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Abstract

The main points of interest of this paper are several uranium mines in Western Saxony which have been
flooded or are in a flooded state. Particularly significant are the large Schlema-Alberoda uranium mine in the
vicinity of the city of Aue, and the small P6hla mine on the border with the Czech Republic. Both mines are in
the final stage of remediation by WISMUT GmbH. Uranium is the only main pollutant that is emitted by
WISMUT GmbH into the Zwickauer Mulde River. The main sources are the Schlema-Alberoda mine and the
largest mining waste rock pile at the development site. WISMUT was thus prompted by the authorities to erect
and operate a special water treatment facility for the seepage water from the aforementioned largest waste rock
pile in order to remove uranium. The maximum level of residual uranium concentration tolerated in flood water
and seepage water is currently 0.5 mg/l, for which the relevant authorities are considering an appropriate
reduction.

All these facts underline the importance of uranium in the remediation of the Schlema-Alberoda mining area.

Abstrakt

Uranovy dul Schlema—Alberoda se nachazel v rozsahlé téZzebni oblasti podkrusnohorskych panvi v udoli
teky Zwickauer Mulde, SSZ od mésta Aue a je spolecné s hluSinovym odvalem hlavnim zdrojem uranu ve
vypousténych vodach. Spolecnost WISMUT GmbH zde provadi od roku 1990 komplexni sanacni a likvidacni
prace uzaviené¢ho dolu. V ramci realizace Evropské smérnice byla spolecnost WISMUT vyzvana vybudovat
Cistirnu prisakovych vod z odvalu za G¢elem odstranéni uranu v téchto vodach, jehoz koncentrace dosahovala az
8 mg/l. V soucasné dobé je maximalni koncentrace uranu ve vypousténych vodach z loziska a prasakovych vod
z odvalu na hodnoté 0,5 mg/l. Vechny tyto skute¢nosti podtrhuji vyznam sanace loziska Schlema — Alberoda.
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1 INTRODUCTION

The main points of interest of this paper are several uranium mines in Western Saxony which have been
flooded or are in a flooded state. Particularly significant are the large Schlema-Alberoda uranium mine in the
vicinity of the city of Aue, and the small P6hla mine on the border with the Czech Republic. Both mines are in
the final stage of remediation by WISMUT GmbH (see Fig. 1).

In addition to these, there exist several older uranium mines which were closed down as long ago as the
mid 1960s, and have been flooded for decades. Of particular interest are the:

e  Schneeberg silver and cobalt mines directly neighbouring Schlema-Alberoda;

e Johanngeorgenstadt uranium mine on the Czech border;
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e and the Zobes uranium mine in Vogland, not far from the city of Plauen.

The Schlema-Alberoda uranium mine is situated beneath an extensive mining area on both sides of the
Zwickauer Mulde and the Bad Schlema locality. WISMUT GmbH has been carrying out complex redevelopment
measures in this area since 1990. Many sites, and above all waste rock piles alongside them, were affected by
this for days. These redevelopments take into consideration the local interest in the revival of the Oberschlema
radon springs, which had been liquidated as a result of the uranium mining. In the new spa area, the
redevelopment has already been completed.

The flood water that has risen in the uranium mine is currently at a level of 20 m under the hydraulic point
of discharge into the Zwickauer Mulde River. To keep the area clear, this point of discharge was newly created
over a special mining development downstream from the area. This development ends at a 50 m deep shaft on
the site of the water treatment facility. The flood water is pumped out of this spring for treatment (Figs. 2; 3).

The mine flooding began in 1991 and was initially controlled by the regular stack pump system starting
from the operating time of the mine, which pumped out lightly polluted infiltration water. By 1997, this pump
system had become inoperative due to excessive flooding. A new system of under water pumps has been in
service since 1999, controlling the flooding by pumping out flood water.

After a dynamic phase of flooding, only a slow increase in the flooding level has been instigated since
2000, in order to guarantee the mining stabilization of the inhabited area and to rule out severe geomechanical
flooding effects (subsidence/uplift; seismic reactions) (Fig. 4).

2 HYDROCHEMICAL EFFECTS OF FLOODING

The mine flooding led first of all to a clear mobilization of substances from the mine stock.
Environmentally relevant components are uranium; radium (*°Ra); arsenic; iron and manganese. Until 1999, a
notable increase in the concentration of uranium of up to 8 mg/l could be recorded. The commissioning of the
treatment of the flood water brought about an initial steady decline in the concentration of uranium to the current
level of 2 mg/l, at which the rate of decline is gradually decreasing. Observations of the balance of materials
show a dilution of the flood water with less polluted infiltration water to be the significant cause of the decrease
in concentration (Fig. 5).

The treatment of the flood water with regard to uranium is expensive. The long-term average amount of
flood water in the mine is 7 million m*a with an annual fluctuation margin from approx. 6million m¥a to 9
million m*a. The current annual costs amount to € 6 million, of which the removal of uranium makes up about a
half.

Uranium is the only main pollutant that is emitted by WISMUT GmbH into the Zwickauer Mulde River.
The main sources are the Schlema-Alberoda mine and the largest mining waste rock pile at the development site
(Fig. 6). Another significant pollutant is arsenic, which for the most part originates from the Schneeberg ore
mine not run by WISMUT GmbH. The relevant authorities are showing an increasing interest in both parameters
in connection with the implementation of the European Union Water Framework Directive at the Zwickauer
Mulde River.

WISMUT was thus prompted by the authorities to erect and operate a special water treatment facility for
the seepage water from the aforementioned largest waste rock pile in order to remove uranium. Other rock piles
could follow if necessary.

The maximum level of residual uranium concentration tolerated in flood water and seepage water is
currently 0.5 mg/l, for which the relevant authorities are considering an appropriate reduction.
All these facts underline the importance of uranium in the remediation of the Schlema-Alberoda mining area, as
well as the interests of WISMUT in a reliable prognosis of perspective uranium emissions.
A special hydrochemical aspect here is the possibility of the in situ immobilization of uranium in flooded mines
by way of chemically reductive processes.

3 CHEMICALLY REDUCTIVE URANIUM REMOVAL
For the purposes of evaluation, a comparison will firstly be drawn of the two WISMUT mine floodings in
Schlema-Alberoda and Pohla.
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The physical parameters in situ have up until now shown the following environmental conditions (Fig. 7):
neutral pH levels;

warm, mineralized flood water;

low oxygen content;

intermediary/decreasing redox milieu.

With regards to the hydrochemical parameters of the flood water in each mine, each showed partly
corresponding, partly contrary developments.

In both flooded mines, an intensive convective mixing of the flood waters was observed. A significant
cause of this is the thermal influence on the water as a result of the geothermal temperature gradients in the rock
mass (3 — 3.5 K/100m) together with a multitude of mine workings which it can flow through.

At the P6hla mine, a rapid decrease in the concentration of uranium, sulphate and manganese to a very
low residual level was already established during the flooding (Figs. 8-10). The levels of uranium subsided from
4.5 mg/l to <0.1 mg/l. As a result, the removal of uranium within the complex water treatment process could be
completed ahead of schedule. In contrast to this, a long-term increase in concentration in both parameters
initially took place in the Schlema-Alberoda mine during the flooding, which, after a phase of stagnation, has
since given way to a lengthy period of decrease. (See above).

The developments in the levels of arsenic and radium (**°Ra) are also conflicting (Figs. 11; 12). In Péhla,
the levels of concentration increased during the flooding, and have remained static at this level since the end of
the flooding (1995). In Schlema, the increase during the further flooding was followed by a very clear (As) and
moderate (“°Ra) decrease according to exponential time functions.

For iron, both mines showed differing strong increases in concentration in the initial stage of the flooding,
followed by a moderate decline. Since then, both mines have shown identical, largely static concentration levels
(Fig. 13).

In contrast to the fundamentally similar concentrations of pollutants of both flooded mines, Schlema-
Alberoda shows significantly higher concentrations of the main cations and anions (for instance HCOg; Fig. 14).
The content of these in the flood water reached maximum levels more or less ahead of schedule, and have since
been in a continual decline, according to exponential time functions.

From these brief characterizations of individual parameters, the present development conditions of both
mines can be subdivided as follows:

e increases in concentration as a result of the mobilization of long-established weathering processes in the
air-filled mines;

e occasional stagnation in concentration as an effect of chemical buffer substances (SO,4; HCO,);

e gradual decrease in concentration through a mixing of the contaminated flood water with substantially
less polluted infiltration waters;

e for Pohla: rapid decrease in concentration through specific processes of reductive immobilization
(U; SO4; Mn), and from follow-up processes (*°Ra).

As such, intensive reductive immobilization processes have up to now only been able to be identified in
the Pohla mine. The parameters affected by this are O,; NOs; Fe¥: Mn®": SO,; U; TOC. In the Schlema-
Alberoda mine, so far only a weak chemical reduction seems to have taken place, which has affected the
parameters O,; NO; and Fe®*. This significant difference exists despite the fact that the physical flood water
milieu in both mines is nearly similar.

The question arises as to the causes of this difference and to the prognostic development in the Schlema-
Alberoda mine, in particular concerning uranium.

For Schlema-Alberoda, one must take into account that in this mine, in the upper non-floodable part of the
mine, a spacious mine ventilation with an exhaust shaft is operated, which is not the case in P6hla. Furthermore,
in contrast to Pohla, the Schlema-Alberoda mine is overlaid by an expansive waste rock pile complex, whose
leachate is contaminated (up to 5 mg/l U and 5g/I SO,), and could have an effect on the flooded area of the mine.
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In addition, there is the assumption that the relatively high concentration of sulphate mobilized in the
flood water acts hydrochemically as a redox buffer, which could block the following reduction step with regards
to uranium. Such a dependency could be empirically deduced from the flooding process in P6hla. There, the
reductive immobilization of sulphate was established earlier than that of uranium. The immobilization of
uranium was seemingly only established at a residual concentration level of SO, of approx. 250 mg/I (Fig. 15).

The question is whether this happened as a coincidence or if it corresponds to a fundamental regularity.

Additional information from the flooding of other uranium mines is useful in helping to answer this
question, although their particular characteristics are to be taken into consideration. The examination of the
aforementioned uranium mines in Western Saxony which have been flooded for decades provided some useful
information (Fig. 16).

The uranium mine in Zobes bears clear similarities to the P6hla mine. The flood water shows a reducing
milieu, uranium and sulphate are immobilized, while radium continues to be emitted in high concentrations.
Apart from the current measurements, however, no time functions of flood water parameters are available for an
evaluation of the hydrochemical development during and after the flooding.

This equally applies to the Johanngeorgenstadt uranium mine. Here, from medium to decreasing redox
ratios, low concentrations of uranium (0.01 mg/l) and moderate concentrations of sulphate (50 mg/l) are
currently recorded, at which there are elevated levels of radium (0.3 Bg/l).

The further metrologically accessible old Schneeberg ore mine manifests completely different conditions.
Here, oxidising conditions prevail, which result from an intense flow of large annual quantities of fresh
infiltration water through a small flooding volume. The similarly low concentrations of uranium (0.01 mg/l)
result from this, as well as from the already low uranium stocks of the deposit.

The number of well known “cases” of evaluable mine floodings and corresponding measurements is still
rather low to be able to make empirical generalizations. Therefore, an extension of the “case count” of relevant
mine floodings in the region of the Czech Republic should be tested, as many uranium mines were operated here.

Particularly important are current and possible historical measurements of the composition of the mine
water during and after the flooding. This with the background of information about the mining and
hydrogeological conditions of the mine. The Pribram uranium mine should be included in this, as a direct
comparison of this with the Schlema-Alberoda mine would seem to be appropriate.

RESUME

Uranovy dul Schlema—Alberoda se nachazel v rozsahlé tézebni oblasti podkrusnohorskych panvi v udoli
feky Zwickauer Mulde, SSZ od mésta Aue. Spolecnost WISMUT GmbH zde provadi od roku 1990 komplexni
likvidaéni a sanaéni prace uzaviené¢ho dolu. Faze dynamického pfirozeného zatapéni dolu trvala od roku 1991 do
roku 2000. Nésledovalo fizené pozvolné zatapéni pii sou¢asném odcéerpavani dulnich vod s cilem stabilizace
téZbou postizené obydlené oblasti, vylou¢eni zavaznych geomechanickych u¢inka zatapéni (poklesy, zdvihy
terénu, seismické jevy) a minimalizace zatizeni hydrosféry oblasti. Zaplaveni dolu zptisobilo mobilizaci
environmentaln& zavaznych polutantdi (U, %° Ra, arsen, Zelezo a mangan). Postupn& do roku 1999 byl v diilnich
(zaplavovych) vodach registrovan nartist koncentrace uranu, a to az na hodnotu 8 mg/l. Po zavedeni ¢isténi
dilnich vod byla snizena koncentrace uranu ve vypousSténych vodach na troven 2 mg/l. Primérné rocni
mnozstvi zdplavovych vod je cca 7 mil. m® a ro¢ni naklady na jejich &isténi jsou 6 mil. € (z toho cca polovinu
tvofi naklady na separaci uranu).

Hlavnim zdrojem uranu ve vypousténych vodach je dil Schlema—Alberoda a jeho hluSinovy odval.
V ramci realizace Evropské smérnice byla spole¢nost WISMUT GmbH vyzvéana vybudovat Cistirnu prasakovych
vod z odvalu za i¢elem odstranéni uranu v té€chto vodach. V soucasné dobé€ je maximalni koncentrace uranu ve
vypousténych vodach z loziska a prisakovych vod z odvalu na hodnote 0,5 mg/I.

V dole Schlema—Alberoda a P6hla jsou specifické hydrochemické podminky, které umoziuji imobilizaci
uranu v zaplavovych vodach také diky redukénim podminkdm. V obou dolech dochézi k intenzivnimu misSeni
zaplavovych vod, které je zplsobeno geotermalnim gradientem skalniho masivu (3 az 3,5K/100m) a rozsahem
dilnich dél, kterymi miZze voda protékat. Na dole PShla byl prokazan béhem zatapéni rychly pokles koncentrace
uranu (ze 4,5 mg/l na <0,1 mg/l), sirani a manganu, coz umoznilo ukonceni ¢isténi dllnich vod jesté pred
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planovanym terminem. Naopak v dole Schlema—Alberoda dochazelo béhem zaplavovani k naristu koncentrace
t&chto polutantii, coz prodlouzi dobu jejiho o&ekavaného poklesu. Vyvoj koncentrace arsenu a radia (*° Ra) je u
dolu Pohla a Schlema—Alberoda odlisny. Na dole Pohla doSlo ke zvySeni koncentrace béhem zatapéni na
urovefi, kterd zistava od ukonceni zatdpéni (1995) konstantni. Na dole Schlema—Alberoda je znatelny narist
béhem zatapéni a pozd&ji velmi vyrazny (u As) a mirny (u “°Ra) pokles. V obou dolech bylo pii zatapéni
prokéazano silné pocatecni zvyseni koncentrace zeleza s naslednym pozvolnym poklesem na uroven, ktera vSak
jiz nyni zGstava stabilni.

Vyrazné redukéni prostfedi bylo prokazano jen v dole Pohla piesto, ze fyzikalni podminky zaplavovych
vod v obou dolech jsou velmi podobné. MozZnou pii¢inou je, ze oproti dolu Pohla se v dole Schlema—Alberoda
nachazeji nezaplavené casti s funkénim ventilatnim systémem. Na povrchu je dulni pole pfekryto rozsahlymi
odvaly, ze kterych mohou priisakové vody infiltrovat do diilnich d&l (dotace az 5 mg/l U, 5g/l SO4).

Pro obecné empirické zavéry je stale jesté malo potiebnych tidaji a proto byla vyuzita moznost vyzkumné
spoluprace s odborniky v Ceské republice, ktefi maji k dispozici aktualni i historicka mé&feni slozeni dilnich
vod, informace o tézbé& a hydrogeologickych podminkach uranovych doli na svém tzemi. Pfedmétem zajmu je
zejména lozisko Pfibram, které je vhodné pro srovnani s dolem Schlema—Alberoda.

APPENDIX : Presentation , Flooding of The Schlema-Alberoda Uranium Mine / Prognosis of
Uranium Concentration® *) - October 2009 in Konigstein, Germany

*) Appendix of individual articles has not language correction
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