TDS) [8]. Essential characteris-
tics of a TDS are the selection of representative foods of
a population’s diet, preparation of foods as typically con-
sumed and combining of similar food items to one pool sam-
ple. Conducted by several countries like Australia, Japan and
USA since decades [9], the field phase of the first German
TDS started in 2016 by the German Federal Institute for
Risk Assessment (BfR) [10]. With the investigation of more
than 300 beneficial or potentially harmful substances in 356
foods [11-17], the BfR MEAL Study (‘meals for exposure
assessment and analysis of foods’) is one of the broadest
TDSs worldwide. The determination of radionuclides within
this study was performed by the radiochemical laboratory
of the Federal Office for Radiation Protection (BfS). The
focus was on the analyses of natural radionuclides since
the radiation exposure to human-made radionuclides is
well known and reported annually in Germany [18]. Typi-
cally, radionuclides in dietary surveys are analyzed utilizing
gamma spectrometry due to the simultaneous identification
and quantification of a number of gamma-emitting radio-
nuclides and a less extensive sample preparation [19-26].
However, the content of the radionuclides of interest may
vary widely between as well as within food groups, such as
in vegetables, fruit, meat or fish and their respective asso-
ciated products. Since the natural radionuclides Po-210,
Pb-210, Ra-228, and Ra-226, which contribute the most to
the annual dose [7], are primarily alpha and beta emitters,
their detection via gamma spectrometry might be challeng-
ing or not possible at all. Brief descriptions of a number
of radioanalytical techniques for the determination of these
natural radionuclides can be found in the literature [27-31]
including a previous BfS study [32]. The aim of the present
study was to establish reliable and optimized methods for
the determination of the naturally occurring radionuclides
Pb-210, Ra-226, Ra-228, and additionally the U isotopes
uranium-234 (U-234) and uranium-238 (U-238) in more
than 200 food samples provided by the BfR MEAL Study.
Since numerous food samples were unique and had not been
investigated before, sample pretreatment procedures, meas-
urement setups and their optimization will be described in
detail by the BfS laboratory and the external quality assur-
ance laboratories VKTA—Radiation Protection, Analytics &
Disposal Rossendorf e.V. and IAF—Radiookologie GmbH.
This paper will also address the aspects of radioactive decay
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and ingrowth as an essential issue that needs to be consid-
ered when analyzing natural radionuclides within a TDS
study where in some cases long storage times of food sample
material are unavoidable.

Material and methods
Selection, purchasing and preparation of foods

The design of the BfR MEAL Study is described elsewhere
[10, 33] and followed international recommendations for
TDSs. To establish the MEAL food list, representative con-
sumption data for the population in Germany were used from
the National Nutrition Survey II for female and male par-
ticipants aged between 14 and 80 years [34]. Additionally, a
consumption survey for children between a half and six years
(VELS) [35] was used. The MEAL food list includes 356
MEAL foods, which were assigned to 19 main food groups
according to the FoodEx 2 classification. The MEAL food
list covers 90% of the German diet for different age groups
and genders [33]. Rarely consumed foods (< 10%) contain-
ing potentially high amounts of undesired substances were
also included in the MEAL food list. Due to capacity and
analytical reasons, the BfS selected a sub-group of 202 food
samples from the MEAL food list for the analysis of natural
radionuclides (Table S1, Supplementary Information), which
were potentially relevant for dose contribution due to inges-
tion. This sub-group of foods covered all food groups that are
important to represent general dietary habits of the German
population. Food products intended for the BfS analyses were
purchased by the BfR between 2016 and 2019 as described
previously [12, 14]. After sampling, MEAL foods were pre-
pared in the BfR study kitchen according to typically used
recipes, described elsewhere in detail [11, 12, 14]. Followed by
subsequent pooling and homogenization steps, between 730 g
and 3013 g fresh weight of the pool samples were stored for
the BfS in VWR® twist-seal LDPE bags (4000 ml) at -20 °C
(Table 1). To facilitate sample preparation up to 1630 g of
deionized water was added to 47 out of the 202 BfS pool sam-
ples. From 12/2016 to 11/2019 the frozen, pool samples were
delivered to the BfS on a monthly basis for further treatment
and analyses.

Sample pretreatment

The received pool sample material from the BfR was dried
to a constant weight at 105 °C in evaporation dishes in a
Heraeus Instruments (NTU 75/125) oven at the BfS. After-
wards, up to four muffle furnaces from Linn High Therm
(LK 312.11 and LK 112.11) with manual temperature con-
trol were used for dry-ashing the sample material at a tar-
get temperature of 400 °C for 24 h. To avoid a temperature
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Table 1 Range of sample pretreatment conditions alphabetically arranged by food group

Food group Number Fresh weight [g] Dry weight [g] Ash weight [g] Water content [%] Working days in
of pool total per sample
samples [d]
Eggs and egg products 2 2001 470483 17-19 76-77 15
Fish, seafood, amphibians, reptiles and 20 1905-2477 373-1428 16-92 29-81 12-20
invertebrates
Food products for babies and toddlers 10 2000-2398 218-2288 6-59 2-89 8-17
Fruit and fruit products 23 2000-2644 114-1277 5-44 37-94 8-13
Grains and grain-based products 27 2000-2411 680-1975 13-88 1-67 12-16
Legumes, nuts, oilseeds and spices 14 2000-3013 621-2041 36-119 8-69 9-39
Meat and meat products 35 1316-2419 369-1544 24-109 36-76 9-18
Milk and dairy products 14 2000-2374 154-1103 10-94 46-93 9-30
Potatoes and root vegetables and 8 2000-2825 221-1509 15-78 25-89 7-15
related products
Sugar, confectionary and water-based 2 2322-2530 1623-2248 3646 11-30 13-18
sweet desserts®
Vegetables and vegetable products 45 730-2276 61-506 7-52 75-97 8-12

#The honey and sugar pool samples are excluded in this compilation

increase due to exothermic processes, for example due to
high fat contents in certain food samples, dry-ashing was
only carried out with small amounts (30 g and 100 g) of
the dried sample material (Table S1, Supplementary Infor-
mation). Thus, depending on the total dry weight (61 g to
2288 g), the process of dry-ashing was performed in several
rounds for each pool sample. The amount of ash material
obtained for each pool sample ranged from 5 gto 119 g
(Table 1). For each radionuclide analysis, 2 g to 10 g of pool
sample ash material was dissolved by microwave digestion
with an ETHOS-Lab System® device. For this purpose, up
to 1 g of ash material was added in each of the ten 90 ml
polytetrafluoroethylene (PTFE) vessels of the microwave
digestion system together with 2.5 ml of deionized water,
5 ml of nitric acid (HNOj3, 14 mol/l), 1.5 ml of hydrochlo-
ric acid (HCl, 12 mol/l) and 1.5 ml of hydrogen peroxide
(H,O,, 10 mol/l). For the subsequent determination of the
chemical yield of the respective radioanalytical technique,
0.5 ml of a 16 mg/ml solution of lead(II) nitrate (Pb(NO;),)
as a stable carrier for the Pb-210 analysis, 0.06 Bq U-232 as
a yield tracer for the determination of U isotopes and 2 ml
of a 53 mg/l solution of barium chloride (BaCl, - 2H,0)
as a stable carrier for the analyses of Ra-226 and Ra-228
were added. After prereaction of up to three hours, the ves-
sels were closed. Then, the applied standard program for
microwave digestion was run for a total of 40 min including
several temperature steps between 100 °C and 210 °C and a
power maximum of 1300 W. After ventilation and cooling
the vessels down, their contents were transferred into a glass
beaker and placed on a sand bath. With a watch glass on top
of the beaker as a lid, the solution was carefully evaporated
to dryness. Further processing on the sand bath of the dry

residue proved to be beneficial. For Pb-210 analyses, 20 ml
to 100 ml of deionized water, 5 ml of HNO; (14 mol/l) and
1 ml of H,0, (10 mol/l) were added. All other samples were
treated with 20 ml of HNO; (14 mol/1) and 2 ml of H,0,
(10 mol/l).

Radioanalytical techniques and measurements
Pb-210

The concept of Pb-210 determination in this study was
based on coprecipitation of Pb with iron hydroxide,
followed by extraction chromatography with subsequent
direct measurement of Pb-210 via liquid scintillation
counting (LSC) as outlined in ISO 13163 [36]. Therefore,
the pretreated dry residue was dissolved in 100 ml of warm
deionized water and HNO; (14 mol/l). The necessary
amount of HNO; ranged from 1 ml to 5 ml and was strongly
dependent on the food matrices. After complete dissolution,
further deionized water was added to a volume of 400 ml.
To preconcentrate Pb, a coprecipitation with iron hydroxide
was performed by adding 2 ml of a 48.4 mg/ml solution
of iron(III) chloride (FeCl; - 6H,0). Homogenization
of the sample solution was performed on a hot plate
between 70 °C and 80 °C. After approximately one hour, a
potassium hydroxide (KOH) solution (2 mol/l) was added
until a pH between 8 and 9 was reached. The sample was
continuously stirred for another 30 min on a hot plate. The
solution was cooled down to room temperature for at least
three hours or overnight to allow complete precipitation.
The supernatant was decanted and the precipitate was
centrifuged and washed with deionized water once between
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30 °C and 40 °C and several times at 25 °C. The precipitate
was subsequently dissolved in 8.3 ml of HCI (12 mol/l).
Deionized water was added to a volume of 50 ml. For the
following sequential extraction, a strontium resin (Sr Resin
SR5 C20-A TrisKem) was used to separate Pb-210 from
most of the other radionuclides like its progeny bismuth-210
(Bi-210) and Po-210. Potentially other present Pb isotopes,
however, will still remain. The column was conditioned
with 2 ml of HCI (2 mol/l), then the sample (50 ml) was
loaded onto the column and washed with 15 ml of HCI
(2 mol/l) to elute Bi and Fe. Polonium was then eluted
successively with 15 ml of 1 mol/l and 0.1 mol/l HNO;
each. For the purpose of this study these fractions were of
no further interest and therefore discarded. Eventually Pb
was eluted with 20 ml of a di-ammonium hydrogen citrate
solution ((NH,),CcHgO,, 0.05 mol/l). After homogenization
and subsampling for the chemical yield determination via
inductively coupled plasma optical emission spectrometry
(ICP-OES), the eluate volume was reduced to 8 ml on a sand
bath. For LSC measurement, the eluate (8 ml), 12 ml of
Ultima Gold™ AB (scintillant optimized for alpha and beta
discrimination) and 70 pl of HNO; (14 mol/l) were added
to a polyethylene LSC vial. Measurements were performed
with a Wallac 1220 Quantulus™ (Perkin Elmer, Inc.) within
an energy window ranging of 5.3 keV to 21 keV.

U isotopes

In this study, the activity concentrations of U-234 and
U-238 were determined using sequential extraction and
alpha spectrometric measurement of the electrodeposited
U. Before starting with the sequential extraction step, the
dry residue from the pretreatment was re-dissolved in 40 ml
of HNO; (3 mol/l). This dissolved sample solution was
loaded onto an UTEVA® column (UT-C50-A TrisKem)
which was preconditioned with 5 ml of HNO; (3 mol/l).
The sample beaker was rinsed twice with 5 ml of HNO;
(3 mol/l) to ensure quantitative transfer onto the column.
This washing solution was also loaded onto the column. To
remove Fe, Ra and Th from the adsorbed U, the column
was first washed with 5 ml of HCI (9 mol/l), then 10 ml
of HCI (5 mol/l) and thirdly with 20 ml of a solution of
HCI (5 mol/l) and oxalic acid (C,H,0,, 0.05 mol/l). These
eluates were discarded. In the last step, U was eluted with
20 ml of HCI (0.01 mol/1) for counting source preparation.
For this, the eluate was evaporated until dryness on a
sand bath and the dry residue treated with 5 ml of HNO;
(14 mol/l) and 2.5 ml of sulfuric acid (H,SO,, 18 mol/l)
to decompose any organic material that might have been
washed of the column. The dry residue was re-dissolved in
10 ml of H,SO, (1.5 mol/l) and transferred into the prepared
electrolytic cells. The beaker was rinsed twice with 2 ml of
deionized water each time. The rinses were added to the
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electrodeposition cell as well. After adding a drop of methyl
red solution, several drops of concentrated ammonia solution
(NH,OH, 14 mol/l) were added until the color of the solution
turned to yellow. Then, the solution was titrated with H,SO,
(1.5 mol/1) until the color changes to red. A pH between 2.4
and 2.5 was achieved with a further addition of three drops
of H,SO,. Electrodeposition was carried out at 300 mA for
four hours. Approximately one minute before turning the
power off, 0.5 ml of NH,OH solution (14 mol/l) was added.
Afterwards the cell was dismantled and the stainless-steel
disk rinsed with deionized water and dried by rinsing with
acetone. After electrodeposition, the counting source was
measured using an Alpha-Ensemble-8 system from ORTEC/
AMETEK®.

Ra isotopes

In order to reduce the amount of ash material needed
for all radionuclide analyses of each pool sample, the
methodologies of the Ra-228 and Ra-226 determination
were combined in this study. Radium-228 (half-
life 5.75 years) was indirectly determined using its
progeny actinium-228 (Ac-228) with a half-life of 6.15 h
and a much higher beta energy than Ra-228 itself. The
principle of the method is in accordance with Burnett
and Cable [37] and comprised a preconcentration step
of Ra by coprecipitation with barium sulfate (BaSO,),
followed by conversion into the carbonate, the separation
of Ac after ingrowth via extraction chromatography,
its microprecipitation with cerium(IIl) fluoride (CeF;)
and the immediate measurement of the beta activity of
Ac-228. The eluate from the extraction chromatography
containing Ra was used for Ra-226 determination via
the radon-222-emanation technique according to ISO
13165-2 [38]. For the combined procedure the pretreated
dry residue was dissolved in 300 ml of deionized water
while stirring on a hot plate until boiling. A few drops
of methyl red solution as well as 5 ml of a citric acid
solution (C¢HgO5, 1 mol/l) as masking agent were added
to the solution. Adjustment to a pH of 6.2 was achieved
by adding concentrated NH,OH solution (14 mol/l) until
the color of the solution changed from pink to yellow. The
solution was heated until boiling on a hot plate. Using
3 ml of sulfuric acid solution (H,SO,, 9 mol/l), BaSO,
was precipitated and left overnight to achieve complete
settlement of the precipitate. Discarding the supernatant,
the precipitate was vacuum-filtered using a 0.45 um
cellulose acetate membrane filter (OE67 Whatman™)
and washed thoroughly with deionized water. The filter
and the precipitate were poured into a 250 ml beaker and
covered by 75 ml deionized water. After addition of 5 g
of potassium carbonate (K,CO;), the beaker was covered
with a watch glass as a lid. The solution was boiled and
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stirred on a hot plate for approximately 30 min. The filter
was rinsed with deionized water and discarded, while the
remaining precipitate and solution were vacuum-filtered
using an 589/3 ashless, cellulose filter from Whatman™
(blue ribbon filter). The carbonate precipitate was
dissolved in 5 ml of HNO; (1 mol/l) and the date and
time were noted. To achieve secular equilibrium between
Ra-228 and Ac-228 the sample was left aside for at least
30 h. For the following extraction chromatography, a
RE-C50-A column (Eichrom) with a column bed volume
of 2 ml was used to separate Ra, Pb and Ba from Ac. The
column was conditioned with 5 ml of HNOj; (1 mol/l).

After discarding this eluate, the sample was loaded onto
the column and a 25 ml volumetric flask was placed under
the column to collect the following solutions. The sample
beaker was rinsed with 5 ml of HNOj; (1 mol/l) and loaded
onto the column as well. Date and time were noted. After
washing the column with an additional 15 ml of HNO,
(1 mol/l), the volumetric flask was filled with deionized
water to the calibration mark. For the chemical yield
determination of the Ra separation, 200 ul of the solution
were used to analyze the carrier element Ba via ICP-OES.
The remaining solution was used for the Ra-226-analysis.
To elute Ac from the column, 15 ml of HNOj; (0.1 mol/l)
were added. The eluate was collected in a 50 ml beaker
made of polyethylene (PE). 0.2 ml of a cerium nitrate
solution (Ce(NOj3);, 3.6 mmol/l) and 1 ml of hydrofluoric
acid (HF, 23 mol/l) were added and the solution stirred
for 30 min at room temperature. The solution was then
vacuum-filtered using a 0.1 um polyvinylidene fluoride
(PVDF) membrane filter from Durapore™. The precipitate
was washed with deionized water and dried by rinsing with
acetone. The filter was fixed on a steel disk and measured
using a LB 770 alpha—beta low-level measuring device from
Berthold Technologies. Date and time were noted, allowing
the calculation of the Ra-228 activity concentration from
the ingrowth period and decay interval of Ac-228 and the
counting rate as outlined in Burnett and Cable [37].

To determine Ra-226, the eluate (approx. 25 ml) from
the extraction chromatography was transferred into a
radon bubbler. The sample was purged with air for about
ten minutes to remove Rn-222 and then both valves of
the bubbler were closed. This allowed for a defined and
documented onset of Rn-222 ingrowth, which typically
lasted at least two weeks. After this ingrowth period, a
suitable pumping device was applied to flush Rn-222 out of
the bubbler solution into a previously evacuated scintillation
chamber (Lucas cell). The date and time were documented.
After three hours, the radioactive equilibrium between
Rn-222 and its progenies (polonium-214, polonium-218)
was reached. The alpha radiation was detected using
a photomultiplier with an amplifier from ORTEC®
supplemented by a counting and registration device. The

Ra-226 activity concentration was calculated considering
the ingrowth period and decay interval of Rn-222 during
progeny ingrowth as well as measurement and the counting
rate according to ISO 13165-2 [38].

Results and discussion

The matrices of the 202 pool samples analyzed within
this study varied widely, demanding in some cases
further methodological steps to ensure the quality of
the results with regard to detection limit and chemical
yield. Therefore, sample repetitions were necessary
mostly starting from the dry-ashed material again, unless
otherwise stated. Emphasizes to these optimizations
will be given for the pretreatment procedures and each
radionuclide analysis in the following.

Improvements in sample pretreatment

In the course of the study, the time needed for sample pre-
treatment was optimized by increasing the drying tempera-
ture to 130 °C for pool samples with high water or fat con-
tent (e.g. fruits, milk and dairy products). This was done in
a separate oven from Heraeus Instruments (UT 6200). For
samples with high fat content, the leaking fat was adsorbed
by ash-free paper. The amount of fat was in most cases neg-
ligible with respect to the fresh weight. Only the fat of the
cream and codfish liver pool sample was decanted because
it accounted for 22% and 33% of the total fresh weight,
respectively. To ensure that both decanted fat samples did
not contain any of the radionuclides of interest, solvent
extraction was conducted twice for each sample. For this,
100 ml of HNO; (0.1 mol/l) and 100 ml of the separated fat
were added to a separating funnel, two times letting it settle
for approximately 15 min each time. The HNO; solutions
were combined in a beaker, ready for the radioanalytical
techniques. The fat of both samples did not contain any of
the radionuclides of interest and was therefore discarded.

In general, samples with a very high fat content
remained a residual moisture of about 5% after drying and
had to be treated carefully in the subsequent dry-ashing
step.

For 17 pool samples, particularly fruits, the amount of
material received after dry-ashing was below 10 g in total.
This is not enough material to apply all methods to those
samples (Table 2). Therefore, it was not possible to deter-
mine all radionuclides of interest for all pool samples. This
results in a difference in the total number of pool samples
analyzed for the individual radionuclides (Table 1). Some
samples returned deep black ashes, which indicated high
amounts of organic material left in the sample. To facilitate
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Table 2 Overview of the methods applied by BfS to reach the following range of detection limits and average chemical yields for the outlined

number of analyses and repetitions

Radionuclide Number Number Ash Technique Yield Yield [%] Detection Limit
of samples of samples  material®[g] carrier/ [mBq/kg FT]
analyzed repetitions tracer

Pb-210 183 18 coprecipitation/Sr Resin/LSC Pb2* 74 6-75

U-iso 201 16 5 UTEVA® Resin/electrodeposition/alpha U-232 63 0.1-5

spectrometry

Ra-228 200 35 7 coprecipitation/ RE Resin/gas proportional Ba>* 90 5-130

counting

Ra-226 200 59 7 emanometry/ scintillation cell Ba’* 90 1-42

aThe given amount of ash material was on average necessary for each analysis

the further sample processing for the analyses of the U
and Ra isotopes, subsamples were therefore additionally
dry-ashed at temperatures above 500 °C for 24 h to 72 h
(Table S1, Supplementary Information). Lead-210 could be
determined up to 400 °C treated samples. At higher tempera-
tures it was not investigated, as Pb-210 becomes volatile. For
instance, Magno et al. [39] noted a significant loss of Pb-212
tracer during the dry-ashing of food samples above 600 °C.
The dry-ashing of the sugar and honey pool samples was not
successful because of the very high content of organic mate-
rial, that resulted in almost no sample material left. These
samples were processed using wet sample preparation meth-
ods as discussed in the following sections.

After microwave digestion, particularly samples with a
high content of fat or protein remained very cloudy, leading
to a notable decrease in chemical yield. To facilitate han-
dling of the samples during radiochemical separation and to
prevent a considerable loss in chemical yield, a further wet
digestion step was enclosed using HNO; and H,0,. Depend-
ing on the food material this procedure was repeated up to 15
times until the remaining dry residue was preferably color-
less or did not change its color notably (yellow, blue, purple
or magenta). Typically, fruits, potatoes and root vegetables
and their related products needed several repetitions, while
milk and dairy products were usually ready after one treat-
ment. In some cases, an aqua regia digestion was addition-
ally required. This was especially the case for vegetable and
meat samples and their related products.

Improvements in radioanalytical techniques
and measurements

Pb-210

The method used for Pb-210 determination led to an average
chemical yield of 74% and a detection limit of 16 mBq/kg
referred to fresh weight (FW) for all verified results. This is
in line with the typical detection limits for Pb-210 in food
and drinking water samples given by the IAEA of 3 mBq/
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kg FW to 30 mBg/kg FW [7]. Since the time between the ear-
liest sample production date as reference date and final results
obtained in this study ranged from 135 days to over four years,
both the ingrowth of Ra-226 (half-life 1,600 years) and radio-
active decay of Pb-210 (half-life 22.3 years) was taken into
account in the decay correction. Complete sample repetitions
starting from the dry-ashed material had to be made for 15 out
of 183 samples due to low values in chemical yield (<24%),
results between decision threshold and detection limit or the
initial results needed to be verified. In this course, slight modi-
fications in sample pretreatment and radiochemical separa-
tion steps were made for method improvement. For example,
in the first separation step, the coprecipitate of Pb and iron
hydroxide could not always be completely dissolved in HCI.
Hence, before starting with sequential extraction, over 80% of
all analyzed Pb-210 samples had to be vacuum-filtered using a
MN 640 d ashless cellulose filter by Macherey—Nagel™ (blue
ribbon filter). The filter was washed with deionized water until
reaching a final sample volume of 50 ml. The remaining resi-
due was discarded. Furthermore, some of the samples (e.g.
grain and potato samples and their related products as well as
nuts) contained high amounts of Ra-228 (> 10 Bg/kg relative
to ash weight). This caused difficulties in the correct deter-
mination of the Pb-210 activity concentration as the Ra-228
progeny Pb-212 and its daughter nuclides bismuth-212 (Bi-
212), polonium-212 (Po-212) and thallium-208 (T1-208)
strongly interferes in the subsequent LSC measurements.
Therefore, the sequential extraction procedure was generally
modified by waiting at least 60 h between the last two elution
steps, to ensure that potentially available short-lived Pb-212
(half-life 10.64 h) has decayed. For the honey and sugar pool
samples, various wet sample preparation techniques using
potassium permanganate (KMnQO,) as outlined in the results
and discussion section for the Ra isotopes or the procedure
described in [40] were tested. For seven fruit and vegetable
pool samples with very low amounts of ash material available,
a combination of the Ra isotopes and Pb-210 radioanalytical
techniques was tried. After the combined addition of stable Pb
and Ba carrier at the beginning, the steps of the Ra isotopes,
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analysis were routinely proceeded. After the Ra-226 determi-
nation, 25 ml to 30 ml of the remaining Ra eluate were loaded
onto a Sr resin column previously conditioned with 20 ml of
HNO; (1 mol/l). The eluate of the subsequently added 15 ml
of 1 mol/l and 15 ml of 0.1 mol/l of HNO; was discarded,
while the following eluate of Pb, eluted by adding 20 ml of a
(NH,),CcH3O; solution (0.05 mol/l), was further processed
as described in the material and methods section for Pb-210.
Valid results with a chemical yield between 26% and 42%
were received for four of these pool samples. However, the
described methods for the honey, sugar and some of the fruit
and vegetable pool samples did not always lead to reproduc-
ible results. Since the available amount of sample material
was also limited, no Pb-210 results are available for five out of
183 pool samples including the honey and sugar pool samples
and two fruit pool samples of the combined procedure. In
contrast, due to sufficient ash material available, it was pos-
sible to repeat the complete analytical procedure two to four
times for six out of the 183 pool samples, until valid results
were received. For nine selected pool samples, the complete
procedure was performed twice for internal quality assurance.
Nevertheless, for 21 food samples Pb-210 activity concentra-
tions either between decision threshold and detection limit or
below the decision threshold were obtained.

U isotopes

With regard to the variety of food pools processed, the
method for the determination of the U isotopes was the most
robust and sensitive one compared to the others presented.
On average, a chemical yield of 63% and a detection limit
of 0.91 mBg/kg FW were reached for all verified results,
which is more than one order of magnitude below the typical
detection limit given by the IAEA [7]. From the overall
amount of 202 processed pool samples in this study, for
201 samples sufficient ash material was initially available to
perform the U isotope analyses. Sample repetitions were only
necessary for the verification of the initial results for ten pool
samples. Some pool samples were also repetitively measured
from dry-ashed material, as they could not be entirely
dissolved in HNO; before the beginning of the sequential
extraction, resulting in very low chemical yields (1% to 10%).
Therefore, in the course of the study a further treatment step
was established, where these respective samples had to be
evaporated to dryness again and then at least 3 g of sodium
carbonate (Na,CO;) were added together with 50 ml of
deionized water. The sample solutions were boiled for 30 min
and then cooled to room temperature. Vacuum filtration was
applied using a 0.45 pum cellulose acetate membrane filter. The
filtrate was discarded and the residue on the filter dissolved
with 40 ml of hot HNO; (3 mol/l). After a second filtration
step using the same setup, the filtrate was used for the next
step. Including this additional step, the chemical yields

improved and ranged between 20% and 71%. To determine
the U isotopes in the honey and sugar pool samples, a different
wet digestion procedure than the one described for Pb-210 and
the Ra isotopes was applied prior to the sequential extraction
and alpha spectrometry routine. Here, each pool sample was
assigned to four beakers, weighing in 25 g sample material and
adding 0.06 Bq U-232 as a yield tracer, respectively. Samples
were combusted by carefully increasing the temperature
on a hot plate. The cooled residue in each beaker was then
dissolved in 30 ml of HNO; (14 mol/l) in the warmth of a hot
plate, and evaporated to dryness after adding 2 ml of H,0,
(10 mol/l). This wet digestion step was repeated ten times till
almost no residue was left in the beakers. After adding 40 ml
of HNOj; (3 mol/l) to each beaker, the dissolved residue was
consecutively loaded onto the column. The further procedure
was carried out as described in the material and methods
section. The chemical yield was 83% for the sugar and 74% for
the honey pool sample. Even though this described procedure
worked successfully, it required the use of a lot of HNO; and
H,0, as well as process time. Therefore, other methods were
tested for the determination of Pb-210 and the Ra isotopes
in the honey and sugar pool samples. For three out of 201
pool samples no results can be presented due to the lack of
ash material available for necessary repetitions. For only 2%
of all processed 201 samples results either between decision
threshold and detection limit or below the decision threshold
were received for either U-234 or U-238.

Ra isotopes

In total, 200 food pool samples were prepared for the com-
bined Ra-226 and Ra-228 methodology, based on the ash
material available. The decay of Ra-228 was considered
using the earliest sample production date as reference date
and assuming that the ingrowth of Ra-228 caused by Th-232
decay can be neglected due to the typically extremely low
activity concentrations of Th-232 [1, 32]. Repetitions in
Ra-228 and/or Ra-226 analyses were made either from ash
material still available or from the Ra eluate kept after the
Ra-226 determination. Since both Ra isotopes were deter-
mined indirectly via its progenies, it was possible to repeat-
edly use the eluate for Ra analyses again with respect to a
slight decrease in chemical yield (2% to 16%). For internal
plausibility checks, the Ra ratios within the food groups were
compared with each other and additionally with data from
Wichterey et al. [32] and the UNSCEAR 2000 report [1]. In
general, the number of repetitions for both radionuclides in
this study was the highest for several reasons. Even though
the average chemical yield of 90% was very high, particularly
grain product samples caused very low chemical yields (0%
to 20%) in the first run and were therefore repeated starting
from the dry-ashed material. The average detection limit of
Ra-228 at 20 mBq/kg FW was one order of magnitude higher
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than that of Ra-226 at 5 mBq/kg FW. Even though these
average Ra detection limits were closer together than those
reported by the IAEA at 100 mBq/kg FW for Ra-228 and
0.1 mBg/kg FW to 1 mBq/kg FW for Ra-226 [7], this differ-
ence sometimes led to results for Ra-228 between decision
threshold and detection limit or below the decision threshold,
but not for Ra-226 in this study. Therefore, several repetitions
for Ra-228 were carried out, using slightly increased amounts
of ash material (1 g to 2 g) where possible, whereas Ra-226
was only repeatedly determined for internal quality control
reasons. Still, for 14 pool samples only results between deci-
sion threshold and detection limit or below decision thresh-
old were achieved for Ra-228. The analysis did not work for
two out of the 200 pool samples (one vegetable pool sample
and one grain-based product), so no results were obtained
for either radionuclide. Furthermore, particularly milk and
dairy products with high contents of Ca, as well as grain
product samples produced enormous amounts of BaSO,
coprecipitate that needed to be minimized in volume prior to
vacuum-filtration. Therefore, before starting the conversion
into a carbonate, 100 ml of HCI (1.5 mol/l) were added to the
precipitate and the mixture was stirred for 30 min in the heat
on a hot plate followed by vacuum-filtration using a 0.45 um
cellulose acetate membrane filter (OE67 Whatman™). Since
the honey and sugar pool sample could not be regularly pro-
cessed, approximately 280 g each of the fresh weight material
were diluted in 220 g of deionized water. Subsequently, 2 ml
of H,SO, (9 mol/l) were added followed by homogenization
and stirring in the heat of a hot plate. As strong oxidizing
agent up to 10 g KMnO, dissolved in a sufficient volume of

Fig. 1 Display of the results reported by IAF/VKTA and BfS for»
U-234, U-238, Ra-226, Ra-228 and Pb-210 activity concentration
in Bg/kg FT and their corresponding calculated z*-values for the 15
selected pool samples

deionized water was added to the sample solution, causing a
change in color from purple to brown to colorless. The stable
Ba carrier was added and the next steps proceeded analogous
to all other samples.

External quality assurance

In order to validate the results of the radiochemical analy-
ses within the study, two leading radiochemical institutions
in Germany—VKTA—Radiation Protection, Analytics
& Disposal e.V. and IJAF—Radiodkologie GmbH—were
assigned to analyze 15 selected pool samples with differ-
ent methodological approaches. The choice of samples for
this external comparison was based on the dry-ashed sample
material left and the detection limits the laboratories were
able to reach. Taking this into account and trying to cover
the range of food groups, four nut, three grain, three milk
and diary, three vegetable and two fish pool samples were
selected (Table S1, Supplementary Information). Between
43 g and 118 g ash material were sent to the two external
laboratories. Details regarding the applied methods can be
found in Table 3 and in the Supplementary Information. All
results for these 15 selected pool samples received from the

Table 3 Overview of the VKTA and IAF methods applied and the detection limits reached for the 15 selected food pool samples

Radionuclide  Technique Yield carrier/tracer  Yield [%] Detection Limit
[mBq/kg FT]
Pb-210 Gamma spectrometry 940°
Spontaneous deposition/alpha spectrometry Po-209 88 2.5-10%
90° 0.5°
Gas proportional counting 90? 116-200%
90° 20°
U-iso Gamma spectrometry 130-800*
Coprecipitation/ UTEVA® Resin /electrodeposition/alpha spectrometry U, via ICP-MS*  24-72% 1-80*
Fe’*/U-232P 75° 0.5
Ra-228 Gamma spectrometry 64-360"
Coprecipitation / TEVA® Resin /electrodeposition/ alpha spectrometry ~ Fe>*/Th-229 28-84* 4-100*
Coprecipitation /DGA Resin/gas proportional counting Ba’* 87° 30-60°
Ra-226 Gamma spectrometry 34-178*
Coprecipitation / TEVA® Resin, Dowex® 50WX8 and Sr Resin/ Fe**/Th-229 (Ra-  25-95% 2.6-16%
electrodeposition/ alpha spectrometry 225)
Coprecipitation/DGA Resin/LSC Ba%* 87" 10°

*VKTA—Radiation Protection, Analytics & Disposal e.V
*TAF—Radiookologie GmbH
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various applied methods of all three laboratories are given
in Table S2 (Supplementary Information).

To compare the external values (c,) With the internal
BfS values (c;,,) the overlap of the respective uncertainties
(u) of each value pair was examined. In order to quantify
this, the following formula was used to calculate the deci-

sion criterion z*:
c.

% 1

I =—F—"F——T
u(cint) + u(cexl)

nt — Cext

An overlap of the 95% confidence intervals was deemed
to be sufficient for the decision that the two values of each
pair can be considered to be as equal within the possibili-
ties of the applied pretreatment steps and radiochemical
procedures. This leads to the conclusion, that z* should be
between —2 and 2. Because of the very low contents of radi-
onuclides in a wide variety of the samples, it was decided
to use a linear propagation of uncertainties. The term z* has
been chosen to signify, that the formula is based in princi-
ple on known z- and {-scores used in proficiency tests and
intercomparisons [41].

As indicated in Fig. 1 the match between internal and
external results was best for U-234, where 93% of the abso-
lute values of z* (Iz*]) were below one and 7% between one
and two. For U-238, 87% of the samples gave Iz*I-values
below one, one sample a |z*|-value between one and two
and one sample a Iz¥|-value of 2.1. The results for Pb-210
showed Iz*|-values below one for 80% and between one and
two for 20% of the samples. For Ra-226, 67% of the Iz*I-
values lie below one and 23% between one and two, and
for Ra-228, 80% of the samples gave values below one and
20% values between one and two. Overall the results of the
external analyses and their evaluation show that the applied
methodology to determine the activity concentrations of
Pb-210, U-234, U-238, Ra-228, and Ra-226 in the 202 food
pool samples within this study is reliable.

Conclusion

In this study, procedures to determine the natural radio-
nuclides Pb-210, U-234, U-238, Ra-228, and Ra-226 in a
wide variety of food samples were developed. Approaches
to analytical problems were addressed, allowing to success-
fully achieve reliable results for almost every type of food
sample at very low levels with a reasonable amount of ash
material deployed. In some cases, combinations of radio-
analytical techniques can be a reasonable solution to ensure
the determination of all radionuclides of interest. Still, the
limited amount of ash material available was the mean rea-
son causing a deficiency in results in some food groups.

@ Springer

Therefore, for upcoming studies, a doubling in fresh weight
material for some food groups like fruits is advisable. A gen-
eral increasement in fresh weight material for all food pool
samples especially those foods with high fat content, how-
ever, cannot be recommended since it would tremendously
raise the time and costs needed for sample pretreatment. On
the other hand, in some food groups (e.g. nuts or meat and
their associated products) the available fresh weight mate-
rial was sufficient for several repetitions or external qual-
ity assurance. The analysis of natural and/or human-made
radionuclides is typically challenging due to the low activity
concentrations combined with the certain amount of sample
material needed, but also due to the aspects of radioactive
decay. Being part of a total diet study allowed the BfS access
to a very concise set of samples representing the diet of the
German population. The purchase and preparation of the
food pool samples within the scope of the total diet study
by the BfR, however, followed a strict time plan due to the
accessibility of foods (e.g. origin, season). Thus, the number
and type of food pool samples delivered to the BfS each
month varied highly. Furthermore, it was difficult to estimate
the time needed for sample pretreatment for the variety of
food samples in advance before starting with the radioana-
lytical techniques and measurements by the BfS laboratory.
Even though, these outlined time-dependent issues seem
mostly hard to control, appropriate time management when
setting up a similar study should be discussed considering
the findings of this study. In addition, it should be clarified
beforehand whether a proper consideration of the decay of
the radionuclides of interest and the potential ingrowth of
other radionuclides is possible in the process of data evalu-
ation afterwards. If this cannot be guaranteed, certain kinds
of radionuclides should be excluded from the beginning
as was done for Po-210 with its comparably short half-life
(138 days) in this study.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10967-024-09481-y.
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