Exposure of Burrowing Mammals to Rn-222 in Northwest England - MATERIALS & METHODS
1.1 Field sites and methods
We selected study sites with the aim of obtaining a range of soil gas 222Rn concentrations. The selection was aided by data for radon potential, which is the estimated percentage of homes in an area expected to have an indoor radon concentration at, or above, the United Kingdom radon Action Level (AL) of 200 Bq m-3 (Miles et al., 2007). The approach used by Miles et al. to determine spatial variation in radon potential across England and Wales involved obtaining radon measurements in 460,000 homes and mapping the results after grouping both by geological boundary and Ordnance Survey national grid square (Miles and Appleton, 2005).  The seven sites selected for this study were located in northwest England and had radon potential values ranging from less than 1% of homes being expected to exceed the Action Level to greater than 30%. This spanned the range of radon potential categories mapped over England and Wales as a whole (Miles et al., 2007). Sites 1, 6 and 7, which had the highest radon potentials, were all located in areas with limestone (or similar) bedrock. Radon potentials were estimated from the underlying data used to derive the radon potential maps as presented by Miles et al. (2007).
At each site, with the exception of Site 1, three artificial burrows were constructed; the shallow nature of the soil at Site 1 meant that it was only possible to construct one burrow. The burrows consisted of an approximately 1.2 m length of 10 cm diameter perforated high density polyethylene land drainage pipe buried at a depth of circa 50 cm for most of its length, with one end open at the ground surface. A small flap was cut into the top of the pipe at the buried end to allow passive detectors to be inserted and removed; the location of the flap was marked by a cane prior to the pipe being buried. The open end was covered with wire poultry fencing to prevent animals accessing the burrows. Soil was packed over the burrow and tamped down as near as possible to its original (undisturbed) condition ensuring no gaps were visible in the soil. The three replicate burrows were located within an area of approximately 100 m2 at each site. Sites 1 - 5 were initiated in July 2009, whilst work at Sites 6 and 7 began somewhat later in August and October 2009 respectively.
Approximately one week after the artificial burrows were constructed, the sites were revisited and a passive detector was placed into the buried end of each burrow.  The soil was again packed back over the tube and tamped down (as it was on each subsequent sampling occasion).  At this stage it was necessary to relocate one burrow at Site 5 as it was filled with water; for the same reason one burrow was subsequently relocated at Site 4.
Detectors were replaced at 4 - 6 week intervals until June 2010 when measurements ceased; dates and times that detectors were fitted and removed were recorded. During the course of the study rodent damage to the polythene bag surrounding the passive detectors was observed at a number of the sites. To stop this, balls of poultry wire were placed in the tube either side of the detector; this was effective in preventing any further damage.
As detectors were changed, a 0 - 10 cm soil sample was taken from within 2 m of each burrow to determine soil moisture content by drying at 60oC.  Soil temperature was measured using Tinytag™ View 2 or Plus 2 data loggers (see Tinytag (2012)). One data logger per site was used; this was placed within 30 cm of the buried end of one of the artificial burrows at a depth of approximately 50 cm. The loggers were set to record every 30 seconds and data were periodically downloaded in the field when the passive detectors were changed.
1.2 222Rn measurements by passive track etch detectors
The passive solid-state nuclear track etch detectors used, obtained from the UK Health Protection Agency (HPA), are designed for indoor radon measurements and are referred to as PADC (or CR-39™) detectors (Hardcastle et al., 1996; Ibrahimi and Miles, 2008).  The production of the detectors is described in Ibrahimi and Miles (2008). The sensitive part of the detector is diethylene glycol bis (allyl carbonate), also known as poly allyl diglycol carbonate (PADC), which is encased in a diffusion chamber made from a polypropylene and 25% carbon-black mix; all detectors used in this study were manufactured from the same batch of PADC and met the HPA’s quality assurance criteria. The chamber has a diffusion half-time of about 20 minutes, which discriminates against entry by 220Rn (thoron) gas so that only 222Rn (radon) gas is measured. For this work, a moisture-resistant variant of the detectors was used, which comprised the standard detector heat-sealed inside a 200 µm thick polyethylene bag which allows radon ingress but restricts water and water vapour entry (Miles et al., 2009). Detectors were supplied in groups shortly before being required and stored in a fume cupboard to minimise exposure.
After removal from the artificial burrows, the detectors were stored in either a well ventilated outdoor building or in a fume cupboard, for typically about 3 days prior to returning to HPA for analyses using the automated slide scanner counting system as described by Ibrahimi and Miles (2008). A number of detectors were treated as controls being returned to HPA after being stored in the fume cupboard or outdoor building used.
Results were reported as time integrated radon exposure (kBq 222Rn h m-3). These were converted to 222Rn concentrations (kBq m-3), using the total exposure time of each detector.
1.3 222Rn measurements by instrumentation
As a comparison to the results of the passive detectors, 222Rn measurements were also taken directly from within each burrow using a Saphymo AlphaGUARD™ active radon measurement instrument (Genitron Instruments, 2004). Burrow air gas was collected by inserting a 0.8 cm diameter tube (0.4 cm internal diameter) approximately 90 cm into each artificial burrow. The gas was fed into the AlphaGUARD’s ionisation chamber by a battery powered pump at a rate of 1 L per minute. The ionisation chamber was pre-calibrated by the manufacturer such that the instrument gave a direct reading in Bq m-3 using AlphaEXPERT™ software. Repeated one minute measurements were made; an average value was estimated once an approximate equilibrium had been reached.  The instrument was purged between readings in order to allow it to return to background values. At Site 1 AlphaGUARD™ measurements were also made in three natural burrows found within 200m of the artificial burrow.
Radon-222 activity concentrations were also determined in soil gas of interstitial soil pores. A 0.8 cm diameter tube (0.4 cm internal diameter) was driven into the soil to a target depth of 80 cm; prior to insertion, a sacrificial tip was fitted to the bottom of the probe to prevent blockage by soil.  A bulb hand pump was used to test that gas could be drawn through the probe and also to check for the presence of water. To measure 222Rn a known volume of soil gas was pumped, by the bulb hand pump, into a ZnS-lined Lucas scintillation cell which was linked to a Pylon AB5™ portable radon monitor (Pylon Electronics Inc., 2012). Background-corrected raw counts were converted to Bq m-3 of radon based on three consecutive one minute counts following a one minute background measurement using the formula of Morse (1976). The instrument and cells were calibrated using the Fast Radon Exposure Device (FRED) at the Health Protection Agency (see HPA, 2011). Measurements were made at three locations around each artificial burrow; the sampling sites were located approximately 1 m from the detector position, two being at right angles to the artificial burrow and the third in line with the burrow in the opposite direction to the open end. Due to the presence of rock and tree roots it was not always possible to drive the soil probes down to 80 cm, with 25 (out of a total of 43) soil gas samples coming from between 20 and 75 cm.  Due to the presence of water at shallow depths only one measurement at each of two burrows was made at Site 5;  for one burrow at each of Sites 4 and 6 only two and one measurements respectively were made (three measurements were made at all other burrows at these two sites). 
Measurements were made in early October 2009 coinciding with the changing of the passive detectors; sites were visited over three consecutive days.  As Site 7 was not established until October 2009, measurements using the AlphaGUARD™ instrument were not made. 
1.4 Dosimetric methodologies
For this study we adapted the wholebody dose conversion coefficients (DCCs) for 222Rn in equilibrium with short-lived daughter radionuclides (218Po, 218At, 214Pb and 214Bi) estimated by Vives i Batlle et al (2008; in-press).  This uses an allometric method to scale parameters for the respiratory system, and consequently the wholebody DCCs for different animals as:
[image: ]
Where: [image: ]= 5.54×10-9 J Bq-1 is the potential -energy per Bq activity of the short-lived radon daughters in secular equilibrium; FU is a unit conversion factor (3.6109 Gy h-1 per Gy s-1); Rwfα  is the radiation weighting factor for -radiation; M is animal mass (kg); and ABR (4.8310-8) and BBR (-2.3710-1) are the base and the exponent constants of the allometric formulae for breathing rate (BR) (i.e. [image: ]).
Vives i Batlle et al. (2008) derived DCCs for a range of geometries representative of organisms. Dose estimates for the present study were made using a spreadsheet implementation of this approach with calculations being performed for the small rodent, herbivorous mammal and carnivorous mammal geometries. These geometries are representative of a mouse, rabbit and fox respectively (see Copplestone et al., 2001), all of which represent organisms which may inhabit underground burrows.  Although Vives i Batlle et al. used a radiation weighting factor of 20 for α-energies to calculate weighted DCC values, to be consistent with recent estimates of background dose rates to wildlife (Beresford et al., 2008a; Hosseini et al., 2010) we applied a value of 10. Vives i Batlle et al. considered three exposure situations: immersion in soil, on the soil surface and immersion in above ground air, without explicitly considering exposure to 222Rn in burrow air. For the purposes of this assessment, we have considered that the DCC values for immersion in above ground air are also representative of immersion in burrow air. We have not estimated dose rates for the soil exposure routes.
Radon-222 is unlikely to be in equilibrium with its short-lived daughter products. The degree of equilibrium between radon and its short-lived radioactive decay products is usually referred to as the equilibrium factor (F). For dose assessments the concept of equilibrium equivalent concentration of radon is used (UNSCEAR, 2006), representing the concentration of 222Rn in equilibrium with its decay products. This can be estimated as the product of the measured 222Rn concentration and F. There are no estimates of F for animal burrows available. For assessments of indoor human exposure, a value of 0.4 is often used although Chen and Marro (2011) report an average of 0.54 from measurements of >12,000 homes in Canada; geometric means in the 18 cities considered by Chen and Marro varied from 0.2 to 0.82. In outdoor air annual values of F in the range 0.4-0.97 have been determined (Keller et al., 1984; Wrixon et al., 1988; Wenbin et al., 1990). For the UK, Wrixon et al. (1988) reported an outdoor F value of 0.65±0.03 for a survey which included many rural areas. These authors also reported an outdoor F value of 0.97±0.08 from earlier studies which focused on measurements in urban and suburban areas during the summer. Wrixon et al. suggested that the higher value was the consequence of higher aerosol concentrations in urban areas. Although radon exposure to underground miners has received considerable attention, values of F determined in mines may be comparatively low because of high ventilation rates. Cavallo (2000) cites an average F value for mines of 0.25. In burrows with low ventilation rates a relatively high value of F may be expected. In the dose calculations described below, an F value of 0.8 has been used; the effect of the value of F on the estimated dose rates is discussed below.
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