Mine water tracing

CHRISTIAN WOLKERSDORFER
TU Bergakademie Freiberg, Lehrstuhl fiir Hydrogeologie, Gustav-Zeuner-Strasse 12, D-09599
Freiberg/Sachsen, Germany (e-mail: c.wolke @ tu-freiberg.de)

Abstract: This paper describes how tracer tests can be used in flooded underground mines
to evaluate the hydrodynamic conditions or reliability of dams. Mine water tracer tests are
conducted in order to evaluate the flow paths of seepage water, connections from the surface
to the mine, and to support remediation plans for abandoned and flooded underground
mines. There are only a few descriptions of successful tracer tests in the literature, and
experience with mine water tracing is limited. Potential tracers are restricted due to the
complicated chemical composition or low pH mine waters. A new injection and sampling
method (‘LydiA’-technique) overcomes some of the problems in mine water tracing. A
successful tracer test from the Harz Mountains in Germany with Lycopodium clavatum,
microspheres and sodium chloride is described, and the results of 29 mine water tracer tests
indicate mean flow velocities of between 0.3 and 1.7 mmin ",

Hundreds of mines have been closed, due to
economic or ecological reasons, in the recent
past. In many cases, the groundwater table was
allowed to rise again as the underground
workings flooded. In some remote areas the
pollution of surface or underground waters has
been taken to be of no serious account, but in
most of the developed countries (e.g. United
States of America, Europe) polluted mine water
must be treated. Mine water treatment, as has
been shown by the examples of Picher,
Oklahoma, USA (Sheibach et al. 1982; Parkhurst
1988), Wheal Jane, Cornwall, UK (Hamilton
et al. 1997) or Konigstein, Germany (Gatzweiler
& Meyer 2000), can be extremely expensive, es-
pecially if acid mine water is involved. There-
fore, the mine owners have to find new,
innovative tools to control the hydrodynamic
conditions within a flooded mine to minimize
the pollution load (e.g. Scott & Hays 1975;
Fernandez-Rubio et al. 1987; Wolkersdorfer
1996; Lewis et al. 1997) and to introduce passive
treatment techniques at the correct time after
mine flooding (Younger 2000).

Techniques must be evaluated prior to ap-
plying natural attenuation or passive in situ
remediation methods. Furthermore, after the
chosen method has been applied, its reliability
must be proven (Younger & Adams 1999), and
tracer techniques are a useful tool to test the
remediation method. Finally, tracer tests can also
be used in addition to quantitative analyses of
rock stability in flooded mines (Hunt & Reddish
1997).

Usually, tracer tests in the vicinity of mines
are conducted to find connections between the
ground surface and the mine, or vice versa.
Typical examples are the tracer tests that ac-
company numerical models for performance
assessment at potential radioactive waste dis-
posal sites (e.g. Lee 1984). All tracer tests in
mines can be grouped on the basis of their
objectives:

e mine water inrushes/inundations (Skow-
ronek & Zmij 1977; Goldbrunner et al.
1982; Wittrup et al. 1986; Wu et al. 1992;
Lachmar 1994);

e optimize mining strategy (Adelman et al.
1960; Reznik 1990; Kirshner 1991; Kirsh-
ner & Williams 1993; Miller & Schmuck
1995); :

e underground waste disposal (non-radio-
active; Fried 1972; Himmelsbach & Wend-
land 1999);

e underground waste disposal (radioactive;
Abelin & Birgersson 1985; Brewitz ef al.
1985; Galloway & Erickson 1985; Cacas
et al. 1990; Lewis 1990; Birgersson et al.
1992 (studies in the STRIPA mine, Sweden,
since 1980—numerous papers have been
published on the Stripa mine and the tracer
tests conducted in the fractured crystalline
rocks); Sawada et al. 2000);

e subsidence (Mather et al. 1969),

e remediation strategies (Aldous & Smart
1987; Doornbos 1989; Aljoe & Hawkins
1993, 1994; Davis 19944, b; Wolkersdorfer
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1996; Wolkersdorfer et al. 1997, Canty &
Everett 1998).

Tracer tests have also been conducted to study
‘heat mining’ in geothermal projects (e.g. Gulati
et al. 1978; Homne et al. 1987; Kwakwa 1989;
Randall et al. 1990; Aquilina et al. 1998). Because
their use is similar to studies in fractured rocks
(see Himmelsbach et al. 1992; KiB 1998) and
energy mining is usually carried out by the use
of boreholes only, these studies will not be
considered further.

Many tracer tests have not been published in
the literature or are only available as academic
theses (e.g. Anderson 1987; Bretherton 1989;
Doornbos 1989; Diaz 1990; Wirsing 1995). This
is often because they were either unsuccessful or
the results confidential. Up to now, only a small
number of tracer tests have been conducted in
flooded underground mines to trace the hydro-
dynamic conditions within the flooded mine itself
(Aljoe & Hawkins 1994; Wolkersdorfer et al.
1997; Wolkersdorfer & Hasche 2001). This was
mainly due to the fact that no suitable method was
available for injection of the tracer into the mine
water at predetermined depths or without
contaminating the mine water above the injection
point. Most tests, therefore, injected the tracer
at the surface to flow towards the mine through
fractures (e.g. Lachmar 1994) or they used bore-
holes (e.g. Galloway & Erickson 1985; Cacas
et al. 1990).

Aims of mine water tracer tests

Tracer tests are well established in groundwater
studies where they are commonly used to
investigate the hydraulic parameters or inter-
connections of groundwater flow (Kif 1998).
Most of the techniques are well described and,
depending on the aims of the tracer test and the
hydrological situation, a range of tracers or
methods can be chosen.

Published results of tracer tests in abandoned
underground mines are not common, as already
stated by Davis (1994a, b). Therefore, in mine
water tracing, less experience exists and the
expected results of an individual mine water
tracer tests cannot always been found. The basic
aims are as follows:

e testing the effectiveness of the bulkheads
(dams);

e investigating hydrodynamic conditions;

e tracing connections between mine and
surface;

o clarifying water inundations;

e investigating mass flow;

e estimating the decrease or increase of
contaminants.

Historically, the first tracer tests conducted in
mines were simply to reveal connections between
ground or surface waters and the mine (e.g.
Skowronek & Zmij 1977). One of the first tracer
tests in a deep flooded underground mine to
investigate the more complex hydrodynamic
conditions was conducted in 1995 (Wolkersdorfer
1996).

In future studies, tracer tests should become a
prerequisite for the evaluation of remediation
strategies used for reclaming abandoned mine
sites. Kimball er al. (1999) have already provided
an example of how to use tracer tests and synoptic
sampling of trace metals in surface streams to
evaluate the environmental impacts of mine
effluents to watersheds.

Possible mine water tracers

Underground mines consist of a number of
shafts, adits, raises and stopes, which are similar
and comparable to the features found in karstic
terrains. Therefore, a flooded mine can be looked
on as a karst aquifer in a conceptual model, and
numerical models of flow in karst aquifers (e.g.
Liedl & Sauter 2000) might also describe the
hydrodynamic situation in underground mines.
Furthermore, the tracer techniques developed for
karst aquifers (e.g. Habi¢ & Gospodari¢ 1976;
KiB 1998) should be appropriate also for flooded
mines.

Several classes of tracers have been used in
mine water tracing (Table 1). As, usually only
successful tracer tests—if at all—are reported,
little can be said about tracers that are unsuitable
for mine water tracing. In the case of fluorescein,
which easily adsorbs to organic materials, there
are both successful tests as well as unsuccessful
ones.

The chemical composition of mine waters very
often tends to be extreme: total dissolved solids
(TDS), pH (e.g. Iron Mountain: pH —3.6;
Nordstrom et al. 2000) or metal concentrations
are usually high (Banks et al. 1997) and conse-
quently limit the number of tracers that could
be used successfully. Even conservative tracers,
such as fluorescein, might be unsuitable under
certain mine water conditions (e.g. low pH, high
suspension load, wooden supports, free chloride
radicals). A detailed discussion about the
effectiveness, strengths and weaknesses of tracers
would go beyond the scope of this paper but can
be found in Wolkersdorfer (1996) or KiB (1998).

Laboratory tests using the chosen tracer and
typical mine water compositions are essential for
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Table 1. Artificial and natural tracers that have already been used in mine water tracing

Artificial tracers
Salts

Dyes

Solid tracers

Radioactive tracers
Neutron activation analysis
Natural tracers

Lead isotopes

Zinc variations
Temperature

Conductivity
Carbondioxide

Tritium

Stable isotopes

Chloride (Mather ez al. 1969; Aljoe & Hawkins 1994;
Canty & Everett 1999; Wolkersdorfer & Hasche 2001)

Bromide (Doornbos 1989; Kirshner 1991; Wu et al. 1992;
Kirshner & Williams 1993; Aljoe & Hawkins 1993, 1994)

Sulphur hexafluoride (Kirshner 1991; Kirshner & Williams 1993)

Lithium (Wu et al. 1992)

lodide (Wu et al. 1992)

Borate (Lewis 1990)

Fluorescein, Uranine (Mather et al. 1969; Parsons & Hunter 1972;
Goldbrunner et al. 1982)

Rhodamine B (Skowronek & Zmij 1977; Aldous & Smart 1987;
Davis 1994aq, b)

Rhodamine WT (Canty & Everett 1999)

Lycopodium (Wolkersdorfer 1996, Wolkersdorfer et al. 1997)

Microspheres (Wolkersdorfer & Hasche 2001)

Lorenz 1973

Jester & Raupach 1987

Horn et al. 1995
Bretherton 1989
Anderson 1987; Wolkersdorfer 1996
Bretherton 1989; Reznik 1990; Wolkersdorfer 1996
Kirschner 1989
Parsons & Hunter 1972; Goldbrunner et al. 1982; Diaz 1990;
Pujol & Sanchez Cabeza 2000
Adelman et al. 1960; Klotz & Oliv 1982; Wittrup et al. 1986; Diaz 1990

obtaining positive results. All tracers have to be
selected on their expected or known behaviour in
mine water. An important consideration when
conducting such tests is the duration of the
laboratory test. Mine water commonly flows with
mean velocities of 0.3-1.7mmin~* (95% confi-
dence interval of 29 tracer tests investigated,
excluding the maximum and minimum value; see
Table 6), which can be used for arough calculation
of the expected residence time. The stability of the
tracer in the mine water must be at least as long as
the duration of the test. Preceding the Nieder-
schlema—Alberoda tracer test, 45 days of
laboratory tests, and preceding the StraBberg
tracer test, 4 weeks of laboratory tests with regular
tracer sampling and visual analyses were
conducted to test the stability of the tracers within
the mine water (Wolkersdorfer 1996; Wolkers-
dorfer & Hasche 2001).

The most suitable tracer is chosen on the results
of the laboratory tests, the cost of the tracer
material, and the cost of analysis. In addition, a
detailed hydrogeological investigation is needed
to clarify the most suitable injection and sampling
points (‘conceptual model of test site’). Many
tracer tests, even if a suitable tracer has been
chosen, have been unsuccessful due to a lack of
knowledge about the hydrogeological situation

and inappropriate selection of injection and
sampling sites.

In the following sections a tracer test in a
flooded underground mine will be used to explain
the procedures necessary for a mine water tracer
test. To understand the aims of the test, a short
description of the mine and the hydrogeological
situation at the time of the tracer test is given.
Some conclusions are drawn, based on the test
described, and other tracer tests conducted or
described in the literature.

Case study: the StraBberg—Harz
underground mine

Description of the mine

Located in the eastern Harz mountains, the
StraBberg fluorspar mine is divided into three
mining districts (from north to south: Brach-
mannsberg, StraBberg (Biwender), Glasebach)
each connected by two underground adits but
with different water chemistries (Table 2).

The surrounding area of the mine consists
predominantly of Lower Devonian rocks. In
the northern part Lower Carbonian rocks, that
are partly influenced by metamorphism of the
Ramberg pluton (intrusion age: 290 = 10 Ma),
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Table 2. Mean composition of the mine water in the Straﬁber[g mine during the time of the tracer test (30 May — 27
July 2000) in mgLil. Li: <0.1 mgL'], NO;: <0.5mgL

Shaft n Na K Ca Mg Fe Mn Cl SO, HCO; F
No 539 15 22 2 56 21 21 12 28 198 64 5
Fluor 11 15 2 140 29 22 6 17 387 77 8
Glasebach 9 14 5 178 32 10 13 17 385 184 7

crop out. Galena, sphalerite, pyrite, arsenopyrite,
fluorspar and barite occur in veins. The countrly
rock has a permeability of about ks = 107 %ms™ 1,
and groundwater circulates through fissures,
faults, karstic features and galleries (Wolkersdor-
fer & Hasche 2001). The natural hydrogeological
situation has been substantially impacted by the
many decades of mining. Pollutants are carried off
the mine site by rainwater or drainage water and
deposited into rivers, lakes and the groundwater.
Mine flooding is believed to be the most economic
method for redevelopment of underground mines.

Before its closure, the Stralberg fluorspar mine
was the largest fluorspar mine in the German
Democratic Republic. In 1991, economic and
environmental reasons caused the closure of the

StraBberg fluorspar mine, owned by the GVV
(Gesellschaft zur Verwahrung und Verwertung
von stillgelegten Bergwerksbetrieben mbH;
Company for Remediation and Ultilization of
Abandoned Mines Ltd; Kuyumcu & Hartwig
1998). Situated in the Mid Harz Fault Zone of the
eastern Harz Mountains (Fig. 1), approximately
30km south of Quedlinburg and 6km west of
Harzgerode, the StraBberg mine was the most
important producer of fluorite in the former GDR
(Mohr 1978). Besides fluorite, the hydrothermal
polymetallic mineralization of the vein structures
comprises several ore minerals of Permian—
Cretaceous age (e.g. pyrite, galena, sphalerite,
chalcopyrite, arsenopyrite, wolframite, scheelite,
siderite; Kuschka & Franzke 1974).
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Fig. 1. Map of Germany with the location of the StraBberg mine in the eastern Harz mountains and its main

galleries and shafts.
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Mining was started more than 1000 years ago
when silver, copper and lead were the targets of
the miners. From the eighteenth century until
1990 mining focused on fluorspar, which was
mainly found in the deeper parts of the mine
(Bartels & Lorenz 1993). Sinking the Fluor
dayshaft at the StraBberg pit in 1910 marked the
start of the last production period, and between
1950 and 1970 the VEB Harzer Spatgrube joined
the three most important deposits of the
Stra8berg mining district by driving two deep
adits on the fifth and seventh levels (from north to
south: Brachmannsberg pit, No. 539 shaft;
StraBberg pit, Fluor shaft; and Glasebach pit,
Glasebach shaft). Whilst the 3.5 km long
Nordquerschlag (northern adit) connects the
Brachmannsberg and Straflberg pit on the fifth
level, the 1.5 km long Glasebachquerschlag
(Glasebach adit) connects the StraSberg and
Glasebach pits on the seventh level. Ultimately,
when the ore reserves in the Brachmannsberg
underground pit decreased in the 1980s, a dam
was constructed in the northern adit, to separate
the Brachmannsberg pit prior to flooding from
the StraBberg pit.

On 31 May 1991 flooding of the Straberg and
Glasebach underground pits was started. Between
July 1992 and August 1998, accompanying in situ
temperature and conductivity measurements
within the No. 539 shaft and the Fluor shaft (310
and 147 m deep, respectively) clearly showed that
stratification within the water body was taking
place (Kindermann 1998; Riiterkamp & MeBer
2000). Evidence for the stratification were
differences in temperature, conductivity and
metal-concentration between each of the water
bodies (Table 3), with concentrations, particularly
of iron, manganese and sulphate, increasing with
depth.

Furthermore, the physico-chemical and
chemical parameters of the water within the
three parts of the mine respectively, showed
significant differences, especially in TDS. After

an intensive investigation the DMT (German
Mining Technology) proposed to construct three
new adits (the ‘three-adit system’) to drain the
good quality water. They also predicted the long-
term quality of the drainage water and, based on
these results, a possible site of the final treatment
plant was chosen (Riiterkamp & MeBer 2000).
Almost immediately after the three adits were
finished, stratification occurred as has been
observed elsewhere (Wolkersdorfer 1996). Hav-
ing analysed the new conditions, the consultant
and the mine owners came to the conclusion that
the water within the mine was flowing from the
south to the north. Consequently, they thought
that the mine water quality could be substantially
improved by constructing a drainage pipeline
from the StraBberg pit to the Glasebach pit.

At this stage, the Department of Hydrogeology
at the Technical University Mining Academy
Freiberg became involved in the project and
proposed a tracer test in the mine. The StraBberg
tracer test was designed to answer the following
questions:

e How does the water flow between the three
pits?

e Is the bulkhead between the Brachmanns-
berg and the StraBberg pit still effective?

e Does the sewage water from the Sipten-
felde brook flow into the mine?

e What are the speeds of the mine water?

o Why did the stratification break down after
the installation of the three-adit system?

After careful investigation of the hydrogeolo-
gical and geochemical situation, as well as the
accessibility of potential injection and sampling
points, six injection and four sampling points
were chosen. One of the injection points finally
proved to be unsuitable, and the following
injection points were actually used (from north
to south): No. 539 shaft, Siptenfelde seepage,
No. 530 shaft, Fluor shaft, Glasebach shaft

Table 3. Selected constituents of the mine waters in the Flour and No 539 shaft in mg ™' before and after the
3-adit system taken in use (after Riiterkamp & Mefer 2000)

Depth* Fluor shaft Depth* No. 539 shaft
(mHN) (mHN)
25.8.1997 24.2.2000 26.8.1997 24.2.2000
Fe Mn SO, Fe Mn SOy Fe Mn SO, Fe Mn SO,
c. 340 40 8 466 31 6 359 367 22 1 143 23 1 204
284 42 9 478 27 11 417 272 79 2 389 22 1 196
134, 204 52 19 600 50 18 525

*mHN, meters above sea level (Kronstadt elevation).
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(Fig. 1). It was important that tracers were
injected as deep as possible within the No. 539,
Fluor and Glasebach shafts because the three pits
are connected to each other by adits at the shaft’s
deepest points.

As more than one injection point was needed
for the test, only a multi-tracer test could be
conducted. Owing to the volume of the mine, the
use of salts would have required large amounts
(e.g. 5-10t of NaCl). Radioactive tracers would
have been a good choice, but their detection is
expensive and the German authorities do not
allow these tracers to be used in large amounts. As
has been shown elsewhere, fluorescent dyes seem
to be unstable in mine water due to chemicat and
physical reactions and, as with salts, relatively
large amounts have to be injected. Dyed club moss
spores (Lycopodium clavatum, 30 pm diameter)
and microspheres (15 pm diameter) were chosen
because in both cases multiple colours can be used
at the same time, and even small quantities
contain billions of tracer particles that can be
readily detected.

To guarantee reliable results, continuous
sampling of the tracer is necessary. Unfortunately,
microspheres and club moss spores cannot be
sampled continuously, but only quasi-continu-
ously using filters that have to be changed
regularly (KidB 1998). Nichren & Kinzelbach
(1998) presented an on-line microsphere counter
(flow cytometer) for microspheres with a
diameter of 1 pm and a flow rate of up to
Imlmin~' to be used in groundwater studies.
Because of the requirements of a tracer test in a
flooded mine (rough underground conditions,
high flow rates) and the conditions of the mine
water itself (e.g. high suspension load), a flow
cytometer was unfeasible. Therefore, the pro-
cedures and filter systems of the LydiA-technique
(Lycopodium Apparatus; Wolkersdorfer er al.
1997) were selected to inject the tracers into the
deep flooded mine at the predetermined depths

without contamination and to sample the tracers.
Owing to a pending patent no more details about
the injection technique can be given here.

Tracer amount

It was calculated that 500—600 g of Lycopodium
and 4 X% 107 pieces of microspheres would be
required at each injection point to get reasonable
concentrations of tracers at the sampling points.
In the case of the Siptenfelde Brook an amount of
200001 of saturated brine (c. 6.2t of NaCl) was
needed to raise the conductivity above
background.

The calculations used to estimate the mass of
tracer required are similar to those used in karst
aquifer tracing (see KaB 1998). They can also be
calculated on the assumption that the recovery
rate of Lycopodium is about 2-7%, that of
microspheres is 50-90% and that at least one
tracer particle per litre of water must be present,
assuming a total mixing of the mine water
(Table 4).

During the tracer test, nearly 10m’ of water
were pumped through the three filter systems
that were installed and the filters changed on a
12 hour basis. Consequently, the tracers of
50-1001 of mine water were concentrated within
the filter system and, thereafter, used for analyses
as described below.

Tracer sampling and analyses

Owing to the characteristics of the tracers, two
different sampling techniques were used. The
sodium chloride was detected by continuous
conductivity measurement at sampling points in
the Uhlenbach brook (PIC GmbH, Munich/
Germany), No. 539 shaft (Logln GmbH,
Gommern/Germany), Fluor shaft (Logln
GmbH, Gommern/Germany) and the Glasebach
shaft (EcoTech GmbH, Bonn/Germany). Filter

Table 4. Injection points, depth in shafts, and injection times of the seven tracers used

Injection points (depth) Tracers Quantity" Injection time
Siptenfelde seepage NaCl brine 20m’ §6'2 t) 2 June: 9.08 - 10.15
No. 539 shaft (92 m) Microspheres blue, 15 um 4 %10’ pes 5 June: 14.44*

No. 530 shaft (ca. 20m) Microspheres orange, 15 um 4% 107 pes 5 June: 9.50 — 10.13
Fluor shaft (247 m) Microspheres red, 15 um 4 % 107 pes 5 June: 12.18*
Fluor shaft (247 m) Spores malachite green 2649¢g 5 June: 12.18*
Fluor shaft (247 m) Spores saffron coloured 2795¢g 5 June: 12.18*
Glasebach shaft (4 m) Microspheres green, 15 um 4 % 107 pes 5 June: 8.11*

Add 40h to the times marked with an asterisk, as LydiA (Lycopodium Apparatus) opened approximately 40 h later.

' pcs, pieces.
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systems, each with 100 and 15 pm filters (NY
100 HC, NY 15 HC; Hydro-Bios, Kiel/Germany)
for collecting the solid tracers (microspheres,
spores), were installed at the No. 539 shaft, Fluor
shaft and Glasebach shaft. Mini piston pumps
were used for sampling (Pleuger Worthington
GmbH, Hamburg/Germany) and installed 5-
10 m below the water surface. Every 12 hours the
filter system was changed and the filters were
stored in 500 ml brown glass bottles.

Most of the 147 filter samples contained
noticeable amounts of Fe-oxides. Therefore,
oxalic acid was added to remove both Fe-oxides
and carbonates. Edetic acid, as recommended by
Kab (1998), if used in chemically unbalanced
quantities creates crystals that complicate the
counting process (Wolkersdorfer et al. 1997). In
the laboratory, after at least 1 day of reaction, the
filters were carefully rinsed and the solids filtered
through 8 wm cellulose nitrate filters (Sartorius,
Gottingen, Germany) 47 mm in diameter, Nal-
gene plastic filters were used for membrane
filtering using a hand vacuum pump. After each
filtration the Nalgene filters, the filter unit and the
working tables in the laboratory were cleaned to
exclude any kind of contamination during sample
preparation.

After drying and mounting the 147 cellulose
nitrate filters on glass plates, the fluorescent
microspheres and the spores were counted under
a fluorescence microscope (Zeiss, Gottingen).

1,700

Depending on the number of solid particles on
the filters, an aliquot part of the whole filter was
counted and the totals for the whole sample
calculated.

Results

Sodium chloride. An increase in conductivity
could only be detected at the Fluor shaft (Fig. 2).
None of the other sampling points (Uhlenbach
brook, No. 539 shaft and Glasebach shaft) showed
a significant change in conductivity that could be
attributed to the sodium chloride tracer. During

- the time of conductivity measurements, the Fluor

shaft (30 May—31 July) discharged 3.2 m> min '
of mine water resulting in a total tracer recovery of
39% (2.41 of the 6.2t injected). Considering the
geological and tectonic conditions, this recovery
rate is unexpectedly high, suggesting a good
hydraulic connection between the Siptenfelde
brook and the mine.

After some rainfall events (Fig. 2) the con-
ductivity in the Fluor shaft increased signifi-
cantly after about 1 day (e.g. 11 June, 7.49 pm;
11 June, 10.28 pm; 3 July, 9.34 pm). Each peak
is seen to start quickly and tail out slowly (see
inset in Fig. 2). Based on a distance of 2250 m
between the Siptenfelde seepage and the Fluor
shaft, a mean effective velocity of 1.5mmin~'
can be calculated for the meteoric and mine
water flowing between the brook and the shaft’s
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Fig. 2. Plot of precipitation (Siptenfelde station) and conductivity in the Fluor shaft. The arrow marks the time of
the injection of the sodium chloride tracer into the Siptenfelde brook. Changes before 6 June are due to moving

the conductivity probe upwards in the shaft by 5 m.
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Table 5. Mean effective velocity of mine water in the Strafiberg mine. No tracer from No. 539 shaft could be

detected anywhere

From To Tracer Velocity vegr Distance
(m min~ ") (m)
No. 530 shaft Fluor shaft Microspheres 0.1 1773
No. 530 shaft Glasebach shaft Microspheres 0.3 4798
Fluor shaft Fluor shaft Microspheres 0.2 238
Fluor shaft Fluor shaft Club moss spores 0.1 238
Fluor shaft Glasebach shaft Microspheres 03 3180
Fluor shaft Glasebach shaft Club moss spores 0.2-1.2 3180
Siptenfelde brook Fluor shaft NaCl-brine 1.5 2250

outflow (Table 5). None of these peaks were
observed elsewhere, and reasons for these peaks
other than the NaCl tracer can be excluded.

Club moss spores (Lycopodium clavatum). Club
moss spores were only detected at the Fluor shaft
and the Glasebach shaft (Fig. 3). A total of
323,220 spores in the Fluor shaft and 200,820 in
the Glasebach shaft could be found after § June.
Based on the ratio of the water pumped and the
water flowing out of the three shafts, the recovery
rate is as high as 6%.

Within the Flour shaft, the club moss spores
peak reached 199,200 some 2.5 days after tracer

200000

injection, and in a relatively short time of 1.5
days decreased to nearly 4000 suggesting a
low hydraulic dispersion. A second peak with
6500 spores occurred 6 days after tracer injection.
From the injection point to the surface of the
water, the spores have to flow 238 m, thus the
mean effective velocity calculates to 0.1-
0.2mmin"' (Table 5).

It is possible that some of the filter nets used
may have been contaminated from storage after
an earlier tracer test. Therefore, the results cannot
be interpreted easily and it is not clear whether the
1000-6000 spores are due to contamination or
not. Nevertheless, 10.5 days after tracer injection
is a clear peak with 25 000 spores and another one
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Fig. 3. Breakthrough curves of the club moss spores detected at the Fluor and Glasebach shafts. The arrow marks
the time of tracer injection. The abscissa shows the dates of sampling. No spores were detected at the No. 539
shaft. Noticeable amounts of spores at the fluor shaft arrived 2.5 days, and at the Glasebach shaft 11 days, after

tracer injection.
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Fig. 4. Breakthrough curves of the microspheres detected at the Fluor shaft. (max.: 3219 microspheres). The
abscissa shows dates of sampling. The arrow marks the time of tracer injection.

with 7400 spores 3 days after tracer injection.
Once again, the maximum is reached very
quickly, with a decline to background within 2
days. Between the injection point in the Fluor
shaft and the detection point in the Glasebach
shaft, the tracer had to flow 3180 m at the shortest
pathway. Taking into consideration the two peaks
and the shortest flow distance, the mean effective
velocity is 0.2—1.2mmin "' (Table 5).

Microspheres. From the microspheres injected
in the No. 539, No. 530, Fluor and Glasebach
shafts, only the microspheres from the No. 530
and Fluor shafts could be detected. It cannot be
excluded that the LydiAs (Lycopodium Appar-
atus) lowered into the No. 539 and Glasebach
shafts did not open properly.

In the Fluor shaft, microspheres from the Fluor
shaft and the No. 530 shaft could be detected
(Fig. 4). One day after the tracer injection 220
microspheres from the deep part of the Fluor
shaft could be detected in the outflow from the
shaft. A sharp peak was observed that tailed out
within 1.5 days. The other peaks of microspheres
from the Fluor shaft are negligible, but 13 days
after tracer injection 3219 microspheres from the
No. 530 shaft reached the sampling point at the
Fluor shaft. A significant tracer signal could still
be observed 2.5 and 4 days later. Based on the
shortest distances of 238 and 1773 m from the

injection to the sampling point, the mean effect-
ive velocities are 0.1-0.2mmin .

Only microspheres from the No. 530 shaft
could be detected at the Glasebach shaft (Fig. 5).
All the other microspheres, including those
injected into the Glasebach shaft itself, were not
sufficiently abundant to draw useful conclusions.
Some 13 days after tracer injection, 9748
microspheres from the No. 530 shaft arrived at
the sampling point at the Glasebach shaft. As
already observed in the Fluor shaft, the peak tails
out slowly and even 3 days later a significant
amount of microspheres could still be detected.
As the distance between the No. 530 and
Glasebach shafts is 4798 m, a mean effective
velocity of 0.3mmin ' is indicated.

Table 5 summarizes the results of all successful
tracer detections during the StraBberg tracer test.
From the results obtained, the velocities are
consistently around dmmin ', and it can be
concluded that similar hydrodynamic conditions
exist in the mine, independent of the location.

Straberg mine: brief conclusions

The general flow direction throughout the tracer
test was from north to south, as tracers injected
were never found north of their injection point.
All parts of the mine are hydraulically well
connected, which explains the similar chemical
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composition of the mine water in the Fluor and
Glasebach shafts. Previous to the tracer test, it
was believed that the general flow direction of
the mine water was from south to north. Under
the current flow regime, with the 3-adit system
working, previously observed stratification can-
not be re-established.

Furthermore, the sodium chloride tracer con-
firmed the assumption that there is a connection
between the Siptenfelde seepage and the mine.
The breakthrough curves clearly show that the
hydraulic dispersion within the flow path through
the partly unsaturated fissured aquifer and the
drifts and shafts is small, and that the tracer is
transported after rainfall events only. Because
more than one third (39%) of the injected sodium
chloride tracer was recovered within the six
weeks of the tracer test, it must be assumed that
there is a good connection between the Sipten-
felde seepage and the northern adit. Finally, the
tracer test’s results confirm that the bulkhead at
the northern adit is hydraulically inactive.

Outlook

Tracer tests in partly or fully flooded underground
mines are rarely conducted and even less often
published. Therefore, the experiences gained in
the scientific world are limited until tracer tests in
flooded mines become more widespread.

A critical prerequisite for a successful mine
water tracer test is a conceptual model of the test
site and extensive hydrogeological investigation
of the mine and its surroundings, including the
geological setting because tracers that are
injected close to the surface have to flow through
the unsaturated zone. Tracer velocities depend on
the hydraulic head and the hydraulic properties
of the rock. The mine geometry should be known
reasonably accurately from mine plans, although
former mine workers may have to be consulted to
assist setting up the injection and sampling plan.
In many cases, geochemical investigations of the
mine water can help to understand the flow
regime and trace elements might be useful to
support the outcome of the tracer tests.

From the literature review, water velocities
range between 0.001 and 11.1 mmin ! (Table 6),
with a nearly log-normal distribution (24 tracer
tests). Interestingly, 99% of all the mean mea-
sured velocities are between 0.2 and 1.5 m min .
Until now, the reasons for that have not been fully
understood, but ongoing investigations will
provide more details within the next few years.

Tracer tests in mines would benefit from the
development of new innovative tracer tech-
niques. Future work, therefore, has to focus on:

e fracer injection into predefined depths;
e measuring of the exact injection time;
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Table 6. Reported distances and mean velocities of
worldwide tracer tests in underground mines. The table
is given for comparison only, details concerning
geological setting and hydraulic parameters are given
in the literature cited. Mean of all 29 tracer tests: 0.3 -
1.7mmin " (95% confidence interval, excluding the
maximum and minimum value)

Distance Mean velocity Author

(km) (mmin~ )

0.2 0.001 Aljoe & Hawkins 1993*
0.044 >0.004 Aljoe & Hawkins 1993
0.077 0.01 Canty & Everett 1999
0.13 0.01 Aljoe & Hawkins 1994
0.780 0.01 Wolkersdorfer 1996

0.35 0.1 Mather et al. 1969

0.077 0.12 Canty & Everett 1999
0.077 0.14 Canty & Everett 1999
0.171 0.17 Canty & Everett 1999
0.283 0.1-0.2 This study

1.773 0.1-0.2 This study

1.7 0.1-03 Parsons & Hunter 1972
0.229 0.23 Canty & Everett 1999
3.180 0.2-1.2 This study

3.6 0.3 Aldous & Smart 1987
4.798 0.3 This study

0.15 0.4 Mather et al. 1969

0.172 0.4 Wolkersdorfer et al. 1997
0.216 0.5 Wolkersdorfer et al. 1997
0.220 0.5 Wolkersdorfer et al. 1997
0.2 0.6 Mather et al. 1969

0.5 1.3 Aldous & Smart 1987
2.250 1.5 This study

0.776 1.6 Wolkersdorfer et al. 1997
0.736 1.8 Wolkersdorfer et al. 1997
0.780 2.0 Wolkersdorfer et al. 1997
2.159 5.7 Wolkersdorfer et al. 1997
2.723 79 Wolkersdorfer et al. 1997
0.5 11.1 Aldous & Smart 1987

* Result probably wrong.

e tracer sampling and counting;
® new tracers, suitable for mine water.
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