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Abstract A large number of wells are required to dewater the aquifers in the Rhenish lignite mining district
in Germany. Their performance is often influenced by well ageing due to precipitation of iron oxides. With
an experimental model of a well screen section the genesis of Fe oxide incrustations is reproduced in an ac-
celerated way by modification of the pH and the Fe concentration in contrast to the natural values. This model
setup aims to gain a general understanding of the clogging processes and to test and develop techniques to

prevent or reduce the loss of well efficiency.
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Introduction

Mining in open pits in the Rhenish lignite district
requires large-scale groundwater management in-
cluding dewatering of reduced (i.e. anoxic)
aquifers. To that purpose a large number of verti-
cal dewatering wells with tubing diameters of up
to 0.75 m are drilled into depths up to 750 m. More
than 550 million m? of water is pumped by the
mining company (RWE Power AG) every year and
well ageing is an important factor. One of the
main aspects to be considered is the formation of
iron oxide incrustations (ochre) in the gravel pack
and well screen, because this affects the well effi-
ciency in an undesirable way (Houben 2003). If a
well affected by clogging cannot be regenerated,
the only alternative to keep the groundwater level
down is to drill a new well.

In contrast to drinking water supply, well oper-
ation in open pit mining aims at a complete dewa-
tering of all intersected aquifers above the coal
seams in the open pit range. The strong draw-
down leads to a mixing of different groundwaters
from several aquifer layers. Due to the low operat-
ing water level in the well, oxygen inside the well
tube can reach reduced groundwater.

Clogging effects generally occur if reduced
groundwater with dissolved Fe(II) or Mn(II) ions is
brought into contact with the oxygen of the am-
bient air in the well tube (Holluta and Kolle 1964).
In that case, the reduced metal ions react with oxy-
gen to their oxidized forms Fe(III) or Mn(IV) which
are insoluble and therefore precipitate as hydrox-
ide minerals, for example FeOOH, including
Goethite and Lepidocrocite (Cornell and Schwert-
mann 2003). In this study only clogging caused by
Fe(1l) is considered which, in the simplest case, fol-

lows the equation:

4Fe*" +6H,0+0, — 4FeOOH | +8H*

The adsorption of the precipitated minerals to
all technical elements of the well system (gravel
pack, screen, pump and pipes) results in a signifi-
cant increase of well losses over time. The progres-
sion of the reaction is influenced by the pH value
and the concentrations of iron(II) [Fe(II)] and oxy-
gen [Oy] (Houben and Treskatis 2007), as is
demonstrated by the following equation:

with r = reaction rate in [mol L™! min~!] and
k; = 1,5151072 mol L™! min~! after Davidson and
Seed (1983). Increasing the concentrations of Fe(II)
and O, is one possibility to accelerate the reaction.
Because the reaction produces protons, its rate
also extremely increases with rising pH (quadratic
dependency on the proton concentration [H*]). In
addition, the clogging process in wells can be am-
plified by certain bacteria which use the conver-
sion of dissolved Fe(II) to Fe(IlI) minerals as source
of energy (Hasselbarth and Lidemann 1967, Ralph
and Stephenson 1995, Rinck-Pfeiffer et al. 2000).

Methods

An experimental model of a well screen section
(fig. 1) was set up to reproduce the natural situa-
tion and processes under controlled boundary
conditions and to contribute to the understand-
ing of the clogging processes of vertical filter wells
(Ride et al. 2010). In natural situations, the ageing
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Figure 1 Experimental setup with illustration of the flow direction and the zones of O,-bearing and O,-
free water. During the test period each of the filter columns can be exchanged by a third one. A 150 L
flexible water tank is used as a storage reservoir for volume fluctuations and for buffering the effects of
addition point 2.

process extends over several years. In order to run
the tests in an appropriate time frame, we acceler-
ated the process in the model by increasing the
pH and the concentration of dissolved Fe(Il). Ad-
ditionally the water in the outflow chamber is aer-
ated. In contrast to the natural situation, the
individual factors that affect the clogging process
can be investigated separately. Firstly, the purely
chemical clogging by iron oxides is considered.
The experimental setup can be divided into
two parts. The main part is the flow channel,
where the experimental investigations are per-
formed. The ancillary part is the peripheral water
cycle which is designated as a water processing
chain to reprocess the water for the flow channel.
In the flow channel a section of a typical dewa-
tering well in the Rhenish lignite mining district
is installed. To reach a high similarity to the natu-
ral situation, original aquifer material from the
open pit Garzweiler in Germany was applied. The
aquifer material was taken from the Frimmers-
dorf-Sand (Horizon 6B after Schneider and Thiele
1965) which forms a sandy interlayer in the main

seam group of the upper Miocene Ville-strata
(Walter 2010). Horizon 6B separates the two coal
seams Morken (Horizon 6A) in the lower bed and
Frimmersdorf a (Horizon 6C a) in the upper bed
(German Institute for Standardization 2001). The
gravel pack and the well screen are original well as-
sembling materials, allocated by RWE Power AG.
In the channel the water flows from left to right
(fig 2) through the aquifer material and then en-
ters the well with gravel pack and screen. The walls
of the channel consist of acrylic glass (PMMA), en-
abling an optical documentation of the clogging
process.

The flow through the channel was controlled
by pumps at the in- and outflow and kept at a con-
stant rate of 1.06 L min™. To simulate an infinite
groundwater reservoir, the inflow chamber was
kept under hydrostatic overpressure during the
tests. In the downstream part of the aquifer mate-
rial the flow conditions change from confined to
unconfined characteristics due to the low water
level in the outflow chamber which is not covered.
The water comes into contact with the oxygen of
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Figure 2 Perspective top view of the material assembled in the flow channel. The flow direction is from
left to right. The width and height of the channel are 200 mm each. The pressure measurement points
P1-P3 actually lie on the bottom of the channel and are projected to the top for illustration purposes
only.

the ambient air in the gravel pack, the well screen
and the outflow chamber, leading to aeration of
the water. The oxidation of Fe(II) takes place in
these parts of the system only.

In the peripheral water cycle the discharge
from the flow channel is continuously enriched
with Fe(II) by addition of a 30 g L™! Fe(II) solution
of FeCly'4H,0 at a rate of 1 mL min™2. To keep the
Fe(Il) ions in solution and to prevent untimely ox-
idation, the solution is acidulated with 1 mL HCl
(25 %) per L of Fe solution. This Fe(II) input is suffi-
cient to chemically bond all of the residual oxygen
that is not dissipated by the oxidation reaction in
the flow channel. At this point the water is “re-en-
riched” with Fe to obtain a level in between 40 and
80 mg L. To keep the O, detracting reaction run-
ning, the pH value has to be raised by continuous
addition of NaOH. Then, the oxygen is entirely
consumed by the generation of iron hydroxides
or Green Rust I (Refait and Génin 1993), which in
a following step are filtered by columns of quartz
sand. Subsequently, the pH value of the O,-free
water is adjusted to a level of 7.8 to ensure a con-
stant high reaction rate in the channel outflow. To
prevent the generation of green rust, which will
clog the aquifer material at the channel inflow, the
pH value should not exceed a threshold value of
8. Altogether, there are three aspects that were
consciously modified in comparison to the natu-
ral conditions to achieve an accelerating effect in
reproducing the clogging process: The natural
water from Garzweiler has average pH values of
6.7 to 7.2 and Fe(ll) contents of 0 to 971 mg L™!
(RWE Power AG 2008), whereas in the model a pH
value of 7.8 and an Fe content in between 40 and
80 mg L' are applied. The third accelerating effect
is the active air supply, which raises the DO (Dis-
solved Oxygen) in the outflow chamber to about
1mgL™

Physico-chemical parameters (pH, eC, DO and
redox-potential) are monitored at several points

in the model. The Fe(Il) concentration is deter-
mined photometrically in more or less irregular
intervals using a pinkish Fe(II)-1,10-phenanthro-
line complex after the German Institute for Stan-
dardization (1983). The average decay of Fe(ll) in
the outflow chamber is calculated to estimate the
average Fei content of the gravel pack.

To quantify the progress of the incrustation
growth, the piezometric profile in the gravel pack
is continuously monitored using a high resolu-
tion pressure gauge device. The water level in the
outflow chamber can be adjusted to certain
heights above the channel bottom because of
their large effect on the pressure losses in the
gravel pack. As there is a stable pressure in the in-
flow chamber a different outflow level automati-
cally influences the hydraulic gradient.
Additionally, other measuring points can be trig-
gered to measure the pressure losses in the
aquifer material.

After finishing a test, the gravel pack material
is excavated in layers of 2 cm. Each layer is charted,
photographed and sampled. The samples are ana-
lyzed by an sequential extraction procedure (SEP)
focusing on poorly-crystalline and well-crystalline
iron hydroxides according to fractures 6 and 7
after Wenzel et al. (2001). X-Ray Diffraction (XRD)
methods are to be used to determine the type of
generated Fe minerals.

Results
The contiuous measurements (tab. 1) show the
system to be free of dissolved oxygen except for
the outflow chamber. In the outflow chamber the
redox potential rises rapidly due to the oxygen
input. The Fe(Il) content and the pH decrease in
the outflow chamber as a consequence of the oxi-
dation reaction.

The growth of incrustations at three distinct
test times is shown in figure 3. The first picture
shows the initial situation before addition of Fe(lI).
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Parameter Unit Measurement Point m s n Mode Table 1 Long term arith-
outflow chamber 2.64 0.35 81,165 auto metic means (m), standard
0, [mg L] Mc Il 0.01 001 382 man deviations (s) and value
MC I 0.24 0.08 377 man b h
MC | 003 001 13Mio. _auto  "umbers(n)of the parame-
outflow chamber 6.35  0.24 393 man ters, measured automati-
MC 1l 7.60 033 379 man cally (auto) or manually
pH [ 'Vk')ié” ;‘gg 8-% . 635;/'2_ mi" (man) at the points in the
. . . 10. auto .
MC | 777 008 16Mio.  auto model defined in figure 1.
Redox [mv] outflow chamber -76 67 395 man bA2: behind addition
MC | -439 21.2 1.6 Mio. auto point 2.
eC [mS cm] MC | 5.01 0.21 1.6 Mio. auto
outflow chamber 46.6 14.6 212 man
gt MC I 55.1 14.7 211 man
Fe(il) [mg L] MC Il 530  14.0 431 man
MC | 50.3 13.9 218 man

The second picture shows the effects of clogging
after a test period of 17.5 hours using the lowest
possible outflow water level (about 4 mm). It be-
comes clear that the clogging reaction takes place
in the vadose zone of the gravel pack only. In the
phreatic zone the concentration of dissolved oxy-
gen apparently is too low to produce visible in-
crustations and above the vadose zone, of course
no Fe(Il) bearing water is available.

At the upstream boundary of the gravel pack
(left) the water obviously has a vertical flow com-
ponent, allowing the incrustations to reach the
top of the flow channel.

At a later stage of the experiment, the water
level was actively raised in steps of 20 mm up to
120 mm in order to induce clogging effects at the
top of the flow channel in the downstream parts
of the gravel pack as well (fig. 3, right picture).

The clogging processes caused an increase of
the pressure loss in the gravel pack of about 30 %
(tab. 2). However, because the measuring cycle was
modified during the test to concentrate the inves-
tigations on the measuring points P1, P2 and P3
(fig. 2), this value should be considered to be a first
approximation which has to be verified by an-
other test.

The average Fei, content in the gravel pack, es-
timated on the basis of the Fe(II) balance, reaches
levels up to 10 g kg1 For the sequential extraction

procedure different clogging zones were sampled,
which were distinguished optically by the colour-
ing of the gravel. Three samples from dark red
zones showed average values of about 13.3 g kg™
Fewr, five samples from light red to dark orange
zones 3.4 g kg™! Few: and three samples from light
orange zones 0.96 g kg™! Fei. The percentage of
well-crystalline Fe(III) minerals in all 11 samples
ranged from 34 to 97 % and averaged 74 % (Henkel
et al. 2011).

Discussion and Conclusions
The results show that the pressure loss in the
gravel pack significantly increased due to chemi-
cal clogging of iron oxides. A change in the hy-
draulic conductivity of the filter gravel occurs
within 295 hours of Fe(ll) bearing water flowing
through the channel. Therefore, the acceleration
of the clogging processes works quite well and the
tests can be accomplished in an appropriate time
period. With the proposed model it is possible to
investigate the clogging processes with or without
considering several influencing factors. Hence the
clogging tendency can be compared for different
settings of gravel pack materials, well screens and
hydrochemical settings (e.g. input solution on the
basis of Fe(II)SO4). Different types of regeneration
and the corresponding re-ageing can be studied.
The laboratory reproduction of the chemical

Figure 3 Front view of the outflow chamber with the well screen section, gravel pack and aquifer mate-
rial (from the left to the right of each picture; height: 200 mm). Progress of incrustation growth at o h
(left), 17.5 h (middle) and 123.0 h (right) after the first breakthrough of Fe(1l) through the flow channel.
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Table 2 Pressure losses (APi-Pj) at the end of the test in comparison with the initial values (Start) at dif-
ferent water levels H (n: Number of values). The increase is calculated from the start and end values of

AP1-P3.

Time n H [mm] AP1-P2 [mm]  AP2-P3[mm]  AP1-P3[mm] Increase [%]
Start’ 32 138.9%21 21+0.2 21+01 42+0.2 10.64
End> 39 1356206 22+0.1 25+0.1 4701 )
Start! 36 84.0+24 22+01 23+01 44+0.1 21.43
End®> 43  826+3.0 25+06 31+01 56402 )
Startt 50 54.2+28 29+0.1 2.3+0.6 5.0+ 0.6 29.58
End® 36  609%17 3.0£01 41+0.1 7.1£01 '
Startt 44  30.6+4.4 29+0.1 36+02 6.6+0.2 19.51
End> 35 40113 3.3+06 5.0+03 8.2+05 )

TMeasuring cycle 1, measurement of any possible point in the flow channel in a row
?Measuring cycle 2, only measuring points P1, P2 and P3 (compare figure 2)

iron clogging process with the introduced model
has been successful and seems promising to pro-
vide contributions to a detailed understanding of
the process taking place during the growth of in-
crustation.
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