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ABSTRACT

The role of a-recoil for the release of Radium isotopes
(*®Ra, *®Ra) into highly saline deepwaters was
investigated by Monte-Carlo simulations focussing on
the solid-fluid interface. A close relation between
Th/U in the rock and “*Ra/*®Ra in the fluid is
predicted. Applications on real systems illustrate the
importance of the investigated mechanism.

1. INTRODUCTION

Enhanced activity concentrations of the Radium
isotopes **°Ra (from 2®U decay series), **Ra and
2'Ra (from **Th) in the order of 10 Bq/l are typical
features of highly saline deep geothermal fluids
(Degering & Kohler 2015). Since they may produce
radioactive scales with specific activities up to some
1000 Bq g™ in components of geothermal plants it is
necessary to clarify their origin and to discuss if the
selection of the aquifer rock can influence the
radionuclide concentration in fluid.

Several processes were identified in literature which
contribute to Radium isotope interactions between
fluid and solid phase in an aquifer (cf. the overview in
IAEA (2014)):

- Mobilisation by weathering and dissolving of
rock minerals. It could be proved that this
contribution does not contribute to more than
0.01 Bq I (Degering & Kéhler 2016).

- Release of decay products of the natural
decay series by o-recoil processes. Typical
energies of recoil nuclei are in the order of 60
... 100 keV and result in displacements of
several 10 nm in solids. In near-surface-
regions they can thus enter the aqueous
phase.

- Removal by coprecipitation during the
formation of secondary minerals. In open
pores and faults of the aquifer this process
will proceed slowly and does not contribute
to an instantaneous and perpetual removal of
Radium isotopes from solution.

- Sorption of dissolved species onto mineral
surfaces or particles. Under the reducing
conditions of deep geothermal aquifers this
process plays a major role in the removal of
Uranium and Thorium nuclides from solution
(Ivanovich & Harmon 1992). The sorption of
Radium species is largely hampered in brines
of high salinity. Furthermore, Ra is stabilised
in solution under these conditions (Zukin et
al. 1987).

Thus for highly saline deep geothermal fluids a-recoil
is the prevailing mechanism for the release of Radium
isotopes into solution. A permanent removal of these
species only occurs via radioactive decay. The
observed activity concentrations represent a stationary
state with balanced a-recoil and decay.

Recently the importance of a-recoils for Radium
isotope release could be verified by laboratory
experiments using the time dependence of **Ra (half
life 3.6 d) activity concentrations (Dietrich &
Degering 2016). They showed a clear increase of the
Radium concentration in solution for salinities
>10¢g 1™

In the present paper the general properties of Radium
isotope release were investigated by Monte-Carlo
simulations. Their findings are applied in a second
step onto some examples of geothermally used natural
aquifer systems.

2. MONTE CARLO SIMULATIONS

The model used for the simulation of Radium release
processes at the solid-fluid interfaces of the aquifer
rock included the following features:
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- Release of radionuclides exclusively by recoil
of product nuclei after a-decay. In the solid
phase the initial activity distribution is
assumed to be homogeneous and #®*U plus
22Th decay series are in radioactive
equilibrium.

- Prompt and complete sorption of all released
U- and Th-isotopes at the solid-fluid
interface.

- Long-term and complete stabilisation of all
released Radium isotopes in solution.
Thorium isotopes formed by decay of
dissolved Radium are sorbed as described
above.

- Application of the model along the decay
series starting with 28U (for ?°Ra) and ***Th
(for ?Ra and ***Ra), respectively.

This model, especially the inclusion of all Radium
isotope precursors in the decay series can no longer be
solved analytically. Monte-Carlo simulations use
instead a randomised selection of parameters like (i)
the position of the a-decay, (ii) the emission direction
and (iii) the range of the recoil nucleus, which will be
repeated for a given event number n. Such a procedure
was implemented as a small program code for PC
application. The code is able to calculate activity
concentrations for aquifer systems containing up to
100 different rock components. Input parameters are
the Th- and U-contents and the specific surface area of
each constituent as well as the porosity of the overall
system.

Figure 1 shows after the simulation of 10’ decay
events the near-surface depth distribution in the solid
as well as the surface flux of a-decay product nuclei.
The model system contained a single component of a
fine grained material (“clay”) with a specific U
activilty of 100 Bg/kg and a specific surface area of 10
m2g-.
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Figure 1: Near-surface depth distribution of the
specific activity of a-recoil products (lines)
and the corresponding release fluxes at the
surface.

Obviously, the activity profiles change when
progressing along the 22U decay series (**U = ***Th
... @ ?°Th = ?*°Ra). A depletion layer is formed with
increasing depth whereas the formation of a surface
layer containing 2**°Th results in a “backfire” profile
recognisable by the shoulders at ~ 35 nm in the Z°Th
and “*Ra distribution.

Besides the activity profiles, several general
conclusions could be drawn from a number of
simulations:

- The release fluxes of a certain radionuclide,
i.e. the number of nuclei leaving the surface
per time and area depend only from the
activity concentration of the first nuclide of
the decay series in the rock. They can thus be
normalised to this activity concentration, as
summarised in Table 1 for silicate rocks.

Normalised release flux / (s* m?)/ (Bq m*)

230-|—h 226Ra 228Ra

224Ra

11,3-10° 12,3-10° 8,9-10°

12,1-10°

Table 1: Normalised fluxes for the release of radionuclides by a-recoil from silicate rock.

- A close relation exists between the Th/U

232
activity ratio w in the rock and
A( U) rock
the *®Ra/*°Ra activity concentration ratio
228
w in the brine:
CA( Ra) fluid
¢, (*°Ra A(*Th
SACTRR) 75 ACETH)
CA( Ra) fluid A( U) rock

- This ratio establishes a correlation between
the composition of fluid and rock,
respectively. It offers the possibility to derive
the Th/U ratio of the source rock from the
Radium isotope signature of the deepwater
(and vice versa) and can therefore be utilised
for clarifying the fluid’s origin.

- In an undisturbed stationary fluid system the
activity concentration ratio of “*Ra and ***Ra
(both from the #?Th decay chain) is given by



CA ( 224 Ra)
Ca ( “ Ra) fluid

Any deviation from this value indicates a
disturbance of the stationary state. For
example, during pumping of thermal water
both isotopes are no longer supplied and
because of the lower half life of *Ra the
ratio decreases.

=1.36

3. APPLICATIONS

To get an overview of typical geological formations
used in deep geothermal plants of Germany using
highly saline fluids (located in the North German
Basin and the Upper Rhine Valley), about 150
samples from drilling cores and analogue outcrops
were taken and analysed. The resulting database
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formed the basis for comparisons with radium
analyses on brines from deep geothermal plants and
other sources.

In the subsequent chapter we present a few examples
of the application of simulation results onto real
systems.

3.1. Fluid samples

A lot of Radium isotope analyses were performed in
the last decade on deepwaters used for geothermal as
well as for e.g. balneological purposes. In Figure 2 the
28Ral**°Ra activity ratios of these fluids are plotted vs.
the total activity concentration of Ra.
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Figure 2: Summary of Radium isotope analyses performed on fluid samples mainly from Germany. The solid
line gives the mean *2Th/?**U activity ratio of the earth’s crust. The dashed line is explained in the text.

The absolute **Ra activity concentrations cover a
wide range of two orders of magnitude (0.7 ... 50
Bql"). Concentrations > 1 Bq I* are generally
associated with salinities > 10 g I'™.

28Ra/**Ra activity ratios vary as well in a wide range
(0.09 3.4). The lowest values (< 0.5) were
determined in waters from limestone aquifers. This
fact is explained by the low solubility of Thorium
leading to low Th/U ratios in sedimentary formations.

The mean “?Th/*®U activity ratio of the earth’s crust
can be calculated from the average Th and U contents

A(?Th)
A(238u)
(solid line in Figure 2) is obviously higher than the
majority of the ?®Ra/*°Ra ratios in fluids. The
contradiction is resolved by applying the scaling factor

of 0.72 between Th/U rock ratio and Radium isotope
fluid ratio (cf. chapter 2). It leads to a mean

(Wedepohl 1995) to =1.35. This value

rock

28Ra/*"Ra activity ratio of 0.97 in fluids which is
much closer to the data points (see dashed line in
Figure 2).

3.2. Aquifer of Soultz-sous-Foréts

The aquifer of the geothermal plant in Soultz-sous-
Foréts is based on a fault system in the granitic
basement (Scheiber & Cuenot 2014). Pumped fluids
show a salinity of about 100 g I* and Radium
concentrations of 33 Bg I™ *°Ra and 23 Bq I **Ra,
respectively. Fracture fillings of distinctly enhanced
radioactivity could be excluded as source of the fluid
radioactivity because of their non-matching Th/U
ratios (Degering et al. 2015).

To examine the responsibility of a-recoil processes at
mineral surfaces in open fault zones of the granite
samples from the EPS-1 core were investigated. This
drilling core reaches down to a depth of about 2230 m
and is situated in close proximity to the currently used
wells GPK-1 ... -4. Especially one zone of highly
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Figure 3

fault zone is marked by hatching.

The investigated fault zone comprises the evolution
from a permeable fluid conducting zone towards the
low permeable host rock. As shown in Figure 3, this
transition is characterised by a decrease of specific
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- The ®*Ra/*®Ra ratio in the fluid is lower than
the expected value and gives a mean time
period between last Radium release from rock
and sampling at the well head of about 2
days.

Similar results (overestimation of the absolute
concentrations and good agreement of the Radium
ratios) were found also for aquifers of the North
German Basin which were investigated by sampling of
drilling cores and simulation of the overall system by
the Monte-Carlo code.

3. CONCLUSIONS

Monte-Carlo simulations of a-recoil processes at the
solid/fluid interface reveal a close relation between the
Th/U activity ratio in an aquifer rock and the
228Ra/**°Ra activity ratio in fluids.

The occurrence of enhanced activity levels of Radium
isotopes in saline deepwaters can be explained only
with common specific U and Th activities and does
not require enhanced levels of these sources.
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