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Origin of radium in high-mineralised waters
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Abstract. High-mineralised waters are showing frequently high concentrations of 226Ra and 228Ra,
which are positively correlated with salinity. The investigated pit water is a high mineralised,
reducing NaCl-brine (up to 230 g/1), which contains in coexcidence with Ba (up to 2500 ppm) and Sr,
high 226Ra concentrations (up to 63 Bq/1) and 228Ra concentrations (up to 28 Bq/1). Feeding river
systems with this water, the contact of the pit water with sulphate bearing surface water results in a
precipitation of Ba and Ra as radiobaryte, with 226Ra concentrations up to several tens of kBq/kg. The
pit waters originate from a mixture of formation and meteoric waters, older than 20 Ma. High
concentrations of mainly Na+ and Cl", but K+, Ca2+ and HCO3" as well, are explained by dissolution of
Permian salt deposits. Ba2+ is enriched by sulphate-reducing bacteria, which destroy detrital baryte.
Radium enters the water by leaching and alpha-recoil effect, but a large fraction of it is adsorbed at
the surfaces of mineral grains. Mainly Ba2+ and Sr2+, but univalent ions like Na+ and K+ as well, are
desorbing Ra2+ from the surface of minerals and take their place. Elution experiments show that
beside the ion exchange of the cations, the type and amount of anions control the radium mobilisation.
It seems that large anions like NO3' are disturbing the hydrate coat around minerals and therefore,
enhance the ion exchange process.

1. INTRODUCTION

It's well known that high-mineralised waters or brines very often go along with high radium
concentrations, showing a good correlation between salinity and radium concentration [1], [2].
Usually both, Ra ( U-series) as well as Ra ( Th-series) occur in such waters. The
main differences between the two radium-isotopes are: 226Ra has a half-life of 1600 y and
before it was formed, 3 alpha-decays occurred; 228Ra has a half-life of 5.7 y and only 1 alpha-
decay before it was formed.

Where do you find high-mineralised waters? Partly, bottled mineral water can have a higher
salinity, which can result in Ra concentrations up to several hundreds of mBq/1 [3]. But the
waters with high salinity are not drinkable, they occur in the ground at greater depths
(hundreds of meters up to several km) and are therefore no longer called ground water but
deep water. By exploiting hydrocarbons (oil, gas), deep water is raised unwanted with the
hydrocarbons and usually pumped back to the depth immediately. This could not be done in
coal mining districts. Here, water had to be pumped up to allow underground or open-pit
mining, and the pit water is discharged to the rivers. This study is analysing the origin of
radium in high-mineralised pit waters released by hard-coal collieries in the Ruhr district,
North Rhine Westphalia, Germany.

2. MEASURING TECHNIQUES

hi the investigated area sediments from rivers and soils adjacent to the rivers, as well as pit
waters and river waters were sampled and analyzed by using a low level y-spectroscopy with a
HPGE crystal [4]. Additionally, radium concentrations (226Ra, 224Ra) of waters were measured
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by the standard emanation method [5]. Element concentrations of solid samples are
determined by XRF, and for liquid samples ICP-OES was used. The gamma-dose rate is
measured with a portable gamma-scintillometer. At each water sampling point, water
temperature, pH and conductivity were measured.

3. GEOCHEMISTRY OF THE PIT WATERS

In the state of North Rhine Westphalia hard- and brown-coal mining are very important
industries. Brown-coal mining is done in huge open pits, which are up to 400 m deep. Hard-
coal mining is done underground, today mainly in the Ruhr district, in depths of up to 1500 m.

The pit waters from brown coal mining are not very high mineralised and reach 226Ra
concentrations up to a few hundreds of mBq/1 (not published). But the waters from the hard-
coal mining of the Ruhr district are brines, high-mineralised, with up to 250 g/1 salinity [6].
Such waters can have 226Ra concentrations of 60 Bq/1 and 228Ra concentrations of 30 Bq/1 [7].
The waters contain no radionuclides staying in the decay series before radium. 226Ra and 228Ra
show a mean ratio of 2 : 1 [8]. The knowledge of high amounts of radionuclides in the pit
waters is not new, already Patteisky [9] discussed this problem. The same correlation of
salinity and radium concentrations can be observed in pit waters from the Silesian coal basin
in Poland, where even higher concentrations were detected [10].

The pit waters of the Ruhr district are reducing brines from the NaCl-type. Tab. 1 shows
element concentrations and conditions of a typical pit water from a depth of approximately
1000 m. Generally, salinity and of course temperature are increasing with depth. All the deep
waters are reducing, except those, where ground water from shallower levels is mixed with the
deep water due to anthropogenic disturbance of the aquifer. Beside the dominating Na+ and
Cl", the Ba2+ concentration should be noticed, which can reach up to 2500 mg/1 [6]. Because
of the geochemical similarity to Ra2+,
radium concentration of the water.

2+the Ba concentration gives us a first hind to the

The pit waters are probably formation waters of Cretaceous age mixed with meteoric water
older than 20 Ma [6]. High concentrations of mainly Na+ and Cl", but K+, Ca2+ and HCCV as
well, are explained by dissolution of Permian evaporite deposits. Ba2+ is enriched in the
waters by sulphate-reducing bacteria, which destroy detrital baryte.

Table 1. Typical element concentrations and conditions of a pit water from the Ruhr district.
All concentrations are given in [mg/1] (compiled after [6]):

Temperature [°C]

50

PH

6.5

Conductivity [|xS/cm]

210 000

Salinity [g/1]

230

Na

70 000

K

1200

Ca

9 000

Mg

1500

Sr

700

Ba

1500

Cl

124 000

so4

< 5

HCO3

120

NO3

20

Br

150
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Radium is the first element in the decay series which is significantly soluble under the
reducing conditions of deep waters. There are 4 possible processes to get radium from the
rock of the aquifer to the water: dissolution of minerals, diffusion, leaching and alpha-recoil
effect. The first 2 processes are not very promising. The leaching of minerals in silicate rocks
is not adequate to explain higher amounts of radium. The same is true for diffusion, which is
much to slow (diffusion distance in minerals < 1.8 * 10"8 cm/106 y , [11]). Probably, the
radium transfer to the water is a mixture of leaching and alpha-recoil effect [2]. Considering
the disturbance of the mineral lattice due to alpha-recoil, we have to distinguish 226Ra (after 3
alpha decays) from 228Ra (after 1 alpha decay), Therefore, the former should be more
available. When radium enters the water, a large fraction will adsorb on the negatively
charged surface of mineral grains. The most probable process to detach them from the mineral
surfaces is ion-exchange. If ion-exchange is responsible for the detachment of Ra2+, then one
would expect that high-ionic strength waters release more Ra2+ to the water than low-ionic
strength waters. Mainly bivalent cations like Ba2+ and Sr2+, but univalent ions like Na+ and K+

as well, are desorbing Ra2+ from the surface of the minerals to take their place. Elution
experiments, which are still under investigation [12], support this theory. They show that Ba2+

is mobilising 226Ra2+ much better than Na+ does. In the presence of Cl" the exchange rate of
Ba2+ is 4-times better than the one of Na+ (the results are normalised to the same particle
concentration in the water). By taking NO3" as the anion, the exchange rate of Ba2+ is now 8-
times better. This goes parallel with the observation that Ba2+ as well as Na+ are mobilising
226Ra2+ twice as much in the presence of NO3" than in the presence of Cl\ Looking at the
entropy of hydration of ions we find again the factor of 2: Cl" has a value of +10.2
cal/(K*mol) and NO3" has a value of+19.4 cal/(K*mol). Therefore, beside the ion-exchange
process, the type and amount of anions has a pronounced influence on the Ra2+ mobilisation.
Large anions like NO3" are disturbing the hydrate coat around minerals stronger. If the hydrate
coat is weakened, the ion-exchange process will be enhanced, and therefore more Ra + will be
released to the water.

4. DISCHARGE OF PIT WATERS

What happens when the pit waters are raised? When the mostly reducing waters are
discharged to the rivers, it gets in contact with sulphate-bearing oxidising surface water, and
as a result Ba2+ is precipitated as baryte. Because of the geochemical similarity, Ra2+ is co-
precipitated and forms together with Ba2+ radio-baryte. The solubility product of Ba-Sulphate
amounts to 1.0 * 10'10 mol2/l2, Ra-Sulphate with a solubility product of 4.2 * 10"11 mol2/l2 is a
bit more insoluble. To verify, under what concentrations Ra2+ and Ba2+ are precipitating, one
has to look at the particle concentration in the water. 1 Bq/1 226Ra is equal to 1.2 * 10"13 mol/1.
So, very high 226Ra activity concentrations go along with a very small number of atoms. If we
take 350 Bq/1226Ra we have a particle concentration of 4.2 * 10"11 mol/1. Under this very high
226Ra concentration, we need 1 mol/1 SO4' to precipitate 226Ra with SO4". 1 mol/1 SO4" is the
incredible amount of 100 000 mg/l, which will not be reached in natural waters. On the other
hand, 1000 mg/l Ba2+ are equal to 0.007 mol/1. Therefore, we can say that Ra2+ is only co-
precipitated together with Ba2+ radio-baryte.

Such precipitation can be seen close to the discharge point of some collieries; they reach 226Ra
concentrations up to 32 000 Bq/kg (Tab. 2). Downstream of the discharge point the radium
concentrations of the water are decreasing. But the decrease depends very strongly on the
radium concentrations of the pit water and the discharge rate, which differs from day to day.
Parallel to the decrease of concentrations in the water, a decrease of radium concentrations can
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be detected in the sediments of the river. Due to floods, radium can even reach the soils
adjacent to the riverbanks. Up to 1400 Bq/kg 226Ra are detectable in the overbank deposits
(Tab. 2). In comparison to the Tla concentrations, the Ra concentrations of the overbank
deposits are low. This indicates that the radium contamination of the soil samples showing the
highest concentrations, happened several years ago (228Ra is partly decayed). Finally, a
fraction of the radium in the water is accumulating in sewage sledges formed in clarification
plants (Tab. 2), from where it may be dispersed on farmland in order to fertilise the fields.

Table 2. 226Ra and 228Ra concentrations in the environment due to hard coal mining
(compiled from [5], [7], [8], [13]:

Pit water

River water

Sediment (discharge point)

Sediment (downstream)

Overbank deposit

Sewage sledge

226Ra

< 63 Bq/1

0.01-0.1 Bq/1

< 32 000 Bq/kg

< 5 000 Bq/kg

< 1 400 Bq/kg

5 0 0 - 1 4 0 0 Bq/kg

^8Ra

< 28 Bq/1

0.01 - 0.05 Bq/1

< 15 000 Bq/kg

< 2 000 Bq/kg

< 500 Bq/kg

< 600 Bq/kg
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