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This is anOpe
Abstract – Any discrepancy between the initiall
y hypothesis of an occupational exposure and the
additional information collected from the facility and the radiation protection team should lead the
exploration of other issues. In this specific case, the hypothesis of occupational intake in Uranium was
selected based on the biokinetic models but not validated by the examination of the workplace. Additional
information on the worker’s dietary habits helped us understand the origin of the radiotoxicological
monitoring results for Uranium exceeding the commonly accepted thresholds for the non-occupationally
exposed general population.
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1 Introduction

Uranium is a ubiquitous atom in the Earth’s crust. It is thus
naturally found in food and drinking water (Ministère de la
Santé � France, 2011). It is absorbed into the blood, from
which it is filtered by the kidneys and eliminated in the urine.
This mechanism leads to detectable activities in the excreta of
the general population not professionally exposed. Uranium in
the blood also deposits in the bone (cortical and trabecular
zones) and in the liver. Its concentration due to diet varies
greatly depending on the place of residence and dietary habits
(ICRP, 1995). The solubility of the compound is the
predominant factor to know the target organ and predict its
toxicity. Unlike soluble uranium compounds from ore
processing, whose toxicity is chemical in nature and notably
affects the kidney, oxide forms are less soluble and the toxicity
is rather radiological, historically responsible for broncho-
pulmonary cancers in case of inhalation, in combination with
radon (Métivier, 2001).

Uranium is the main compound of nuclear fuels based on
fission. Monitoring of workers professionally exposed to
uranium relies, in addition to surface and atmospheric
monitoring at the workplace, on individual monitoring from
radiotoxicological analyses of excreta (urine and feces). Thus,
the result of a radiotoxicological analysis of uranium in a person
professionally exposed to uraniumdepends on the dietary intake
to which may be added an incorporation of professional origin
(Blanchin et al., 2013; Davesne et al., 2014).
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This case illustrates the difficulty, in certain situations, of
determining the professional or non-professional origin of a
uranium activity detected in a worker’s excreta. When these
activities exceed the thresholds commonly accepted in the
general population, it is necessary to be systematic in the
investigation allowing to determine the conditions and
parameters of incorporation.

2 Discovery of abnormal uranium
contamination in a decontamination worker

Mr CC, a worker employed by a company specializing in
cleanup operations related to nuclear decommissioning has
been working on various installations at Cadarache site since
2009. He is subject to systematic alpha radiotoxicological
monitoring due to the risk of exposure to plutonium,
americium, and uranium at the different worksites where he
operates. This worker exhibited, in April 2015 and February
2016, urinary excretion of uranium slightly above the
environmental background level. Subsequent tests returned
results below the detection limit (see Tab. 2)

In July 2016, a radiotoxicological analysis of 24-hour urine
showed a value of 11 mBq, exceeding levels considered
normal in the general population and attributed to dietary
intake. The reference document "Surveillance médico-pro-
fessionnelle de l’exposition interne aux radionucléides en
INB” (SFMT, 2011) establishes a benchmark value of
1.25 mBq/L, which corresponds to an activity between
1 and 3 mBq over 24 hours depending on daily diuresis
(Recommendation 54). This value is also much higher than the
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Table 1. Uranium bioassay results of the involved worker.

U238 (mBq) U235 (mBq) U234 (mBq) Total (mBq) Isotopic ratio U234/U238 Compliance criteria

URINE 4.9 <0.5 6.1 11 1.2 Creatinine 1 g/L*

FECES 18.5 1 28.8 48.3 1.6 Feces ash weight 1.9 g**

* The compliance criteria for urine analyses are: the volume must be greater than 500ml and the urinary creatinine concentration must be greater
than 0.5 g/L (Recommendation 32 � SFMT, 2011).
** The compliance criteria for feces analyses is based on an ash weight greater than 1 g/24 h (Recommendation 31 � SFMT, 2011).
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upper values (0.034mg/l, equivalent to 0.9 mBq/l) found in the
French population in the ESTEBAN study over the period
2014-2016 (Esteban study, France 2024)

The isotopic ratio U234/U238 in this analysis was 1.2,
consistent with natural isotopy. The same Recommendation 54
(SFMT, 2011) defines natural isotopy as an isotopic ratio U234/
U238 below 2.

Simultaneously, a radiotoxicological analysis of 24-hour
feces samples was conducted, yielding a result of 19.4 mBq.
Current best practice guidelines (SFMT, 2011) use
45 mBq/24 h as the reference value for activity linked to
dietary intake. This result therefore falls within the normal
range observed in the general population (see Tab. 1).

Furthermore, it should be noted that the analysis results for
plutonium and americium in the same samples are below the
laboratory’s usual detection limits (0.2 mBq for 24-hour urine
and 1 mBq for 24-hour feces samples).

3 Further information from the employee

Following these initial results, the employee was examined
by the physician for information gathering and an interview:

1
 Regarding any possible contamination event that may have
occurred since the previous “normal” analysis.
2
 Regarding his dietary habits, in particular the type of
mineral water consumed or the use of a well (Mineral water
and radioactivity Technical report, 2000) as well as the
intake of certain clay-based medications, which are widely
used by the general population in cases of diarrhea. The
employee was also questioned about the consumption of
mushrooms or wild plants known to concentrate certain
elements, including uranium.
Regarding the first, professional aspect, no specific event
could be identified by the employee. However, this issue will
require further investigation by the radioprotection teams (see
paragraph 5).

Regarding the consumption of mineral water, the employee
states that he only drinks tap water. It should be noted that a
survey conducted on a control population of workers at
Cadarache from 2001 to 2011 (Blanchin et al., 2013; Davesne
et al., 2014) showed a very high variability in urinary and fecal
excretion, both between individuals (inter-individual) and for
the same individual from one analysis to another (intra-
individual). Out of approximately 600 urine analyses, nearly
90% of the results were below the detection limits at the time
(between 1 and 3 mBq), and it was found that the Cadarache
population did not differ from the French reference data. This
is not surprising given the predominantly limestone nature of
the soil in Provence, which results in low uranium concen-
trations in the soil and consequently in tap water.

Finally, the employee informed us that he is neither a
hunter nor a gatherer of mushrooms or wild herbs, and
furthermore, he is not undergoing any treatment, particularly
for digestive issues.

Given these initial findings, the physician decided to
schedule more frequent radiotoxicological tests in order to
support a possible occupational origin.

Furthermore, the radiotoxicological analysis results of all
employees working on the same sites as Mr CC were carefully
reviewed. No similar findings were observed.

4 Additional investigations

The results of the radiotoxicological samples are presented
in Table 2 below. LOD means “limit of detection” and is the
lowest measurable activity.

The date of 11/04/2016 corresponds to the last test result
below the laboratory’s detection limits and therefore represents
the potential start date of exposure, which is the most
unfavorable scenario from a dosimetric perspective.

It is observed that all 24-hour urine radiotoxicological
analysis results from July 2016 onwards are significantly
higher than the values seen in the general population and those
considered to be related to dietary intake.

Conversely, over the same period, all 24-hour feces
radiotoxicological analysis results fall within the normal range
for the general population.

5 Interpretation of results and provisional
dosimetric estimate

Given the absence of any indications of possible
contamination, two scenarios were considered: an acute
occupational inhalation or a chronic dietary ingestion.

First scenario: This is the default scenario, involving acute
inhalation exposure that occurred on 12/04/2016 (the date of
the previous analysis < LOD) to a uranium oxide compound,
type S, according to the "inhalation" model of ICRP 78 (Marsh
et al., 2007), which was the reference biokinetic model at the
time (see Fig. 1)

The curves are generated by the IMBA software (Birchall
et al., 2006) :

–
 The blue points correspond to the measured values in urine
on the upper graph and in feces on the lower graph. The
measured values are associated with an uncertainty value
defined by the scattering factor (SF) (Marsh et al., 2007)).
IDEAS Guidelines (Castellani et al., 2013, 2016)



Table 2. Control bioassay results of the involved worker.

URINES U238 (mBq) U235 (mBq) U234 (mBq) Total (mBq) Isotopic ratio U234/U238 Urinary creatinine (g/L)

20/04/2015 2 <0.2 2.5 4.5 1.3 0.9

24/07/2015 <0.6 <0.1 <0.6 < LOD – 1.2
12/02/2016 2 <0.4 3 5 1.5 1.13
11/04/2016 <0.4 <0.1 <0.4 < LOD – 0.86
26/07/2016 4.9 <0.5 6.1 11 1.2 1
31/08/2016 3.7 <0.4 7 10.7 1.9 1.02
31/01/2017 1.5 <0.1 2.4 3.9 1.6 1.4
10/07/2017 3.5 0.3 4.4 7.9 1.3 1.6
12/09/2017 2.9 <0.2 4.1 7 1.4 1.47
07/11/2017 3.1 0.2 4.1 7.2 1.3 1.07
11/12/2017 5.8 <0.5 6.5 12.3 1.1 0.7
30/01/2018 2.6 <0.2 3 5.6 1.2 1.83
24/03/2018 2 < LOD 3.6 5.6 1.8 1.37

FECES U238 (mBq) U235 (mBq) U234 (mBq) Total (mBq) Isotopic ratio U234/U238 Feces ash weight (g)

11/02/2016 12.9 <0.9 10.2 23.1 0.8 3.75
11/04/2016 9.5 0.9 9.9 20.3 1.0 1.9
31/08/2016 18.5 1 28.8 48.3 1.6 2.6
30/01/2017 19.5 0.9 18.6 39.0 1.0 2.7
07/07/2017 16.7 0.5 21 38.2 1.3 3.3
12/09/2017 11.1 <0.6 13 24.1 1.2 2
07/11/2017 25.7 1.5 31.2 58.4 1.2 5.1
11/12/2017 13.7 0.9 17.6 32.2 1.3 3.7
30/01/2018 10 <0.9 14.2 24.2 1.4 2

Fig. 1. Graphical representation of urinary measurements compared
to predicted values with the ICRP 78 biokinetic model for inhalation
(IMBA).
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recommends using an SF value of 1.1 for 24-hour urine
samples and 3 for 24-hour feces samples. The SF is
represented by the uncertainty bars around the data points.
–
 The green curves correspond to the biokinetic model from
ICRP Publication 78 (ICRP, 1997) used as the hypothesis
(acute inhalation).
In this first scenario, there is good correlation, confirmed
by the chi-squared test, between the measurement results and
the theoretical curves of the ICRP model used as the
hypothesis (acute inhalation).

In this scenario, the intake is estimated at approximately
3000Bq, corresponding to a committed effective dose of
18.5 mSv. It should be noted that this hypothesis � which
assumes the potential incorporation date as the day after the
previous urine analysis < LOD � represents a worst-case
assumption. Additionally, the dietary background contribution
was not subtracted from the feces results, as advised in Good
Practice Recommendation 54 (SFMT, 2011).

Nevertheless, this initial estimate provides an order of
magnitude for the committed effective dose, which approaches
the annual regulatory limit set in France (20 mSv for category
A employees) aligned with ICRP recommendations for
radiation workers.

Consequently, meticulous investigations will be conducted
by the radioprotection service to determine the possible origin
of the contamination. Specifically, all of Mr CC’s activities in
radiological areas since 12/04/2016 have been tracked, along
with any potential contamination incidents that occurred
during this period. All nasal mucus samples, atmospheric
contamination measurements, and surface contamination
measurements during this timeframe returned "negative"
results.

Finally, all facilities where Mr. CC worked had mixed
radioactive spectra, primarily containing plutonium and
americium, combined with uranium. Mr. CC never worked
in facilities where the source term consisted exclusively of
uranium. None of the radiotoxicological analyses performed
detected the presence of transuranic elements.

Although the interpretation of results relative to the ICRP
theoretical models (8) supports an occupational inhalation



Fig. 2. Graphical representation of urinary measurements compared
to predicted values with the ICRP 78 biokinetic model for ingestion
(IMBA).
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origin, no evidence from the radioprotection team’s worksites
investigation corroborated this hypothesis. Furthermore, the
two significant positive urine test results from April 2015 and
February 2016, followed by negative follow-up tests, cannot
be explained by pre-April 2015 inhalation contamination.

Second scenario: chronic dietary origin, involving an
unspecified compound with f1 = 0.02, according to the
“ingestion” model from ICRP Publication 78 (ICRP, 1997),
the reference biokinetic model at the time (see Fig. 2)

It is observed that while the theoretical curve fits well with
the urine measurement results, there is a discrepancy with the
feces measurement results. The statistical test (chi-squared
test) confirms the poor fit of the selected model with the data
points. In practice, given the urinary values, the feces results
should be ten times higher than those measured.

6 Important additional information leading
to new interpretation hypotheses

In early 2018, a radiation protection officer from Mr CC’s
company, involved in the occupational investigation, provided
new information about Mr. CC: he consumed several liters of
cola daily (averaging 2L per day). Mr. CC confirmed this
detail, which had not been disclosed during his initial
interviews that focused primarily on his mineral water
consumption.

We first focused on the chemical composition of this type
of beverage. The label on a bottle of the implicated soda lists
the following components:

–
 Carbonated water.

–
 Coloring agent : E150d (caramel color).

–
 Acidifiers : phosphoric acid, sodium citrate.

–
 Sugar or sweeteners : aspartame, acesulfame-K.

–
 Natural flavors, including caffeine.
Additionally, a quick inquiry with the manufacturer
revealed that the water used in production across different
sites comes from the local distribution network. The uranium
content is therefore presumed identical to the region’s tap
water. Nevertheless, a radiotoxicological analysis of a sample
of the cola consumed by Mr CC was conducted by Cadarache
medical analysis laboratory. The measured activity in this
sample was 25 mBq/L, a value close to that of Volvic water,
which is recognized as one of the least mineralized waters in
France. By comparison, the most "radioactive" waters in
France exhibit levels over 100 times higher than this cola
sample (Mineral water and radioactivity Technical report,
2000). The hypothesis of elevated uranium content in the cola
was thus ruled out.

However, chemistry colleagues at Cadarache urged us to
investigate the cola hypothesis due to its chemical
composition, particularly the presence of phosphoric acid,
which is known for its affinity with uranium (see discussion
below).

Mr CC was therefore asked to repeat radiotoxicological
analyses after abstaining from cola for several days. The April
2018 test results showed a return to usual values for the general
population (<1.25 mBq/L). See Table 3.

Then Mr CC’s urinary radiotoxicological analyses have
always remained within the normal values for the general
population (< 3 mBq / 24 h).

The radiotoxicological analyses of the feces samples have
likewise remained unchanged, within the usual values
observed in the general population and consistent with dietary
intake.

The hypothesis of increased gastrointestinal absorption of
uranium due to the chemical composition of cola was therefore
proposed. By increasing the digestive absorption factor f1
tenfold (from 0.02 to 0.2) in the ICRP Publication
78 biokinetic model, an excellent correlation (fit) was achieved
between the theoretical curves and the urine and feces results
from July 2016 to March 2018 (see Fig. 3)

In this scenario, the estimated average intake is
40 mBq/day, which aligns with dietary intake primarily linked
to Mr CC’s consumption of cola (approximately 25 mBq/L).

The committed effective dose is estimated at 12.5mSv over
the studied period (approximately 2 yr).

Regarding the chemical toxicity of uranium on the kidneys,
France’s INRS indicates (INRS, 2024) a urinary excretion
value of 250mg/L (equivalent to 6.25Bq/L) beyond which
renal impairment can occur. The urinary activity levels
measured in Mr. CC were well below this reference value.

Similarly, the World Health Organization (World Health
Organization, 2022) recommends a guideline value of 30mg/L
for uranium concentration in drinking water, equivalent to 750
mBq/L. This value corresponds to an annual committed
effective dose of 0.10 mSv, assuming a daily consumption of
2 liters of water.

The Table 4 summarizes recommended values fromWHO,
in the United States of America and in Canada.

The values found in the implicated cola-type beverage,
based on analyses performed by the Cadarache laboratory, are
also well below these levels. It should be noted, however, that
these values can be exceeded in certain mineral waters
(Mineral water and radioactivity Technical report, 2000), whos
e consumption should therefore be limited.



Table 3. Last bioassay results in the involved worker.

URINES U238 (mBq) U235 (mBq) U234 (mBq) Total (mBq) Isotopic ratio U234/U238 Urinary creatinine (g/L)

24/04/2018 0.5 < LOD 0.6 1.1 2.2 0.74

Fig. 3. Graphical representation of urinary measurements compared
to predicted values with the ICRP 78 biokinetic model for ingestion
with a revised f1 factor.
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7 Discussion � Hypotheses on explanatory
mechanism

The metabolism of ingested uranium is not as well
understood as that of radium. Wrenn and colleagues (Wrenn
et al., 1985) estimated that approximately 1.1% of ingested
uranium is absorbed through the gastrointestinal tract.

The observed increase in digestive absorption of uranium
may be linked to the chemical composition of the beverage,
particularly the presence of phosphoric acid. Phosphoric acid
forms from the reaction of phosphorus with oxygen and water
and subsequently recombines into various inorganic or organic
phosphates (Wagner et al., 2023). Phosphate metabolism is
associated with several key biological functions, including
phospholipid metabolism, bone mineralization, adenosine
triphosphate (ATP, the cellular energy carrier), and others.
In their work, Leggett and Harrison (Leggett et al., 2095)
emphasize, based on laboratory data from animal studies, that
the absorbed fraction of uranium strongly depends on its
ingested chemical form.

Numerous studies demonstrate uranium’s affinity with
phosphates, whether in solid form (e.g., uranium’s
presence in phosphate fertilizers or natural minerals like
apatite and monazite) or in solution. In such environments,
the formation of uranium-phosphate complexes such
as UO2H2PO4

þ, UO2(H2PO4)2 et UO2(H2PO4)2(H3PO4)
has been demonstrated in phosphoric acid (Dartiguelongue,
2014).

Calculations of uranium speciation in human biological
fluids conducted by Sutton and Burastero (Sutton et al., 2004)
show the different chemical forms of uranium in solution,
depending on the fluids’ chemical composition :

Carbonate complexes in carbonate-rich fluids

–
 UO2(CO3)3

4- in plasma at pH 7.4

–
 UO2(CO3)3

4- and UO2(CO3)2
2- in the pancreas at pH 8.3
Hydroxylated forms UO2(OH)2 in saliva at pH 6–7
Phosphate forms in fluids richer in phosphates, such as

urine

–
 UO2(HPO4)2

2- at pH 4,2 et 8.
In gastric juice, which is less rich in phosphates, the
speciation of uranium varies significantly depending on pH :

–
 UO2

2- at pH 1 toUO2(HPO4)2
2- at pH 3,5.
Thus, it can be suggested that the high concentration of
phosphoric acid in the carbonated beverage promotes the
formation of UO2(HPO4)2

2+ in gastric juice, displacing the
UO2

2+ form. As shown in various studies (Sandino et al., 2005;
Sutton et al., 2004), this chemical form (UO2(HPO4)2

2+) has a
high solubility.

Moreover, data from animal studies provide information
on the relative uptake of uranium ingested in different
chemical forms, showing that absorption is strongly dependent
on the solubility of the compound (ICRP, 2017)

So, we can assume that uranium in this chemical form
(UO2(HPO4)2

2+) has a higher solubility, thereby enhancing
gastrointestinal absorption compared to classic hydroxylated
or carbonated chemical forms.

8 Conclusion

This clinical case highlights the critical importance, in
dosimetric interpretation, of always cross-referencing hypoth-
eses with data from employee interviews and supplementary
information provided by the facility and radioprotection teams.

Any inconsistency between exposure data and the
proposed biokinetic model � even if it shows excellent
correlation between theoretical curves and measured results �
should prompt a re-evaluation of the model and exploration of
alternative hypotheses.

This necessitates multidisciplinary collaboration, leverag-
ing expertise across fields such as biology, chemistry,
mathematics, and radioprotection.

In this instance, such collaboration advanced understand-
ing of how certain foods (e.g., cola) influence gastrointestinal
uranium absorption. Subsequent cases have confirmed cola’s
impact on urinary uranium excretion, making its consumption
a routine inquiry when analyses exceed general population
background levels.

As the medical adage goes: “You only find what you look
for, and you only look for what you already know.”



Table 4. Summary of standards and recommendations for uranium intake in drinking water.

U.S. EPA standard Canada’s guideline WHO reference value

Mass limit 30mg/l 20mg/l 30mg/l

Corresponding activity limit 750 mBq/l 500 mBq/l 750 mBq/l
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