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Abstract

Groundwater containing high amounts of products of pyrite weathering as a consequence of lignite mining flows into
receiving waters for a number of years. Iron hydroxides causing turbidity and silting will strongly affect the river Spree for
many decades. In addition to liming acidic surface waters and the conventional treating of mine waters, microbial sulphate
reduction of the inflowing anoxic AMD groundwater is tested for long-term remediation. During a pilot project at Lusatia
/ Germany, glycerin as a carbon source and nutrient solutions of N and P are infiltrated into an anoxic AMD groundwater
stream by lances. Planning and operations were carried out based on the model as proposed below.
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1. Introduction

Groundwater containing high amounts of products of pyrite weathering as a consequence of lignite mining flows
into receiving waters for a number of years. A possible method of groundwater remediation is sulphate reduction in
the aquifer. The oxidation of pyrite and other sulphides generates the acidity of AMD [1-3]. Using the sum parameter
of acid capacity Ksa3 and the concentrations of iron and manganese, the neutralization potential is defined by
Equation 1.

NP~ K, 3 =3Ca3, —2Crep, —2C5, @

Reactions that produce AMD and their inversion as a result of remediation can be presented as vectors in an
acidity/sulphate concentration plane, wherein acidity is represented by negative neutralization potential (—NP) [4-6]. A
statistically linear relationship between the acidity and the sulphate concentration is frequently observed in AMD
contaminated groundwater. Ferrous iron generates the majority of acidity. Due to aeration and oxidation, AMD forms
acidic lakes. Alternatively, in buffered rivers such as the Spree, iron hydroxides cause brown turbidity.

Acid surface waters, e.g., lakes, can be neutralized by liming. During this process, the neutralization potential
increases and achieves positive values, whereas the concentration of sulphate remains constant. Anoxic AMD
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groundwater flows can be treated by microbial sulphate reduction. As a result, acidity and sulphate concentrations
decrease at a stoichiometric ratio, and iron sulphide precipitates. In case of lack of iron, toxic hydrogen sulphide will be
formed. As the reaction progresses, the precipitation of calcite may occur.

The pilot projects were prepared by laboratory experiments, field tests (Table 1), and modeling with PHREEQC [7].
This article concentrates on geo- and biochemical issues.

Table 1. Locations of application

No. Location Year Aquifer Particularities
0 lake RL 111 2001-2004 lake pH <3, 5, aerob
1 Senftenberger See  2002-2003 tertiary Mobilization of NOM
2 Skadodamm 2008-2010 tip pH > 4.8, Al < 0.2 mg/L
3 Ruhlmihle 2014-2019 quaternary  pH<4.1, Al > 10 mg/L

Table 1 gives an overview of the initial conditions at individual test sites. The results concerning lake 111 documented
Preu (2004) [8], in the case of Senftenberger See Koch et al. (2006) [9] and in the case of Skadodamm Schdpke et al.
(2011) [10]. The pilot project Ruhlmuhle is still running [1-3]. Sulphate reduction of acidic lake water (No. 0) will not
be discussed in this article.

At the location Ruhimihle in the north of Saxony (Germany), a groundwater stream is treated by microbial sulphate
reduction as shown in Figure 1. To enrich the groundwater with substrate it is extracted and re-infiltrated after mixing
with glycerin and nutrients if necessary. The infiltration of the substrate-enriched groundwater happens periodically.
Between two cycles of infiltration, the groundwater flows freely. Both water bodies mix in the downstream via
hydrodynamic dispersion effects.

substrate, N, P
unsaturated
soll zone

groundwater- infiltration = downstream and reaction \

inflow

EQUILIBRIUM_PHASES
Biomass(Amm)0.3(H3P04)0.008

FeS(ppt) ...
REACTION (microbial)

SURFACE
Sand_wOH

Figure 1. Pilot projects in Lusatia/Germany and scheme of the mixed cell

Sulphate reduction in the aquifer - that is our concept for remediation of AMD groundwater. Analogous to microbial
types of passive AMD treatment it is based on natural processes to neutralize acidity due to precipitation of iron sulphide.
Constructed wetland processes require large areas to treat moderately acidic AMD. Emanating from hot spots, acidity
can reach up to concentrations of NP ~ -20 mmol/L (1000 mg/L CaCOs or = 500 mg/L Fe).
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2. Biochemical Reactions

Sulphate can be reduced to hydrogen sulphide by easily degradable organic substances. In Lusatia, methanol and
glycerol are accepted as substrates. Together, hydrogen sulphide and ferrous iron precipitate as iron sulphide. The pH
value and the available concentration of iron determine the concentration of remaining hydrogen sulphide.

2H" +S0% +5C3H803 - HZS+ECO2 +§HZO
7 7 7 )

Fe** + H,S <> FeS+2H*

Taking the expected conversion of ferrous iron and possibly concentrations of oxygen and ferric iron, the need for
substrate is calculated using the stoichiometric coefficients given in Table 2.

Table 2. Stoichiometric coefficients of substrates for sulphate reduction

Substrate M Stoichiometric Coefficients
g/mol v(02) v(Fe3))  v(Fe(2)
Carbohydrate {CH,0} 30 1,00 2,25 2,00
Methanol CH30OH 32 0,67 1,50 1,33
Glycerol C3HsO3 92 35 0,64 0,57
Ethanol C,HsOH 46 3,00 0,75 0,67
Acetic acid CH3;COOH 60 2,00 1,13 1,00
Calculated BOD 0, 32 1 2,25 2

Alternatively, the BOD can also be specified for mixtures. According to Equation 3 the required amount of substrate
is calculated. The general requirements for the rehabilitation process are compiled in a checklist as criteria okl to ok6:

Ok1 Proof of the intended effect.

Ok2 No eutrophication effect of the treated water.

Ok3 No higher oxygen consumption in surface waters.
Ok4 No acute toxicity of the treated water.

OKk5 Limitation of potentially bio-accumulating substances.

OKk6 Limitation of inert substances.
Csubstrat = Vo2 *ACos + Vie(3) " ACre(3) + Vie(2) " ACke(2) ®)

The use of drinking water after conventional treatment of the treated groundwater flow will be guaranteed.
The growth kinetics of microbial biomass is determined by growth rate po, pH value, temperature, monod- and
inhibition terms f(i).

% = Mo " Chiomass -f(Temp)-f(p H)'fSu (CSu)'fSOA(CSOA)'fN(CN )'fp (CP)’fI(CI) (4)

ot

As described in Schopke et al. (2011) [10]. In accordance with Equation 5 the intermediate product X will be formed at
microbial sulphate reduction.

1.75 507~ +4H™ +Glycerol —1.75H,S +0.08X +3CO, +11H,0 (5)

Subsequently, the intermediate product X condenses to the phase biomass according to Equation 6. The composition
of the phase biomass follows the expression in Equation 7 but can slightly differ.

X(Substrat)g 33(NH3)o 3(H3PO4)0.008 <>

6

X +0.3NH; + 0.008H,PO; + 0.008H* + 0.33Glycerol ©)
log_k =-30

Biomass = X(Substrat)g 33(NH3)g 3(H3PO4)0,008 = {C5H702N1P0.008} (7

The kinetic of the lysis of biomass is defined as first-order reaction. In the considered aquifers, methanogenesis can
be neglected.
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3. Pore Systems

In the pore system of the aquifer, different biochemical reactions take place. The stationary solid matrix consists of
quartz sand, clay minerals and organic particles. Pore solution flows through the interstices. Pseudoparticles consisting
of fine grains were sometimes found in aquifers in the area of mine dumps. Their inner pore system is only accessible
by diffusion. Pleistocene aquifers contain predominantly quartz particles with traces of clay and lignite. The stationary
surface area of the pore system will be defined as pore gel. Surface phases, mineral phases, bacteria and extracellular
substances will mainly form the pore gel. The thermodynamics of the pore gel may differ from that of the pore solution
and the process constants can slightly deviate from the macroscopically known constants. The geochemical software
PHREEQC can calculate all processes in the system of pore gel and pore solution. For this purpose, the tabulated values
of thermodynamic constants were adjusted to test results.

4. Transport Model

A PHREEQC mixed cell model (Figure 1) was adapted to the measured concentration curves in the downstream flow
of the substrate addition, especially for dimensioning and operational management. This also included adsorption
processes on the solid matrix and the hydraulic effect of separated reaction products and possible gas excretions in
addition to the biochemical reactions. Gas excretions could be excluded in the previously treated groundwater lamellae.
An impairment of the permeability (kf) has not yet been proven, which the flow route model also predicts for the next
two decades.

The underground reactor will be represented by a few characteristic flow tubes. Each flow tube is described using a
mixed cell model. The infiltration facilities and measuring points are determined on model basis. The exploration is
made more precise with the construction of the infiltration and monitoring systems. The operating regime is then
determined by PHREEQC modeling. The microbial sulphate reaction describe Equation 4.

The mortality rate must also be taken into account. A large number of side reactions also must be taken into account.
The pore structure of the aquifer has a very large reactive surface. This triggers various chromatographic effects. The
reaction products deposited in the pore system can be predicted. Reaction parameters for the kinetics and surface
complexation had been specified at location.

The methodological bases of the dimensioning of an underground reactor is created:
o A thorough exploration is required at first.
¢ The dimensioning takes place by means of hydrogeological modelling and the use of the flow route model.

e This can be used to construct statistical distributions over the properties of the aquifer about the heterogenity of
the groundwater flow and the properties of the sediment matrix. Tracer tests can also be used.

o It will be parameterized a mixed cell model in PHREEQC for the operating regime.
e The renovation operation itself is optimally designed through the combination of monitoring and modelling.
o The profitability can only be calculated on the property.

Recommendations for approval and exploration are available for the preparation of underground reactors [4].

5. Technology

The substrate is mixed into the groundwater flow intermittently using infiltration lances or equivalent methods. For
treatment, the substrate required for sulphate reduction must be added to the groundwater flow and allowed to react on
the further course of the flow.

The simplest substrate dosage would be by pump and addition. Then you could leave out the further treatment in the
aquifer. So only an intermittent injection with substrate-enriched groundwater is possible. The distribution of the
substrate takes place on the further flow path by dispersion processes. The substrate must be entered into the entire flow
cross-section.

e Low AMD currents are already treated through passive reactive walls. Various solid substrates are used there,
mostly for sulfidic heavy metal binding. The requirements placed on the treated water cannot be met with this.

e The combination of infiltration and injection wells creates a gradient across the direction of the groundwater flow,
via which the enriched water reaches the flow area between the wells.

e Another possibility is the ADAG system, in which the groundwater is collected via the collector well and then
redistributed via the distributor.

¢ In the demonstration experiment, lances at different depths were charged with substrate-enriched groundwater.
The costly infiltration wells are replaced by infiltration lances.
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6. Results

A groundwater stream of Q = 200-300 m3/d was treated by microbial sulphate reduction at the location Ruhlmiihle
(Table 1, No. 3, and Figure 1). The demonstration test proceeded over 31 months (2014-2019) with a groundwater
treatment of around 6 m%h over a width of 100 m and a follow-up observation over 30 months. The effect was monitored
and controlled by a monitoring program.

The groundwater flow field is determined through geological exploration. The sulphate conversion depends on the
microbiological activity, the AMD quality, the substrate concentration, the available nutrients and possible inhibitors.
The sulfate reducing bacteria must be grown slowly at first.

Figure 2 shows the course of the sulphate concentration after 900-day remediation operation. During the start-up
phase, substoichiometric substrate is added in order to grow the sulphate reducers. In the following time the sulphate
concentration decreases. After completion of the measure, it rises again to the inflow concentration. The sulphate
concentration at inflow slightly decreases during the remediation operation.
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Figure 2. Concentration curves of process-characterizing ingredients during the remediation attempt after a 25.5 m flow
path through the aquifer. The substrate additions are marked as bars, not to scale

The maximum sulfate degradation is limited by the substrate dose. The increase after the addition of the substrate
corresponds to that of a conservative tracer. The ferrous concentration will be delayed. During the incorporation of the
underground reactor, ferrous iron on the solid matrix is exchanged for other cations. These cations are displaced again
by the inflowing ferrous iron after the renovation is completed. These cations are displaced again by the inflowing
ferrous iron after the renovation is completed. The added substrate is only used incompletely in the beginning. Therefore,
the substrate dose should be increased slowly up to the desired maximum dose. The slowly rising pH values can mobilize
humic substances that are fixed in the subsoil.

The beginning of the sulphate reduction immediately increases the hydrogen sulphide concentration. Hydrogen
sulphide concentration decreases again with the slowly increasing pH value and the aging of the precipitated products.
A low sulphide concentration remains after the renovation has been completed. The aging behavior of the sulphide
precipitated products is currently insufficiently known. The predicted hydrogen sulfide concentration at the end of the
flow section represents, in addition to the remaining substrate concentration, an important control variable for process
control. Due to the increasing pH value during the treatment, humic substances can also be mobilized from the subsoil
and simulate substrate residues via the DOC. The remaining hydrogen sulfide concentration is in equilibrium with
ferrous iron, the pH value and aging iron sulfide phases (Figure 3).

Under the conditions of the low pH values at the location Ruhlmiihle (No. 3), the iron sulphide precipitation was
delayed and extended to more than 100 m of flow path. The aluminum concentration decreases before the content of
iron diminishes.

Obstructions by reaction products and gas bubbles were observed in no event. Adapted simulations (PHREEQC) can
describe the different velocities of migration and effects of NOM mobilization at increasing pH values. This effect could
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be described as a solid solution by a system of humic substances. The residual concentration of hydrogen sulphide
depends on the iron concentration and the pH value. So far, the test times were not sufficient to indicate long-term
concentrations of hydrogen sulphide and residual substrate.
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Figure 3. Acidity (-NP) -sulphate diagram of AMD formation through pyrite weathering and buffering in the aquifer (dashed)
and its remediation process through microbial sulphate reduction. The reaction (green) runs along its line of action up to best
effect. The deviations are caused by various side reactions. After the addition of the substrate, the condition of the inflow is
restored (brown). The inflow condition changes during operation (groundwater at end).

The fluctuations in the nature of the intermittent mode of operation are largely compensated for on the flow path by
dispersion processes. The particular solution of the one-dimensional general balance equation describes a jump in
concentration. Excel offers a function for this purpose. A summary of jump functions is sufficient to smooth the sulfate
concentration curve. The material balance is obtained by integrating the material flows of the inflow minus those of the
rehabilitated groundwater flow. The jump functions have the property that they can be transformed into rectangular
functions of equal area. That makes the balance calculation easier.

The flow resistance will be increased by the reaction products iron sulfide and biomass. Iron sulfide particles from
the treatment could not yet be determined using an electron microscope. Iron sulfides can also be deposited on existing
pyrite concretions. The diameter of their crystals are from 10 um. The hydraulic effects resulting from the deposition of
reaction products can be calculated with the Kozeny-Carmann Equation [11, 12], known from water treatment. All
effects have been predicted using PHREEQC with a mixed cell flow path in Schépke et al. (2020) [4].

I L T
e

Figure 4. Pyrite crystals in pore system
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7. Conclusions

As shown in Figure 3, the development of the quality of the groundwater at a flow path of 20-30 m at Ruhlmhle is
made up of the vector of sulphate reduction and the buffering by the solid matrix. Tab. 3 shows the specific reduction
of acidity and other performance parameters of individual sulphate reducing reactors. Skousen et al. [13, 14] specify for
a vertically flowed through wetland a specific reduction of acidity of maximal 35 g/(m?d) (Table 3). Regarding their
performance, subsoil reactors are comparable to constructed wetlands. However, a larger reaction space is available.

At the location Skadodamm (No. 2), on a width of only 20 m, a groundwater stream of only 13 m3/d was treated.
After the period of adaption, the sulphate reduction had already taken place in the first ten meters. The precipitation of
iron sulphide already begins during the growth phase of the microorganisms. Precipitated iron is supplied by desorption
from the solid matrix. The lost iron will be exchanged for aluminum, calcium, and other dissolved cations. That is why
the front of the iron removal migrates more slowly than that of the formed hydrogen sulphide. Several developed
concentration fronts migrate at different speeds through the aquifer. At the location Skadodamm, due to substrate
overdose during the phase of infiltration, hydrogen sulphide was formed. The hydrogen sulphide migrated with the
groundwater stream and, on its further flow path, caught up with the retarded migrating ferrous iron. They both
precipitated as iron sulphide (Figure 2). Thus, the intermittent operation is made uniform.

Table 3. Performance parameters of sulphate reducing reactors

ANP A Acidity  Flow length L Running time
Reactor
mol/(m?*d) g/(m?d) m d
Vertically flowed wetland 0.7 Max. 35 ~05-2 No information
Skadodamm (No. 2) 0.45 23 9 360
RuhImiihle (No. 3) 1.8 90 25-30 > 850

Microbial sulphate reduction allows long-term treatment of AMD sources and migration pathways. The basics of the
preparation and assessment of these measures were developed. An important element is geochemical modeling. The
model can describe the biochemistry, the competing sorption on the aquifer matrix, and the mobilization of humic
substances on the flow path. Important input parameters are the pH value as well as the concentrations of iron, aluminum,
sulphate and nutrients. The site-typical conditions have to be explored accurately.

So far, the strict German and European environmental legislation result in the use of pure chemicals as substrates and
therefore cause high costs. Alternative substrates should be selected based on the following conditions:

¢ Prohibition of deterioration.

e Criteria for the assessment of good chemical status.

¢ No danger of eutrophication in adjacent waters.

e The treated groundwater has to be suitable for drinking water treatment.

The proposed principles of sulphate reducing reactors can be adapted to technical systems (end of pipe).

8. Declarations
8.1. Author Contributions
R.S. and M.W. contributed to the design and implementation of the research, to the analysis of the results and to the
writing of the manuscript. All authors have read and agreed to the published version of the manuscript.
8.2. Data Availability Statement

The data presented in this study are available in the article.

8.3. Funding

The authors received no financial support for the research, authorship, and/or publication of this article.

8.4. Acknowledgements

The authors thank LMBV for project leading and cooperation and the partner Research Institute for Post-Mining
Landscapes (FIB e.V.). Financial support from LMBV and BMBF is gratefully acknowledged.

286



Journal of Human, Earth, and Future Vol. 3, No. 3, September, 2022

8.5. Institutional Review Board Statement

Not applicable.

8.6. Informed Consent Statement

Not applicable.

8.7. Declaration of Competing Interest

The authors declare that there is no conflict of interests regarding the publication of this manuscript. In addition, the
ethical issues, including plagiarism, informed consent, misconduct, data fabrication and/or falsification, double
publication and/or submission, and redundancies have been completely observed by the authors.

9. References

[1] Hildmann, C., Schipke, R., Walko, M., & Mazur, K. (2016). Microbial Iron Retention in the Groundwater upstream to a River.
Mining Meets Water—Conflicts and Solutions, Proceedings IMWA 2016, Freiberg, Germany, 944-951.

[2] Hildmann, C., Résel, L., Zimmermann, B., Knoche, D., Hartung, W. D., & Benthaus, F. C. (2016). Reduction of seepage outflow
from potash tailings piles by improvement of greening: results of a hydrological simulation. Mining Meets Water, Leipzig, 772-
779.

[3] Hildmann, C., Résel, L., Zimmermann, B., Knoche, D., & Haubold-Rosar, M. (2021). The Impact of Afforestation on Seepage
Water Formation on Post-mining Spoil Heaps and Dumps-Results of Water Balance Modeling. In Proceedings of the International
Conference on Innovations for Sustainable and Responsible Mining, Springer, Cham, Switzerland.

[4] Schépke, R.; Walko, M.; Regel, R.; Thirmer, K. (2020). Bemessung der mikrobiellen Sulfatreduktion zur Behandlung von
pyritverwitterungsbeeintrachtigten Grundwasserstromen - Ergebnis eines Demonstrationsversuches am Standort Ruhimihle;
Schriftenreihe Siedlungswasserwirtschaft und Umwelt, Senftenberg, Germany. Available online: https://www-docs.b-tu.de/fg-
wassertechnik/public/Publikationen/Schriftenreihe/Heft27.pdf. (accessed on May 2022).

[5] Schopke, R. K. R., Mangold, S. P. V., & Regel, R. S. A. (2006). Experimental Development and Testing of an in-Situ Technology
to Reduce the Acidity of AMD-laden Groundwater in the Aquifer. Grundwasser, 11(4), 270-275.

[6] Schopke, R., Walko, M., & Thiirmer, K. (2021). Process for the Subsoil Treatment of Acidified Groundwater through Microbial
Sulfate Reduction. IMWA 2021 —Mine Water Management for Future Generations, Cardiff, Wales, United Kingdom.

[7] Skousen, J. G., Ziemkiewicz, P. F., & McDonald, L. M. (2019). Acid mine drainage formation, control and treatment: Approaches
and strategies. The Extractive Industries and Society, 6(1), 241-249. doi:10.1016/j.exis.2018.09.008.

[8] PreuR, V. (2004). Entwicklung eines biochemischen Verfahrens zur Aufbereitung sulfathaltiger Wéasser am Beispiel der
Entsduerung schwefelsaurer Tagebaurestseen. Schriftenreihe Siedlungswasserwirtschaft und Umwelt, Senftenberg, Germany.
Available online: https://www-docs.b-tu.de/fg-wassertechnik/public/Publikationen/Schriftenreihe/Heft_9.pdf (accessed on May
2022).

[9] Koch, R., Schopke, R., Mangold, S., Regel R., Striemann, A. (2006). Entwicklung und Erprobung eines Verfahrens zur
Untergrundentsauerung von Kippengrundwassern. Schriftenreihe Siedlungswasserwirtschaft und Umwelt, Germany. Available
online: https://www-docs.b-tu.de/fg-wassertechnik/public/Publikationen/Schriftenreihe/Heft11.pdf. (accessed on May 2022).

[10] Schépke, R., Gast, M., Walko, M., Regel, R., Koch, R., & Thirmer, K. (2011). Wissenschaftliche Auswertung von
Sanierungsversuchen  zur  Untergrundsulfatreduktion im  ehemaligen  Lausitzer  Bergbaurevier.  Schriftenreihe
Siedlungswasserwirtschaft und Umwelt, Senftenberg, Germany. Available online: https://www-docs.b-tu.de/fg-wassertechnik/
public/Publikationen/Schriftenreihe/Heft21.pdf (accessed on May 2022).

[11]Ye, Y., Xu, Z., Zhu, G., & Cao, C. (2022). A modification of the Kozeny—Carman equation based on soil particle size distribution.
Arabian Journal of Geosciences, 15(11), 1-10. doi:10.1007/s12517-022-10224-0.

[12] Nomura, S., Yamamoto, Y., & Sakaguchi, H. (2018). Modified expression of Kozeny—Carman equation based on semilog—
sigmoid function. Soils and Foundations, 58(6), 1350-1357. doi:10.1016/j.sandf.2018.07.011.

[13] Skousen, J., Rose, A., Geidel, G., Foreman, J., Evans, R., & Hellier, W. (1998). Handbook of technologies for avoidance and
remediation of acid mine drainage. National Mine Land Reclamation Center, Morgantown, Virginia, United States.

[14] Skousen, J., Zipper, C. E., Rose, A., Ziemkiewicz, P. F., Nairn, R., McDonald, L. M., & Kleinmann, R. L. (2017). Review of
passive systems for acid mine drainage treatment. Mine Water and the Environment, 36(1), 133-153. d0i:10.1007/s10230-016-
0417-1.

287


https://www-docs.b-tu.de/fg-wassertechnik/public/Publikationen/Schriftenreihe/Heft27.pdf
https://www-docs.b-tu.de/fg-wassertechnik/public/Publikationen/Schriftenreihe/Heft27.pdf
https://doi.org/10.1016/j.exis.2018.09.008
https://www-docs.b-tu.de/fg-wassertechnik/public/Publikationen/Schriftenreihe/Heft_9.pdf
https://www-docs.b-tu.de/fg-wassertechnik/public/Publikationen/Schriftenreihe/Heft11.pdf
https://www-docs.b-tu.de/fg-wassertechnik/%20public/Publikationen/Schriftenreihe/Heft21.pdf
https://www-docs.b-tu.de/fg-wassertechnik/%20public/Publikationen/Schriftenreihe/Heft21.pdf

