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Bio-indicator of long time exposure to pollutants, human hair is studied in contaminated areas. The number of studies on background environments remains small, and factors impacting human hair radioactivity in contaminated and background areas remain poorly known. Radon-222, a radioactive noble gas of half-life 3.8 days, is the alpha decay daughter of radium-226 in the uranium-238 chain.

Radon emission depends on radium concentration (C Ra ) and probability of decaying radium to liberate radon (i.e., the emanation coefficient E). The radon-222 emanating power (i.e., radon emanation or effective radium-226 concentration, EC Ra ) is measured in the laboratory from human hair of a cohort of 93 individuals living in uranium non-contaminated areas using a high-sensitivity method based on 371 long accumulation sessions. E of human hair is also determined. EC Ra values from human hair are heterogeneous, ranging from 0.059±0.008 to 3.7±0.1 Bq kg -1 (mean: 0.484±0.006 Bq kg -1 ). We find 2.6±0.1 and 2.5±0.1 times larger values for females than males and for color-treated than natural hair, respectively. By contrast, E is homogeneous (mean: 0.33±0.11; n=9). Our data suggest a different behavior of accumulation/elimination processes of heavy elements in females and non-negligible radium concentration in hair dye products. Our results demonstrate 226 Ra-238 U disequilibrium in human hair, indicating secondary radium intake, and that EC Ra mainly depends on C Ra . Other factors such as age and sampling time are also studied. The impact of factors on EC Ra from human hair in uranium non-contaminated areas is ordered as follows: (body site?) > sex > hair dyeing > dietary/drinking habits > natural color > time period > geographical location > age. Any human hair-based study should take into consideration these factors. Our method, cost-effective and easy to implement, may be applied to large numbers of samples for large-scale epidemiological studies, and may also be useful for criminal investigations.
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Highlights

• Radon emanation (EC Ra ) from hair of 93 humans in uranium non-contaminated areas

• A total of 371 long accumulation and long counting sessions in the laboratory • Large and heterogeneous EC Ra values indicate C Ra dominance and secondary intake

• High-impact factors on EC Ra are sex > hair dyeing > natural color > time period

• High EC Ra from female hair and non-negligible radium content in hair dye products

Introduction

The last decades witnessed a number of investigations characterizing the chemical and elemental composition of human hair, a bio-resource containing keratin and melanin. As a bioindicator of criminal, occupational or environmental exposure to contaminants in the human body, human hair was analyzed in terms of various pollutants: environmental pollutants [START_REF] Bencko | Use of human hair as a biomarker in the assessment of exposure to pollutants in occupational and environmental settings[END_REF][START_REF] Esteban | Non-invasive matrices in human biomonitoring: A review[END_REF], organic pollutants [START_REF] Covaci | Hair analysis: another approach for the assessment of human exposure to selected persistent organochlorine pollutants[END_REF]Zhang et al., 2007) including pesticides [START_REF] Altshul | The relationship between levels of PCBs and pesticides in human hair and blood: Preliminary results[END_REF][START_REF] Tsatsakis | Pesticide levels in head hair samples of Cretan population as an indicator of present and past exposure[END_REF][START_REF] Dahmardeh Behrooz | Organochlorine contaminants in the hair of Iranian pregnant women[END_REF][START_REF] Raeppel | Pesticide detection in air samples from contrasted houses and in their inhabitants' hair[END_REF][START_REF] Lehmann | Assessment of human exposure to pesticides by hair analysis: The case of vegetable-producing areas in Burkina Faso[END_REF], trace elements [START_REF] Seifert | The German Envrionmental Survey 1990/1992 (GerES II): Reference concentrations of selected environmental pollutants in blood, urine, hair, house dust, drinking water and indoor air[END_REF][START_REF] Li | Trace element concentrations in hair of healthy Chinese centenarians[END_REF][START_REF] Varrica | Trace elements in scalp hair of children chronically exposed to volcanic activity (Mt. Etna, Italy)[END_REF][START_REF] Tamburo | Gender as a key factor in trace metal and metalloid content of human scalp hair. A multi-site study[END_REF][START_REF] Fábelová | Hair concentration of trace elements and growth in homeless children aged< 6 years: Results from the ENFAMS study[END_REF] including heavy metals [START_REF] Sanna | Blood and hair lead levels in boys and girls living in two Sardinian towns at different risks of lead pollution[END_REF][START_REF] Pereira | Scalp hair analysis as a tool in assessing human exposure to heavy metals (S. Domingos mine, Portugal)[END_REF][START_REF] Goullé | Metal and metalloid multi-elementary ICP-MS validation in whole blood, plasma, urine and hair: Reference values[END_REF][START_REF] Amaral | Essential and non-essential trace metals in scalp hair of men chronically exposed to volcanogenic metals in the Azores, Portugal[END_REF][START_REF] Rodrigues | Evaluation of the use of human hair for biomonitoring the deficiency of essential and exposure to toxic elements[END_REF][START_REF] Peña-Fernández | Monitoring lead in hair of children and adolescents of Alcalá de Henares, Spain. A study by gender and residential areas[END_REF][START_REF] Varrica | Lead isotopic fingerprint in human scalp hair: The case study of Iglesias mining district (Sardinia, Italy)[END_REF] and mercury [START_REF] Rodushkin | Application of double focusing sector field ICP-MS for multielemental characterization of human hair and nails. Part II. A study of the inhabitants of northern Sweden[END_REF][START_REF] Zhang | Environmental mercury contamination in China: Sources and impacts[END_REF][START_REF] Salehi | Hair mercury levels in pregnant women in Mahshahr, Iran: Fish consumption as a determinant of exposure[END_REF][START_REF] Treu | Correlations between hair and tissue mercury concentrations in Icelandic arctic foxes (Vulpes lagopus)[END_REF][START_REF] Jia | Mercury in soil, vegetable and human hair in a typical mining area in China: Implication for human exposure[END_REF], drugs and alcohol [START_REF] Moeller | Simultaneous determination of drugs of abuse (opiates, cocaine and amphetamine) in human hair by GUMS and its application to a methadone treatment program[END_REF][START_REF] Pragst | State of the art in hair analysis for detection of drug and alcohol abuse[END_REF], and more recently, e-waste [START_REF] Zhao | PBBs, PBDEs, and PCBs levels in hair of residents around e-waste disassembly sites in Zhejiang Province, China, and their potential sources[END_REF][START_REF] Song | A systematic review of the human body burden of e-waste exposure in China[END_REF]. Among the different pathways to evacuate substances from human body, blood, urine and feces give information on short-term exposure. Rather, hair reflects long time or past exposure by averaging element concentration during their growth period, hence of interest for medicine, forensic science, anthropology, biology and chemistry.

The composition of human hair, however, was found in some cases to depend on internal (e.g., age, sex, body site, hair color, health and hormonal status, nutrition, disease) and external (e.g., culture, habits, geographic location, natural background conditions or local exposure, compositions of soil, drinking water and food) factors. Contaminants detected in human hair are due to endogenous and exogenous sources (e.g., [START_REF] Chittleborough | A chemist's view of the analysis of human hair for trace elements[END_REF]. Endogenous sources are related to the production of hair that is governed by the mitotic activity of the matrix cells located in hair follicle [START_REF] Philpott | Human hair growth in vitro: A model for the study of hair follicle biology[END_REF][START_REF] Rochat | Location of stem cells of human hair follicles by clonal analysis[END_REF]. Exogenous sources include for example particles in air and solutes present in water and hair treatments. External elements can be adsorbed in the disulphide bonds located in the cuticle proteins [START_REF] Chittleborough | A chemist's view of the analysis of human hair for trace elements[END_REF]. Melanin and keratin can also adsorb heavy elements such as uranium (Saini andMelo, 2013, 2015).

The measurement of radioactivity in human hair showed similar concerns. As a trace element, uranium concentration was measured in human hair in recognized or potentially contaminated areas [START_REF] Byrne | Uranium content of blood, urine and hair of exposed and non-exposed persons determined by radiochemical neutron activation analysis, with emphasis on quality control[END_REF][START_REF] Sela | Biomonitoring of hair samples by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)[END_REF][START_REF] Kehagia | Hair analysis as an indicator of exposure to uranium[END_REF][START_REF] Sahoo | Distribution of uranium and selected trace metals in Balkan human scalp hair using inductively coupled plasma mass spectrometry[END_REF][START_REF] Sahoo | Distribution of uranium, thorium and some stable trace and toxic elements in human hair and nails in Niška Banja Town, a high natural background radiation area of Serbia (Balkan Region, South-East Europe)[END_REF][START_REF] Wufuer | A survey of uranium levels in urine and hair of people living in a coal mining area in Yili, Xinjiang, China[END_REF], as well as in background environments [START_REF] Imahori | Multielement neutron activation analysis of human scalp hair a local population survey in the Tokyo metropolitan area[END_REF][START_REF] Byrne | Uranium content of blood, urine and hair of exposed and non-exposed persons determined by radiochemical neutron activation analysis, with emphasis on quality control[END_REF][START_REF] Goullé | Metal and metalloid multi-elementary ICP-MS validation in whole blood, plasma, urine and hair: Reference values[END_REF][START_REF] Muikku | The mean concentration of uranium in drinking water, urine, and hair of the occupationally unexposed Finnish working population[END_REF]. Reference values of uranium concentration are scarce and generally range from 2 to 20 ng per g of hair with an average of about 10 ng g -1 for the general population. Radioactive daughter products of the uranium-238 decay chain were also characterized in human hair, such as polonium-210 [START_REF] Rääf | Hair as an indicator of the body content of polonium in humans: Preliminary results from study of five male volunteers[END_REF] and radon-222 progeny including polonium-218, lead-214, bismuth-214 and polonium-214 [START_REF] Falkenbach | Radon progeny activity on skin and hair after speleotherapeutic radon exposure[END_REF][START_REF] Sánchez | Additional contamination when radon is in excess[END_REF]. Alpha activities (i.e., all alpha emitters) of human hair were found in the Chernobyl area from 0.7 to 20 Bq kg -1 [START_REF] Kist | Human hair radioactivity in the Chernobyl area[END_REF]. Outside the contaminated area, alpha activities remained in the range 0.07-0.2 Bq kg -1 . To date, no result of direct measurement of radium-226 or radon-222 concentration is available on human hair.

Radon-222 (hereinafter called 'radon') is a radioactive noble gas of half-life 3.8 days by alpha decay and is the daughter product of the solid alkali earth metal radium-226 in the uranium-238 decay chain. Radon is ubiquitous in the environment and depends on the concentration (C Ra ) and the distribution of radium-226 in a given material. The probability of a radium atom decaying into a radon atom that can escape from a given material is called the emanation coefficient E [START_REF] Tanner | Radon migration in the ground: A review[END_REF][START_REF] Nazaroff | Radon transport from soil to air[END_REF]. The radon emanating power of a material (i.e., radon emanation or effective radium concentration, EC Ra ), expressed in Bq kg -1 , is the product of the emanation coefficient by the radium concentration [START_REF] Stoulos | Measurement of radon emanation factor from granular samples: Effects of additives in cement[END_REF]. Radon emanation was measured in various materials, including mainly soils, rocks, building materials, mining and industrial materials, minerals, plants, extraterrestrial and artificial samples (e.g., [START_REF] Przylibski | Estimating the radon emanation coefficient from crystalline rocks into groundwater[END_REF][START_REF] Garver | Effects of heating on the emanation rates of radon-222 from a suite of natural minerals[END_REF][START_REF] Girault | Radon emanation of heterogeneous basin deposits in Kathmandu Valley, Nepal[END_REF]Girault et al., , 2012[START_REF] Girault | Effective radium-226 concentration in meteorites[END_REF][START_REF] Meslin | Experimental study of radon production and transport in an analogue for the Martian regolith[END_REF][START_REF] Sakoda | A comprehensive review of radon emanation measurements for mineral, rock, soil, mill tailing and fly ash[END_REF]Girault and Perrier, 2012a,b;Perrier et al., 2016b,c). Probably because detection limits of measuring techniques were too high, animal samples have not been investigated so far, with one recent exception on animal bones (Perrier et al., 2016b). Recently, a high-sensitivity accumulation method reducing the detection limit of EC Ra down to 10 -2 Bq kg -1 for sample mass of about 1 g was successfully applied to extraterrestrial samples with average uranium concentration of 16±1 ng g -1 [START_REF] Girault | Effective radium-226 concentration in meteorites[END_REF].

Owing to this up-to-date technique, the measurement of radon emanation from human hair thus becomes possible, providing a novel approach to characterize the low radioactivity of biological samples of natural, accidental or criminal sources. In addition, knowing the radon emanation coefficient of human hair could give the first measured values of radium concentration of biological samples from the general population, of critical importance for future epidemiological studies.

In this paper, we present the first experimental measurement of radon emanation from human hair of a cohort of 93 individuals living in uranium non-contaminated areas. After a short description of the measurement method, we show that radon emanation from human hair is higher than expected and heterogeneous, ranging over two orders of magnitude. We then discuss the potential impacts of sex, age, hair color including hair dyeing, geographical location and sampling time on radon emanation from human hair.

Material and methods

Human hair samples

Human hair samples of a cohort of 93 individuals, aged from 1 year to 84 years, were collected from hairdressers and from workplace, relatives and friends of the authors from 2015 to 2018. After washing with commercial shampoo and rinsing with tap water, hair was cut and placed in plastic bags. Sample mass ranges from 0.7 to 49 g. With the consent of each individual, the authors and the hairdressers collated personal information on all individuals (sex, age and hair color). All individuals are living in uranium non-contaminated areas, mostly in France (Mitry-Mory, Saint-Yrieix-la-Perche, Paris region). Several samples were collected from selected individuals at different time periods.

In the laboratory, the samples were not treated nor washed, but only dried gently at ambient room temperature. We opted for the "no wash policy", considered a good practice by [START_REF] Chittleborough | A chemist's view of the analysis of human hair for trace elements[END_REF], hence keeping the sample in normal conditions with no impact on trace elements [START_REF] Leblanc | Trace element content of commercial shampoos: Impact on trace element levels in hair[END_REF][START_REF] Morton | Removal of exogenously bound elements from human hair by various washing procedures and determination by inductively coupled plasma mass spectrometry[END_REF].

Determination of the radon emanation (EC Ra )

To measure radon emanation, we used the high-sensitivity method based on long counting sessions after long accumulations in containers, as described by [START_REF] Girault | Effective radium-226 concentration in meteorites[END_REF]. In the laboratory under ambient room temperature, the sample was placed in an air-tight container of known volume that was closed with a rubber stopper. After a long accumulation time larger that 21 days to reach radon-222 -radium-226 radioactive equilibrium, we sampled the gas inside the container using a 125-mL pre-evacuated scintillation flask (Algade, France). Dilution correction during sampling was applied (Girault and Perrier, 2012a).

After gas was sampled in the flask, a photomultiplier (CALEN™, Algade, France) recorded the number of counts in 10 min intervals in a long counting session of 24 h. The background flask count was determined previously in a long counting session of 3 to 4 days minimum. The difference between the arithmetic averages of the signal distribution of counts and the background distribution of counts gives the signal value. Using the conversion factor of the photomultiplier, we infer the radon concentration in the flask (C Rn ), and we calculate the radon emanation following [START_REF] Girault | Effective radium-226 concentration in meteorites[END_REF]:

Rn Ra C m V EC = , ( 1 
)
where V is the free volume of air in the container (m 3 ) and m the sample mass (kg).

A total of 371 measurements of radon emanation from human hair samples were carried out using this method. The mean relative experimental uncertainty on radon emanation values amounted to 19±1 %. For a sample mass between 5 and 50 g, the relative experimental uncertainty was about 30 % for EC Ra <0.1 Bq kg -1 and about 7 % for EC Ra >0.5 Bq kg -1 (Fig. S1). For every sample, a minimum of two to three accumulation experiments were repeated. Their averaged value is the final EC Ra value retained.

Determination of the radon emanation coefficient (E)

To determine the radon emanation coefficient we used the radium injection method described by Perrier et al. (2016b). After measuring the radon emanation from a given sample placed in a container (EC RaI ), a known radium-226 activity (A Ra ) was injected in the container (i.e., a radiumrich solution of known concentration and volume). After passive evaporation of the solution at ambient room temperature, radon emanation measurement is repeated (EC RaF ). The radon emanation coefficient E is inferred from (Perrier et al., 2016b):

Ra RaI RaF A EC EC m E - = . ( 2 
)
Injection experiments using water of radium-226 concentration of 2.96±0.17 Bq L -1 were carried out on nine different hair samples. The mean relative experimental uncertainty on the radon emanation coefficient values was 16±3 %.

Results

Effective radium-226 concentration (EC Ra ) values from human hair are heterogeneous, ranging over two orders of magnitude, from 0.059±0.008 to 3.7±0.1 Bq kg -1 , and the overall geometric mean is 0.484±0.006 Bq kg -1 (Tab. 1). The EC Ra values of our human hair set follow a log-normal distribution of parameters µ=0.5 Bq kg -1 and σ=2.5 (Fig. 1a). The mean EC Ra value of human hair is smaller than those of animal bones and terrestrial rocks (Fig. S2), but the largest EC Ra values of human hair are similar to those of some animal bones (Perrier et al., 2016b).

A significant difference in EC Ra is observed between natural and color-treated hair samples (Fig. 1b,c). Based on EC Ra measurements from natural hair of 59 individuals (mean: 0.35±0.01 Bq kg -1 ) and from color-treated hair of 20 individuals (mean: 0.88±0.02 Bq kg -1 ), EC Ra is found 2.5±0.1 times larger for color-treated hair samples (Tab. 1). Considering natural human hair only, EC Ra is found larger in females than in males (Fig. 2). Indeed, based on EC Ra measurements from cohorts of 38 females (mean: 0.49±0.01 Bq kg -1 ) and 21 males (mean: 0.19±0.01 Bq kg -1 ) with natural hair, EC Ra is found 2.6±0.1 times larger for females hair (Tab. 1). A similar trend is found for female and male children hair (under the age of 15), whose mean EC Ra values do not depart significantly from those of female and male adults hair, respectively (Tab. 1). Since our set of colortreated hair only includes female color-treated hair, the comparison of natural versus color-treated female hair gives a difference of a factor of 1.80±0.04.

Radon emanation coefficient (E) was measured on nine human hair samples, including five natural and four color-treated, and two males and seven females. Values of E are relatively homogeneous, ranging from 0.20±0.04 to 0.48±0.06, with a mean value of 0.33±0.11. However, they are 1.8±0.4 higher for natural hair (0.41±0.05) than color-treated hair (0.23±0.05), suggesting bleach and dye treatments impact the structure and adsorption properties of hair. The E values obtained in hair are larger than in rocks (ca. 0.13) and soils (ca. 0.20) [START_REF] Sakoda | A comprehensive review of radon emanation measurements for mineral, rock, soil, mill tailing and fly ash[END_REF], but smaller than in plants (0.86±0.04) (Perrier et al., 2016b). Our results indicate that only about 1/3 of decaying radium in human hair is able to release its daughter product radon outside the keratin or melanin network of the follicle. This also suggests non negligible adsorption effects by keratin or melanin (Saini andMelo, 2013, 2015). Defining the adsorption coefficient, k d , as the ratio of adsorbed radon concentration to radon concentration in air, we infer ca. 10 -2 m 3 kg -1 (n=3).

Using the mean EC Ra value (0.484±0.006 Bq kg -1 ) and the mean E value (0.33±0.11), we calculate the mean radium-226 concentration (C Ra ) in human hair of our set, yielding 1.5±0.5 Bq kg -1 or 41±14 fg g -1 . The high EC Ra (0.88±0.02 Bq kg -1 ) and small E (0.23±0.05) values imply high C Ra in color-treated hair (3.8±0.8 Bq kg -1 or 104±22 fg g -1 ), suggesting high radium-226 concentration in colorful hair dye products and likely occurrence of other heavy elements (e.g., [START_REF] Juberg | Position paper of the American Council on Science and Health: Lead and human health[END_REF], with potentially negative effects on human body [START_REF] Heikkinen | Does hair dye use increase the risk of breast cancer? A population-based case-control study of Finnish women[END_REF][START_REF] Kim | The use of personal hair dye and its implications for human health[END_REF][START_REF] Dianatinasab | Hair coloring, stress, and smoking increase the risk of breast cancer: A case-control study[END_REF]. In our set of human hair, when radium-226 and uranium-238 are at radioactive equilibrium, then the mean (min-max) uranium-238 concentration is 120±40 ng g - 1 (14-900 ng g -1 ). While this range is similar to the ranges of background values measured in other countries (e.g., [START_REF] Muikku | The mean concentration of uranium in drinking water, urine, and hair of the occupationally unexposed Finnish working population[END_REF][START_REF] Wufuer | A survey of uranium levels in urine and hair of people living in a coal mining area in Yili, Xinjiang, China[END_REF], the mean is well above the mean uranium concentration of 10 ng g -1 considered for the general population [START_REF] Byrne | Uranium content of blood, urine and hair of exposed and non-exposed persons determined by radiochemical neutron activation analysis, with emphasis on quality control[END_REF][START_REF] Goullé | Metal and metalloid multi-elementary ICP-MS validation in whole blood, plasma, urine and hair: Reference values[END_REF]. This indicates clear disequilibrium of the 226 Ra-238 U pair in human hair, and necessary secondary intake or deposition of radium to explain this discrepancy.

Discussion and conclusion

The major sources of radium intake in human body are food and water. Radium is mainly found in blood > bone > tissue. Most of ingested radium is unabsorbed, but incorporation of Ra 2+ by human body follows incorporation of barium (Ba 2+ ), calcium (Ca 2+ ) and strontium (Sr 2+ ) [START_REF] Wrenn | Metabolism of ingested U and Ra[END_REF]. Therefore, Ra 2+ may follow Ca 2+ and may depend on the calcium metabolism. At the scale of the cell, calcium is transported through cell membranes, can be fixed by several proteins, and regulates numerous cell functions. As a substitute of calcium, radium can thus be present in different compartments of the human body, including the matrix cells of hair follicles.

Despite a homogeneous emanation coefficient, human hair has shown heterogeneous EC Ra values. Furthermore, we have found that sex of individual and hair dyeing factors significantly affect EC Ra from human hair: being a female and dyeing hair potentially increase EC Ra (Tab. 1).

Remobilized Ca and thus Ra from bones are eliminated by human body and can accumulate in hair [START_REF] Tamburo | Gender as a key factor in trace metal and metalloid content of human scalp hair. A multi-site study[END_REF]. The higher EC Ra values in female hair may be explained by a different behavior of accumulation/elimination processes of heavy elements [START_REF] Vahter | Gender differences in the disposition and toxicity of metals[END_REF], a larger growth rate and a larger Ca concentration in hair than males [START_REF] Caroli | Assessment of reference values for elements in hair of urban normal subjects[END_REF].

In the following, we discuss other potential secondary impacts on EC Ra of human hair, such as Individuals sharing the same house or living at the same place have similar EC Ra from their hair. Indeed, a couple shows similar EC Ra values of hair of 0.090±0.004 Bq kg -1 for the man (natural ginger color) and of 0.129±0.007 Bq kg -1 for the woman (natural brown color). Similarly, hair of a child and of his mother show similar EC Ra values of 0.18±0.03 Bq kg -1 and 0.29±0.03 Bq kg -1 , respectively. These first-order observations suggest that living in the same place, having common habits, and family relationships can partially control EC Ra from human hair as well, attenuating the aforementioned effects of sex and possibly natural hair color, as also experienced for element concentrations [START_REF] Chojnacka | The influence of living habits and family relationships on element concentrations in human hair[END_REF].

For two individuals, hair and beard were cut the same day. EC Ra of the hair gives 0.07±0.02 and 0.67±0.08 Bq kg -1 , while EC Ra of the beard hairs gives 1.5±0.3 and 2.2±0.3 Bq kg -1 , respectively. Thus, EC Ra from beard hairs is 3 to 21 times larger than that from hair. Location on the body appears thus an important factor, possibly related to the growth rate, but more data are needed.

This suggests that the adsorption strength is higher for beard hairs than for hair, consistent with the results obtained for radon progeny [START_REF] Falkenbach | Radon progeny activity on skin and hair after speleotherapeutic radon exposure[END_REF].

To evaluate the specificity of the EC Ra value for an individual, EC Ra was studied for eight individuals as a function of time from 2015 to 2018 (Fig. 4). The amount of samples varies among individuals from two to fifteen. To first order, EC Ra remains relatively stable all over the year and from year to year. Slight variations nevertheless occur and can be detected with a sufficient amount of data. For example, the ginger hair individual shows 1.7±0.2 times higher EC Ra of hair during summer times (mean: 0.13±0.01 Bq kg -1 ) compared with winter times (mean: 0.079±0.007 Bq kg -1 ).

This difference may be due to the increase of outdoor activities in summer, suggesting a higher exposure to particles in air that may contain radium, or to an episodic change of dietary/drinking habits in the summer period [START_REF] Sahoo | Distribution of uranium, thorium and some stable trace and toxic elements in human hair and nails in Niška Banja Town, a high natural background radiation area of Serbia (Balkan Region, South-East Europe)[END_REF]. Furthermore, a significant difference of a factor of 2.4±0.3 is observed for the chestnut hair #1 (Fig. 4), with larger EC Ra values (2.3±0.2 Bq kg -1 ) before summer 2017 than after (0.98±0.09 Bq kg -1 ). This is likely due to a change in drinking habits, the individual having changed water consumption from tap water (C Ra = 33±2 mBq L -1 ) to filtered tap water (C Ra = 1.8±0.6 mBq L -1 ). These examples clearly demonstrate that time-series of EC Ra of human hair is a powerful approach to potentially detect temporal changes in habits or environmental exposure, as highlighted by a seminal study [START_REF] Kist | Human hair radioactivity in the Chernobyl area[END_REF]. Such long-term monitoring of EC Ra of human hair may also be useful to help assessing the efficiency of specific treatments against heavy metal contaminations, such as radium, in human body.

We have found that radon-222 emanation (EC Ra ) from human hair of individuals living in uranium non-contaminated areas is heterogeneous and does not significantly depend on the emanation coefficient E, but rather on the bulk radium-226 concentration. 226 Ra concentration in human hair is affected by several factors whose importance can be ordered as follows: (body site?)

> sex > hair dyeing > dietary/drinking habits > natural color > time period > geographical location > age. These factors, always acting on the background signal, even in absence of contamination, have to be taken into consideration in any human hair-based epidemiological study. Our EC Ra method may be important to apply in the case of radioactive or heavy metal contamination [START_REF] Kehagia | Hair analysis as an indicator of exposure to uranium[END_REF][START_REF] Sahoo | Distribution of uranium, thorium and some stable trace and toxic elements in human hair and nails in Niška Banja Town, a high natural background radiation area of Serbia (Balkan Region, South-East Europe)[END_REF], because it is robust, cost-effective and easy to implement, and offers the possibility to be implemented for a large number of human hair samples or sentinel hairs samples such as animals [START_REF] Engel | Synanthropic primates in Asia: Potential sentinels for environmental toxins[END_REF][START_REF] Schillaci | Lead levels in long-tailed macaque (Macaca fascicularis) hair from Singapore[END_REF]. Original data of EC Ra of human hair, together with radium concentration in urine (Perrier et al., 2016a) and EC Ra of bone (Perrier et al., 2016b), may help to study intake and mobilization of radium in the human body. Along with radium concentration in drinking water, large-scale epidemiological studies using radon emanation from human hair could thus be launched in potentially contaminated regions worldwide. 

  natural color, age, geographical location, habits, body site, and time period. The distributions of EC Ra of human hair for different hair colors are shown in Fig.3. Although statistics are limited for ginger and blonde hair, mean EC Ra values increase based on the following color order: ginger hair (0.19±0.02 Bq kg -1 ; n=2) < brown hair (0.23±0.01 Bq kg -1 ; n=20) < blonde hair (0.39±0.01 Bq kg -1 ; n=8) < chestnut hair (0.48±0.01 Bq kg -1 ; n=29) < color-treated hair (0.88±0.02 Bq kg -1 ; n=20). The highest EC Ra values are obtained for chestnut hair samples and the smallest for ginger, chestnut and brown hair. EC Ra from chestnut hair ranges over about two orders of magnitude and shows the largest dispersion (93±20 %). Age of individuals, ranging from 1.25 to 84 years, is plotted as a function of EC Ra of human hair in Fig. S3. Although we could expect an increase of EC Ra with the age of the individual, mainly because older individuals have been exposed to environmental effects for longer times, no clear and reliable trend is observed. The effect of geographical location of individuals is studied in Fig. S4. In particular, our cohort of natural hair includes 38 individuals from the city of Mitry-Mory (Seine-et-Marne department, France) and 6 individuals from the city of Saint-Yrieix-la-Perche (Haute-Vienne department, France). No statistically-significant difference in EC Ra of hair is shown between these two uranium non-contaminated locations. The EC Ra values of hair from Mitry-Mory individuals are relatively concentrated around the mean value, with 29 values (i.e., 78 %) within one order of magnitude.
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 caption1 Statistics of effective radium-226 concentration (EC Ra ) in Bq kg -1 from human hair samples for different sample groups of this study. All experimental uncertainties are defined at one standard deviation, namely 68 % confidence level (CL).

Table 1

 1 

	Sample group	Number of samples	EC Ra (Bq kg -1 )
		(Number of	
		measurements)	

Acknowledgments

The authors are grateful to hairdressers of Mitry-Mory and Saint-Yrieix-la-Perche (France) who sampled hair and collated personal information from their clients. We also thank our colleagues, relatives and friends who participated in the study. We finally thank two reviewers for their careful work and suggestions. This is IPGP contribution number 4001.