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The results of these examinations of these straightforward relations among the varying level 
of radon in the tank and the local atmospheric factors of pressure and temperature do not 
support the notion of a direct connection between the temporal variation of the radon signal 
and atmospheric influences, and probably rather negate it. 

 

Daily Variations 
 

Daily Amplitude (DA) 
The daily extremes of the variation, extracted from the measured signal, are used to 
calculate the daily amplitude (DA = "peak-to-peak") of the DR signal. Examining the 
temporal behaviour of the DA shows a systematic variation that differs among the sensors 
(Figure 16). Alpha-L exhibits a small (15% of the signal) and stable DA in time. The DA of 
alpha-H shows a higher variation (20-50% of the signal) that changes in time with low values 
around Day 5675 (=16 June 2007). The DA at gamma-C, in the order of 20% of the net 
gamma signal (subtracting the background radiation), also varies in time but in a different 
pattern – with highest values around day 5675. 
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Figure 16: Temporal variation of the Daily Amplitude (DA) of the measured radon signal. 
See text. 
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This observation of a long term (seasonal) influence on DA in the system is independent of 
the above mentioned indication for seasonality that is based on the overall level of the 
measured signal. This independence stresses the significance of the opposite seasonality 
patterns encountered.  

Periodicity - Daily Radon (DR) Signals 
The overall pattern of the diurnal periodicity is investigated, using spectral analysis (Fast 
Fourier Transformation - FFT) of the measured signal, for the time span from Day 5525 
onwards, representing the radon in the tank in the post build-up interval. Linear detrending 
was applied to the time series prior to the FFT analysis. The results of the FFT for the 
internal sensors are presented in Figure 17 per periodicities in the daily band. 
The frequencies in the daily band are clearly associated with the well known solar tide 
frequencies S1 (24-hours), S2 (12-hours) and S3 (8-hours). Periodic components typical of 
gravity tide (M2, O1 etc.) are absent. The relative amplitudes of S1, S2 and S3 differ very 
much among the internal sensors. S1 is the strongest component in gamma-C and alpha-L. 
S2 is the major frequency in alpha-H, but is weak at alpha-L. The phase of these 
components also differs among the internal sensors and will be dealt with below.  
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Figure 17: Spectra (FFT) of the time series (measured signal; 1-hour resolution) recorded 
by the internal sensors in the time interval of Days 5525-5950. Frequencies typical of S1, S2 
and S3 periodicities occur in the diurnal band, exhibiting different relative amplitudes among 
the sensors. See text. 
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Temporal Patterns in the Periodic Characteristics of the DR Signal 
The general characteristics of the diurnal periods, mentioned above, are further examined 
for temporal variation. Consecutive time intervals, 512-hour (21.323 days) long, of the 
measured signal with a sampling rate of 15 minutes are de-trended using linear regression, 
and analyzed using the FFT. Amplitude and phase of S1, S2 and S3 extracted from the 
respective spectra per time interval, are presented as a time series in Figure 18. Systematic 
temporal variation patterns observed for both amplitude and phase of the DR signal are 
summarized as follows: 
1. The amplitude and phase of S1, S2, and S3 at alpha-H and gamma-C vary in a gradual 

long term and compatible fashion, per sensor. Noisy pattern are encountered in general 
at alpha-L, probably related to the low DR signal at this sensor. Still the stable pattern of 
S1 phase at alpha-L may indicate that the long term variation of the amplitude of S1 at 
this sensor does reflect a systematic variation.  

2. The long term variations of amplitude and phase reflect an annual-seasonal influence. 
Opposite amplitude patterns are observed at alpha-H and gamma-C. These seasonal 
patterns bear a resemblance to the seasonal patterns of the daily average of the 
measured signal and especially to the seasonal variation of the DA (Figure 16).  

3. It was shown above that the periodic components S1 and S2 are directly visible in the 
measured signal, mainly of gamma-C. The spectra (FFT) of long time series exhibit a 
considerable S3 periodicity (Figure 17). The question that immediately arises is whether 
this harmonic constituent is a calculation (statistical) artefact or a real physical 
phenomenon in the measured time series. The systematic temporal variation of the 
amplitude of S3 in alpha-H and gamma-C, derived from the analysis of short time 
intervals which are independent, indicates that this is probably a is a real physical 
feature of the measured time series. This is further supported by the conformity of the 
variation of S3 with that of S1 and S2.  

4. The phase of S1, S2 and S3 of the diurnal periodicities differs among the internal 
sensors. The temporal variation patterns demonstrate the observation that the diurnal 
constituents of the DR signal of the alpha-H and gamma-C time series have dissimilar 
phase as well as dissimilar phase ratios. In the case of alpha-L a systematic phase is 
observed for S1, albeit the low DR signal. 
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Figure 18: The temporal variation of amplitude (left) and phase (right) of the periodic DR 
signal measured by the internal radiation sensors. See text. 
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The External Gamma Radiation Pattern – Complementary 

Investigations (CI) 
 

The pattern of the external gamma radiation due to radon inside the experiment tank is 
examined by using an external radiation source and additional detectors. The experiments 
(Table 3 and Figure 19) focused on gamma-ray radiation features of the phosphorite mass 
(CI-1,-2) and on the temporal  pattern of the externally observable radiation originating from 
the air volume within the tank (CI-3, -4, -5). Among the latter the first short measurement 
interval consists of parallel measurement at gamma-W and gamma-E (CI-3). In later stages 
"obstructions" were placed in front of gamma-E (CI-4; CI-5; CI-5) in order to refine the 
understanding of the radiation pattern of the experiment. 
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Figure 19: Time series of daily averages (DM) of the internal and external (lateral) gamma 
sensors. The time intervals of complementary investigations (CI) are indicated. See Table 3 
and text. 
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Table 3: Complementary investigations (CI) around the experimental tank 

CI  
No. 

Start End Description and target Figs 

1 5678  • Influence on gamma-C of an external gamma source 
• Influence on gamma-C of gamma radiation from the 

phosphorite, as a function of depth in it  

20, 21

2 5725 5745 The pattern of gamma radiation evolving from the 
phosphorite 

22, 23

3 5603 5632 Measuring external gamma radiation using two lateral 
sensors – gamma-W and gamma-E. 

24-29 

4 5632 5701 Blocking gamma-E sensor to the gamma radiation from 
the air volume in the experimental tank; 
Gamma-W serves as an external reference. 

30 

5 5761  Partial blocking of Gamma-E to the gamma radiation from 
the northern half of the experimental tank; 
Gamma-W serves as an external reference. 

31-38 

 

CI-1: Influence of an external source on gamma-C 

The self shielding effect of the phosphate in the tank on the gamma-C sensor was examined 
by placing a relatively strong gamma source (Pitchblende ore sample) at different levels next 
to the front of the tank. Figure 20 shows the shielding effect of the phosphate as the source 
is lowered, practically blind to the gamma-C sensor at a level of 10 cm from the base of the 
tank. 
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Figure 20: Influence on gamma-C of an external gamma source placed at different levels of 
the tank (squares). 

The above result is further verified by keeping the external gamma source at the 10 cm 
position and performing a short monitoring experiment at a high sampling rate. The result 
(Figure 21) shows that placing the source at this position did not influence the variation 
pattern of the gamma radiation recorded by gamma-C. 
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Figure 21: Influence of an external gamma source at 10 cm, activated between 14:00-15:20 
hours, on the count rate of gamma-C. Sampling is at 1-minute resolution; Dots indicate the 
15-minute readings. 

 

The conclusions from these investigations (CI-1) as to the gamma-ray shielding of the 
phosphorite in the tank are: 

• Sensor gamma-C is shielded from gamma radiation originating at a depth of more 
than 25 cm within the phosphorite. This complies with the expected shielding of 
gamma rays in soils. 

• A gamma sensor placed outside and next to the tank at a level of 10 cm is practically 
shielded from gamma radiation originating from radon in the air volume. This 
conclusion will be applied below (see CI-2). 

 

 

CI-2: Gamma radiation from the phosphorite 

An additional external gamma sensor is placed next to the tank wall at a level of 10 cm from 
the bottom while covering its upper side with a 10×10×5 cm Pb shield (Figure 22). It is 
assumed, based on the above results (CI-1; Figure 20 and Figure 21), that gamma radiation 
originating from radon the air volume does not reach this sensor. Therefore it can be 
assumed that temporal variations recorded by this external sensor originate from radon in 
the pores of the phosphorite within the immediate influence zone. A 15-day long record is 
shown in Figure 23 along with the concurrent record by sensor gamma-C. In this interval the 
external gamma sensor shows a systematic decrease on which diurnal fluctuations are 
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clearly superimposed. These patterns reflect temporal variation of radiation from radon in the 
small volume of air in pores of the phosphorite. The concurrent record of gamma-C shows a 
similar pattern of the diurnal signal, with amplitudes larger around one order of magnitude. 
Notwithstanding these similarities the two time series differ considerably in terms of the 
shape and also the phase of the diurnal signal. 
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Figure 22: Layout of experimental monitoring at the phosphorite level (10 cm from bottom of 
tank). The zone of gamma-rays originating from the phosphorite and influencing the detector 
is shown, based on Figure 21. See text. 

Two possibilities can be raised:  

a) The diurnal signal is generated in the air within the pores and then transferred by gas 
flow (advection) into the overlying air volume. This would necessitate very stable 
(long term) large scale gas sub-daily circulation between the overlying air volume 
(544 liters) and the gas phase (in the order of 50 liters) in the pores. Such a flow 
pattern and regime are unlikely.  

b) Radon emanated to the pores is moving out to the overlying air volume in a diffusion 
related/controlled mechanism. Such a pattern is difficult to visualize in terms of the 
fast and very regular rise rate of radiation in the Air volume. This reasoning turns 
impossible when one considers that there is no radon sink (in the pores or anywhere) 
to account for the fast and regular depletion of the apparent radon level in the Air 
volume. 
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Both options are actually implausible. Therefore it is suggested that the DR signal is 
generated in tandem, in all the gas phase of the tank, above the phosphorite and in its 
pores. 
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Figure 23: A 15-day record of a gamma sensor placed outside and next to the tank at a 
level of 10cm. Pb bricks (Figure 22) shield the sensor from gamma radiation originating in 
the air volume of the tank.  

 

 

CI-3: Gamma radiation at two lateral sensors 

Two gamma sensors are installed at lateral positions relative to the tank, roughly 
symmetrically on the centerline running E-W through the air volume of the tank.  

Figure 19 shows the overall relation among the time series of the daily averages recorded by 
the internal and external gamma sensors. Referring to the unobstructed pattern of gamma-W 
it is noticed that a long term variation is barely visible (see below). 

Further insight is obtained by looking at hourly averages shown in Figure 24 for a 30-day 
long interval, and in higher detail in Figure 25 and Figure 26. The main features observed at 
the lateral gamma detectors are:  

a) Multi-day (MD) signals apparent in the time series of gamma-C are lacking in the 
record of the lateral gamma. The latter exhibit other MD signals (see below; CI-5).  

b) Small periodic diurnal fluctuations – DR signals. The amplitude of the concurrent DR 
signal at gamma-C is larger by factor ×10;  
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c) Short non-periodic signals – Sub Diurnal Radon (SDR) signals. Considering the 
symmetric lateral position, relative to the tank, of the two sensors and the extremely 
high concordance of these SDR signals it is concluded that they originate from the 
tank. On the other hand such SDR signals do not occur in the record of the internal 
gamma-C (nor in the record of the alpha detectors); 
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Figure 24: Time series from the lateral gamma detectors showing: a) similar overall levels; 
b) superimposed periodic Daily Radon (DR) signals and c) non-periodic short Sub Diurnal 
Radon (SDR) signals. The concurrent time series of gamma-C is also shown, exhibiting DR 
signals with ×10 amplitudes. MD signals are apparent only in the record of gamma-C. 
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CI-3
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Figure 25: Detail of Figure 24. The non-periodic short Sub Diurnal Radon (SDR) signals are 
very similar in the record of the lateral gamma detectors, but do not appear in the record of 
gamma-C 
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Figure 26: Detail of SDR signals recorded by the external gamma sensors. The high 
concordance of these signals indicate that the source is located in a position which is 
symmetrical to both sensors. In one case a related response possibly occurred at alpha-H. 
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The direct implication from these observations is that the external sensors are recording a 
signal pattern which is both related and different from that recorded by the internal gamma 
sensor. The overall level of radiation is of similar scale. Periodic signals (SR, DR) seem to 
be relatively smaller as the overall level at the external sensors. On the other hand only the 
external sensors record the SDR signals.  
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Figure 27: A 10-day interval of the record of the measured signal from the two external 
gamma sensors flanking the tank, compared with the synchronous record from the internal 
gamma-C. The two external sensors show a DR signal that is approximately in phase, and in 
anti-phase with gamma-C. A semidiurnal component is apparent in all three cases. 1-Hour 
resolution. See text. 

Daily Radon (DR) signals occurring in the time series from the gamma sensors are 
compared in Figure 27. The amplitude of lateral DR signals is of similar magnitude but an 
order of magnitude lower than the amplitude of DR signals recorded by gamma-C (0.4×105 
vs. 0.3×104 counts/15-minutes). This is in difference with the aforementioned similarity in the 
overall gamma radiation level among these sensors (25% difference; Figure 19). 
Furthermore, the two opposing external sensors show concordant fluctuations, which are 
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different from the trend exhibited by gamma-C. Comparing these signals with those of the 
gamma-C shows that: 

• The DR signal exhibits a very different phase 
• The DR signal of gamma-C is relatively sharp (smaller FWHM = Full Width at Half 

Maximum) compared to the signal of the external sensors. This may be connected to 
the fact that gamma-C is placed within a Pb tube.  

The picture evolving from these observations is that the DR signal is manifested in similar 
patterns at the two lateral sensors, which are in a roughly symmetric position to the system, 
and in a different pattern at the central sensor.  
 
 
The diurnal periodicity of the external gamma-W and the internal gamma-C sensors are 
demonstrated with their spectra during days 5601-5950 (Figure 28). The typical diurnal 
periodicities S1 and S2 that occur inside the tank are also recorded by the lateral sensors, at 
reduced intensity (×10). 
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Figure 28: Spectra of the records of an external gamma sensor (gamma-W) and the internal 
gamma sensor (gamma-C), during 350 days (measured signal; 1-hour resolution). 
Periodicities S1 and S2 are clearly observed also at the external sensor, but with different 
relative amplitudes. 

 

The temporal variation of the amplitude and phase of the diurnal constituents of gamma-W is 
shown in Figure 29. Compared with the pattern of gamma-C (Figure 18) the pattern of 
gamma-W is noisier. Still seasonality is probably indicated in the amplitude of S1. 
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Figure 29: The temporal variation of amplitude and phase of the diurnal periodic variation 
measured by sensor gamma-W. See text. 

 

CI-4: Blocking gamma radiation from the air volume of the tank 

A 20×20×5 cm lead shield is placed in front of the gamma-E sensor (see Figure 1) practically 
blocking the gamma radiation reaching from the air volume in the tank while enabling only 
part of the radiation emanating from the phosphorite region of the tank. The obtained level of 
radiation of 75 kcount/15-minute is somewhat lower than the bulk background gamma 
radiation observed in the tank (85 kcount/15-minute; Vulkan et al., 1998). Diurnal fluctuations 
are observed, originating from the air within the pores of the ground phosphorite (Figure 30). 
The amplitude of the diurnal signals at gamma-E is around 1 kcount/15-minute vs. 2 
kcount/15-minute at gamma-W. The DR signal shows a similar phase in both environs within 
the tank.  

It is difficult to account for the fast variation rates of these DR signals and their conformity by 
diffusion and/or advection between the regions in the tank. Therefore the conclusion from 
these observations is that DR signals are generated in the air in pores of the phosphorite 
and in the air volume in the upper part of the tank. 

 

 

Gamma W

Days since 1.1.1992

5500 5600 5700 5800 5900

Am
pl

itu
de

0

200

400

600

800

1/1/2008

S1
S2
S3 Gamma W

Days since 1.1.1992

5500 5600 5700 5800 5900

ph
as

e 
(ra

d)

0

2

4

6

1/1/2008

S3
S1
S2

2π



31 

Day since 1.1.1992 (UT)
5660 5662 5664 5666 5668 5670G

am
m

a-
E,

 w
ith

 P
B

 s
hi

el
d 

(c
ou

nt
s/

15
-m

in
)

7.40e+4

7.45e+4

7.50e+4

7.55e+4

7.60e+4

G
am

m
a-

W
 (c

ou
nt

s/
15

-m
in

)

1.90e+5

1.91e+5

1.92e+5

1.93e+5

1.94e+5

1.95e+5

Gamma-W
Gamma-E

 

Figure 30: A 10-day interval of the record from gamma-E sensor with a 5 cm thick Pb shield 
in front, blocking the direct radiation from the air volume of the tank. 1-Hour resolution. See 
text. 

 

CI-5: Blocking gamma radiation from the northern half of the tank 

Further tracking of the complex external radiation pattern is examined by blocking sensor 
gamma-E from the radiation emanating from the northern half of the eastern face of the 
experiment. This is achieved by placing a vertical Pb shield in front of northern half of 
gamma-E (Figure 31). This configuration blocks half of the bulk gamma radiation evolving 
from both phosphorite and the air volume, assuming an overall conforming radiation field. 
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Figure 31: Topview of experimental setup during CI-5, using 10×10×5cm Pb bricks to shield 
gamma-E from radiation originating from the northern half of the tank (detector gamma-W is 
not shown). 
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Figure 32: Time series of the Daily Mean (DM) of the lateral gamma sensors and gamma-C 
during CI-5 interval, with the partial blocking of gamma radiation to gamma-E. The overall 
level of radiation at gamma-E is reduced. See Text. 

The overall patterns and statistics of the variation of the signal in this internal (CI-5) at the 
lateral detectors and the internal gamma-C are summarized below. 

Table 4: Statistics of daily variation at the two external and the internal gamma detectors 

  gamma-W gamma-C gamma-E 

Average 194,826 230,994 105,908 Daily Mean 
(DM) 

StDev 1,517 3,938 1,847 

Average 5,428 19,540 4,546 Daily 
Amplitude 
(DA) StDev 6,597 6,345 5,340 
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As expected the overall effect of this partial blocking configuration, presented in Figure 32 
using the DM, is lowering the radiation level recorded by gamma-E to around 50% compared 
with that measured at gamma-W (compare Figure 19). The long term seasonal variation 
pattern observed at gamma-C (Figure 5) is also apparent at gamma-W and by the partially 
blocked gamma-E (Figure 33). In spite of the large difference in the overall level between 
gamma-E and gamma-W it is striking that the overall intensity of the seasonal variation in 
both sensors is of similar magnitude, both of them around half the variation in gamma-C. In 
other words the overall lowering of the radiation level at gamma-E does not affect (lower) 
significantly the variability of the DM.  

Figure 33: Detail of Figure 32 exhibiting the apparent seasonal pattern in the DM time series 
of the lateral gamma sensors, compared to the internal gamma-C. The vertical scale of the 
lateral sensors is 50% of the scale for gamma-C. Multi-Day (MD) variations are 
superimposed on the seasonal variation. See text. 

The last mentioned discrepancy is further revealed when considering the Daily Amplitude 
(DA). The seasonal variation pattern, shown above for the DA of gamma-C (Figure 16), does 
not occur in the time series of the lateral gamma detectors (Figure 34), which exhibit a 
similar long term pattern. Short term fluctuations of the DA are superimposed on all three 
time series. Some of these fluctuations are very strong, especially in the case of the lateral 
sensors. The fluctuations of the DA in the gamma-C time series do not correlate with 
fluctuations in the DA time series of the lateral sensors. On the other hand, the two lateral 
gamma sensors, situated on opposite sides of the tank, exhibit a very high correlation of the 
DA (Figure 35). 
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Figure 34: Time series of the Daily Amplitude (DA) of the lateral gamma sensors and gamma-
C during CI-5 interval, with the partial blocking of gamma radiation to gamma-E. See text. 

The direct implications from these observations on the temporal pattern of the DM and the 
DA are that: a) the lateral sensors see a similar radiation pattern which is consistent with 
their symmetric position relative to the tank; b) the radiation patterns at gamma-C differs 
from the radiation pattern at the lateral gamma sensors, and c) these differences are 
reflected in long- and short term signals. 
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Figure 35: Correlation diagram of the Daily Amplitude (DA) among the lateral gamma 
sensors during CI-5 interval, with the partial blocking of gamma radiation to gamma-E. 

 

Multi-Day signals occur in the time series of the lateral sensors. The overall effect of the 
partial blocking of gamma-E on these signals is examined for a 60-day time interval in Figure 
36-A by filtering (FFT) and reconstructing a time series in the interval of 2-30 days (0.5 to 
0.03333 CPD). Both detectors, roughly located symmetrically to the tank, exhibit highly 
concordant MD patterns. The concordance in the amplitude of the MD variation stands out 
further considering the overall reduced level of radiation at gamma-E. The result of an 
identical analysis of the concurrent signals in the time series of the three internal sensors is 
also shown in Figure 36-B. The internal sensors show generally similar patterns, which are 
different from the MD pattern of the external sensors. 

These results augment the last mentioned conclusions by allowing to infer that the radiation 
pattern in the tank experiment and its immediate surrounding is non homogenous but related 
in both the spatial and time dimension. The outcome of this is that the record at each sensor 
depends, among other things, on its geometrical location with the setup. 
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Figure 36: Multi-Day (MD) variation patterns during CI-5 interval. 
A – Variation pattern in the time series of the lateral gamma sensors 
B – Variation pattern in the time series of the internal sensors. 
See text. 

 

The response of the two external gamma sensors to the radiation from the tank is further 
elaborated by addressing the DR signal in Figure 37. This 20-day interval shows a 
concordant MD variation, as in Figure 36-A. On the other hand the periodic DR signal occurs 
with a significantly reduced intensity (50%) at gamma-E, shown in more detail in Figure 38. 
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Figure 37: A 20-day long time series of the measured signal of the lateral gamma sensors 
during CI-5 interval, with the partial blocking of gamma radiation to gamma-E. The net scale 
for both sensors is 10 Kcounts. The MD signals reflected in both sensors are concordant and 
with very similar intensity. The DR signals are reduced to around 50% in gamma-E. See 
Text. 

 

 

Figure 38: Detail of the 
DR signal (after 
decomposition) at the 
external gamma 
detectors. Note the 
reduced signal (~50%) at 
gamma-E. See text. 
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The results of CI-1 to CI-5 are summarized as follows: 

In terms of the gamma radiation pattern the lateral detectors observe a similar bulk radiation 
level which is symmetric to the experiment and 20-25% less than that recorded by gamma-
C. The gamma radiation is emanating from a source in the phosphorite and from the 
overlying air volume. Blocking half of the facility (50% of the phosphorite and 50% of the air 
volume) to an external sensor halves the bulk radiation reaching it. 

The two lateral gamma sensors exhibit similar characteristics of the temporal variation 
pattern, as expected from their symmetric position relative to the experimental system. On 
the other hand, depending on signal type these characteristics are similar, dissimilar or partly 
similar to those recorded by the internal sensors (primarily gamma-C). 

The temporal variation of the daily amplitude (DA) of the lateral gammas reflects well their 
symmetric position relative to the system. This well correlated pattern is retained even when 
the bulk radiation is halved by partial (vertical) blocking of the radiation. A long term SR 
signal is encountered at the lateral sensors, similar to the pattern in gamma-C but with a 
halved scale of variation. Blocking half of the bulk radiation does not further lower this 
variation. The SR pattern of the DA of gamma-C (and alpha-H) is absent in the time series of 
the DA of the lateral gamma sensors. All in all these features point to some sort of in-
homogeneity and profound differences between the internal and external radiation pattern. 

Very similar multi-day (MD) signals are recorded by the two lateral sensors, with forms alike 
those encountered inside. Notwithstanding the latter resemblance, the temporal pattern of 
external MD signals is dissimilar to the pattern of internal MD signals, which are concordant 
among the three internal sensors (alpha & gamma). The picture is further complicated by the 
observation that the intensity of very similar MD signals at the two lateral sensors are not 
affected by halving the bulk radiation. All this hints, at face value, that the overall radiation 
pattern over the experiment is symmetric in E-W direction and asymmetric in terms of the 
inside-outside bearing.  

The daily radon (DR) signal is formed (generated) in tandem in the gas phase within the 
pores of the phosphorite and in the air in the upper volume, i.e. it is not transferred (moved) 
from the phosphorite to the overlying air volume or vice versa. In difference to the similar 
level of the bulk radiation the amplitude of the DR signal is lowered by a factor ×10 at the 
lateral gamma sensors relative to the amplitude at gamma-C. A further lowering of 50% of 
the amplitude occurs when the bulk radiation is halved. These differences in the 
manifestation of the DR signal within and outside the tank are further supported by the 
similarity of form and phase relations among the external sensors, compatible with their 
symmetric positioning, and their difference with the phase and form of the internal gamma-C.  

Sub-daily radon (SDR) signals are encountered in a highly concordant pattern only at the 
external gamma sensors. This can maybe indicate that this signal is determined and directed 
by the geometric edges (boundaries) of the radiation source, i.e. the geometric edges of the 
volume containing radon in the gas phase of the experiment. 
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Discussion 
 

The experimental setup simulates situations in the natural geological environment. Radon is 
emanating from a natural rock source into a local gas system which is in a confined 
environment and in ongoing contact with the rock system. Furthermore, the setup is located 
close to the shallow subsurface level and is influenced by the local environmental conditions. 
The source of the radon in the gas phase of the experiment is from the Ra-226 in the 
phosphorite, from which about ~12% emanates into the gas. Secular equilibrium between 
Ra-226, the emanated radon (Rn-222) and its radioactive decay in the gas phase is attained 
after build-up lasting around 20 days, as expected. The alpha detectors in the tank record 
alpha particles due to the decay of radon in the gas phase in the immediate vicinity of the 
sensor (cm scale). The gamma sensors record gamma radiation evolving from a much larger 
volume which includes the topmost 20 cm of the granulated phosphorite and the air, 
primarily in the upper volume of the tank and also in the porosity of the phosphorite. The 
gamma radiation is composed of two components – that emitted from radioactive isotopes in 
the decay series of U, Th and K in the solid, and that emitted from the decay of radon in gas 
components. While the gamma radiation from the solid phase is constant the radiation from 
radon in the gas phase of the tank varies. 
 
The initial observations collected while the experimental tank was located at SNRC, using 
observations lasting up to several tens of days, in the years 1996-2003, are confirmed after 
relocating and installing the setup at the GSI in 2007, and using a new set of sensors. These 
relate primarily to the signal types and variation patterns recorded by the internal sensors, to 
the observed phase shift of the DR signal, as well as to the non-direct relation of these to 
local atmospheric conditions. 
 
The assumption and expectation is that once secular equilibrium is attained within the tank 
stable and uniform alpha and gamma radiation patterns will be observed. In contrast the 
observations imply non uniformity within and outside the tank of the radiation field in both the 
spatial and temporal dimensions. The different, systematic and large variations of the 
measured signals are in disagreement with the anticipation. In general two primary causes 
could be raised to explain the observed variation patterns:  

a) exchange of radon between the tank and the external environment; 
b) environmental-atmospheric influences;  

Initially, the setup of the experimental system was not intended for the investigation of these 
issues. Still, the two alternatives are negated on the following grounds. 
Being a noble ultra-trace component in the gas system selective transfer of radon atoms 
between the internal and external surroundings is not possible. Thus exchange of radon 
between the tank and the external atmospheric patterns requires large scale transfer and 
circulation of significant portions of the air mass via leaks in the system. This cannot be 
reconciled with the mechanical structure of the tank system, nor with the systematic patterns 
of variation.  
The experiment (second phase), performed under an open shack, is evidently influenced by 
local climatic atmospheric conditions. Barometric pressure variations are passed into the 
tank via the thin walls and likely minute leaks. This and especially differences in thermal 
properties of parts of the system (different wall sides, phosphorite mass in lower part etc.) 
certainly force advection and convection within the enclosed gas system. The effect of such 
perturbations is to enhance the mixing of the gas system contained in the tank. Thus a 
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homogenous and stable radon level is expected within the isolated experimental setup. In 
this configuration it is difficult to see how external atmospheric variations generate large 
diurnal variations in the concentration of radon within a small and homogenized air volume. 
Furthermore, the experimental testing performed during phase-I showed that pressure and 
temperature variations cannot account for the observed signals, and certainly cannot 
account for the apparent concentration differences recorded among the sensors at the daily 
scale.  
Radiation encountered at different points within and around the experimental setup indicates 
spatial and temporal in-homogeneity of the radiation field. Thus the overall characteristics 
and several lines of consideration suggest that other processes interact to form the observed 
patterns.  

Taking the observations at face value the alternative option that so far unrecognized 
processes are involved in the generation of the unique radiation patterns is evaluated below. 
The main properties of the space-time radiation pattern are: 

a) They are due to radon and its daughters in the gas phase of the system, primarily in 
the air volume above the phosphorite but also in the air within the pores of the 
phosphorite. 

b) They are reflected by alpha radiation from decaying radon-222 (half-life of 3.82 days) 
and polonium-218 (half life of 183 seconds), and by gamma radiation due to the 
decay of Pb-214 (half-life of 26.8 minutes) and Bi-214 (half-life of 19.9 minutes).  

c) Dissimilar radiation patterns among alpha and gamma sensors appear to be related 
to the geometric position of the sensors relative to the experimental setup. 

d) Temporal variations are superimposed on the equilibrium level, at amplitudes of up to 
several tens of percent. 

e) Some of the fluctuations are below the equilibrium value (Alpha-H) indicating an 
apparent deficit.  

f) Temporal variations are of periodic and non-periodic nature and occur at sub daily to 
annual-seasonal scale. 

g) Periodic variations are observed in the time and frequency domain and in the time-
frequency domain. 

 
Systematic temporal variations of the radiation signal are: 

1. Long term variations due to an annual-seasonal variation pattern the SR signal.  
2. Multi-day variations (MD signal) which occur in a non-periodic manner. 
3. Periodic daily radon (DR) signal, with typical periodicities of S1, S2, S3. 
4. Short, sporadic and non-periodic sub-diurnal radon (SDR) signal. 

The fluctuations in the radiation, which are beyond the level expected at secular equilibrium, 
originate from the radon in the gas phase. Taking into account the amount of the fluctuations 
(tens of percent) the fast rates of change cannot be accounted for using conventional terms 
and scales of release, diffusion, decay, absorbance or leakage of radon - a noble ultra-trace 
gas component in the isolated air of the experimental setup. The conclusion is that these 
variations do not reflect changes in the concentration (number of atoms per unit volume) of 
radon in the gas system, but rather only “apparent” or virtual changes in concentration. It is 
therefore suggested that variation in radiation level is due to different and unidentified 
processes and interactions. These account for both increase and also decrease of the 
radiation relative to that expected at the equilibrium level.  
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The observation that periodicity is so prominent in the variation of the radiation implies an 
external influence on this process. A priory, periodicity is not expected to be present in the 
radioactive signal originating from the radon in the air in the confined volume of the tank. In 
spite of this all three internal sensors record strong and similar periodicity. Frequencies S1, 
S2, typical of influences due to the rotation of the earth around its axis, dominate the daily 
frequency band. The lack of periodicities typical for tidal (gravity; M2, O1) influences – which 
are due to lunar effects – indicates that the observed periodicities of S1-S2-S3 are rather 
due to the influence of “solar tide” or solar irradiance.  
 
The periodic variations must be due to an external influence on the system. Profound 
connections between the seasonal and daily variation are found, in the time and frequency 
domains. Seasonality is forced or induced on several modes and features of the radon 
signal: 

1. It occurs in the measured signal of two (out of three) internal sensors, in a 
conformable pattern 

2. It occurs in the temporal variation of daily amplitude (DA) of two of the internal 
sensors, but in a distinct inverse fashion 

3. It arises in the temporal trend of the amplitude of S1, S2, & S3 of two internal sensors 
in inverse fashion, and  

4. It arises in the temporal trend of the phase of S1, S2, & S3 of two internal sensors. 
Excluding point 2 & 3 these manifestations are independent of each other. Combining these 
observations implies a strong interconnection between the seasonal and diurnal patterns. 
This in turn again implies a mutual connection with the rotation of Earth around its axis and 
its rotation around the sun. This leads to the proposition that an element in solar radiation is 
involved. 
 
Lacking an obvious reason for an internal process the generation of MD and SDR signals 
probably is also due to external forcing. 
 
The external periodic and non-periodic forcing leads to diverse interactions inside the tank. 
The resulting radiation pattern is reflected at the sensors with a dependence on the location 
of the sensor, relative to the geometry of the tank system. The main geometric elements of 
the experimental system are the tank itself and the mass of phosphorite and the volume of 
the overlying air. As mentioned the external drivers must be of a very distant source. The 
influence-reflection of a varying irradiance related distant driver should lead to similar and 
homogenous temporal patterns at the sensors. Generation of local differences in the 
radiation pattern necessitates that a further secondary and limited interaction occurs. This 
secondary interaction, which is related to the dimensions of the experimental system, drives 
the local variation patterns. An obvious candidate for this interaction is the phosphorite 
mass. It may well be that a specific quality of the phosphorite is involved in the local process 
generating the secondary interaction which drives in turn the radiation from radon in the gas 
phase. The possibility is raised that the mineral lattice plays a role in the interaction with the 
external driver. This role of the phosphorite is in addition to being the source of the radon. 

The evolving scheme of interactions and the suggestion that the phenomena are related to 
the nuclear radiation from a decaying radioactive atom in the gas phase is further 
strengthened if one considers that alpha radiation is due to the decay of Rn-222 and the 
decay of Po-218 while gamma radiation is due to the decay of Bi-214 and Pb-214. 
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A recent study of the radon phenomenology in the Elat Granite and its statistical 
characteristics (Steinitz et al., 2007; Barbosa et al., 2007) demonstrated and suggested that: 

a. Large and non-linear variation patterns existing in radon time series cannot be 
accounted for in the subsurface regime by simple and direct time varying processes 
in the gas system such as emanation, diffusion, absorption and advection.  

b. Negation of above surface atmospheric influences, in particular pressure and 
ambient temperature 

c. Seasonal, MD and DR signals compose the variation. 
d. Periodicity in the DR signal is characterized by S1 and S2 periodicities, implying an 

external above surface driving mechanism.  
e. The latter feature combined with the lack of tidal gravity periodicity led to suggesting 

the influence of a process related to solar radiation on the DR signal and also the 
seasonal variability. 

This outline derived for the Elat Granite is in accordance with observations from further 
locations in Israel and elsewhere. The observations and conclusion from the herein 
described experimental investigation are comparable and inline with phenomena of the 
temporal behavior of radon in subsurface geogas. 
 

So far the understanding of the complex behavior of radon in geogas is lacking a 
comprehensive framework. This investigation shows that characteristics of phenomena 
observed in radon from the natural subsurface environment can be mimicked using an 
experimental setup. The results herein, combined with recent ones from the natural 
environment, present a few far reaching propositions: 

• The phenomena cannot be explained using conventional terms of diffusion, 
advection combined with radioactive decay. They rather pose a contradiction to 
them. 

• So far such phenomena are observed only in the case of the radon system, a noble 
radioactive gas, and its immediate daughters also in the gas phase. This suggests a 
link to the radioactive behavior of radon in the gas phase. 

• The link to radioactive properties is also supported by the observation of non-uniform 
spatial-temporal alpha and gamma radiation features – which is not expected in this 
case. 

• It is proposed that an external influence related to solar irradiance interacts with the 
radon system, homogenously dispersed in the gas phase, leading to radiation at 
spatially preferred directions.  

• Accepting influence of an external driver, the driver must be interacting with the 
nucleus of the radon in order to generate preferential orientation of the radiation (the 
generation of which is a nuclear process).  

 

These propositions pose a new prospect and frame for understanding the involved 
processes. 
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Implications 
 

This is a first laboratory verification of phenomena of temporal variation observed in the 
natural subsurface environment which are unique to radon. This example should serve as a 
basis for further investigations of the involved processes by: 

• Maintaining and running the present experimental setup to serve as a reference 
laboratory time series of the phenomena, as long as no alternative is established; 

• Advance further experiments to be performed in two complementary and parallel 
modes - experimentation in the laboratory and at selected field sites.  
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