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A MODEL FOR THE VERTICAL SUBSURFACE RADON TRANSPORT
IN “GEOGAS” MICROBUBBLES

Andras VARHEGYI*, Istvan BARANYI* and Gyérgy SOMOGY I**

Based on the phenomenon of “geogas”, rising in the form of microbubbles from deeper
regions, the authors have developed a new model for the transport of radon released from deep
sources, and a new method for its detection. The advantage of the new model compared to the earlier
ones is the elimination of the well-known problems of the radon emanation research methods
(penetration depth, reproducibility, etc.), and it provides a qualitative and quantitative description
of the transport mechanism, which is realistic from both geological and physical viewpoints. The
authors emphasize the role of groundwater and gases of deep origin in the movement of radon,
briefly discussing possible sources of these gases. The problems of detecting the radon below the
water-table with track detectors are reviewed and the connection between the rock physical para-
meters (tortuosity, porosity, grain size distribution) and transport characteristics is investigated in
detail. Assuming different geological conditions and rock physical parameters theoretical vertical
radon concentration and track production profiles were calculated. Finally detectability of deep
radon sources depending on geological conditions is analysed and methodological recommenda-
tions are made for the more efficient use of the radon emanation uranium exploration methods.

Keywords: radon, transport, models, uranium ores, emanation method, track-etch method, microbub-
bles, geogas

1. Introduction

A worldwide trend in the exploration for uranium is the growing interest
in mineralization at greater depths, after having discovered the near-surface
deposits. Methods based on the measurement of gamma radiation (gamma level
mapping and gamma spectrometry) are being replaced by other indirect meth-
ods like radon emanometry and geochemistry. There is a large volume of
literature dealing with the versatile application of the radon emanation (briefly
radon) exploration method (detection of uranium ores, prediction of earth-
guakes, exploration of geothermal energy resources, etc.). The state of the art
is well reflected by the review paper of G ingricnh [1984], indicating some of the
problems and doubts in the course of development of geochemical exploration
using radon.

Results obtained by pump-type emanometers applying short-term sam-
pling are not reliable, the anomaly pattern changes in time. Gingrich and
Fisher [1976] listed eight environmental factors that might influence the instan-
taneous radon concentration of the soil air. It is rather difficult or impossible
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to take all these effects into account. According to our experience the radon
concentration of the soil air can change by one or two orders of magnitude even
within the same day.

The 70’s brought significant changes in the radon detection devices de-
veloped for integrating measurements, first of all the alpha sensitive solid state
track detectors have appeared. Using these monitors the undesirable effects
caused by short-term variations in the radon concentration of the soil air can
be eliminated, although even these integrating measurements indicate long-term
seasonal variations. Emanation measurement with inverted cups placed in 50
to 100 cm deep holes is widespread [Gingrich and Fisher 1976; Fieischer and
Mogro-Campero 1978, Somogyi €t al. 1978; Titov et al. 1985]

2. Problems of integrating radon measurement techniques

The opinion of scientists involved in uranium exploration is not unanimous
concerning the usefulness and reliability of the emanation method, although
most of the technical problems encountered in practice have been properly
solved. The misting over of detector films [Likes et al. 1977], the radon - thoron
discrimination [wara et al. 1977], the distinguishing between deep and shallow
radon sources [Fieischer aNd Mogro-Campero 1978], the depth dependence
of radon detection [Somogyi €t al. 1982; K ristiansson and m almqgvist 1984],
the effect of the detector cup geometry and the detector type [Fieischer and
Mogro-Campero 1978; Ssomogyi €t al. 1982, 1983], the role of the meteorologi-
cal factors [Ciements and witkening 1974]: all have been thoroughly studied
and are mostly solved problems.

The behaviour of radon in the real physical environment determined by
geology, however, raises further specific difficulties. The question of measure-
ment reproducibility in time has not been solved satisfactorily. The reasons for
interpretation problems are the seasonal variation in radon emission [Somogyi
et al. 1978, 1982], and on the other hand the great differences often observed
in field measurements carried out close to each other [Kristiansson and
Maimqvist 1984]. These allow only probability conclusions to be reached in the
interpretation of the results.

The most severe problem is, however, to determine the maximum depth of
Rn sources that can produce concentrations detectable on the surface and
significantly higher than the “background noise”. Several case histories have
been published about the detection of uranium mineralizations at the depth of
100 m or even deeper, using integrating radon measurement [Gingrich 1975;
Beck and Gingrich 1976, Gingrich and Fischer 1976; Fieischer and
Mogro-Campero 1978, Titov €t al. 1985] At the same time under unfavourable
geological conditions even near-surface deposits might remain undetected by
emanation exploration methods.

In the author’s opinion the problems about the emanation method are
seated in the lack of a geological and physical model which properly describes
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the migration of radon from greater depths to near the surface. No unam-
biguous exploration criteria are available for planning the technical parameters
of emanation measurements and the results cannot be interpreted quantitative-
ly. In the present paper after briefly summarizing the existing theories for radon
transport the authors introduce a novel transport mechanism which seems to
be able to solve the long-standing problems. Formulas suitable for the quan-
titative description of the subsurface radon transport and results obtained by
the track detector exploration technique are presented as well. Vertical radon
concentration profiles calculated using the new theory are shown and some
practical methods are recommended.

3. Traditional theories for radon transport

The steady state depth (ID) distribution of radon concentration in a
homogeneous host medium is given by the differential equation [G rammakov
1936]

d(vc)
oz —Ac+ Q —0, (1)

where

c is the radon concentration (atom cm-3)

Dis the diffusion coefficient of radon (cm2s_1)

v is the velocity of the medium carrying the radon in r direction (cm s~ %)

A is the decay constant of radon (s_1)

Qis the intensity of radon generation in the host medium

(atom ecm-3 ¢s“1])

It is noted that in porous media (e.g. in rocks) effective values should be used,
likeD = Deff/eandv = veff/e, where e is the effective porosity of the medium.

Using a wide variety of approximations and boundary conditions different
solutions of equation (1) are given in the literature. Solutions of the equation
for two simple geological models are summarized in Tables I/a and b.

If the transport of radon is due to diffusion only, attenuation of radon
concentration moving away from the radon source is described by the diffusion
length

zd=1im @

and at this distance the Rn concentration is the e-th part of that at the source.
So using the possible highest diffusion coefficient (which is the diffusion coef-
ficient of radon for air: ~0.1 cm2es-1), the radon concentration decreases to

its one thousandth part within 15 m from the source.
To explain the radon movement from greater depths encountered under
natural conditions several authors suggest another transport mechanism, the
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vertical upward flow of the medium filling the pore space. Detectable radon
concentration anomalies from about 100 m deep sources, however, could be
explained this way only if a flow velocity of several m mday-1 is supposed for
the medium filling the pores. In our opinion flow velocities of this order of
magnitude for the pore filling medium (being either gas or fluid) cannot be taken
as realistic ones from the geological viewpoint (excluding some extreme cases,
like active faults, volcanic'or postvolcanic areas).

According to recent investigations [Kristiansson and M aimqvist 1982,
M almqvist and K ristiansson 1984, 1985; Baranyi €t al. 1985; somogyi and
Lenart 1985] it seems reasonable that the buoyant force, the result of the
différences in the density of ground water and gases moving upward, can ensure
the required transport velocities if the upward flow means movement of micro-
bubbles consisting of different gases, including radon. The assumption of up-
ward bubble movement adds new geological, physical and mathematical aspects
to the radon transport model.

4. Origin of subsurface gases and their role in radon transport

Kristiansson and Maimqvist [1982] were the first to suggest that the
upward flow of gases from deep sources in bubble form could be a factor of
decisive importance in radon transport. In a recent paper the same authors
[Malmqvist and K ristiansson 1984] reported on the measurement of the flux
of the upward moving gas bubbles from deep sources (“geogas”) under different
geologic conditions, and on the chemical composition of these gases.

Baranyi et al. [1985] called the attention to the fact that - especially in
the vicinity of radioactive ore deposits — large volumes of gases could be
released by radioiysis as well. If the medium is water-bearing a part of the
radioactive energy, first of all energy released by alpha decay, is used for
decomposition of the water molecules in the close vicinity. According to vovk
[1981] an alpha decay occurring in water can result in 4-8.5 « 103 radiolytically
decomposed water molecules, depending on the energy of the alpha particle.
Thus a radioactive ore deposit could be regarded as a special gas-generating
object. During the complete decay of a 238U atom, besides the gaseous products
of the decay series, one 222Rn and eight 4He atoms, 36,000 water molecules
could be decomposed radiolytically in water-bearing environment, as an av-
erage. The released hydrogen generally forms free H2 molecules, while the
oxygen is usually bonded to organic materials often accompanying the uranium
deposits or it is released as C02.

Several measurements demonstrate the wide range of possibilities for the
existence of an upward gas flow in nature the flux of which may exceed the value
of several thousand cm3em ~2myear-1 [Voytov 1974, Sugisaki et al. 1983,
Maimqvist and K ristiansson 1984]. In case of such a significant gas flow
through water-filled rock pores, movement of gases in the form of microbubbles
and the development of an unusually high vertical component of the gas flow
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Table I/a. Main data and boundary conditions for the idealized radon transport models of
Table I/b

Table 1/b. Solutions for the differential equations describing the radon transport for the two

models of Table I/a. Equilibrium in time and the presence and absence of different physical

mechanisms are assumed, c(z) is the vertical profile of radon concentration for the boundary
conditions of the given models; K, Xj and K2 are constants

I/a. tablazat. Az I/b. tablazatban hasznalt, idealizalt radon-szallitds modellek jellemz6 adatai és
hatarfeltételei
I — I. Modell: ,vastag” fed6; 2 — Il. Modell: ,,vékony” fed6; 3 — porézus kozeg; 4 — felszin;
5 — érctest; 6 hatarfeltételek

I/b. tablazat. A radon-transzportot leird differencidlegyenlet megoldasai az I/a. tablazatban
vazolt két modell esetén, idébeli egyensllyt és kiillonboz8 fizikai mechanizmusok jelenlétét, ill.
hianyat feltételezve. c(z): a radonkoncentracié mélységprofilja az adott modellek hatarfeltételei

kozott; K, X, és X2: allandok
1— bomléas + keletkezés; 2 — diffizi6 + bomlas; 3 — szallitds + bomlas;
4 — diffGzié + bomlas + keletkezés; 5 — szallitds + bomlas + keletkezés;
6 — diffuzio + szallitds + bomlas; 7 — diffuzio + szallitds + bomlas + keletkezés;
8 — Mechanizmus; 9 — Differencial egyenlet; 10 — Altalanos megoldas;
11 — 1. Modell szerinti megoldés; 12 — Il. Modell szerinti megoldas;
13 — hatarfeltétel nem vehet6 figyelembe; 14 — csak az alsé hatarfeltétel vehet6 figyelembe

Ta6n. l/a. XapakTepHble faHHble U rpaHNYHbIE YC0BUSI MOZENeN nepeHoca pajoHa,
npuUMeHeHHbIX B Tabn. I/b

1— Mogenb |. «MOLWHbIE» HaHoCbl; 2 — Mogenb |l «MasioMOLLHbIE» HaHOCbI; 3 — nopucTas
cpefia; 4 — AHEeBHas MOBEPXHOCTb; 5 — pyfa; 6 — rpaHNYHbIe YC/I0BUA

Ta6n. I/b. PeweHnsa auddepeHunanbHOro ypaBHeHUst NepeHoca pagoHa Ans mogeneid Taén. l/a.
NpeAnonoras Hanu4yme BPEMEHHOTO PaBHOBECWUA MPU HaMUYMW N OTCYTCTBUM PasHbIX
thnsmuecknx npoweccosl

1— pacnag + ob6pasoBaHue; 2 — auddysnsa + pacnag; 3 — nepeHoc +
+ pacnag; 4 — guddysmna + pacnag + obpasoBaHue; 5 — nepeHoc +
+ pacnag + obpasoBaHue; 6 — auddysns + nepeHoc + pacnag; 7 — guddysna +
+ nepeHoc + pacnaf + o6pasoBaHue; 8 — npouecc; 9 — anddepeHL,. ypaBHeHME;
10 — obwee peweHve; 11 — peweHvie no mogenn |.; 12 — peweHne no mogenun Il.;
13 — rpaHn4Hoe yC/0BME He/b3sA YUMTbIBATbL; 14 — yUMTLIBAETCA NNLLL HUXHEE rpaHnyHoe
ycnosue
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velocity should be supposed. Gas bubbles passing through the water saturated
uranium ore deposit and those produced by radiolysis could carry away a part
of the released radon [Kristiansson and M aimqvist 1982], and could ensure
the rapid transport (with total time comparable to the half-life of radon) up to
the uppermost level of the continuous pore water system, the ground-water
table. From the viewpoint of radon monitoring this bubble transport mechan-
ism provides favourable conditions only if there is no geological formation (e.g.
clay layer) impermeable to water or gases between the ore deposit and the water
table.

The medium above the water table behaves in a different way in radon
transport, the buoyant force result of specific weight differences between the
gases and the pore fluid ceases to exist, and the movement of radon is deter-
mined by physical laws governing the behaviour of gases filling the pore space
in a solid medium. From among the pore gas components the radon has the
highest relative atomic mass, therefore in this zone the lighter components of
the geogas (H2, He) might have a higher mobility. Above the water table the
diffusion can be regarded as the basic mechanism in upward movement of the
radon. In what follows we make an attempt to give a quantitative'description
of the radon movement in a medium below and above the water table, assuming
two different transport mechanisms, viz. microbubbles and diffusion.

5. Physical model for radon transport in microbubbles

The velocity of the microbubble movement in water is determined by the
Stokes’ law

©)

where g is acceleration due to gravity (cms-2)

gwis dynamic viscosity of water (gcm-1s-1)

gwis density of water (gem-3)

@ is density of the gas in the bubbles (gem-3)

d is diameter of the spherical gas bubble (cm).
The velocity in the differential equation (1) describing the radon transport
should be substituted for velocity given by Eq. (3). As the velocity is a function
of depth (i.e. the coordinate r) too, this equation has no trivial solution. Namely
during their upward movement the bubbles are expanding because the hydro-
static pressure is decreasing, thus the bubble velocity is increasing according to
Eq. (3).

Using Boyle’s gas law (p mV = constant at a given temperature), and the

equation giving the hydrostatic pressure (p = pO+Qugz)

(4)
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is obtained for the velocity of the bubbles as a function of depth, where VO is
the velocity of the bubble at the moment of reaching the water surface (i.e. the
highest value of transport velocity), hO is the piezometric height of a water
column being in hydrostatic equilibrium with atmospheric pressure p0 (practi-
cally 10 m). The equation is valid only in water; in rocks the velocity might be
significantly lower (see Section 9).

In first approximation the terms describing the diffusion and the radon
production (Q) can be neglected in Eg. (1). The validity of this assumption has
already been checked for the first term [varnegyi et al. 1986], and neglecting
the source term Q which describes the local radon generation does not effect
basically the essentials of the solution (the solution including the term Q is
discussed elswhere [Baranyi et al. 1985]. In this case the general solution of Eq.

(1) is

It is noted that z is positive downward and z = 0 at the water table. For negative
z values this equation is meaningless because above the water table the diffusion
is considered to be the basic physical process of radon transport, and here the
general solution of the transport equation is (see Table I)

c = K{exp (z jk/D) +K2exp (- zIW) (6)
K, Kxand K2 in Egs. (5) and (6) are arbitrary constants.

6. The depth function of radon concentration

For quantitative description of the radon transport the rock volume bet-
ween the ore deposit and the surface is divided into two regions: from the
ore-body up to the water table, where the pores are filled with water (medium 2),
and the region between the water table and the surface without continuous
water saturation (medium 1). Parameters of the model are shown in Figure 1
The depth change of radon concentration (radon profile) in medium 1is given
by Eq. (6), while in medium 2 by Eg. (5). Using the relevant boundary con-
ditions we get for the radon profile in medium 1

sh(z J[9D)

sh(h 11/D) )

and in medium 2

(8)
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where
h0+z—h hO+H —h
y = and ys (8a)
b0
If we suppose that cO at the water table (z=h) is independent of the approach
direction, i.e. the same value could be obtained in media 1and 2 (this is not
trivial), then for co we get

_ 3h0A
Cjts 23mexp o (1-yI) (9)

Fig. 1. Parameters used in model calculations for vertical one-dimensional radon transport in
microbubbles and by diffusion

/. abra. A mikrobuborékos és difflzids, vertikalis, egydimenzids radontranszport-modell
szamitasaink soran hasznalt paraméterei

Puc. 1 MapameTpbl, UCNO/b3yeMble HAMM MpU pacyeTax MUKPOMY3bIpbKOBOMA 1 ANGdY3NOHHOM
MOZieneii BepTMKaNbHOro, 0fHOMEPHOTO nepeHoca pagoHa

7. Theoretical radon profiles

Theoretical profiles of the relative radon concentration c/cs can be cal-
culated using equations (7) to (9) for any value of D, vO (or using Stokes’ law
for the maximum bubble diameter d0), h and H.
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Of course, this form of the curves (without including the rock physical
parameters) can reflect only the trend of the expected real changes. They are,
however, suitable for drawing some important—sometimes unexpected and
surprising—conclusions, in Figure 2 theoretical relative radon concentration
profiles are shown calculated for some arbitrarily fixed values of the parameters.
In the figure the concentration range considered as practical detectability
threshold (minimum of signal-to-noise ratio required) is marked. This range is
determined by the radon concentrations always present in the vicinity of the
monitoring site (background).

Figure 2a shows the radon profiles for different dO and D values if the
ore-body is at the depth of 100 m and the water table at 10 m. The most striking
feature of the figure is that the attenuation in the radon concentration does not
exceed three orders of magnitude for bubble diameters over 15 pm if the whole
90 m below the water table is considered (because the radon being in the bubbles



...vertical subsurface radon transport... 243

relatively quickly reaches the water table). Above this level, however, up to the
depth of 1 m below the surface (which is the depth generally applied in tradi-
tional track detector measurements) there is a further attenuation of more than
two orders of magnitude in the radon concentration, even under the most

favourable conditions.

Figure 2b shows the effect of the water table depth on the radon profile for
100 m source depth. A practically important conclusion is that for water tables
deeper than a few m there is a significant attenuation in the near-surface radon
concentration. At the same time in case of shallow water tables anomalous
radon concentrations can be detected from deep sources with an attenuation of
less than two orders of magnitude in the concentration compared to that at the
source. Attempts were made to explain the temporal changes in radon con-
centration obtained in field measurements by the development of global subsur-
face flows; these attempts, however, failed in identifying the real cause of this
phenomenon. A consequence of our model is that the assumption of such a
mechanism is not mandatory, the phenomenon can be explained by changes in
the water table.

Figure 2c shows the effect of the depth to the ore-body on the.radon profile
for a water table at 10m. It can be seen that for the given parameters an
anomalous radon concentration can be detected at the water table even if the
source depth exceeds 150 m. Near to the surface, however, there is no chance
to detect deep sources.

Fig. 2. Theoretical curves of vertical radon transport in microbubbles and by diffusion
a) Attenuation of the relative radon concentration (c/c) for a source at the depth
of 100 m, if the water table is at 10 m. d0 — bubble diameter at the water table; D  diffusion
coefficient of radon for medium 1; cs— radon concentration at the source
b) The effect of the depth to the water table (H on the vertical radon concentration profile,
assuming a maximum bubble diameter dO of 20
¢) The effect of the source depth (A1) on the vertical radon concentration profile, assuming
a maximum bubble diameter of 20 pm

2. abra. A mikrobuborékos és diffizios, vertikalis radontranszport elméleti gorbéi
a) A relativ radonkoncentracio (c/cs) valtozasa egy 100 m mélyen levd forras felett, ha a talajvizszint
10 m mélyen van. d0 — buborékatmérd a vizszintnél; D — a radon diffGziés allanddja a vizszint
feletti kdzegben; cs — radonkoncentracié a forrasnal
b) A talajvizszint (/?) valtozasanak hatasa a mélységi radonkoncentracio-profilra, 20 pm-es
maximalis buborékatmérét (d0) feltételezve
c) A forrasmélység (#) hatasa a mélységi radonkoncentracié-profilra, 20 pm-es maximalis
buborékatmérét feltételezve

Puc. 2. TeopeTUyecKkne KpuBble MUKPOMY3biPbKOBOTO U ANG(Y3NOHHOIO, BEPTUKANLHOIO
nepeHoca pafoHa
a) VIameHeHune OTHOCWUTE/IbHOWM KOHLEHTpauun pafoHa (c/c) Hag UCTOYHUKOM Ha rnybuHe 100 m
npw 3a7eraHuy YpoBHS FPYHTOBOW BOAbl Ha rny6uHe 10 M. d,— AmameTp Ny3bips Ha YpOBHe
Bofbl; D — mocTosiHHaA Audhy3nm pajoHa B Cpefie Haf YPOBHEM BOAbI; €S — KOHLEHTpaLus
paZioHa y UCTOYHMKA
b) BANAHWE U3MEHEHWS1 YPOBHA TpyHTOBON BoAbl (M) Ha Npodunb rNyO6UMHHON KOHLEHTpaLmm
paZioHa Npu MpesnofoXeHU MaKCMMabHOTO AuvameTpa ny3sbips, paBHoro 20 Mkm (d0)
C) BAUAHME rNy6uHbI UcTouHMKa (H) Ha npodnab rNy6UHHOW KOHLEHTpauun pagoHa npu
NpeAnonoXeHNN MaKCUManbHOro AuameTpa nysbipsi, paBHOro 20 MKM
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8. Theoretical track production profiles for radon measurements with track
detectors

Theoretical vertical concentration profiles from the ore-body up to the
water table have been shown for radon carried by “geogas™ bubbles for different
boundary conditions. Using the track detector radon measuring technique,
however, the track production is not proportional to the radon content because
of the pressure changes in the cup placed into the water. The pressure in the
sensitive volume of the cup is obviously in equilibrium with the sum of the actual
hydrostatic (p) and atmospheric pressures. Consequently the track production
efficiency of the detector changes according to

R _Ps_ ho+H-h
Rs P  hOo+z-h

because of the pressure dependence of the range of alpha particles in air (R).
The relationship between the measured track density and the radon concentra-

tion is

(10)

)

Finally, using Egs. (11) and (8), the theoretical track density profile for the
configuration of Figure 1is

B s o 3ligA
One of the remarkable features of Eq. (12) is that it has a minimum at a depth
of zmn if certain boundary conditions are met. The minimum can be found at

the depth of

v h+h0 (13)

below the surface.

This equation is valid only between h and H. 1f vO < 0.23 mh-1 no minimum
might be expected. We have observed a minimum in the track density profile
measured ina 270 m deep borehole [Somogyi and Lénart 1985].

Figure 3a shows a typical set of track density profiles calculated using
equation (12) and assuming different bubble diameters at the water table. It is
worth mentioning that for fixed initial conditions (water depth, bubble size) the
track density profiles depend on water temperature through viscosity as well.
Results of calculations about this phenomenon are shown in Figure 3b. It is
obvious from the figure that our model results in higher radon concentrations
at the surface of thermal springs.
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Fig. 3. Theoretical track density (o/cs) - depth (z) profiles below the water table for an
alpha-sensitive track detector and for vertical radon transport in microbubbles
a) assuming "geogas” bubbles of different diameter and a water temperature of 10 °C
b) as a function of water temperature, if the initial diameter of “geogas” bubbles is identical
(15 //m)

3. abra. Alfa-részecskékre érzékeny nuklearis nyomdetektorral mérhetd relativ nyomsiriiség
(o/Qs) elméletileg varhatd valtozasa a vizszint alatt mért mélység fiiggvényében, mikrobuborékos,
vertikalis radontranszport esetén
a) Kulénboz6 atmérdji ,,geogaz” buborékokat és 10°C-os vizet feltételezve
b) Kiilonb6zé hémérsékletl vizekben, ha a ,,geogdz” mikrobuborékok kezdeti atmérdje azonos
(15 fim)

Puc. 3. TeopeTuueckn 0Xnaaemoe U3MeHeHWe OTHOCUTENIbHON NNOTHOCTM CneaoB (g/qs),
N3MepseMbIX MPU MOMOLLM YYBCTBUTENIbHOIO K a-yacTuuam fAepHoro getekropa
B 3aBMCUMOCTWN OT rNy6VHbI NOL YPOBHEM BOAbl NP MUKPOMY3blpbKOBOr0 BEPTUKANILHOIO
nepeHoca pagoHa
a) Npu NpeanonoXKeHUN My3blpeil «reorasa» ¢ pasMYHbLIMU JuameTpaMn U TemnepaTypbl BOAbI,
paBHoi 10°C
b) B BOoAax Npu pasniMyHbIX TemnepaTypax npy OA4WHAKOBOM WCXOAHOM AuameTtpe
MUKPONY3bIpbKOB «reorasa» (15 MKM)
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9. Role of petrophysical parameters in radon transport

In order to describe the radon transport in microbubbles under realistic
geological conditions using Egs. (7) to (9) some connection should be found
between the variables in the equations and the rock physical parameters. Be-
cause of the significant spatial changes in the rock physical parameters this
connection could be a trend only, established by statistical approach. In this
way, however, it is possible to determine clearly the direction and measure of
the effects of the individual rock properties on the radon transport. Rock
physical parameters can be introduced into the equations describing the radon
transport through the diffusion coefficient D, the concentration at the source
cs, and the maximum bubble velocity vO (or using Stokes’ law through the
maximum bubble diameter d0). The role of D and csis not dealt with in the
present paper, these topics have already been thoroughly and widely discussed
in the literature [e.g. Tanner 1964]. In what follows we make some comments
of conceptual importance only concerning the connection between the rock
structure and bubble velocity.

9.1 Role of tortuosity and porosity

In our description of the radon transport the diameter of the microbubbles
d and their upward flow velocity v have been connected in first approximation
by Stokes’ law (3). The Stokes’ law, however, in this form applies only to the
flow of bubbles in a fluid, and therefore it cannot take into account that in rocks
this flow might occur along forced trajectories only, namely through the inter-
connected fissure and pore system of rocks. The sinuosity of actual flow paths
in rocks is expressed by the rock physical parameter of tortuosity (t). Using the
tortuosity the upward component of the bubble velocity is given by

St Jr (14

It should be noted, however, that because of the narrowing of the flow paths
at several places and adhesion forces between the pore wall and the bubble some
of the bubbles might get stuck for longer times, their flow might slow down or
they might be disintegrated into smaller bubbles. These effects might cause a
further significant decrease in the resulting velocity. Therefore a wide distribu-
tion of velocities should be visualized, where Eq. (14) gives the upper limit of
velocities only.

The vertical bubble velocity can be expressed by the porosity e, which can
be measured more easily than t. For loose sediments the relation between the
tortuosity and porosity is given by a simplified form of Archie’s formula

(1
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Thus the vertical velocity component can be related to that obtained by using
Stokes’ law by

nT < fe 1 V. (16)

9.2 Role of grain size distribution

There is a parameter of more or less unknown value in Stokes' velocity
function, the bubble diameter. The maximum value of that is somehow related
to the texture of the rock. It is obvious that the narrowest cross section of the
pore paths provides an upper limit for the bubble diameter. In fractured rocks
(where the bulk of pore volume consists of an interconnected system of fractures
and fissures, e.g. in fault zones) the size of the bubbles is determined supposedly
by the minimum spatial dimension of the interconnected fracture system.

For porous rocks consisting of grains (e.g. sand, sandstone) an idealized
model of the matrix structure should be used in the theoretical investigation of
this question. Let us suppose an equigranular grain size distribution, i.e. it might
be characterized by a single parameter, by grain diameter Dm(Dmmay be called
mean grain size as well). For this case the two extreme states, the possible loosest
and most dense fills are shown in Figure 4. The real case might be somewhere
between these two extremes. Anyway, the two limits of the largest bubbles that
can pass through the grains and the two concrete values of rock porosity shown
in Figure 4 can be assigned to these two extreme cases [Egerer 1977]. Taking
the origin of the e-d coordinate system as a third point to the previously
mentioned two points (obviously, if there is no porosity there are no bubbles)
a parabola can be fitted arbitrarily to these three points which is described by

d= 1.26 &7 r(r +0.21). (17)

Using equations (16) and (17), and the Stokes’ formula (3) — accepting the
idealized conditions and other assumptions — a relationship could have been
derived between the velocity vO in Eq. (s) describing the radon transport, and
rock physical parameters. After all, for porous water-saturated rocks the bubble
velocity (or its maximum value) could be traced back to two simple rock
properties, the porosity and the mean grain diameter Dm

V0 < 0.088 — (Qw-Qg) esz (e+0.21)2 DB (18)

Two comments should be made on equation (18):

(1) The velocity determined this way should be considered only as a maximum
value, because of the reasons mentioned above. Only the “most lucky”
bubbles may gain this velocity, but these might carry the bulk of the radon.

(2) We have investigated the effect of the mean grain diameter Dmonly for
equigranular grain distribution, and this can be found only rarely in nature.
The relation between Dmand the actual grain size distribution is very
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difficult to investigate theoretically. It is probable, however, that in case of
a wide grain size distribution Dmis shifted towards the finer grain sizes (the
space between the larger grains is filled in with the smaller ones, thus the
cross section available for bubble flow is reduced).

Fig. 4. The relationship between the possible maximum bubble diameter (d) and rock porosity
(e) for
a) the most dense; b) the loosest fill, assuming an equigranular grain size (Dn) distribution;
c) parabolic approximation of the d(e) function

4. abra. A lehetséges maximalis buborékatmérd (d) és a kézetporozitas (e) kapcsolata
a) legszorosabb és b) leglazabb szemcseilleszkedésnél, ekvigranularis szemcseméret (6 m)-eloszlast
feltételezve; c) a d(e) fiiggvény parabolikus kozelitése

Puc. 4. CBsA3b MeXay MaKCcMManbHbIM AnameTpom ny3bips (d) U NopucTOCTbI0 NOPOAbI («) Mpw
CcamMOM MOTHOM a) M CaMOM pbIX/I0M b) npuneraHnn 3epH Npu NPeanonoXKeHUN
3KBUTPaHYNsApHOW 3epHuctoctn (/),); €) annpokcumauua gyHkuum d(e) napabonoi
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10. Theoretical radon profiles in porous rocks

The concentration profile calculated using equations (s) and (18) is shown
in Figure 5. Here only the water saturated rock region (below the water table)
is discussed.

The effect of rock porosity on the radon profile can be studied in Figure
5/a. In calculation of the curve set the following parameters were fixed: depth
to the ore-body below the water table is 100 m; the mean grain diameter iso.2 mm.
It can be seen clearly that the radon profile is practically insensitive to variations
in porosity for the given parameters and for porosities over 35%. For porosities
lower than 20%, however, the radon concentration significantly attenuates with

distance from the source.
Figure 5/b shows the effect of the grain mean diameter Dmon the radon pro-

file (fixed parameters: //= 100 m, e= 0.3) For grain diameters above 1 mm varia-
tions in Dmhave no effect on the radon profile (this includes the extreme case
of Dm—pgo, i.e. the medium is water alone, if there is no other factor reducing
the bubble size). It can be seen that down to Dm=0.2 mm the decrease in the
grain diameter does not effect significantly the radon concentration. Any further
decrease in Dm however, dramatically reduces the radon transport.

Based on the diagrams shown it seems that — assuming a radon transport
in microbubbles — there is no practical possibility for detection of radon
concentration anomalies due to deep sources if the overburden has a low
effective porosity (e<20%) and/or a small mean grain diameter (Dm<0.1 mm)
(e.g.- mud, silt, clay, loess, etc.). Exceptions are the cases when other favourable
properties of the rock structure (vertical fracturing, fault zone, etc.) provide
other channels for radon transport. In porous (e>25%) rocks of coarse grain
size (Dm>0.2 mm) and/or in rocks with macrofractures, along fractured and
water saturated fault zones — at least at or near to the water table - - the chances
for detecting deep radon sources are excellent.
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I1. Practical recommendations

No doubt, coincidence of several favourable geological conditions is re-
quired for effective operation of radon transport in microbubbles from the
viewpoint of uranium exploration. The presence of a high enough geogas flux
and water saturated, loose porous rocks and the absence of layers impermeable
to gases are all prerequisites. In favourable cases, however, mineralizations at
depths of a few hundred meters can be detected by radon measurements, as has
been demonstrated by several case histories.

According to our model calculations the radon, as one of the components
of geogas flowing upward in microbubbles, reaches the water table at relatively
high velocity. Its further movement towards the surface is, however, controlled
by the “slow” diffusion. Therefore when the water table is at depths of several
meters below the surface, detectors traditionally placed near to the surface
cannot detect the radon from deep sources (Figure 2). Nevertheless, using
shallow drill holes the radon monitors might be placed near to the water table
and the detectability of deep radon sources could be improved by several orders
of magnitude. The increase in exploration costs and a better chance for detecting
deeper mineralizations are factors of opposite effect and an optimum should be
found by strategical considerations.

The authors have developed a research technology and exploration tools
based on the transport theory described. This technology has been routinely
applied in uranium exploration in Hungary since 1983. Baranyi et al. [1985]
have also published some practical results in addition to an experiment directly
demonstrating the validity of the “geogas” bubble model [Somogyi and Leénart
1985].

Fig. 5. A theoretical approach to the connection between the vertical radon transport in
microbubbles and petrophysical parameters, assuming a porous rock matrix consisting of grains.
a) Effect of effective rock porosity () on radon concentration profiles
b) Effect of the mean grain size (Dm) on radon concentration profiles

5. abra. A mikrobuborékos, vertikalis radontranszport és a kézetfizikai paraméterek
kapcsolatanak elméleti megkdzelitése, szemcsés-porézus kézetstruktarat feltételezve,
a) A kézetek effektiv porozitasanak (e) hatasa a radonkoncentracié-profilra
b) A k6zetek mértékadd szemcseatmérdjének (D) hatasa a radonkoncentracié-profilra

Puc. 5. TeopeTuyeckass annopoKcMMaLlis CBSA3W MUKPOMY3blpbKOBOIO BEPTUKANbLHOIO NepeHoca
paZoHa ¢ (PM3MUYECKUMU NapamMeTpamiy Nopoj Npy NPeanonoXeHU 3epHUCTO-NOPUCTON
CTPYKTYpbl NOpOZbl
a) BANHAHWE 3(h(heKTUBHOM NOPUCTOCTM (€) NOPOA Ha NPOUAb KOHUEHTpauum pagoHa
b) BnusiHKe npeo6najarollero guamMeTpa 3epH (Dn) nopof Ha Npodub KOHLEHTpaUuM pafjoHa
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GEOGAZ MIKROBUBOREKOK SEGITSEGEVEL MEGVALOSULO FELSZINALATTI,
VERTIKALIS RADON-SZALLITAS MODELLJE

VARHEGY| Andras, BARANYI Istvan és SOMOGYI Gyérgy

A nagy mélységekbdl mikrobuborékok formajaban felaramlé ,,geogaz" jelenségére alapozva
a szerz6k a mélységi forrasb6l szarmazo radon szallitasanak és kimutatasanak egy 0j modelljét
dolgoztak ki. Az 4j modell el6nye az eddigiekkel szemben, hogy segitségével feloldhatdk az emanéci-
0s kutatomodszer ismert problémai (lehatolasi mélység, reprodukalhatosag stb.), és a szallitasi
mechanizmusra foldtani-fizikai szempontbol redlis, kvalitativ és kvantitativ leirast ad. A szerz6k
utalva utobbiak lehetséges eredetére. Attekintik a vizszint alatti nyomdetektoros radonkimutatas
problémait, és részletesen megvizsgaljak egyes kdézetfizikai paraméterek (tortuozitds, porozitas,
szemcseméret-eloszlas) és a szallitasi jellemz6k kapcsolatat. Kilonbozé foldtani koriilmények és
kézetfizikai paraméterek feltételezésével elméleti Gton szamitott mélységi radonkoncentracié és
nyomdektoros alfa-nyoms(riiség szelvényeket mutatnak be. Végil elemzik, hogy milyen foldtani
kortilmények esetén van esély nagy mélységl radonforras kimutatasara, és Uj mddszertani ajanlaso-
kat tesznek az emandcids uran kutatdmddszer hatékonyabb alkalmazasara.

MOJE/Ib MOA3EMHOIO BEPTUKA/IbHOIO NMEPEHOCA PALOHA,
OCYWETB/IAEMOIO C NOMOLLbKO MUKPOMY3bIPEW FEOFA3A

AHpgpaw BAPXEAW, NwTtBaH BAPAHW wn Oépos LLOMOAN

ABTOpaMu pa3paboTaHa HOBas MO/E/b NepeHoca 1 AeTeKTUPOBaHNS pagoHa, 06pasoBaBLue-
rocs U3 rny6oKMX WCTOUYHWMKOB, HA OCHOBAHMIA ABNEHWS «reorasa», NoAHUMAIOLLErocs ¢ 60/bLINX
rny6uH B BUe MMKpOMNysbipeil. [OCTOMHCTBO HOBOW MOJENM 3aKNiouaeTcs B TOM, YTO C ero
NPUMEHEHMEM UCUE3AI0T M3BECTHbIE MPOGIEMbI IMAHALMOHHOrO cnocoba (rNy6GUMHHOCTL WUccneno-
BaHUs, NMOBTOPSAEMOCTb U Aip.) @ MO/ENb MepeHoca AaeT C reosnoro-reoduanyeckoin TOUKM 3peHus
peafibHOe KauecTBEHHOE W KOMMUYECTBEHHOE OMMCaHHWe MPOLeCCOB. ABTOpaMU NoAYepKMBAETCS
pofb B MMIpauuu pafloHa Mof3eMHbIX BOJ W 06pasoBaBLIMXCS B rNy6uHe rasoB, C KPaTKoii
CCINIKOI Ha X BO3MOXHYHO FeHeTUKY. PaccmaTpmBaroTcs npo6iemMbl 1eTEKTUPOBAHUS PafoHa nog,
YPOBHEM BOfbl, M A€TaNbHO U3YUAETCA CBA3b MEXAY XapaKTepUcTMKaMu nepeHoca 1 NeTpoguanye-
CKUMU napameTpaMu (M3BWAUCTOCTb, MOPUCTOCTb, pacrpefeneHne pasMepoB 3epH). MokasaHbl
pacumMTaHHble rNy6UHHOE COAePXKaHue paaoHa 1 NPoduamn rycToTsl anbga-cnefos Npyu Npeanosno-
YKEHUM Pa3HbIX reoNoryecknx 06CTaHOBOK M NETPOMM3MUECKMX NapaMeTpoB. AHaNN3NpyeTcs, YTo
NPy KaKoii reonornyeckoii 06CTaHoBKe NMEETC BO3MOXHOCTb fleTEKTUPOBATh FYGUHHbIE UCTOY-
HUKW pafioHa, [aloTCs HOBbIE METOAMYECKME PEKOMEHAAUMW AN MOBbIWEHUS (EKTUBHOCTY
3MaHaLMOHHOIO0 MoMCKa ypaHa.






