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Abstract 

Using three hourly-sampling continuous radon monitors, deployed at separate 
locations in and around the town of Northampton, UK, during the period May 2002 
to September 2005, evidence has been identified of tidal influences on built-
environment radon levels.  The data-sets from these deployments, together with 
additional data-sets collected from a house in Devon, UK, over the period May 1994 
to October 1996, and made available by the UK Building Research Establishment, 
have been analysed using a number of analytical techniques, including a novel 
correlation technique developed during the investigation. 

Radon concentration levels in all of the investigated sites exhibit cyclic variation 
with a period of approximately 14-15 days, equivalent to the spring-tide interval, 
and lag the corresponding new and full moons by varying periods.  The tide/radon 
lag interval for the two public-sector buildings changes abruptly in 
September/October, indicating that a significant characteristic of these buildings 
changes at this time.  For domestic properties, the lag is relatively unchanged 
during the year, but is greater in Devon, in the South-West of England, than in 
Northampton, in the English East Midlands.  These differences are attributed to 
location relative to coastlines (the South-West experiences greater tidal-loading 
than the Midlands), underlying geology and rock/soil hydration. 

Depending on its position within the local 14 – 15-day tidally-induced radon cycle, 
an individual 7-day radon measurement may yield an erroneous estimate of longer-
term average levels, up to 46% higher or lower than the average level for one of 
the reported data-sets.  Thus a building with a mean radon concentration below the 
local Action Level could appear to be unsafe if measured around a tidal-cyclic 
radon maximum: conversely, a building with a mean radon concentration above the 
Action Level could appear to be safe when measured around a tidal-cyclic radon 
minimum.  A minimum radon-measurement period of 14-15 days is therefore 
recommended and, to minimise the potential distortions arising from the inclusion 
of unmatched partial tidal-periods in a radon measurement period, longer 
measurement periods should be integral multiples of this period. 

1 Introduction 

Radon is a naturally occurring radioactive noble gas, having variable distribution in 
the geological environment as a decay product of uranium, commonly occurring in a 
wide range of rocks and soils, and in building materials incorporating or 
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manufactured from these.  The incidence is governed by geochemical affinities, 
with primary concentrations of uranium generally lowest in basaltic igneous and 
carbonate sedimentary rocks, medium values occurring in the bulk of sandstones, 
with felsic igneous rocks, with their hydrothermally mineralised auroles, exhibiting 
the highest concentrations [1].  Within these broad classifications, however, 
secondary geological processes may significantly modify this simplistic 
classification, with the result that unexpectedly high radon concentrations may 
occur in otherwise innocuous areas, and the converse.  Of the three principal 
isotopes, the most significant is 222Rn, a direct product of 226Ra in the 238U decay-
series, its relatively long half-life of 3.8 days and its high mobility enabling it to 
move out of the bedrock, particularly if this is well-faulted, into the soil 
overburden, where it ultimately forms part of the soil gas. 

The distribution of environmental radon is geologically dependent, exhibiting 
significant variations across relatively small distances, generally in response to 
local conditions.  This is particularly true in the United Kingdom (UK), which 
possesses a complex geology extending virtually continuously from the Pre-
Cambrian to the Holocene.  Northamptonshire, a county in central England, 
generally rural but with a number of moderately large urban areas, is situated 
largely on Jurassic bedrock (around 200 million years old) [2].  The regions of 
highest radon production are associated with the Northampton Sand Ironstone, 
which contains significant amounts of phosphorus and associated uranium underlain 
with phosphorus-rich pebbles, and the Upper Lincolnshire Limestone, together with 
the glacial sands and gravels associated with both of these horizons [3].  In 
addition, Northamptonshire soils are relatively permeable, permitting significant 
soil-gas movement. 

Although radon dissipates rapidly once in outdoor air, it concentrates in the built 
environment, and for UK dwellings, the mean radon concentration is around 
20 Bq·m-3, compared to 4 Bq·m-3 in outside air [4].  Ionising radiation is well known 
to have adverse health effects, and inhalation of radon and its progeny, 218Po and 
214Po, adsorbed onto atmospheric particulates is linked to an increased risk of 
cancer.  It is estimated [5] that the annual mortality from exposure to radon in 
buildings represents 9 % of all deaths from lung cancer in Europe, suggesting that 
around 3000 deaths annually are caused by exposure to radon and its progeny in 
the Europe.   

There is therefore a significant motivation for the development of reliable 
techniques to measure baseline domestic radon concentrations, and our recent and 
ongoing studies on domestic radon concentrations have addressed the 
characterisation of baseline radon concentrations through relatively short 
exposures [6, 7].  To explore the potential use of short-term, e.g. 3-day or 7-day, 
exposures as measures of long-term trends, the time-dependence of radon 
concentrations in three homes and two non-domestic properties, situated at 
separate locations in the town of Northampton, was monitored over extended 
periods using simultaneously deployed continuous radon monitors (Durridge RAD-7, 
Genitron Alphaguard).  Preliminary analysis of these time-series indicated the 
presence of events associated with meteorological, geophysical and astronomical 
influences, including the effects of tidal processes on built-environment radon 
levels [8] and the confirmation of simultaneous radon anomalies associated with 
earthquakes that occurred in the UK during 2002 [9]. 
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We report here additional detailed analysis of these, and subsequent, data-sets, 
and present further conclusions arising from the analysis of periodicity and other 
features [10].  In addition to extended measurement series from the sites in 
Northampton, the augmented data-set includes hourly radon data collected by the 
Building Research Establishment (BRE) from a house in Okehampton, Devon, UK, 
over the period May 1994 to October 1996 [11, 12]. 

2 Instrumentation and Placement 

During the period 2002-2003, two Durridge RAD-7 continuous-monitoring radon 
detectors were simultaneously deployed in infrequently-used cellars in two 
domestic sites, D1 and D2, situated approximately 2 km apart on similar bedrock 
geology, Northampton Sand [2], in the town of Northampton, England.  Despite 
apparent similarities, the two sites exhibit radon concentrations differing by more 
than an order of magnitude, reflecting different local radon movement pathways 
and correspondingly differing values of radon potential [13] at the two sites.  
These two detectors were subsequently operated for three months in close 
proximity in a relatively undisturbed room in Site PS1, a public-sector basement 
location known [14] to have relatively high radon concentrations, during which 
time the relative accuracy and linearity of the two sets of equipment was verified 
[8].  Finally, in 2004-2005, these detectors were deployed in PS1 and in a second 
public-sector building basement, PS2, 4 km distant, and a Genitron Alphaguard 
continuous-monitoring radon detector was additionally deployed in D2.  In addition, 
hourly radon data collected during 1994-1996 from D3, a domestic location in 
Okehampton, Devon, UK, were made available by the UK BRE.  The relevant 
operation dates, measurement periods and locations are summarised in Table 1, 
while Figure 1 shows the location of the towns of Northampton and Okehampton 
within England. 

 

Figure 1 Map of Southern England and Wales showing locations of the experimental 
sites at Northampton and Okehampton.  Reproduced from Ordnance Survey 
map data by permission of the Ordnance Survey, © Crown copyright 2001. 

3 Results 

3.1 Radon Time Series 

Figure 2 shows typical radon concentration time-series data, in this case a four-
month time-series for location D2 (hourly data averaged to provide mean daily 
radon concentrations).  The plot shows significant time-variability, with evidence 
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of cyclical behaviour with periodicity of the order of multiples of weeks.  The lunar 
phase is superimposed as a continuous sinusoidal curve for reference. 

 
Figure 2 Daily Radon Levels: Site D2, June 2005 – September 2005. 

While the influence of tidal stresses on radon liberation is readily revealed by 
Fourier and autocorrelation techniques, many other environmental factors 
influence atmospheric radon levels (UK average 4 Bq m-3) and blur and mask the 
tidal variations.  These include wind speed and direction [12], rainfall [15], 
temperature [16], soil moisture content [17], and frost or snow-cover [18]. 

As a result of temperature and pressure differentials, radon levels inside the home 
or workplace are significantly higher than that those outdoors (UK domestic 
average 20 Bq m-3), and are themselves influenced by factors such as the stack 
effect and natural ventilation through windows and doors [19].  Further variability 
results from the occupants' lifestyles, which typically follows daily and weekly 
cycles and which introduces a variety of periodic, quasi-periodic and aperiodic 
contributions to radon time-series, not all of which will be revealed by 
Fourier/autocorrelation analysis.  Consequently, such analyses of radon time-series 
typically reveal much 'noise' (e.g. the interaction of 7-day 'lifestyle' periods with 
the 14-15 day Lunisolar fortnight tidal periods will give rise to a variety of 
frequency components irrespective of any meteorological factors). 

Figure 3 shows the autocorrelogram of the time-series data summarised in Figure 2, 
demonstrating clearly-visible periodic components at approximately 14 and 29 
days, corresponding to the Lunisolar Fortnight (Mf) (i.e. tidal-strength) and Lunar 
Month (Mm) cycles respectively and confirming the observations from Figure 2.  The 
small negative components at 21 and 28 days indicate that these observed periods 
are not attributable to weekly 'lifestyle' cycles.  Fourier analysis confirms these 
components and also reveals that the largest frequency component in all of the 
radon time-series occurs at 1 day, but that there are no components with 12.4 h or 
24.8 h periods (i.e. Principal Lunar Semidiurnal, M2 and Principal Lunar Diurnal, O1, 
respectively) in any of the spectra, as these are small in relation to the diurnal 
variations – as is generally the case for such radon time-series. 
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Figure 3 Autocorrelation of Radon Time-Series: Site D2, June 2005 – September 

2005. 

Cross-correlation of radon time-series against the modelled variation in tidal force 
provides further evidence of tidally-induced variability, as we have already 
reported [8].  Figure 4 (red/dark line) shows the cross-correlation for the time-
series summarised in Figure 2.  Although the cross-correlation coefficient is not 
large, with a maximum amplitude of the order of 0.15, it is demonstrably cyclic 
with a principal period corresponding to the tidal-strength cycle, lagging the 
new/full moon by 3-4 days (i.e. the radon maxima occur 3-4 days after the tidal 
maxima at the new/full moons). 

 
Figure 4 Cross-Correlation of Tidal Force and Radon Concentration: Site D2, June 

2005 – September 2005. 

3.2 Analytical Technique 

A novel technique for quantifying the tidal influence on radon levels has been 
developed during this investigation [10].  In this technique, the radon time-series is 
windowed: consider a lunar month as comprising four windows of approximately 7 
days duration: 
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(a) new-moon-centred window: from the mid-point between the preceding third 
quarter and the new-moon to the mid-point between the new moon and the 
subsequent first quarter; 

(b) first-quarter-centred window: from the mid-point between the preceding new 
moon and the first quarter to the mid-point between the first quarter and the 
subsequent full moon; 

(c) full-moon-centred window: from the mid-point between the preceding first 
quarter and the full moon to the mid-point between the full moon and the 
subsequent third quarter; 

(d) third-quarter-centred window: from the mid-point between the preceding full 
moon and the third quarter to the mid-point between the third quarter and the 
subsequent new moon. 

This windowing allows derivation of new-moon, first-quarter, full-moon and third-
quarter averages, from which the ratio of new/full moon average radon levels to 
the series-average can be derived.  By shifting the radon time-series at 1-hour 
intervals up to ±720 hours (30 days), a set of ratios corresponding to that of the 
cross-correlation coefficients can be calculated.  This ratio-series, also plotted in 
Figure 4 (green/light line), is essentially a different measure of any correlation 
between the radon levels and the lunar/tidal phases and can be interpreted in the 
same manner as the cross-correlation coefficient.  As with the cross-correlation 
coefficient, the new/full moon ratio is cyclic with the 14-15-day tidal cycle and the 
tidal-cyclic radon maximum lags the new/full moon by 3-4 days.  This method has 
the advantage over formal cross-correlation in that it is not dependent on the 
similarity of the 'shape' of the radon time-series to that of the (modelled) variation 
in tidal force: knowledge of the dates/times of the phases of the moon are all that 
is required. 

4 Discussion 

4.1 Accuracy of Radon Measurements 

Results from the various locations are summarised in Table 1. 
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Table 1: Summary of Radon Time-Series Analysis Results 

Location Period Duration 
[d] 

Ratio Correlation Lag [d] 

PS1 Jul 2004 – Sep 2004 99 1.13 0.12 6–7 
PS1 Oct 2004 – Nov 2004 42 1.46 0.28 13–14 
PS2 Apr 2004 – May 2004 40 1.22 0.53 6–7 
PS2 Oct 2004 – Nov 2004 63 1.22 0.20 13–14 
D1 Nov 2002 – Mar 2003 155 1.05 0.13 3–4 
D2 Jul 2002 – Nov 2002 149 1.22 0.15 3–4 
D2 Feb 2005 – Apr 2005 95 1.32 0.14 3–4 
D2 Jun 2005 – Sep 2005 122 1.22 0.15 3–4 
D3 May 1994 – Aug 

1994 
95 1.04 0.14 8–9 

D3 Dec 1994 – Jan 1995 40 1.23 0.53 8–9 
D3 Apr 1995 – May 1995 39 1.13 0.13 7–8 
D3 Oct 1995 – Nov 1995 40 1.13 0.22 12–13 
D3 Apr 1996 – May 1996 34 1.10 0.23 9–10 

 

Locations PS1 and PS2 are basement rooms in two large public-sector buildings 
(with solid concrete floors) in Northampton, D1 and D2 are cellars in terraced 
houses in Northampton and D3 is a detached house in Okehampton, Devon. 

It should be noted that although both the cross-correlation coefficient and the 
radon-level-ratio are measures of the (cyclic) dependence of radon concentrations 
on tidal-forces, as demonstrated in Figure 4, it is clear that while the basic pattern 
of variation is the same, the magnitude of one of these parameters is not 
dependent on the magnitude of the other, for the 'shape' reasons noted above. 

One important practical aspect of the cyclical variation in full-moon/new-moon 
ratio is the effect that this has on the indicated mean annual radon concentration 
derived from conventional 7-day measurements.  In particular, the outcome of a 1-
week radon measurement will depend significantly on the position of the 
measurement period within the lunar cycle, and such a measurement can 
consequently yield a potentially misleading estimate of the average radon 
concentration.  Thus, for the data from location D2 used as the principal example, 
a 7-day radon measurement made over a period centred on a tidal-cyclic radon 
maximum would result in an indicated radon concentration (for this location) 22% 
higher than the series-average and 57% higher than the measurement made over an 
adjoining seven-day period (which would be 22% below the series-average).  Similar 
considerations apply for all such data sets, with the magnitude of the disparity 
depending strongly on local conditions.  This is shown in Table 1, where values of 
the full moon/new moon ratio both depend on measurement epoch and vary 
significantly between sites, ranging from 1.04 (Site D3) to 1.46 (Site PS1). 

More importantly, comparisons of 1-week outcomes with relevant Action Levels 
(currently 200 Bq.m-3 and 400 Bq.m-3 for domestic and workplace buildings 
respectively in the UK [20]), could erroneously indicate either that a building with 
'safe' levels is unsafe, if measured around a tidal-cyclic radon maximum, or, that a 
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building with 'unsafe' levels is safe, if measured around a tidal-cyclic radon 
minimum. 

Finally, the marked step-change in the phase-lag, from 6-7 days to 13-14 days for 
both PS1 and PS2, between the April-September and the October-November periods, 
has no meteorological cause which can be determined and is attributed to the start 
of the winter heating season in October.  Further radon monitoring in both 
buildings is ongoing in order to ascertain whether a similar change is evident in the 
2005 data. 

4.2 Tidal Forces and Radon 

Tides are the direct consequence of gravitational attractions between the sun, 
earth and moon, and the associated balance of forces, the most readily observable 
being ocean tides driven by the earth-moon system.  Semi-diurnal tides, occurring 
twice a day, and smaller diurnal tides, occurring once a day, are associated with 
the revolution of the earth-moon system about its centre of mass, and the rotation 
of the earth about its axis.  The earth's elliptical orbit around the sun also 
produces tides, and when the positions of the sun and moon tides are aligned 
(syzygy), extreme spring tides are produced.  Tide-producing forces cause tides 
within both the solid earth (earth tides) and the oceans, and both must be 
considered when discussing tidal effects on geology.  Both earth tides and ocean 
tides, being ultimately derived from the same astronomical interactions, can be 
specified by a common set of harmonic components, with position-dependent phase 
and amplitudes, with the caveat that whilst the frequency behaviour of the two 
effects is coherent, the geographic distribution is non-coherent. 

Barnett et al. [21] noted the influence on instantaneous radon concentrations of 
'earth tides', deformations of the earth's crust in response to the orbital motion of 
the moon around the earth and the earth's axial rotation relative to the sun.  
These tidal deformations, typically 200-300 mm peak to peak in the UK [22], are 
postulated to be responsible for the periodic ejection of radon, principally via the 
pumping of ground-water in response to the opposing effects of aquifer 
compression and crustal displacement [23], but also due to changes in the 
permeability of the earth's crust under tectonic strain conditions [24].  At periods 
of decreasing dilation, the groundwater rises closer to the surface.  As the volume 
of radon-rich soil-air is bounded at its lower extent by the groundwater, soil-air 
and entrained radon are pushed out of the upper soil horizon, modulating radon 
levels in the higher rock strata and at the surface [25] and escaping freely into the 
atmosphere or into dwellings. 

In addition to earth-tides, surface loading of the earth's crust due the weight of the 
ocean tides causes a time-dependent deformation of the solid earth, having both 
vertical and horizontal components, the latter typically smaller by a factor of 3 or 
more [26].  Ocean tide loading deformation may be significant in coastal regions 
[27].  In the UK, the effects of a complex coastline and the interaction of tides 
between the open Atlantic Ocean and more restricted waters of the North Sea and 
the Irish Sea combine to make ocean tidal loading large in both magnitude and 
uncertainty.  The vertical component varies spatially, having a maximum of 
120 mm peak to peak (spring tides) in Cornwall, but less than 10 mm in the vicinity 
of the Irish Sea and the eastern English Channel [28]. 
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Singly, or in combination, tidal forces affect the earth's crust, causing cyclical 
extension and compression of rock strata, with a basic 12.4-hour lunar-tidal 
period, associated with cyclic variations in water-table level within the rock 
strata.  The magnitude of this basic effect is modulated with an approximate 14-
15-day cycle (i.e. spring tide to spring tide or neap tide to neap tide) arising from 
the interaction of the lunar and solar tides.  In addition, asymmetry in the tidal 
forces, associated with the new and full moons, introduces an additional 
approximate 30-day tidal-cycle (i.e. full moon to full moon or new moon to new 
moon), while orbital variations affecting earth, sun and moon, introduce additional 
longer-period cycles in the tidal force.  Finally, coastal, island or peninsular 
configurations can introduce local or regional variations, further affecting the 
basic 12.4-hour tidal-loading cycle [29]. 

Depending in local geology and proximity to coastline, the pumping force at any 
particular location will be a combination of direct tidal attraction, indirect tidal 
loading, extension/compression of rock strata and water-table variations [30], 
with some rock strata more actively pumped than others.  The deeper the 
uppermost active stratum below the surface, the greater the time-lag between the 
instantaneous phase of the moon and the corresponding phase of the modulated 
atmospheric radon levels.  If, for example, the migration time for radon from the 
uppermost active rock stratum to the surface is 5 days, there will be a 
corresponding 5-day lag between the peak tidal influence and the associated radon 
maximum.  The relatively short half-life of radon, 3.8 days for 222Rn, does not 
affect the lag but does attenuate the radon reaching the surface.  In addition, the 
deeper the active stratum (and, by implication, the greater the lag) the greater the 
probability that the pumped radon is diluted by radon released from rocks above 
the active stratum.  Any such dilution will reduce the modulation amplitude. 

As Table 1 indicates, the tide/radon time-lag observed in domestic properties in 
Northampton (situated in the English East Midlands approximately 110 km from the 
nearest coast) is significantly less than that found in Devon, a county in the South-
West peninsula of England having both north and south coasts.  This is attributed 
both to differing geologies and to differing balances between earth tides and ocean 
tidal loading, the South-West peninsula being subject to greater tidal-loading 
effects than the English Midlands [28], as noted above. 

5 Conclusions 

The influence of tidal influences on built-environment radon levels has been 
investigated and quantified for a number of locations in two areas of the UK.  
Although the magnitude of the influences, and their phase-lag relative to the 
new/full moons, varies between locations, the following general observations can 
be made:  

(a) among the domestic properties, the phase-lag is greater in Devon, in the west 
of England, than in Northampton, in the English East Midlands. 

(b) the two public-sector buildings exhibit a change in phase-lag in 
September/October, suggesting that a significant factor related to these 
buildings is changing at this time. 
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Comparisons of 1-week outcomes with the applicable Action Levels (currently 
200 Bq.m-3 and 400 Bq.m-3 for domestic and workplace buildings respectively in the 
UK [31]), could lead to erroneous conclusions, either that a building with 'safe' 
levels is unsafe, if measured around a tidal-cyclic radon maximum, or, that a 
building with 'unsafe' levels is safe, if measured around a tidal-cyclic radon 
minimum.  To minimise the potential errors arising from the use of partial tidal-
periods in a radon measurement period, it is recommended that a minimum radon-
measurement period of 14-15 days (or two weeks) be used and that any 
measurement period must be an integral multiple of this period.  It should be noted 
that the 1-month and 3-month periods employed in many current measurement 
protocols are essentially integral multiples of the tidal period and are thus largely 
unaffected by tidal variations. 
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