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Abstract

The 11ooding of underground mines is a process which has been known for many years and has
been investigated since mines reached a certain depth. Stratilication in a flooded mine is the
formation of layered water bodies with different physieochemical properties and is a natural
phenomenon described by several authors. Focusing on underground mines, this review paper
summarizes all knowledge about stratilication in this context. Investigation methods likl: shall
measurement with dippers or water sampling in a stratified system arc explained. furthermore, the
application of numerical modelling, the use of small-scale testing facilities and tracer tests arc
overviewcd. Research results from numerous publications arc summarized and compared, bringing
to understanding the location at which stratilication appears in a flooded umkrground mine, the
properties and stability of the layers, as well as buildup and breakdown scenarios. In addition, it
explains the future use of stratification and fi.1rthcr research ideas. One key finding of the review
paper is that existing research about the topic draws conclusions which arc largely site-specific.
The development ofa stratilied system is strongly dependent on the setup ofthe mine. Therefore, a
classification might be usefol for predictions and the application of stratification for mine water
treatment.
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Introduction

Stratification between different water bodies is mainly investigated in lakes and oceans (Blanc and
Anschutz 1995, Voorhis and Dorson 1975) as well as in boreholes and groundwater measuring
wells (Berthold and 8/irner 2008). Moreover it can be observed in pit lakes (Cicllcr cl al. 2013) and
underground mines (ore, coal and salt), on which the review paper is focusing on. First observations
about slratilicalion in flooded underground mines were made by Stuart and Simpson ( I 96 I), later
by Cairney and Prost ( 1975). Cutright ( 1979) mentioned also stratification, but without farther
explanations. Ladwig et al. ( 1984) was one of"lhe first to publish more detailed results, describing
the measuring method with a downbole probe and water sampling, as well as outlining that "[the]
static or near-static water level conditions may be responsible for the observed development of
water quality stratification." These were early ideas pointing out the advantage of mine water
slratilication. One paper that describes the topic in greater detail is from Nuttall and Younger
(2004). Succeeding publications by other authors give no forlhcr explanations about the cause and
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mechanism of stratification in flooded underground mines but rather concentrate more on local
measuring results, except those of the second author of this paper. It is to mention that the amount
of publications is very limited and constrained to the European and Northern American regions. No
research about stratification in underground mines is know from Africa or Asia, while research
from Australia only focuses on pit lakes.
In cases where stratification is present in a mine, more precisely in a shaft, all authors describe the
same scenario: water in the upper part of the mine has a better quality then water in the lower part
of the mine (Ladwig et al. 1984, Nuttall and Younger 2004, Wolkersdorfer 2008), although the
differences can vary considerably (Kories et al. 2004, Riiterkamp 2001). Various terms are used to
describe the layers within a stratified system, such as freshwater, meteoric water (Henkel and
Melchers 20 I 7, Melchers et al. 2015, Rosner 20 I 1, Riiterkamp 200 I) or shaft water (Wolkersdorfer
I 996) pertaining to the upper water body and saline water (Henkel and Melchers 20 I 7) or sump
water (Wolkersdorfer I 996) for the lower water body. In between exists an intermediate layer
(Wolkersdorfer 2008), also known as transition layer (Wieber et al. 2016), boundary layer (Kories
et al. 2004) or tranquillizing zone (Czolbe et al. 1992). A single water body with certain properties
can be called homogeneous zone (Czolbe et al. 1992) or pond (Adams and Younger 2001). Even for
the term stratification itself several phrases are common, namely mine water stratification
(Rapantova et al. 2013a), mine pool stratification (Engineers 1975) or density stratification
(Melchers et al. 2015).
The following text will summarize research about stratification in flooded underground mines.
Investigation methods, and different scenarios will be explained such as during the flooding
process, once the mine is flooded, and the mine under pumping conditions. The use of stratification
as a prevention method against mine water pollution, as well as an outlook for further research is
shared.

4

Methods

Water bodies that differ in their physicochemical properties are found by shaft measurements
conducted with down-hole probes or dippers. By lowering the measuring device in the flooded
shaft, parameters like temperature and electrical conductivity are recorded at certain distances.
Smaller measuring intervals give results that are more precise. Parameter-depth-profiles reveal
boundaries between different water bodies due to rapid change of temperature or electrical
conductivity (Fig. 1). Together with temperature or electrical conductivity profiles, water samples
can differentiate between water bodies with various chemical compositions, for instance different
sulfate concentrations or isotopic composition (Czolbe et al. 1992, Henkel and Melchers 2017,
Melchers et al. 2014, Nuttall and Younger 2004, Riiterkamp 2001, Snyder 2012, Wieber et al. 2016,
Wolkersdorfer 1996, Zeman et al. 2008). Nowadays shaft cameras are also a handy tool to show
intermediate layers via the changing col ors and visibility of the water (Snyder 2012, Stemke et al.
2018). Usually,just single measurement campaigns are conducted, but repeated measurements over
several years are described in the literature as well (Coldewey et al. 1999, Wieber et al. 2016).
Besides the shaft measurement, numerical modelling is an important method to understand flow
patterns in mine voids and gain knowledge about stratification. Czolbe et al. (1992) used the finite
difference method with a program named KASOMO, Konig and Blomer (1999) applied the
program SPRING and Kories et al. (2004) proved that stratification can be stable over a long period
of time by using the CFX program. Eckart et al. (201Ql,slescribes the application ofCFD modelling
in the context of stratification as well as the development and usage of a box model. These days
CFD is used for modelling water flow in mine voids, whereby only the voids and not the
surrounding fractured rock zones integrated in the model (Wolkersdorfer 2008).
Experiments about stratification between different water bodies in laboratory scale were conducted
by Berthold and Borner (2008) for boreholes and monitoring wells, although these results are not
directly translatable to a flooded underground mine. Coldewey et al. ( I 999) and Riiterkamp (200 I)
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describe tests at a small-scale testing facility/technical center trail with two shafts and
interconnected galleries, where they generated an artificial stratification and observed convection
loops induced by external heating processes. Furthermore Eckart et al. (2010) explains the
combination of their medium-scale testing facility and following modelling with CFD- and box
model. Currently, the authors of this paper are setting up a medium-scale test facility (analogue
model) of a flooded mine to understand stratification in greater detail. Results will be published as
soon as they are available.
Flow measurement is another method to gain knowledge about processes in flooded mines and
thereby the occurrence of stratified water bodies. Johnson and Younger (2002) used an impeller
current meter for flow measurements in a shaft, Kories et al. (2004) an acoustic meter, Czolbe et al.
(1992) a radioactive tracer and Wolkersdorfer (1996) used a flow meter, drift tracers as well as
tracer substances. The usage of tracer tests in flooded underground mines is of worthy mention as it
is possible to see flow pattern and calculate the velocity over a greater distance (Wolkersdorfer
2008). The tracer substance usually cannot break through an intermediate layer between two water
bodies, through which stratification can be detected.
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Fig. 1. Electrical conductivity and temperature-depth profile from a small-scale mine in Austria
(from Wolkersdorfer 2008)
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Results and Discussion

As per literature, stratification was observed in different states of the flooded underground mines
during mine water rebound, after flooding, and whilst ongoing pumping activities (Johnson and
Younger 2002, Melchers et al. 2015, Nuttall and Younger 2004, Rapantova et al. 2013b, Wieber et
al. 2016, Wolkersdorfer 1996). Furthermore, it must be distinguished if surface water inflow, rising
water from greater depth, or connected mine voids make the largest contribution to the flooding
process. To have a closer look at natural stratification, and not to focus on forced stratification,
which is influenced by manmade structures (Wolkersdorfer et al. 2016), different reasons for
occurrence must be discussed (Fig. 2). Water bodies can be separated by chemical changes (e.g.

127

18 . ALTBERGBAU - KOLLOOUIUM

Wieliczka 2018

sulfate concentration), physical changes (e.g. temperature or electrical conductivity) or turbidity,
primarily noticed at the area of onset (Coldewey et al. 1999, Konig and Bliimer 1999, Ladwig et al.
1984, Nuttall et al. 2002, Nuttall and Younger 2004, Riiterkamp 2001, Wolkersdorfer 1996, 2008).
Neither water inflow to the shaft, nor outflow from the shaft to roadways and ga lleries is the
dominant process, however a distinction must be made between different origins of the water.
Meteoric/infiltration water, either seeping into the shaft directly from the surface or through the
shaft walls can build up a "surface water cap" (Wieber et al. 20 I 6), or flow into the shaft via
ga ll eries (Co ldewey et al. 1999). Futhermore, Nuttall and Younger (2004) describe the buildup of
stratification by rising mine water. Additiona ll y, Riiterkamp (2001) mentions that inflow from
adjacent mine workings can cause layering. Depending on the setup of the mine workings, fluid or
convection loops, more specificall y thermosyphons between different shafts and ga lleries can be
responsible for stratification, as described by Bau and Torrance (1981) and adopted for flooded
underground mines by Wolkersdorfer (I 996). In general, it is important to differentiate between
stratification in a single-shaft mine without inflows from other mine voids and a mine system
cons isting of multiple shafts, galleries and adits where water flows and circulates on a much larger
scale (Fig. 2). It is not clear though , if the surrounding rock type plays an important role. Me lchers
et al. (2014) describe stratification in shafts in the overburden and bedrock, while Rosner (2011)
points out that inflow from the overburden after flooding was necessary to build up stratification.
Also, the thickness of the water bodies varies between several meters to several hundred meters
(Co ldewey et al. 1999). Multiple water bodies in one shaft are possible (Zeman et al. 2008) and
same (e.g. NaCl-type) or different (e.g. NaCl-type and CHO 3 -type) water types can be found
(Melchers et al. 20 14). Descriptions about the thickness of the intermediate layer (boundary layer)
vary as well between a few decimeters and some meters. Co ldewey et al. (1999) describe a layer of
0.6 m, Kories et al. (2004) of 1.3 m, Wieber et al. (2016) measured 0.6 to 2 .3 m and Wolkersdorfer
(1996) 4 to 5 m . However, the thickness and position of the layer can change over time, it may get
thicker towards the sump (Wolkersdorfer 1996) or thinner due to overlying surface water (Wieber et
al. 2016). One continuous stable layer was observed over a period of9 years by Kories et al. (2004),
although even longer stabil ity is to be assumed in some cases.
To have a closer look at the reasons why stratification builds up, density differences between water
bodies must be cons idered. According to Wolkersdorfer (2008) "[ ... ] temperature differences above
I OK (~p > 2 kg/m 3) , total dissolved solid differences of more than 3% (~p > 20 kg/m') or large
differences in turbidity (~p > 200 kg/m') can cause stable stratification". The geothermal gradient
acts like a driving force: water in the deeper parts of the shaft heats up and rises up along the shaft
wall, until reaching an anomaly, for example a connected roadway. The above-mentioned
conditions take effect and an intermediate layer occurs; the water flows back downwards in the
middle of the shaft towards the sump. A density driven free flow convection cell builds up, although
to speak of one big steady state convection cell is probably wrong. Czolbe et al. ( 1992) and Kories
et al. (2004) assume that several convection cells or " bales" within one water body exist. Konig and
Blamer ( I 999) conclude from modelling results, that a reduced shaft diameter leads to more
convection cells. At the boundary between two stable convection cells stratification occurs due to
density differences . Molecular diffusion causes minor exchange of heat and particles (Czolbe et al.
1992, Riiterkamp 2001). In some cases, a staircase profile was observed at the intermediate layer to
which Wolkersdorfer (2008) mentions double-diffusive flow or internal waves as possible causes.
The influence of turbidity to the stratified system is described differently by various authors. Water
movement in a convection cell should be predominantly laminar flow due to upward moving at the
warmer shaft walls and downward moving in the 1J1.i.ddle of the shaft. Nuttall and Younger (2004)
also assume that laminar flow is the main flow pattern taking place in a stratified system because
there is minimal mechanical mixing in the water column. Then again Frolik (2009), Wolkersdorfer
(1996) and Coldewey et al. (1999) explain turbulent convective flow within the shaft as being more
likely caused by shaft lining and roughness of the wa ll. Wolkersdorfer (2008) mentions several
tracer tests in flooded mines with the finding that flow in flooded mine voids is almost always
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turbulent due to "( ... ] rock·s roughness, the mine support, broken roof and waste material left by
the miners".
As with the buildup and occurrence of stratification in flooded underground mines, different factors
also lead to its breakdown (Fig. 2). In general, the intermediate layer collapses due to external
changes, however the setup of the mine plays the biggest ro le. The infiltration of surface water
causes minor density differences between the 'heavier' mine water body in comparison to the
' li ghter' surface water above resulting in the breakdown of the stratified system . Th is scenario
applies to single-shaft mines without adits or outflows. Wieber et al. (2016) investigated several
breakdowns at a shaft in Germany where mine water had alm ost no exchange with other waters
except infiltrating surface water, hence stratifi cation got destroyed over time. Another reason for
breakdowns are external forces; manmade activities like pumping in the shaft, measurements or
inj ections during tracer tests, as well as natural incidents such as earthquakes or storms.
Additionally, the system can be disrupted by breakdown of dams in connected mine voids (Nuttall
and Younger 2004, Wolkersdorfer 2008). In case the mine is still in its flooding process,
stratification can also break down when the rising mine water reaches an outflow pathway or ad it.
The same principle can apply to connected ga lleries and the buildup of convection loops, described
in detail by Wolkersdorfer (1996) and Nuttall and Younger (2004) . The breakdown by jet li ke
vertical or hori zontal inflow into the shaft, mentioned by Wolkersdorfer (2008) has not yet been
investigated.

multi-shaft mine

single-shaft mine

(single-shaft) mine
with dewatering adit

BUILD UP OF STRATIFICATION

BREAKDOWN OF STRATIFICATION

A inflow/outflow at ga lleries

1 densitiy differences

B infi ltarting meteo ric/su rface wate r
(I) direct (via shaft) (II ) indirect via overburden

2 occurence/bui ld up of convection loops

C inflowing water from connected mine voids
D properties in the shaft change (e.g. different shaft lining)
E man made barriers to prevent convection loops

too small due to infiltarting water

3 man made interference (measurements, pumping, tracer tests)
4 earthquakes, strom events
5 break down of dams

6 rising water entering a drainage adit
7 horizontal inflow/jet streams

Fig. 2 Build up and breakdown scenarios of stratification in a single- and multi-shaft mine

Stratification in flooded underground mines has been researched for more than 40 years.
Nevertheless, a clear prediction when a stratified system develops or breaks down is not yet
possible. To app ly stratification as a treatment method, it must be seen from different perspectives :
the flooding process, the flooded mine itself as well as possible pumping activities must be
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monitored and sometimes regulated. If stratification occurs in a mine, attention must be drawn on
the measurement results. Depth logging and water samples can deliver completely different results
within a few meters, hence to assume that only one water body would exist throughout the shaft
might be wrong. This knowledge is very important when it comes to characterizing mine water
treatment plants, because the water quality in the upper part is not necessarily the same as the water
quality deeper within the mine (Nuttall and Younger 2004). An application for mine water
stratification is to use the barrier property of the intermediate layer to prevent pollution of
outflowing water from the shaft (Wolkersdorfer et al. 2016). By 1980, Uerpmann (1980) had
already published first ideas for radioactive water disposal in a mine. Wolkersdorfer ( 1996) also
developed the concept that a stable stratified system with better quality water close to the surface
would minimize the need for treatment facilities. His concept promotes manmade barriers, for
example by dams to prevent the effect of thermosiphons, whereby water cannot circulate between
shafts and galleries. In addition, Kories et al. (2004) suggest that "[ ... ] the layering effect can be
enhanced by natural and artificial fresh water recharge." Until now the authors are not aware of any
deliberate use or even generation of stratification in flooded underground mines. Numerical
modelling and further detailed field measurements are necessary to gain more findings about the
topic. Coldewey et al. (1999), for example, points out that more sensitive data about velocities in
single convection cells, the spatial expansion of convection cells and convection loops as well as
qualitative and quantitative investigation of inflows are required. Field measurement in different
mine types by depth logging, water samples and tracer tests together with small scale testing
facilities should be continued.

6

Conclusions

After reviewing more than 30 publications from 1961 to 20 I 8, it can be concluded that stratification
in flooded underground mines is well observed in salt, coal and ore mines. However, a detailed
understanding about the process of buildup and breakdown is not yet present. Even though several
published and unpublished measurement results about separation of different water bodies in
flooded shafts exists, it is not yet definable at which point in time a stratified system develops. The
main difficulty being, that most mines have a different setup and flooding process. Single and
multi-shaft mines differ in their flow pattern. In a single-shaft mine usually only convective cells
within the shaft occur, in a multi-shaft mine convections loops or thermosiphons are also possible,
which may influence the stratified system in a complete different way. Therefore, it might be useful
to classify a flooded underground mine into several categories to understand why stratification
exists under certain conditions. Perhaps it is possible to find crosslinks between the underground
structure and i) after what time stratification develops, ii) how long it is stable iii) when it breaks
down and iv) conditions and times for redevelopment. Finally, the question must be answered if
stratification will develop eventually in all flooded underground mines under the right conditions,
which are yet to be defined. Overall, further research should focus on prediction of stratification. In
the long-term it is important to work towards the application of stratification to prevent pollution by
emerging mine water and use stratification to reduce or avoid mine water treatment facilities. Given
these points a general concept must be developed to determine whether stratification in future
flooded mines is to be left to occur naturally or if manmade intervention can enhance the process.
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