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Preface

The dissertation consists of five main chapters: Chapter 1 is a summary of the environmental
problem covered in this thesis, the current state of science, and the study objectives to provide
the reader with both the basic knowledge on the field of research and the overall research goal.
Chapter 2 contains a detailed description of the Westfield study site in the former lignite district
of Upper Palatinate in eastern Bavaria (southeast Germany) and the innovative pilot plant that
was implemented at the Westfield legacy site to conduct research on sustainable, passive
mine water treatment systems. Chapter 3 outlines the materials and methods of the research
project, covering the comprehensive fieldwork at the Westfield site and associated laboratory
analyses as well as the extensive laboratory studies conducted in the Hydrology Laboratory at
the University of Bayreuth. Chapter 4 summarises the results and findings of the research
project that were previously published in several journal articles as detailed below. Finally,
chapter 5 provides a synoptic summary of the study results, implications, and conclusions as
well as engineering profiles for the three passive treatment stages assessed in this research
project with recommendations for their designing and sizing for simple application by scientists
and engineers alike.

The results reported in this thesis were previously published in peer-reviewed journal articles
between 2020 and 2023. Accordingly, the following five journal articles are the first instance of
publication in chronological order:

= Opitz J, Alte M, Bauer M, Peiffer S (2020) Quantifying iron removal efficiency of a passive
mine water treatment system using turbidity as a proxy for (particulate) iron. Appl. Geochem.
122: 104731. https://doi.org/10.1016/j.apgeochem.2020.104731

= Opitz J, Alte M, Bauer M, Peiffer S (2021) The role of macrophytes in constructed sur-
face-flow wetlands for mine water treatment: A review. Mine Water Environ. 40(3): 587-605.
https://doi.org/10.1007/s10230-021-00779-x

= Opitz J, Bauer M, Eckert J, Peiffer S, Alte M, (2022) Optimising operational reliability and
performance in aerobic passive mine water treatment: The multistage Westfield pilot plant.
Water Air Soil Pollut. 233: 66. https://doi.org/10.1007/s11270-022-05538-4

= Opitz J, Bauer M, Alte M, Schmidtmann J, Peiffer S (2022) Sedimentation kinetics of hy-
drous ferric oxides in ferruginous, circumneutral mine water. Environ. Sci. Technol. 56(10):
6360-6368. https://doi.org/10.1021/acs.est. 1c07640

= Opitz J, Alte M, Bauer M, Peiffer S (2023) Development of a novel sizing approach for pas-
sive mine water treatment systems based on ferric iron sedimentation kinetics. Water Res.
233: 119770. https://doi.org/10.1016/j.watres.2023.119770

Excerpts and/or text passages from these manuscripts were paraphrased, adapted, or adopted
in the thesis at hand, either in the general sense or at times even word-by-word. In this context,
it is important to note that individual self-citations at the respective passages or at the beginning
of respective chapters were explicitly omitted with reference to the preface information at hand
and the original, published articles listed above to make the overall thesis more readable.
Where figures or tables were adopted from the above-noted publications, either unchanged or
modified, the respective article is cited in the figure caption. Permissions were obtained from
the publisher(s) where not explicitly stated or given in the publishing agreement.




Abstract

The contamination of ground- and surface water by mining activities is one of the greatest and
most costly environmental problems worldwide. Most notably, oxidation of ubiquitous sulphide
minerals such as pyrite results in the release of iron, acidity, and sulphate as well as associated
metal(loid)s in harmful concentrations (“acid mine drainage”). Subsequent progressive dilution
and neutralisation of acidic mine water leads to precipitation of hydrous ferric oxides (“ochre”
or “yellow boy”) and thus to extensive pollution of water resources and degradation of aquatic
ecosystems. The overall objective of the research project at hand was to introduce, advance,
and optimise a sustainable and environmentally friendly (passive-biological) technology for
treatment of ferruginous, circumneutral mine water. The advantage of passive compared to
conventional treatment is the complete elimination of energy and chemicals input to minimise
the environmental footprint. The primary focus of the project was on the natural, i.e. physical
and biogeochemical immobilisation of iron as primary, omnipresent contaminant in mine water.

A three-stage pilot plant was implemented at a former open pit in the historic lignite district of
Upper Palatinate in southeast Germany for treatment of the ferruginous, yet circumneutral
seepage water. Progressing iron removal throughout the innovative pilot plant is achieved in
increasingly efficient passive treatment stages with settling ponds for pre-treatment, surface-
flow wetlands for polishing, and sediment filters for purification. The consecutive treatment
stages were built as identical, parallel triplicates such that hydraulic variation in the three lines
generated a comprehensive, previously missing database for evaluation of iron removal per-
formance and kinetics. The overall objective of the field study was to demonstrate operational
reliability of the pilot system, and to determine and parameterise the mechanisms governing
passive iron removal. Additional laboratory column studies were conducted to quantify sedi-
mentation kinetics of particulate hydrous ferric oxides in ferruginous mine water.

Results of the systematic laboratory experiments showed that settling of hydrous ferric oxides
is governed by two interrelated regimes, a rapid second-order aggregation-driven step (r1) at

high iron levels followed by a slower first-order settling step (r2) at lower iron levels. A mixed
first-/second-order model was found to adequately describe the process ‘dg L= k,y[Fe] + kyq[Fe]?

with coefficients k. and k.» determined as 9.4x10- m3/g/h and 5.4x107 h™'. Moreover, in-depth
evaluation demonstrated that the removal of particulate hydrous ferric oxides at moderate iron
levels (< 10 mg/L) may be reasonably well approximated by a simplified first-order model

‘dg ol = kyoqFe] With ksea = 2.4(20.4)x102 h™', which agrees well with initial literature estimates.

The multistage pilot plant achieved excellent iron removal rates in the order of 98% with effluent
concentrations averaging 0.21(x£0.07) mg/L, thus reliably meeting the strict site-specific effluent
limit of 1 mg/L. Both treatment performance and operational reliability of the pilot system were
comparable to the conventional plant currently operated on site and even surpassed the latter
in terms of ammonia and manganese removal, thereby demonstrating that passive treatment
is a suitable, more sustainable alternative for long-term seepage water treatment at the project
site. By systematically varying flow rates (and thus residence time), it was demonstrated that
sedimentation-driven removal of hydrous ferric oxides in the pilot-scale settling ponds may
indeed be approximated by a simplified first-order approach for the low to moderate iron levels
observed in the seepage water. The coefficient kseq for the pilot-scale settling ponds was found
in the order of 2.1(x0.7)x102 h™', which corresponds well with the previous laboratory studies.
The sedimentation kinetics may be readily combined with preceding ferrous iron oxidation ki-
netics to estimate the required residence time for pre-treatment of ferruginous mine water in
settling ponds. In contrast, iron removal in surface-flow wetlands is more complex due to the
phytologic component. Therefore, the established liner, area-adjusted iron removal approach
was advanced by parameterising the underlying concentration-dependency for reliable



polishing of finely-dispersed, colloidal iron from pre-treated mine water 4 = £eln=Feloud \yjith

mx[Fe]ix"

coefficients m and n empirically determined as 0.2 and 1.4, respectively.

Altogether, the qualitative understanding of the natural mechanisms governing iron transport,
transformation, and removal throughout passive systems together with respective kinetics go
far beyond the established state of science. Thus, insights and results from the pilot field study
and associated laboratory experiments provide a novel technical and scientific basis for the
customised sizing of both settling ponds and wetlands, demonstrating that strategically comb-
ing increasingly efficient passive treatment stages broadly following the Pareto principle may
allow for optimisation of treatment performance and operational reliability whilst providing an
opportunity to minimise land consumption, maintenance requirements, and overall costs. The
advantages of passive eco-technologies for resource conservation are evident, especially for
moderate pollutant and volume flows in the long-term aftercare of abandoned mining legacies.
In this respect, the advancement and optimisation of a sustainable technology in this research
project has the potential to make a substantial contribution to overcoming the environmental
and socio-economic consequences of active, post-closure, and historic mining in Germany.

Zusammenfassung

Die Belastung von Grund- und Oberflachenwasser durch bergbauliche Aktivitaten ist eines der
grofdten und kostspieligsten Umweltprobleme weltweit. Insbesondere die Oxidation ubiquita-
rer, sulfidischer Minerale wie Pyrit fihrt zur Freisetzung von Eisen, Saure und Sulfat sowie
assoziierten Metall(oid)en in schadlichen Konzentrationen (sog. ,Acid Mine Drainage®). Die
konsekutive Verdinnung und Neutralisation von Grubenwasser in Gewassersystemen flhrt
zur Ausfallung von Eisenhydroxiden (sog. ,Verockerung“) und damit zu einer stark verminder-
ten Nutzbarkeit von Wasserressourcen sowie einer teils vollstdndigen Zerstérung aquatischer
Okosysteme. Ubergreifendes Ziel des vorliegenden Projektes war die Einfihrung, Weiterent-
wicklung und Optimierung eines nachhaltigen und umweltfreundlichen (passiv-biologischen)
Verfahrens fur die Aufbereitung eisenhaltigen, pH-neutralen Grubenwassers. Entscheidender
Vorteil solcher passiven Systeme im Vergleich zur konventionellen Wasseraufbereitung ist der
Verzicht auf den Einsatz von Energie, Chemikalien und weiteren Betriebsmitteln, womit der
Okologische FufRabdruck deutlich verringert wird. Der primare Fokus der vorliegenden Studie
zur passiven Grubenwasseraufbereitung liegt auf der natirlichen physikalischen und biogeo-
chemischen Immobilisierung des im Bergbau nahezu omniprasenten Eisens.

An einem ehem. Tagebauabschnitt im Oberpfalzer Braunkohlerevier bei Wackersdorf (Bayern)
wurde eine dreistufige, passive Pilotanlage zur Entfernung von Eisen aus dem am Tiefpunkt
der ehem. Grube anfallenden Sickerwasser implementiert. Der Rickhalt von Eisen erfolgte in
der Pilotanlage in zunehmend effizienten Anlagenstufen mit Absetzbecken zur Vorreinigung,
Wetlands zur Feinreinigung und Sedimentfiltern zur Nachreinigung. Das innovative Konzept
der Pilotanlage sah neben dem mehrstufigen Aufbau auch drei nahezu identische, parallele
Zuge vor, sodass durch gezielte Variation des Volumenstroms umfangreiche und bislang feh-
lende Vergleichsdatensatze zur Untersuchung der Reinigungsleistung und dem Ruckhalt von
Eisen zugrundeliegenden Mechanismen sowie zur Quantifizierung von deren Kinetik gewon-
nen wurden. Erganzend wurden im Labor Sdulenversuche durchgefihrt, um die Sedimentation
partikularer Eisenhydroxide in eisenreichem, neutralem Grubenwasser zu quantifizieren.

Die Ergebnisse der systematischen Laborversuche zeigen, dass die Sedimentation von Eisen-
hydroxiden durch zwei verknipfte Regime — einem schnellen, koagulationsbasierten Schritt
zweiter Ordnung (r1) bei hohen Eisengehalten und einem langsameren, absetzbasierten
Schritt erster Ordnung (r2) bei niedrigen Eisengehalten — bestimmt wird. Zur Beschreibung der
Prozesskinetik wurde ein zusammengesetztes Modell erster-/zweiter Ordnung abgeleitet

=) = kyalFe] + ky[Fe]? und die Koeffizienten ks and k- mit 9,4x10° m¥/g/h und 5,4x10° h"'



ermittelt. Darlber hinaus konnte gezeigt werden, dass die Entfernung partikularer Eisenhyd-
roxide bei niedrigem bis moderatem Eisenniveau (< 10 mg/L) hinreichend genau mit einem

vereinfachten Ansatz erster Ordnung “’gf °l = k,.q[Fe] abgeschatzt werden kann. Der Koeffizient

erster Ordnung Kses Wurde mit 2,4(x0,4)x102 h™' ermittelt, was gut mit ersten Abschatzungen
aus der Literatur Gbereinstimmt.

Die Ergebnisse der Pilotstudie zeigen eine hervorragende Reinigungsleistung des mehrstufi-
gen passiven Systems in der Grofienordnung von 98% mit Eisenkonzentrationen im Ablauf
der Pilotanlage von im Mittel 0,21(x0,07) mg/L. Der auBerordentlich strenge Grenzwert fur
Eisen am Projektstandort von 1 mg/L konnte durch die strategische Kombination zunehmend
effizienter Komponenten Uber die gesamte Projektlaufzeit durchgehend eingehalten und somit
der Nachweis flir Eignung und Betriebssicherheit erbracht werden. Insofern ist die Pilotanlage
mit der am Projektstandort betriebenen, konventionellen Anlage vergleichbar. Fir sekundare
bergbautypische Schadstoffe wie Mangan und Ammonium konnte die Reinigungsleistung der
konventionellen Anlage sogar deutlich tUbertroffen werden. Durch die systematische Variation
des Volumenstroms (und damit der hydraulischen Retentionszeit) konnte gezeigt werden,
dass der sedimentationsbasierte Ruckhalt partikularer Eisenhydroxide in den Absetzbecken
tatsachlich durch einen vereinfachten Ansatz erster Ordnung abgeschatzt werden kann. Der
Koeffizient kseq Wurde flr die Absetzbecken in der GroRenordnung von 2,1(x0,7)x102 h™' er-
mittelt, was gut mit den o.a. Laborergebnissen Ubereinstimmt. Die Kinetik der Sedimentation
kann insofern direkt mit der Kinetik der vorausgehenden Eisen(ll)-Oxidation kombiniert wer-
den, um die integrierte Verweilzeit zur Vorreinigung in Absetzbecken abzuschatzen. Demge-
genuber wurde der Riickhalt von kolloidalem Eisen in den dicht bepflanzten Wetlands aufgrund
der phytologischen Komponente als deutlich komplexer festgestellt. Infolgedessen wurde eine
Weiterentwicklung des etablierten, flachenbasierten Ansatzes zur Feinreinigung in Wetlands
vorgenommen, indem die zugrundeliegende Konzentrationsabhangigkeit der Filtration para-
metrisiert 4 = &WFn-lFelow) | ng die Koeffizienten m und n mit 0,2 und 1,4 ermittelt wurden.

mx[Fe]y"

Zusammenfassend wurde im Zusammenspiel von Pilotstudie und Laborversuchen ein anwen-
dungsorientiertes Verstandnis der natirlichen Mechanismen der Eisenentfernung und deren
Kinetik entwickelt, und damit der Grundstein fir die wissenschaftlich fundierte Konzipierung
und Bemessung passiver Systeme gelegt. Die kinetischen Grundlagen erlauben eine in der
Ingenieurdkologie typische, ndherungsweise Abschatzung der zur Grobreinigung in Absetzbe-
cken und Feinreinigung in Wetlands erforderlichen Retentionszeit bzw. Anlagengrée und da-
mit die maligeschneiderte Bemessung mehrstufiger passiver Systeme. Besonderes Augen-
merk lag hier auf strengen Grenzwertniveaus, da durch gezielte Kombination zunehmend ef-
fizienter Anlagenstufen in Anlehnung an das Pareto-Prinzip die Konzipierung passiver Sys-
teme hinsichtlich der Reinigungsleistung und Betriebssicherheit optimiert werden kann. Dabei
gehen die vorliegend abgeleiteten, qualitativen und quantitativen Erkenntnisse deutlich Uber
den etablierten Stand der Wissenschaft und Technik hinaus. Die Vorteile ingenieurékologi-
scher, passiver Technologien liegen v.a. fir moderate Schadstoff- und Volumenstrome bei der
langfristigen Nachsorge bergbaulicher ,Ewigkeitslasten fir Klima- und Ressourcenschutz so-
wie zur Minimierung von Flachenverbrauch und Kosten auf der Hand. Nachhaltige Technolo-
gien gewinnen mit Blick auf die Umsetzung der EU-WRRL fir die langfristige Wasser- bzw.
Gewasserbewirtschaftung massiv an Bedeutung. Somit konnte vorliegend durch Einflihrung
und Weiterentwicklung einer nachhaltigen Technologie ein substanzieller Beitrag zu deren
Etablierung sowie zur Bewaltigung der umwelttechnischen und sozio6konomischen Folgen
des aktiven und nachsorgenden Bergbaus geleistet werden.
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Introduction

1 Introduction

1.1 Environmental problem

Groundwater and seepage water flowing through underground rocks or sediments are natu-
rally enriched with various ions through gradual leaching and dissolution of minerals. Solutes
include not only easily soluble, mostly benign ions but also metals and metalloids present in
the geological formation. In mining or post-mining landscapes, metal(loid) levels of the mineral
deposits are usually considerably higher and the ensuing mobilisation processes are enhanced
as excavation, resource extraction, and groundwater drawdown result in (temporal) aeration
and displacement of the underground strata (Nordstrom & Alpers 1999; Plumlee et al. 1999).
Moreover, dumping of excavated waste rock promotes oxygenation and percolation of the for-
merly anoxic materials. In an oxic environment, iron sulphide minerals such as pyrite or mar-
casite that are omnipresent in coal, lignite, and most metal ores are oxidised, releasing sub-
stantial amounts of acidity, iron, sulfate, and associated metal(loid)s into aquatic environments:

(1)  FeS;+3.50;+H,0 > Fe?* +2S04* + 2 H*

The phenomenon visually illustrated in Fig. 1a is widely known as “acid mine drainage” (AMD)
(Evangelou & Zhang 1995). AMD is considered to be one of the most serious and costly envi-
ronmental problems worldwide, with liabilities resulting from AMD legacies at the turn of the
millennium estimated at several hundred billion US-$ worldwide (Tremblay & Hogan 2001).

Fig. 1  Surface water pollution by (a) acid mine drainage and (b,c) ochre formation

Upon discharge into surface waters, AMD is subjected to dilution, neutralisation, and oxygen-
ation. As a result of this critical change in hydrochemistry from acidic to circumneutral and from
anoxic to oxic, various mineral phases are oversaturated, typically including aluminium, iron,
and manganese (hydr)oxides (Banks et al. 1997; Gombert et al. 2019; Nordstrom 2011). In
this project, we focus on iron as the primary and almost omnipresent contaminant in mining
environments. In a circumneutral and oxic environment, dissolved ferrous iron readily oxidises
to ferric iron, which in turn instantly precipitates as hydrous ferric oxides (Stumm & Morgan
1996). Such amorphous ferric solids cause the characteristic discoloration of mining-impacted
waters known as “yellow boy” or “ochre” as illustrated in Fig. 1b/c:

(2)  Fe*+0,250; +2,5 H,0 > Fe(OH); + 2 H

Such colloidal hydrous ferric oxides are transported over great distances in mining-influenced
watersheds until they either slowly settle to the bottom of the water body or until they are held
back by submerged obstacles or hydrophytes (Yazbek et al. 2021). The increased turbidity
impairs light transmission through the water, thus impairing visibility and photosynthesis for the
aquatic fauna and flora, respectively. Moreover, sustained deposition of hydrous ferric oxides
onto the sediment smothers the spawning, living, and feeding habitat of many aquatic and
semi-aquatic organisms (insects, amphibians, fish, reptiles, birds), particularly in the vulnerable
larval stage, thus severely damaging the benthic and aquatic biocenosis (e.g. Byrne et al.
2012; Cadmus et al. 2016, 2018; McKnight & Feder 1984). In summary, mine water causes
extensive legacies of environmental degradation in aquatic environments.
1



Introduction

1.2 Passive mine water treatment

To prevent or mitigate the pollution of aquatic environments by mining activities, different active
and passive technologies were developed for treatment of contaminated mine waters (Younger
et al. 2002). Active or “conventional” mine water treatment is typically achieved through addi-
tion of chemicals for oxygenation, alkalisation, flocculation, and settling in high-performance
reactor systems. Such chemical treatment plants are both energy- and resource-intensive,
which in turn results in comprehensive long-term costs considering that mining legacies often
require mine water treatment in perpetuity. In contrast, passive mine water treatment is
achieved by stimulating and enhancing natural, i.e. biogeochemical and physical processes in
low-cost, eco-technological treatment systems (Skousen et al. 2017). In this project, we focus
on the passive removal of iron from ferruginous, circumneutral mine water in well-established
passive components such as settling ponds and constructed, surface-flow wetlands.

Passive technologies for mine water treatment were developed in the Anglo-American area in
the 1980ties and 1990ties to reduce long-term costs for treatment of contaminated discharges
from abandoned coal mines (Kleinmann et al. 2021). In the US, passive mine water treatment
is listed as both Best Practicable Control Technology Currently Available (BPT) and Best Avail-
able Technology Economically Achievable (BAT) and thus found its way into the Clean Water
Act (Hellier et al. 1994; US EPA 2013). Integrated systems for passive treatment of circum-
neutral, primarily ferruginous mine water typically consist of cascades for thorough aeration
followed by bare settling ponds for pre-treatment and aerobic wetlands for polishing (Hedin et
al. 1994). The sizing of settling ponds is commonly based on simple assignment of an overflow
rate in the order of 100 m?L/s or a hydraulic retention time (HRT) in the order of 8 to 48 h to
facilitate complete ferrous iron oxidation and sedimentation of the bulk (particulate) iron load
(e.g. PIRAMID Consortium 2003; Watzlaf et al. 2004; Younger et al. 2002). The sizing of wet-
lands is most often based on an area-adjusted removal rate, with the wetland surface area (A)
calculated from inflow iron loading and an empirical, areal sizing coefficient (Ra):

(3) A = LWelinlFelow)
Ry

with Q as volumetric flow rate, [Felin as inflow iron concentration and [Felout as target effluent
iron concentration or site-specific discharge limit. The areal coefficient Ra was derived from
full-scale passive systems in the Appalachian coalfields treating highly ferruginous mine water
(Hedin et al. 1994). The coefficient R4 was recommended by Hedin et al. (1994) with 10 g/m?/d
for formal application procedures and 20 g/m?#d for basic water quality improvement at historic
or abandoned legacy mine sites — the so-called “abandoned mined land criteria”.

All above-noted approaches for sizing of settling ponds and wetlands are experience-based
rules of thumb, suggesting that the iron removal rate in passive systems is constant over time
and independent of concentration. From a kinetics-based perspective, this corresponds to a
linear or “zero-order” removal process. A brief review of the performance of passive systems
shows that areal iron removal rates range from below 1 g/m?/d up to and above 50 g/m?/d, with
most reports markedly below 10 g/m?d (Opitz et al. 2023). Studies on passive systems in
Great Britain showed that iron removal rates are governed by iron loading and, at AMD-sites,
mine water pH (Mayes et al. 2009; Younger 2000). Altogether, most passive systems display
satisfactory treatment performance, and the area-adjusted sizing approach is still considered
relatively robust for typical ferruginous coal mine discharges. Nevertheless, there is general
agreement that passive iron removal in settling ponds and wetlands is inadequately described
by a linear relationship, and that better knowledge on the underlying multicausal mechanisms
may lead to advanced and more customised designing and sizing of passive systems (e.g.
Flanagan et al. 1994; Johnson and Hallberg 2002; Kruse et al. 2009; Mayes et al. 2009; Saps-
ford 2013; Stark and Williams 1995).
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1.3 Current state of science

Passive removal of iron from circumneutral, ferruginous mine water basically requires two main
processes to proceed to completion, namely (1) oxidation of dissolved ferrous ions to ferric
iron which readily precipitates at neutral pH, and (2) sedimentation or filtration of the resultant
hydrous ferric oxides in settling ponds and wetlands, respectively. The underlying mechanisms
are briefly summarised in the following, with special focus on overall iron removal kinetics.

Step 1 — Transition of ferrous ions to particulate hydrous ferric oxides:

The mechanisms governing ferrous iron oxidation in aqueous solution are well understood,
with homogeneous ferrous iron oxidation describing the basic (abiotic) transfer of ferrous to
ferric ions with dissolved oxygen as oxidising agent. Progression of the oxidation sequence as
detailed by the Haber-Weiss chain mechanism towards a thermodynamic equilibrium is con-
trolled (and at times constrained) by oxidation kinetics (Stumm & Morgan 1996; Weiss 1935).
The kinetics for homogeneous ferrous iron oxidation were determined by Stumm & Lee (1961),
empirically describing an overall, laboratory-derived function between pH 5 and 8 with:

(4) U0 _ g [Fe(I1)]Po,{OHY?

The rate constant kox was determined experimentally with 5.0(x1.6)x10"* mol/L/s at room tem-
perature (Stumm & Morgan 1996). At solution-atmosphere equilibrium, oxygen partial pressure
Po2 and hydroxyl ion activity {OH} may be substituted by dissolved oxygen concentration [O]
and proton activity {H*}, respectively (Cravotta 2015). Application of the overall rate provided
in equation (4) is generally considered sufficiently robust for ferruginous, circumneutral mine
waters as demonstrated in various field studies (e.g. Dempsey et al. 2001; Geroni & Sapsford
2011; Kirby et al. 1999). The rate law is commonly simplified for atmospheric and acid-base
equilibrium, i.e. excess oxygen close to saturation and stable pH, to a pseudo first-order rate
law (Sung & Morgan 1980):

(5) —T = K palFe(iD)]

The reaction rate is proportional to the concentration of ferrous ions (or rather Fe(OH).) and
increases hundredfold per pH unit due to the inversely second-order dependency on proton
activity at neutral pH (Stumm & Lee 1961). The severe shift from Fe(OH), to Fe(OH)* and Fe?
at acidic pH < 4 results in pH-independent (abiotic) reaction rates and hence in persistent
ferrous iron loads in acidic mine discharges along the further flow path (Davis et al. 2000;
Nordstrom 2011). As opposed to this, ferrous iron oxidation at pH > 8 is extremely fast and
thus limited by oxygen diffusion rather than oxidation kinetics (Singer & Stumm 1970), in further
consequence resulting in precipitation of ferrous hydroxides and subsequent oxygenation to
green rust or ferric oxyhydroxides (Schwertmann & Fechter 1994).

Homogeneous ferrous iron oxidation kinetics predominantly apply to low pH and nanomolar to
low micromolar ferrous ion levels such as commonly found in laboratory experiments and
freshwater environments. However, mining environments in general and passive mine water
treatment systems in particular are characterised by the ubiquitous and copious presence of
hydrous ferric oxides as well as ochreous coatings of submerged surfaces (Opitz et al. 2020b).
Under such conditions, ferrous ions tend to sorb to (reactive) surfaces and oxidise considerably
faster than discrete dissolved ferrous ions (Stumm & Sulzberger 1992; Wehrli et al. 1989). In
particular, freshly precipitated hydrous ferric oxides were shown to further autocatalyze ferrous
iron oxidation (Burke & Banwart 2002; Tamura et al. 1976; Tamura et al. 1980). Accordingly,
heterogeneous ferrous iron oxidation is of critical importance for ferruginous mine waters, and
a strong autocatalytic effect was demonstrated in field studies at various mine sites (e.g. Demp-
sey et al. 2001, 2002; Dietz & Dempsey 2017; Geroni & Sapsford 2011). A simplified empirical
rate law for heterogeneous ferrous iron oxidation can be given as:
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[FeUD][Fe(11)][0,]

d[Fe(1D)]
(6) T [H+]

dt ~ k'pec[Fe(ID][Fe(l1)]

= khet

The heterogeneous rate constant ke is usually estimated in the order of 1.6x10 L/mg/min at
room temperature. However, as the autocatalytic mechanism intrinsically depends on sorption
of ferrous ions to hydrous ferric oxides, it stands to reason that the reaction rate is not only
governed by the concentration, but also by the specific physicochemical and mineralogical
properties of the solids as noted by Tamura et al. (1976). By way of example, the specific
surface area of ferric solids may range from few dozen m?#g for crystalline oxyhydroxides up
to several hundred m?/g for freshly precipitated, amorphous hydrous ferric oxides (Hiemstra &
van Riemsdijk 2009; Michel et al. 2010). As a consequence, amorphous hydrous ferric oxides
such as ferrihydrite tend to display a much higher site density of singly coordinated surface
oxygen functional groups relative to crystalline oxyhydroxides such as goethite (Bottero et al.
1993; Hiemstra 2013). Moreover, impurities in and non-monomer structures of hydrous ferric
oxides may also impair adsorption rates (Baumgartner & Faivre 2015). Accordingly, the rate
constant knet may vary by as much as an order of magnitude, basically decreasing with increas-
ing structure (Mettler et al. 2001; Park & Dempsey 2005). Nevertheless, the adsorption equi-
librium is assumed to occur fairly rapid in ferruginous environments relative to oxidation due to
the omnipresence of amorphous hydrous ferric oxides, especially at circumneutral pH and in
association with high iron and sulfate levels (Jeon et al. 2001; van Beek et al. 2012). Therefore,
equation (6) is considered an explicitly simplified, yet robust approximation for heterogeneous
ferrous iron oxidation in mining environments (Dietz & Dempsey 2017).

For the sake of completeness, it should be noted that microbially driven (i.e. biotic) ferrous iron
oxidation may be of importance at strongly acidic pH as well as low iron or oxygen levels
(Kappler et al. 2021; Melton et al. 2014). However, biotic ferrous iron oxidation is generally
considered of little importance for overall iron removal in mining environments with respective
discharge criteria typically in the low micromolar order. The contribution of biotic oxidation in
competition with favourable abiotic kinetics in circumneutral mine waters is yet to be demon-
strated (and quantified) if applicable (Kirby et al. 1999).

Following ferrous iron oxidation, transition of freshly oxidised ferric iron from aqueous to solid
phase proceeds via hydrolysis and precipitation. A simplified overall equation is given as:

(7) Fe3+(aq) +3 H.,0 > FE(OH)3(S) +3H

Solubility of ferric ions is negligible at pH > 3.5, which is why the hexaaquo ferric iron rapidly
hydrolyses driven by thermodynamic charge balancing through either stepwise loss of protons
from polarised water molecules in the primary hydration shell or through replacement of water
molecules by hydroxyl ions (Duan & Gregory 2003; Flynn 1984):

(8)  [Fe(H.0)e]** = [Fe(H20)s(OH)]** + H* = [Fe(H,0)a(OH),]* + 2 H* > [Fe(H20)3(OH)s]o + 3 H*

An equilibrium of different hydrolysed ferric species and ferric complexes of variable charge
and structure (e.g. FeCI?*, FeCl.*, Fe(S0.)*, Fe(COs)*) is reached corresponding to pH and
solution composition (Grundl & Delwiche 1993; Schwarzenbach 1970). Hydrolysed ferric iron
occurs predominantly as cationic and neutral mononuclear hydroxo-species [Fe(H20)4(OH).]*
and [Fe(H20)3(OH);]° at circumneutral pH with amount-of-substance fraction ratios approx.
90:10, 50:50, and 10:85 at pH 6, 7, and 8, respectively. Some anionic [Fe(H20)2(OH)4] may
occur at alkaline pH > 7.5 as well. Additionally, polymerised dimers such as [Fez(H20)s(OH),]**
and other polynuclear hydrolysis products are to be expected (Bottero et al. 1994; Flynn 1984).
However, this theoretical equilibrium may be upset in mining environments due to elevated
concentrations of coordinating anions, especially sulfate and chloride, that affect electrostatic
proportions and increase hydrolyzation rates (Xiao et al. 2010). In addition, iron hydrolysis may
be suppressed by organic substances (Karlsson & Persson 2012). A fourth-order relationship
with pH was suggested for ferric iron hydrolysis at pH < 3 by Singer & Stumm (1969). In
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circumneutral solution, the decreasing charge of the hydrolysed ion is associated with a sub-
stantial gain in entropy, whereby the hydrolytic reactions in equation (8) occur almost instan-
taneous (Grundl & Delwiche 1993).

The supersaturation-driven processes described above result in transitions of aqueous ferric
species to amorphous hydrous ferric oxides (Das 2018). Such dispersed ferric phases are
initially small enough to remain suspended for long time spans (Banfield et al. 2000) and thus
cause the visually characteristic turbid or “ochreous” discoloration of ferruginous mine waters
that goes hand in hand with the degradation of aquatic ecosystems (Filella & Buffle 1993;
Matthies et al. 2012). The resultant sediment in passive systems largely consist of ochre, i.e.
poorly ordered ferric phases that are metastable towards more crystalline oxyhydroxides.
Overall, hydrolysis and precipitation of ferric iron in ferruginous, circumneutral mine waters are
quasi-instantaneous (Jolivet et al. 2004) and the transition from aqueous to solid phase may
thus be disregarded for overall iron removal in passive systems.

Step 2.1 — Sedimentation of particulate hydrous ferric oxides in the free water body:

In mining environments, passive iron removal is primarily focused on ferrous iron oxidation
from AMD with a minor focus on subsequent removal of the resultant hydrous ferric oxides
(Cravotta 2021; Kirby et al. 1999; Tarutis et al. 1999). While this is certainly applicable to acidic
mine discharges due to slow ferrous iron oxidation kinetics, the transition from ferrous to ferric
and aqueous to solid phase outlined above is only the first and not necessarily the rate-deter-
mining step for overall iron removal in passive systems (Chikanda et al. 2021; Sapsford 2013).
For irreversible iron removal, the freshly precipitated ferric colloids need to increase in size
through either adsorptive oxidation and precipitation, or interconnection of the dispersed col-
loids to form growing clusters (aggregation). The larger particles are effectively removed from
solution through either gravitational settling (sedimentation) or physical interception on sub-
merged obstacles or within a porous matrix (filtration). As opposed to the above-described
ferrous iron oxidation, the formation, aggregation, and sedimentation kinetics of waterborne
hydrous ferric oxides in mining environments are poorly understood.

Initially, the steady growth of dispersed ferric precursor phases occurs through adsorption,
polymerisation, and surface complexation of dissolved ferrous and hydrolysed ferric aquo spe-
cies and subsequent surface deposition as noted above (Grundl & Delwiche 1993; Hiemstra
& van Riemsdijk 2007). After extensive ferrous iron oxidation, growth of aqueous ferric macro-
molecules and (nano)particles is increasingly governed by collision and attachment as well as
enmeshment or bridging of the dispersed ferric solids. Aggregation is promoted by the thermo-
dynamic disposition of freshly formed colloids to free surface energy reduction, with the for-
mation of larger aggregates reducing the overall free energy and surface area (Baumgartner
& Faivre 2015; Penn 2004). At relatively constant loading, the particle size distribution in pas-
sive systems is governed by an equilibrium between particle formation, aggregation, breakage,
and settling (e.g. Braskerud 2003; Kim & Stolzenbach 2004; Matthies et al. 2012). Thus, the
interaction of dispersed hydrous ferric oxides in a well-defined colloidal dispersion system may
be reasonably well described using basic adsorption- and aggregation theory such as DLVO
or Smoluchowski (e.g. Berka & Rice 2005; Buffle et al. 1998; Gonzalez et al. 2004, Grant et
al. 2001; Phenrat et al. 2007). This, however, is usually not the case and thus inapplicable for
mining environments in general and in the initial, dynamics stages of passive mine water treat-
ment systems in particular (Rand & Ranville 2019). Therefore, simplified (empirical) kinetic
relationships or model approaches are commonly derived in eco-technological engineering
sciences to estimate contaminant removal.

By way of example, a simplified first-order rate law was proposed by Sapsford & Watson (2011)
to approximate sedimentation of dispersed hydrous ferric oxides subsequent to ferrous iron
oxidation in passive mine water treatment systems:
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@) U = kyq[Fe]

Although the first-order sedimentation coefficient kse« depends on particle characteristics such
as shape, density, impurities etc., (Dietrich 1982), such effects are expected to be masked by
the high iron loads in mine waters and the variable water content of the solids. The range for
kseq as estimated from laboratory sedimentation and field studies was reported with 1.3x107?
to 2.1x10" h'' by Pizarro et al. (1999) and 9.6x1073 to 3.2x10" h™' by Sapsford (2013), although
it should be noted that methodological and hydrochemical differences in the two studies may
have distorted sedimentation rates. A targeted laboratory experiment with pre-oxygenated
mine water containing only freshly precipitated hydrous ferric oxides by Sutton et al. (2015)
yielded a coefficient kseq in the order of 2.3x102 h' to reach a residual iron level of < 1 mg/L
after approx. 135 h.

Alternatively, higher- or broken-order rate laws were suggested for sedimentation of particulate
matter based on the assumption that particle settling rates are primarily a function of interaction
rather than gravitation (Hunt & Pandya 1984; Gunnars et al. 2002). For example, second-order
models were suggested to approximate binary particle collisions in dilute dispersions:

. d[Fe] _
at

(10) klsed[Fe]Z

The coefficient k’seq Was reported in the range 2.3x10° to 9.3x102 m%/g/h, although it should
be noted that respective experiments focused on iron removal in either estuarine or marine
environments where both salinity and organic matter play a crucial role in (hetero)aggregation
(e.g. Fox et al. 1983; Mayer 1982; Hunter et al. 1997). Based on sedimentation rates of goethite
particles in seawater, Farley and Morel (1986) found k’ses in the order of 7.3x10 m3/g/h but
noted that a mixed rate law would be required to adequately consider the interrelated aggre-
gation- and settling-based regimes. Thus far, no systematic assessment was reported on sed-
imentation kinetics of hydrous ferric oxides at moderate to high micromolar levels typically
observed in ferruginous mine water.

Freshly precipitated hydrous ferric oxides in mining environments were observed to display a
natural tendency towards homoaggregation, which was attributed to favourable double-layer
compression and surface charge neutralisation in circumneutral, ferruginous mine waters
(Barnes et al. 2009; Dempsey et al. 2001). Progressing aggregation of hydrous ferric oxides
results in continual particle enlargement towards a size that ensures effective gravitational
settling (Banfield et al. 2000). The critical aggregate size where dispersed colloidal hydrous
ferric oxides transition to settleable particles was estimated in the upper nanometre to lower
micrometre range (Hunter et al. 1997), which is in accordance with both controlled laboratory
experiments (e.g. Hove et al. 2008; Lo & Waite 2000; Xiao et al. 2010) and ferric sediments
collected from mining environments (e.g. Dietz & Dempsey 2017; Fenton et al. 2009; Marcello
et al. 2008; Matthies et al. 2012; Wang et al. 2020). Recently, Chikanda et al. (2021) reported
effective sedimentation of ferric particles in a drain and pond system following a mine discharge
after proceeding aggregation of ferric colloids to > 300 nm. It is generally assumed that the
aggregation-driven settling of waterborne particles may be approximated by simplified rate
equations in due consideration of critical influencing factors (Grant et al. 2001). Unfortunately,
there is as of yet no application-oriented, mixed or non-integer order model approach for the
sedimentation of hydrous ferric oxides in circumneutral, ferruginous mine water.

Step 2.2 - Filtration of hydrous ferric oxides by macrophytes:

In natural or constructed surface-flow wetlands, the emergent macrophytes have a “filtering”

effect by intercepting and trapping suspended particulate matter, thus accelerating the above-

noted sedimentation step (e.g. Cotton et al. 2006; Horvath 2004; Pluntke & Kozerski 2003;

Saiers et al. 2003). As described by Opitz et al. (2021), interception of waterborne hydrous

ferric oxides by hydrophytes and other obstacles in constructed wetlands for mine water
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treatment is usually visually apparent by ochreous coating of submerged rhizomes, steams,
leaves, litter, and any technical structure. Particles of all sizes are affected by this “filtering”
effect, although an increase in particle size naturally increases the likelihood to directly strike,
stick to, or settle on submerged macrophytes (Cotton et al. 2006; Elliott 2000; Li et al. 2007).
Nevertheless, even nanoscale colloids may be intercepted by submerged wetland hydrophytes
(Pluntke & Kozerski 2003; Saiers et al. 2003). Generally, particle interception was observed to
increase not only in vegetated compared to unvegetated ponds (Pluntke & Kozerski 2003), but
also with an increase in vegetation cover in the flow path or cross-section (Saiers et al. 2003;
Verschoren et al. 2017).

Details on improved particle removal by wetland macrophytes are extensively discussed by
Batty & Younger (2002) and Opitz et al. (2021). To date, quantitative approaches to filtration
in wetlands are predominantly based on modelling of macrophyte-colloid interaction that is
further related to changes in ecological and hydrodynamic boundary conditions. The most im-
portant phytophysiological factors are plant species and macrophyte density, water depth, and
vegetation development — which often vary both spatially and seasonally within one and the
same wetland. Thus, numerical simulations are commonly limited to (site-)specific ecological
conditions or assumptions with limited transferability. To our knowledge, no parameterisation
for the removal of hydrous ferric oxides in mine water treatment wetlands is provided in the
literature as of yet (Opitz et al. 2021).

Since filtering affects particles of all sizes, it may prove necessary and possible to estimate the
share of macrophyte-based filtration in overall ferric iron removal or to develop a simplified,
concentration-dependent filtration power law to account for increased iron removal in wetlands
by macrophytes. For instance, filtration studies of dispersed micrometre and submicron col-
loids by Pluntke & Kozerski (2003) and Saiers et al. (2003), respectively, indicate that particle
concentration is to be expected as the determining factor for interception of waterborne parti-
cles by hydrophytes. As filtration is not only governed by physicochemical, but also ecological
factors, it is assumed that any quantitative approach to estimate filtration-based removal of
hydrous ferric oxides in wetlands would either (1.) require consideration of different potentially
critical (ecological) influencing factors, or (2.) warrant considerable simplification or generali-
sation. To date, evaluation of literature reports for areal iron removal in wetlands clearly
showed that treatment performance of wetlands is very heterogeneous, highlighting our limited
understanding of the underlying iron removal mechanisms and kinetics in densely vegetated
wetlands (e.g. Batty & Younger 2002; Cravotta & Brady 2015; Opitz et al. 2021; Wieder 1989).

Research hypothesis:

» We hypothesise that it may be possible to approximate the kinetics for passive removal
of particulate iron under low flow rates such as observed in bare settling ponds by identi-
fying and parameterising the critical (i.e. rate-determining) physicochemical aggregation
and/or sedimentation mechanisms.

= We hypothesise that it may be possible to approximate overall iron removal rates in
densely vegetated, surface-flow wetlands either by identifying and parameterising the
rate-determining processes and critical influencing factors, or by way of an empirical re-
lationship for standardised constructed conditions (e.g. water depth, wetland vegetation).

= Such simplified relationships for removal of particulate hydrous ferric oxides may be uti-
lised to develop engineering rather than scientific model approaches for approximation of
the necessary size or hydraulic retention time of passive mine water treatment systems
for iron removal from ferruginous, circumneutral mine water — especially settling ponds
and surface-flow wetlands for pre-treatment and polishing, respectively.
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1.4 Situation in Germany

Germany has a long history in metal, coal, and industrial minerals mining, remaining one of
the world’s biggest lignite producing countries to date. The environmental impacts in both his-
torical and operational mining districts on the chemical and ecological status of ground- and
surface water are of growing environmental concern from municipal up to federal levels, with
environmental concerns highlighted by nationwide assessments according to the European
Water Framework Directive (WFD). In the lignite districts of Middle Germany and Lusatia, the
impacts on everyday life such as the sulfate loads threatening the drinking water supply of
Berlin as well as the ochreous discoloration of the rivers Lusatian Neisse, Black Elster, and
Spree, the latter also threatening the Spree Forest UNESCO biosphere reserve, have become
a topic of public concern and debate (Kruspe et al. 2015). Therefore, considerable public funds
are allocated to emergency and long-term measures in the former LMBV mining area for miti-
gation and remediation of ochre formation and dispersion, not only in numerous pit lakes but
also in the Spree catchment upstream of the Spremberg dam (Benthaus et al. 2020).

Whereas passive treatment is a key driver in the successful mitigation of mine discharges in
the Anglo-American area as outlined in chapter 1.2, passive technologies are non-existent in
Germany. In an extensive review of the German mine water situation following the implemen-
tation of the WFD, Hasche-Berger & Wolkersdorfer (2005) noted that “mine water in Germany
is usually treated by conventional methods”. In fact, no passive mine water treatment system
is operational nationwide since the only large-scale passive system ever formally permitted
and constructed at the former Péhla mine site in southwestern Saxony was decommissioned
in 2014 due to maintenance issues and difficulties in complying with specific pollutant limits.
Other experimental field trials such as implemented at the Lehesten mine site in southern Thu-
ringia or the Vetschau site in southeast Brandenburg were either abandoned or retrofitted with
chemical alkalisation and dosing, or mechanical scraper systems due to insufficient operational
efficiency or reliability (Bilek 2012).

In the early 2000s, the European Commission (EC) supported research on technologies for
mine water management and on development of related policy (e.g. ERMITE Consortium
2004; PIRAMID Consortium 2003). Following this, passive technologies were included in the
respective European reference BAT-document for “Management of Tailings and Waste-rock
in Mining Activities (BREF 01.2009). However, although wetland systems were designated as
a relatively new technology suitable for small flow rates, it was also noted that “many specific
mechanisms and maintenance requirements [are] not yet fully understood [and] optimum siz-
ing and configuration criteria are still under study” (EC 2009). This evaluation combined with
the lack of standardised German guidelines and domestic showcases as well as the scale of
mine water issues in extensive, long-time lignite districts are probably the main reason why
passive technologies were approached with scepticism in Germany over the last decades.

According to a 2016 status report on German (fresh)waters under the European WFD that was
published by the German Federal Environmental Agency, the water balance in waters affected
by decades-long mining activities is often disturbed to such a degree that the timely improve-
ment of the chemical and quantitative state is deemed impossible, specifically pointing out the
economic costs of established improvement measures (UBA 2016). The post-operative chal-
lenge around former (lignite) mining districts may even be further exacerbated by climate
change and the resultant pressure on clean water resources. Considering the contemporary
developments around the WFD on the one hand and the intended lignite phase-out on the
other hand, Germany will inevitably face an increasing demand for cost-effective, sustainable
mine water treatment technologies in the years to come. Therefore, the timely adoption and
advancement of passive treatment systems is considered an indispensable component for
long-term and sustainable mitigation of mine water issues as well as for protection of receiving
waters and aquatic ecosystems in Germany.
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1.5 Study objectives

Conceptualisation and sizing of eco-technological, passive-biological systems for treatment of
wastewater from various sectors (industry, landfills, runoff, sewage etc.) are typically based on
empirical coefficients or rules of thumb for applied simplification of the complex kinetics of
underlying biological, chemical, and physical contaminant removal processes. Technical
guidelines generally recommend conservative approximation of the required size, volume,
HRT, or overflow rate for water treatment to an acceptable level. Respective formulae are
based on a simplified design parameters or coefficients such as pollutant load, volume flow,
household number, or catchment area (e.g. DVGW 2005a,b; DWA 2005, 2006, 2013; Ekama
et al. 2006; Kadlec & Wallace 2009; Kadlec et al. 2000; Wegelin 1996; Wildemann et al. 1993).

The critical sizing parameter for passive removal of (above all) dissolved and particulate iron
from circumneutral, ferruginous mine water is the iron loading, which is in turn a function of
iron concentration and flow rate. As noted in chapter 1.2, the established, area-adjusted sizing
approach in equation (3) is basically a simplified rule of thumb that was initially derived from
and developed for highly ferruginous mine waters with iron levels exceeding 25 mg/L that are
associated with moderate discharge limits in the order of 2 to 5 mg/L. For lower iron loadings
on the one hand and/or more stringent discharge criteria on the other hand, there is currently
no adequate sizing approach for passive treatment systems.

Thus, the overall objective of this research project was to advance the established practice for
the designing and sizing of aerobic, passive treatment systems for the removal of dissolved
and especially particulate iron from circumneutral mine water. A respective sizing approach
should be based on the underlying physical and/or biogeochemical processes, but should also
be practicable for everyday engineering services and requirements — i.e. scientifically sound
and application-oriented. To that end, the critical iron removal mechanisms were qualitatively
and quantitatively investigated under both laboratory and field conditions to parameterise a
corresponding engineering model approach.

Objectives of the partial studies:

= Proof of operational reliability for a multistage passive pilot plant for removal of iron as
primary contaminant in ferruginous, circumneutral mine water in due consideration of the
strict, site-specific discharge limit of only 1 mg/L at the Westfield study site;

= Proof of hydraulic reliability of a multistage passive mine water treatment system in due
consideration of both winter operation and flow variability;

» |dentification, assessment, and parameterisation of the critical mechanisms for removal
of (particulate) iron from circumneutral mine water under controlled laboratory conditions;

= Comparison of iron removal kinetics derived from controlled laboratory batch studies on
the one hand and field pilot plant results under “real” conditions on the other hand;

= Development of a well-founded and transferrable, yet still application-oriented sizing
model approach for reliable, full-scale passive mine water treatment systems.

Based on the pilot study, it is explicitly envisaged to develop the technical basis of valuation
for designing, sizing, and ecological engineering of a full-scale passive system for long-term
seepage water treatment at the study site. In view of the German context as outlined in chapter
1.4, such a lighthouse project would advance the technology readiness level (TRL) of passive
systems as per the EU-H2020 scale to at least 6 and 7 (i.e. technology and system prototype
demonstration), which would in turn form the basis for nationwide use and spread of passive
technologies, i.e. striving for TRL 8 and 9 (i.e. actual system proven in operational environ-
ment) (ESA 2008). In summary, the project should improve the state of scientific knowledge
and technique, thus making a substantial contribution to overcome the drastic, long-lasting
ecological and socio-economic consequences of mine water issues in Germany.
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2 Study site
2.1 The Westfield legacy site

The Westfield study site is located near the town of Wackersdorf in the former lignite district of
Upper Palatinate in Bavaria, southeast Germany (Fig. 2a). The Upper Palatine lignite deposits
were formed in a Tertiary trench system predominantly embedded in Triassic sandstones. Both
lignite and associated waste rock in the former mining district contain sulphide minerals, pre-
dominantly pyrite and marcasite, as a natural consequence of the primordial formation during
marine transgression and regression cycles (Evangelou & Zhang 1995). Opencast mining in
the Wackersdorf area ceased in 1982 and the post-mining landscape is now in an advanced
stage of rehabilitation. Progressing oxidation of sulphide minerals in the backfilled pits results
in extensive AMD formation as is common for abandoned lignite districts.
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Fig. 2 Study site: (a) lignite mining regions in Germany, (b) the historic Upper Palatine lignite district,
and (c) the Westfield project site; from Opitz et al. (2022a)

As described by Opitz et al. (2022a), the Westfield is a former opencast segment in the south-
ern Upper Palatine district (Fig. 2b). Two major lignite seams were mined in the Westfield
between 1941 and 1982, and parts of the pit were concurrently backfilled with waste rock and
ashes from the nearby lignite power station in Schwandorf. Due south, the mined Westfield
was separated from adjacent opencast segments by a broad, approx. 30 ha dam structure
through dumping of waste rock from 1956 to 1958 and bottom ash from 1960 to 1982.

After the end of industrial-scale lignite mining in the Upper Palatine district in 1982, the remain-
ing 52 ha of the former Westfield segment were approved as a landfill for combustion residues
under waste law in 1984 (Fig. 2c). An estimated 4x10° t (approx. 3.1x10° m®) power plant ash
was deposited in the Westfield landfill until formal decommissioning in 2003. Nevertheless,
dumping of bottom and electrostatic precipitator ash in the former Westfield pit still left a deep
morphological depression behind and the artificial dewatering system of the Westfield landfill
was maintained even after decommissioning because it was found that groundwater runoff
from the landfill (that was commissioned without base sealing) would have affected aquifer
systems due west and thus threatened regional drinking water resources in the long term. As
a consequence, up to the present day and in the foreseeable future seepage water is continu-
ally pumped out from a so-called “drainage pond” at the lowest point of the former Westfield
pit and waste disposal site (Fig. 2c). Artificial dewatering creates an extensive groundwater
drawdown cone that collects contaminated seepage water from the surrounding mined land.
With rehabilitation and recultivation completed in 2023, long-term seepage water management

remains the only (perpetual) task for sustainable reclamation of the Westfield legacy.
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2.2 Seepage water chemistry

Groundwater in the post-mining landscape around the Westfield site is strongly affected by
decades of industrial-scale lignite mining, causing extensive formation of AMD. Furthermore,
the ground- and seepage water converging in the Westfield drainage pond is mineralised
through lixiviation of readily soluble compounds from the deposited ashes. As a consequence,
the seepage water leaking in the drainage pond is contaminated with mining- and ash-typical
solutes such as iron, manganese, ammonia, sulfate, chloride, and alkali(ne) earth metals. Due
to the alkalising character of the deposited ashes, the seepage water is circumneutral or even
(negligibly) alkaline (Opitz et al. 2020b)."

Tab. 1 Inflow water chemistry of the conventional treatment plant at the Westfield study site from
2011 to 2022 (n=145)

pH EC Fe' Mn NH.4 Ca Mg Na CI? SO,

2.8 5.6 1.3 1.2 576 101 142 192 1,824
7.2-7.5| (£0.3) | (¥3.5) | (¥0.3) | (¥0.3) | (#61) | (x18) | (£32) | (x80) | (£290)
mS/cm | mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

" Iron decreased after commissioning of the RTR3 in 2019 owing to intrinsic sedimentation in the basin.
2 Chloride steadily dropped from 250 — 350 mg/L in 2011 to 100 — 150 mg/L since 2018 due to progressing lixiviation.

The levels of metal(loid)s other than iron or manganese in the seepage water are low despite
considerable mobility in the surrounding mined land due to the high sorption capacity of the
fine-grained electrostatic precipitator ashes deposited in the landfill (Mishra & Tripathi 2008)
and to the circumneutral seepage water pH where solubility of most metals is low (Stumm &
Morgan 1996). Groundwater seeping at the drainage pond is strongly ferruginous with (ferrous)
iron levels far exceeding 100 mg/L. However, the temporary impoundment of seepage water
results in thorough oxygenation, which is why ferrous iron is largely already oxidised. Hence,
the remaining (particulate) ferric iron levels are reduced by an order of magnitude, averaging
about 10 mg/L. Temporal heterogeneity in the inflow water chemistry in Tab. 1 is attributable
to the varying mixing ratio of rainwater and seepage water in the drainage pond.

2.3 Seepage water management

A conventional (physicochemical) treatment plant was implemented at the Westfield site in
1995 for treatment of the ferruginous seepage water. The primary purpose of the conventional
treatment plant is to remove dissolved and particulate iron as well as other suspended solids
(TSS) to protect the receiving water from ochre depositions. Iron removal in the conventional
treatment plant is achieved in a classical reactor system through addition of lime slurry for
alkalisation and pH-stabilisation followed by the addition of flocculants, recycled sludge, and
flocculant aids for iron removal. In 2019, the intermediate reservoir “RTR3” marked in Fig. 2c
was commissioned as a retention/feeding pond for the discontinuously operated, conventional
treatment plant. The seepage water collecting in the Westfield drainage pond is continuously
pumped to the RTR3, from where it may be pumped to the treatment plant during operation.
The treated water is discharged to the nearby pit lake Knappensee south of the Westfield site.
As treatment and discharge of seepage water from the decommissioned Westfield landfill were
permitted under (waste)water law rather than mining law, also representing about 25% of the
pit lakes’ inflow, a site-specific discharge limit for total iron of 1 mg/L was set to protect the lake
from dispersion and deposition of hydrous ferric oxides (Opitz et al. 2020a).

1 Ashes deposited in the Westfield landfill as of 1974 were produced not only from local medium-sulphur lignite,
but also from low-sulphur lignite imported from the coalfields in the North Bohemian Basin (Czech Republic).
After depletion of the Upper Palatine deposits in 1982, operation of the Schwandorf power plant continued with
imported Czech lignite. In addition, alkaline additives were admixed to the electrostatic precipitator ashes after
modernisation of the flue-gas desulfurization system in the power plant.
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2.4 The Westfield pilot plant

In 2017, the Westfield pilot plant was implemented next to the conventional treatment plant
(see yellow star in Fig. 2c). The conceptual design for passive treatment of the ferruginous
seepage water was a multistage pilot system for progressing iron removal broadly following
Pareto’s principle to comply with the strict discharge limit:

1. Pre-treatment in settling ponds;

2. Polishing in surface-flow wetlands;

3. Purification in sediment filters.

The innovative pilot plant was implemented with three parallel lines as illustrated in Fig. 3.
Contrary to most multiline (pilot) systems that were installed to test different materials or setups
(e.g. Cravotta & Trahan 1999; Garcia et al. 2004; Nyquist & Greger 2009; Whitehead & Prior
2005), the trifurcated Westfield pilot plant was built with three almost identical, parallel lines to

generate comprehensive comparison datasets for assessment of treatment performance and
kinetic relationships as well as critical influencing factors for upscaling (Opitz et al. 2022b).
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Fig. 3 Layout of the trifurcated pilot plant with details of concrete sampling manholes (top) as well as
settling ponds and wetlands (bottom); modified from Opitz et al. (2023)

The Westfield pilot plant was constructed utilising commercial roll-off containers as reservoir
(7,0mx 2,35 m x 2,25 m), settling ponds and wetlands (7,0 m x 2,35 m x 1,25 m). The sediment
filters were implemented as trenches with a semi-circular profile and sealed with a 2.5 mm
high-density polyethylene liner (ca. 4,00 m x 0,20 m x 0,50 m). Concrete manholes DN2000
were set between the components as weatherproof housing for 10 flow-through cells that
served as sampling- and monitoring points (MPO1 to MP10), consecutively numbered 01 to 10
in the top details of Fig. 3. The trifurcated system lines remained separate until the system
discharge, whereby the outflow of one component corresponded to the inflow of the subse-
quent one. The ftriplicate sediment filter outflows were merged and discharged back to the
RTR3, thus preventing any emissions from the pilot plant. Altogether, the Westfield pilot plant
was large enough to assess passive iron removal processes under real conditions and at a
fairly large scale, thus avoiding scaling effects typically observed in small- or laboratory scale
settings. Nevertheless, the pilot plant was small enough to be easily managed and maintained.
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3 Materials and methods
3.1 Pilot plant operation

The preceding reservoir of the Westfield pilot plant was fed with seepage water split off from
the inflow to the conventional treatment plant on site. The main purpose of the reservoir was
to mitigate variations caused by discontinuous operation of the Westfield’'s seepage water
pump system. As the reservoir gravitationally drained to the pilot plant, the overall volumetric
inflow rate to the pilot plant was governed by the reservoirs’ water level. As a consequence,
the flow rate in (at least) one of the three system lines decreased upon progressing emptying
of the reservoir, especially on weekends and holidays.

Flow rates in the three lines of the Westfield pilot plant were set with ball valves in the parallel
inlet pipes branching off the first measuring and sampling point (MP0O1). The flow rates were
continuously recorded by flowmeters (STUBBE DFM200) at a 30-second interval. The overall
flow rate of the Westfield pilot plant at normal operation averaged approx. 800 L/h with lower
to upper quartiles of 746 to 851 L/h, which is about 4% of the average seepage water yield at
the Westfield drainage pond. During weekends, episodic minimal flow rates were recorded as
low as approx. 400 L/h. An overview of flow rates in the three system lines during the different
project phases between November 2017 and December 2019 is compiled in Tab. 2:

Tab.2 Operation phases of the Westfield pilot plant with intended and actual® flow rates [L/h] in the
three parallel system lines 1 to 3

Project phase System line 1 System line 2 System line 3

Test period

(15.11.2017 — 22.07.2018) Flow rates before the study period were not recorded

Reference period 270 270 270
(23.07.2018 — 12.11.2018) 269 (+37,6) 277 (£8,0) 262 (£58,5)
Variation period 1 170 270 370
(13.11.2019 — 05.03.2019) 178 (x11,4) 276 (£14,3) 345 (+75,5)
Variation period 2 190 390 230
(06.03.2019 — 26.06.2019) 203 (£13,5) 394 (+30,7) 212 (£55,3)

Maintenance break
(27.06.2019 — 19.08.2019)

Negligible or no flow following routine servicing of the pump system

Variation period 3
(20.08.2019 — 10.12.2019)

430
424 (£112)

160
155 (£22,5)

120
139 (£20,4)

" Actual flow rates in grey italics are integrated to illustrate the fluctuation of overall flow rates as average + SD (n = 21,696).

The test period was conducted to develop, test, and debug operational procedures and most
importantly to allow for vegetational development of dense reed stands in the wetlands. During
the following 452-day study period, flow rates were adjusted in the inflow of the three system
lines to vary both hydraulic loading and residence time for further evaluation of iron removal
kinetics. In a first step, flow rates were adjusted as similar as possible at approx. 270 L/h in the
three parallel system lines during the so-called “reference period” to validate comparability in
the triplicate systems as suggested by Kuehn & Moore (1995). In a second step, flow rates in
the three system lines were varied between approx. 150 and 450 L/h each during the so-called
“variation periods” to generate a comprehensive dataset with variable iron loading and HRT
for evaluation of system performance and iron removal rates as a function of hydraulic loading.
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3.2 Field data collection

Basic hydrochemical parameters including temperature, pH, electrical conductivity, oxygen
concentration and turbidity were continuously recorded at a 30-second interval by in-situ online
sensors installed in the sampling and monitoring flow-through cells between the treatment
stages and connected to a multi-parameter monitoring system (WTW |Q SENSOR NET). The
middle system line (MPO1, MP03, MP06, MP09) and wetland outflows (MP05, MPQ7) were
equipped with all sensors, whilst the remaining monitoring points (MP02, MP04, MP08, MP10)
were only equipped with turbidity sensors. As additional quality assurance measure, all basic
water quality parameters except for turbidity were measured weekly using hand-held sensors
and data loggers with additional redox potential measurements (WTW MuLTI 3530 IDS).

The monitoring regime of the Westfield pilot plant is presented in Tab. 3. It is important to note
that the analytical scope was constraint after the initial “test period” because some parameters
(especially metals) were invariably close to or below the detection limits. This is in agreement
with the long-lasting seepage water monitoring at the Westfield site.

Tab. 3  Monitoring and sample collection at the Westfield pilot plant during the 452-day study period

Monitoring schemes (interval)

Measurands and parameters

Measurement techniques

In-situ sensor monitoring’
(30-second interval logging)

= Flow rate

= pH and temperature

= Electrical conductivity
= Oxygen concentration
= Turbidity

= STUBBE DFM200

= WTW SENSOLYT® 700 IQ/SET
= WTW TETRACON® 700 IQ

« WTW FDO® 700 IQ

= WTW VISOTURB® 700 I1Q

Iron monitoring
(semi-weekly sampling)

Total iron, Fe(tot)

Particulate iron, Fe(lll)part
Dissolved ferric iron, Fe(lll)aq
Dissolved ferrous iron, Fe(ll)aq

Spectrophotometry
id.
id.
id.

Basic parameter monitoring
(weekly manual measurement)

= pH and temperature

= Electrical conductivity
= Oxygen concentration
= Redox potential

= WTW SENTIX® 940

= WTW TETRACON® 925

= WTW FDO® 925

WTW SENTIX® ORP-T 900

= Al, Ba, Ca, Cr, Cu, K, Mg, Na,
Ni, Pb, V, Zn

ICP-OES

Multi-parameter monitoring? |« Br, CI, F, NO2, NO3, PO4, SO4 | ® lon chromatography
(weekly sampling) = NH4, PO4, SO4 * Photometry
= DOC, TOC, TIC * DOC-meter
= Mn = Graphite furnace AAS
itoring2 = Na, K » Flame AAS
(S;s;ﬁ;nz;:;:l;;;)mtormg = As = Graphite furnace AAS
= Flow rate = Bucket-and-stopwatch

" The in-situ WTW sensors were connected to two dataloggers (WTW MuLTI 3530 IDS) installed in a nearby depot building.
The flowmeters were connected to a separate datalogger (JUMO LOGOSCREEN 600) mounted close to MPO1.
2 parameters in grey were discontinued after the test phase (not detectable or matrix problems).

For multi-parameter analysis, three samples were collected weekly from sampling taps built
into the flow-through cells at all 10 monitoring points indicated in the top details of Fig. 3. The
first sample was filtered with a syringe filter at 0.45 uym, stabilised with 150 pyL of 1 M hydro-
chloric acid and stored at 4 °C for cation analyses via ICP and AAS. The second sample was
immediately frozen for anion analysis via ion chromatography and photometry. The third and
last sample was stored at 4 °C for dissolved and total organic as well as total inorganic carbon
measurements (DOC, TOC, TIC). Results from the weekly samplings were used to calculate
the CO2-corrected acidity broadly following Kirby & Cravotta (2005) and Peine (1998) using
the software PHREEQC, version 3 (Parkhurst & Appelo 2013). Chemicals and materials used
for calibration, stabilisation, and laboratory analyses as well as for sample or standard prepa-
ration were analytical grade.
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For semi-weekly iron analyses, two samples were collected twice weekly from the sampling
taps at all 10 monitoring points. The first sample was filtered with a syringe filter at 0.45 um,
stabilised with 150 pL of 1 M hydrochloric acid and stored at 4 °C for spectrophotometric analy-
sis of dissolved ferrous and ferric iron. The second, unfiltered sample was immediately spiked
with 150 uL of 12 M hydrochloric acid and stored at 4 °C for at least 24 h to re-dissolve any
particulate hydrous ferric oxides at pH < 2 before spectrophotometric analysis of total iron
(Hedin 2008). Based on these analyses, dissolved iron was calculated as the sum of dissolved
ferrous and ferric iron, and particulate iron was calculated by subtracting total dissolved from
total iron (Butler et al. 2008; Matthies et al. 2012). Iron analyses were conducted using acetate
buffer solution and 1,10-phenantroline at 512 nm (Tamura et al. 1974). Standards for calibra-
tion of the spectrophotometer (HACH DR 3800) were prepared with ferrous chloride solution
dissolved in purified, degassed water and acidified with 1 M nitric acid (Opitz et al. 2020b).

Regarding the extensive iron monitoring, it is important to note that colloidal hydrous ferric
oxides readily pass 0.45 uym syringe filters and are therefore excluded from the particulate iron
fraction (Taillefert et al. 2000). Differentiating dissolved and particulate fractions at 0.45 ym
has, however, become common practice in environmental monitoring of surface waters (Filella
2007). In the context of this project, the difference is considered negligible as submicron hy-
drous ferric oxides are metastable towards larger particles due to progressive aggregation of
ferric solids in water samples (Baumgartner & Faivre 2015; Cornell et al. 1989). Nevertheless,
the analysis of dissolved iron species as described above was used for quality control.

TSS levels in the later stages of the pilot plant such as wetlands and sediment filters were
negligible throughout the 452-day study period, mostly falling close to or below the respective
on-site TSS detection limit of 1 mg/L. For comparison with the long-term Westfield seepage
water monitoring, daily averaged turbidity measurements were used as a high-resolution proxy
for TSS (Opitz et al. 2020b; Pfannkuche & Schmidt 2003).

For hydraulic and hydrodynamic characterisation of the Westfield pilot plant, tracer tests were
conducted in one component of the three treatment stages each (Stephenson & Sheridan
2021). To that end, a pulse injection of diluted Rhodamin WT (ACROS ORGANICS, 20%) was
injected into the inlet of the treatment component and effluent fluorescence was measured in
the flow-through cell behind the same treatment component. Fluorescence measurements
were conducted with a submerged, in-situ fluorometer (TURNER DESIGNS CYCLOPS 7) and rec-
orded at a 30-second interval by a mobile datalogger (ADAMCZEWSKI VARIOLOG). The tracer
tests were conducted in the winter of 2020, i.e. the time of the year when thermal mixing in the
pilot plant and hydrophyte density in wetlands are relatively low, thus providing a conservative
approximation of actual residence time distributions (RTD) in the three pilot-scale treatment
stages (Braskerud 2001). Tracer tests were terminated after reaching the basic fluorescent
level, although it should be noted that slow tracer tests at lower flow rates in settling ponds and
wetlands had to be discontinued after a maximum of approx. 192 h to prevent imminent dye
re-cycling to the pilot plant via the RTR3. Fluorescence data was corrected for temperature
and converted to tracer concentration following Smart & Laidlaw (1977) and Bodin et al. (2012),
respectively. Key data of the tracer tests are compiled in the following Tab. 4:

Tab.4 Impulse-response tracer tests conducted at the Westfield pilot plant

Tracer test data Settling ponds Wetlands Sediment filters
Tracer injection point MPO1 MP02 MP06
Fluorescence recording MPO3 MPO5 MPO09
Number of tracer tests 5 8 8
Range of flow rates 162 — 519 L/h 172 — 500 L/h 167 — 515 L/h
Approx. test duration >200h 100-240h 3-5h
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3.3 Laboratory batch studies

The column experiments described in Opitz et al. (2022b) were conducted for identification
and parameterisation of the physicochemical processes governing the sedimentation-based
removal of particulate iron. To that end, large-scale plexiglass sedimentation columns were
custom-made with a height of 200 cm and an internal diameter of 19.4 cm broadly following
Sapsford (2013). The top was sealed with a plexiglass lid and fitted with a brazen hose barb,
which was in turn connected to a vacuum pump (BROOK CROMPTON BS2212) via a rubber hose
with a three-way valve. Two sampling ports for replicate sample collection were incorporated
into the column one above the other at heights of 60 and 120 cm from the bottom and fitted
with special airtight septa (RESTECK MININERT PRECISION SAMPLING VALVES). Each column was
secured to a steel framework and brought into balance. Polyethylene reservoirs with a height
of 35 cm and a diameter of 60 cm were placed below the columns as illustrated in Fig. 4a. Up
to six columns were run parallel under controlled laboratory conditions at 20(+2) °C.
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Fig. 4 Experimental setup of the sedimentation column experiments during (a) preparation, (b) mixing
and filling, and (c) sampling; modified from Opitz et al. (2022b)

Ferruginous stock solutions for the sedimentation column experiments with 20 — 50 g/L of ferric
solids were freshly prepared on the evening before and homogenised over night by a magnetic
stirrer at 300 — 350 rpm. Incremental amounts of the ferruginous stock solution were added to
80 L of tap water in the reservoirs below the sedimentation columns, and the resultant bulk
samples was thoroughly mixed with motor-operated basket stirrers (BOSCH SCINTILLA SA) for
approx. 1 min to disperse solids and break up incipient aggregates. As illustrated in Fig. 4b,
the empty columns were lowered into the reservoirs to 3 cm above the reservoir bottom and
the bulk sample was pumped into the column in less than 1 min by the vacuum pump. After
filling the columns to a height of 180 cm, the three-way valve was closed so the vacuum pump
could be disconnected and relocated to the next column.

The first (replicate) sample was taken after filling of the column by opening the double-sealed
safety interlock of a sampling port, piercing a 12 cm long stainless-steel hypodermic needle
(B.BRAUN 0.8 MM STERICAN) through the air-tight seal, and collecting a 5 mL sample via a sterile
syringe (B.BRAUN 5ML INJECT). This sampling procedure with samples collected from the centre
of the column ensured minimal hydraulic, static, or temperature-related boundary effects. The
replicate sampling then continued at a 4 h interval for 3 to 4 days to generate concentration-
time profiles of the sedimentation process at different initial iron levels. The setup and experi-
mental procedure of the column experiments is further detailed in Opitz et al. (2022b).
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Stock solutions for sedimentation column experiments were produced using both natural and
synthetic hydrous ferric oxides. Natural “ochre” was collected at the Westfield project site by
scooping the uppermost, freshest sediment layer from the pilot plant’s reservoir depicted in
Fig. 3 with polypropylene buckets. The large ochre sample was homogenised and sieved with
stainless-steel wire mesh sieves (RETSCH ANALYTICAL) at 1,000 and 100 um mesh size to re-
move large aggregates and exogeneous, organic or siliciclastic material (leaves, insects etc.).
Another two samples were collected at the Westfield site at higher ferrous iron levels, one
under slightly acidic and one under acidic conditions with pH of 5 to 7 and 2 to 5, respectively.
The additional samples were subjected to the same homogenisation and sieving procedure
noted above, and all ochre samples were stored in a cold room at 4 °C in an aqueous state
before usage for stock solutions.

Synthetic ferrihydrite and lepidocrocite were produced in the laboratory following the standard
instructions by Schwertmann & Cornell (1991) as briefly summarised in the following:

= 6-line ferrihydrite was synthesised by bringing a 0.1 M ferric nitrate solution to pH 8 through
dropwise addition of 1 M sodium hydroxide solution followed by ageing, dialysing, and
freeze-drying of the resultant dispersion.

» Lepidocrocite was synthesised by mixing 0.2 M ferrous chloride and urotropine solutions to
precipitate ferrous hydroxide, followed by addition of 1 M sodium nitrite solution for oxida-
tion, followed by decanting, washing to < 20 uS/cm, and freeze-drying.

Several series were conducted during the sedimentation column experiments as compiled in
Tab. 5 and briefly described below. In a first step, the basic series was conducted over a wide
range of iron levels to investigate the underlying hydrous ferric oxide removal kinetics. In a
second step, the pH, salinity, and solids’ series were conducted to assess potentially critical
influencing factors of both bulk solution (mineralisation, pH) and ferric solids (e.g. mineralogy,
composition, mass density, texture, charge) on aggregation and sedimentation dynamics as it
was shown that these may affect collision and settling behaviour of waterborne ferric solids or
particles (e.g. Mylon et al. 2004; Vikesland et al. 2016). The pH- and salinity series were both
conducted at moderate (10 — 15 mg/L) and high (60 — 80 mg/L) initial iron levels as particle
interaction is expected to be positively correlated with particle concentration. Lastly, the quality
control or “real mine water series” was conducted to verify that results from tap water experi-
ments are transferrable to mine waters as suggested by Wan et al. (2015). Data validation and
quality control included outlier identification by rank-order-based outlier detection.

Tab.5 Overview of the experimental sedimentation series; from Opitz et al. (2022b)

Series Datasets Ferric solids Iron level Bulk sample composition

Basic series 36 Natural ochre 3 —240 mg/L Tap water

pH series 24 Natural ochre 10 — 80 mg/L Tap water (pH 5.5 — 8.0)"

Salinity series 22 Natural ochre 10— 80 mg/L | Tap water (5 — 240 mS/cm)?
8 Syn. ferrihydrite | 15 — 35 mg/L

. 4 Syn. Lepidocrocite 50 mg/L

Solids series 8 Sl. acidic ochre | 15— 40 mg/L Tap water
6 Acidic ochre 10— 30 mg/L

Real mine water series 10 Natural ochre 10-175 mg/L Real mine water®

" pH of the bulk solution was varied in increments of 0.5 pH units (5.5, 6.0, 6.5, 7.0, 7.5, and 8.0) by careful buffering with 2 mM
3-(N-morpholino)propanesulfonic acid and adjusting pH through dropwise addition of 10 M NaOH or 12 M HCI.

2 Electrical conductivity of the bulk solution was adjusted by addition of NaCl salt to approx. 5, 10, 50, 100, 150, and 250 mS/cm.

3 Approx. 400 L of “real” mine water with negligible iron were collected from the RTR3 and transported to the laboratory.
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3.4 Solids characterisation

Settled solids were collected from the Westfield pilot plant after approx. one year from open
sediment traps installed in the bottom of the 10 sampling- and monitoring flow-through cells
indicated in the top details of Fig. 3. Following this, sediment samples from parallel cells were
blended to produce four composite samples for inflow (MP01), settling ponds (MP02-MP04),
wetlands (MP05-MPOQ7), and sediment filters (MP08-MP10). The solids were sieved to <2 mm
for removal of larger depositions that are considered unrepresentative of particulate matter
from the seepage water such as leaves or insects (Opitz et al. 2020b; Schaider et al. 2014).

During the laboratory batch studies described in chapter 3.3, the different ferric solids compiled
in Tab. 5 were also subjected to detailed chemical, physical, and mineralogical analyses. The
characterisation of solids from both field and laboratory studies is briefly described below, with
an overview of laboratory analyses given in Tab. 6:

» The pH was determined by pH sensor measurements (WTW SENTIX® 940);

» The elemental composition with a focus on iron and associated metals was determined by
ICP-OES via aqua regia digestion of triplicate freeze-dried and washed subsamples;

» The z-average hydrodynamic diameter and zetapotential were examined by electrophoresis
(MALVERN ZETASIZER NANO ZS) using folded capillary zeta cells (MALVERN DTS1070)
broadly following Juang & Wu (2002);

» The isoelectric point (IEP) was obtained by measuring the electrophoretic mobility of several
subsamples with pH adjusted between 4 and 8 broadly following Barnes et al. (2009);

» The mineralogy was determined by X-ray diffraction (XRD) with a cobalt X-ray source and
LynxEye detector (BRUKER AXS D4 ENDEAVOR), diffractograms collected from 10° to 80° 26
with a 2 second acquisition and 0.06° 28 step size on dried and powdered subsamples.

Tab. 6 Chemical, physical, and mineralogical characterisation of solids

Samples pH Iron content Diameter IEP Mineralogy
Solids samples from the Westfield pilot plant

Inflow v v n/a n/a 4
Settling ponds v v n/a n/a v
Wetlands v v n/a n/a v
Sediment filters v v n/a n/a 4
Solids samples from the laboratory batch studies

Natural ochre v v v v v
Slightly acidic ochre v v n/a n/a v
Acidic ochre v v n/a n/a v
Synthetic ferrihydrite n/a v v v 4
Synthetic lepidocrocite n/a v n/a n/a v

After dismantling of the pilot plant, the accumulated sediment from settling ponds, the plants
and sediment from wetlands, and the sediment filter matrix including solid depositions from the
granite gravel were closely examined and documented. Selected samples were subjected to
laboratory analyses with a focus on mineralogy (XRD) and elemental composition (ICP-OES).
As there are only few geochemical and/or mineralogical studies on ferric solids or sediments
from the southern Wackersdorf district, results of solids characterisations were compared to
findings from the northern Rauberweiher district (e.g. Peine 1998; Regenspurg et al. 2004) or
the nearby Czech Sokolov basin (e.g. Murad & Rojik 2003, 2005).
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4 Results and evaluation
The five studies described below refer to the individual manuscripts provided in the appendix.

4.1 Performance of the Westfield pilot plant (studies 1 and 3)

Studies 1 and 3 focused on the performance of the pilot plant that was operated and monitored
at the Westfield study site between 2017 und 2020. Evaluation of the extensive datasets
demonstrated the excellent performance of the Westfield pilot plant for year-round contaminant
removal with a special focus on passive iron removal.

The first study (Opitz et al. 2020b) demonstrated application of a simple technique to monitor
the transport of particulate iron as the primary contaminant in the seepage water throughout
the multistage Westfield pilot plant. The data collected at all ten monitoring points by online
turbidity sensors on the one hand and manually collected samples on the other hand provided
a robust, near-monocausal basis for the development of an empirical, linear proxy-relationship
between in-situ measured turbidity [Turb.] and the concentration of hydrous ferric oxides
[Fe(OH)3] in the seepage water (R? = 0.86) with:

(11) [Fe(OH)s] = 0.092[Turb.] + 0.031

Stochastic and seasonal fluctuations as well as episodic disturbances such as rain events or
bioturbation were averaged out in the comprehensive datasets. This surrogate relationship
allowed approximation of particulate iron at a considerably higher resolution than may be
achieved by manual sample collection, thereby reducing monitoring costs and efforts. The
high-resolution dataset was used to validate sample analyses (i.e. for quality control) and to
improve iron mass balance estimates for the passive system in due consideration of short-
term variations in flow rates and/or inflow iron concentration.
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Fig. 5 Discrete hydraulic loading and cumulative mass removal for iron mass balances with different
time resolutions for the 452-day period; modified from Opitz et al. (2020b)

By way of example, the iron mass inflow to, and outflow from, the pilot plant over the entire
study period was estimated at 67.2 and 1.7 kg, respectively, based on flow recordings and iron
analyses both averaged over the 452-day period. Similar results were obtained by way of a
low-resolution mass balance based on semi-weekly iron analyses and accordingly averaged
flow rates with 69.3 and 1.7 kg, respectively. In contrast, high-resolution estimates based on
30-min interval turbidity-iron-conversions and respectively averaged flow recordings were 56.3
and 1.2 kg, respectively. Lower mass flows obtained via the high-resolution mass balance are
attributable to decreased hydraulic loading of the system during weekends when pump oper-
ation ceased, whereby the pilot plant was only fed from the (dwindling) reservoir as can be
seen in Fig. 5. Such variations in mass flow are easily overlooked by routine monitoring efforts
based on manual sample collection and analysis at any practical interval.

19



Results and evaluation

The third study (Opitz et al. 2022a) evaluated the results of the trifurcated Westfield pilot plant
over the entire 452-day study period, not only for iron but also for secondary contaminants
such as arsenic, manganese, ammonia, nitrate, and TSS/turbidity. In-depth evaluation of the
pilot plant data revealed important benefits and limitations of the consecutive treatment stages
for transport, transformation, and removal of particularly redox-sensitive compounds that are
omnipresent in mining environments. Most importantly, iron, arsenic, and TSS were predomi-
nantly removed in the preceding settling ponds (63 — 77%), with only little removal in wetlands
(20 — 31%) and sediment filters (4 — 6%) as indicated by concave arrows in the upper panels
of Fig. 6. However, the discrete treatment efficiency of the consecutive treatment stages for
the above contaminants was broadly similar or even increased in wetlands and/or sediment
filters even though the latter stages received substantially lower loadings. By way of example,
discrete median removal in settling ponds, wetlands, and sediment filters was 69, 73, and 72%
foriron, 73, 69, and 44% for arsenic, and 62, 82, and 78% for TSS/turbidity, respectively.
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Fig. 6 Contaminant development in the Westfield pilot plant as median concentrations for the 452-day
period with arrows indicating trends; modified from Opitz et al. (2022a)
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In contrast, the removal of manganese and ammonia was rather low in the preceding settling
ponds with 13 and 20%, respectively, but increased to 56 and 74% in wetlands and even up
to 92 and 97% in sediment filters as indicated by convex arrows in the lower panels of Fig. 6.
Discrete median removal in settling ponds, wetlands, and sediment filters was 13, 49, and 83%
for manganese and 20, 68, and 90% for ammonia, respectively. There is good reason to as-
sume that oxidation of bivalent manganese was catalysed by adapted microbial communities
closely linked with reactive surfaces in wetlands and especially in the sediment filter matrix
(Luan et al. 2012; Neculita & Rosa 2019). This was substantiated by visual observation and
chemical analyses of extensive black coatings on plant litter in wetlands, the pipework suc-
ceeding wetland outflows, and especially the granite gravel in the sediment filters.

Beyond that, the pilot study highlighted the importance of the densely vegetated, near-natural
environment of the surface-flow constructed wetlands for nitrification. It stands to reason that
ammonia removal caused a concomitant increase in nitrate levels with a median of 85% over
the study period. In this context, it is interesting to note that data showed year-round ammonia
removal, whereas nitrate generation was apparently considerably higher in autumn and winter
(i.e. September to April). Hence, there is good reason to assume that nitrification was stable
year-round, but that a significant nitrogen fraction was fixed in plants, litter, and sediment as a
result of primary production (algae, macrophytes) and/or lost to the atmosphere by way of
denitrification in the sediment, especially during spring and summer. Notably, the Westfield
pilot plant showed an overall net-negative nitrogen budget of approx. 178 mol or approx. 36%
of inflow ammonia/nitrate-nitrogen over the study period. Median ammonia-nitrogen removal
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rates in the surface-flow wetlands were estimated at up to 8.8 mmol/m?#d, which corresponds
well with literature reports on pilot- and full-scale wetlands in the order of 1 to 20 mmol/m?/d by
Dzakpasu et al. (2014) and Mitsch & Gosselink (2000).

Comparison of aggregated median concentration developments for relevant parameters from
the passive pilot plant to the full-scale conventional treatment plant operated at the Westfield
site are illustrated in Fig. 7. Monitoring data from the conventional treatment plant operated at
the Westfield site was provided by courtesy of the plant operator, comprising monthly chemical
analyses of inflow and outflow water as of the last major overhaul of the treatment plant in
2010. A comparability analysis for the datasets from the conventional plant (2011 to 2021) and
the Westfield pilot plant (2018 to 2019) is provided in Opitz et al. (2022a), showing that the
hydrochemistry of the seepage water from the Westfield drainage pond remained stable over
the years, which is why the two aggregated datasets are considered broadly comparable.
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Fig. 7 Removal efficiency of relevant contaminants for the conventional plant (2011-2021) and the
Westfield pilot plant (2018-2019) based on median inflow-outflow levels with overall removal
and sample number indicated below columns; from Opitz et al. (2022a)

Direct juxtaposition as described in Opitz et al. (2022a) shows that the two treatment plants
are comparable in terms of iron removal, reliably meeting the strict regulatory requirements.
The same applies to secondary contaminants such as arsenic and TSS/turbidity. Beyond that,
it is worth noting that both manganese and ammonia mostly pass the conventional treatment
plant as clearly discernible in Fig. 7 with overall median removal in the order of 5 to 10%, rarely
exceeding 20%. This goes to show that the biogeochemical processes stimulated in the pas-
sive system, especially in wetlands and sediment filters, provide a distinct technological benefit
regarding overall water quality amelioration.

In summary, the results from long-term operation of the Westfield pilot plant provide a much
better understanding of spatiotemporal trends, cycles, and developments on the migration and
removal of particulate iron (and other contaminants) throughout the three different, consecutive
passive treatment stages. Iron, TSS, and arsenic removal followed the designated removal
pattern according to Pareto’s principle, with broadly similar discrete removal efficiencies in the
three consecutive treatment stages of 60 to 80%. Thus, the settling ponds effectively protect
the following, more delicate wetlands and sediment filters from clogging, whereas the latter
ensure reliable polishing despite lower loading. Wetlands and sediment filters were found to
reliably polish particulate and redox-sensitive compounds such as ammonia, arsenic, iron,
manganese, and TSS even at residual levels whilst concomitantly mitigating spatiotemporal
fluctuations that inevitably arise in open systems. Altogether, the studies noted above highlight
the importance of the multistage passive setup of the pilot plant in ensuring full operational
reliability even for particularly strict environmental regulations or discharge limits such as set
at the Westfield legacy site.

21



Results and evaluation

4.2 Sedimentation of hydrous ferric oxides (study 4)

The overall objective of the fourth study (Opitz et al. 2022b) was to develop a kinetics-based
model approach for sedimentation of particulate hydrous ferric oxides in circumneutral and
ferruginous mine water. By subjecting both real ochre from the Westfield study site and several
synthetic ferric (hydr)oxides to large-scale sedimentation column experiments under different
hydrochemical and mineralogical conditions, the laboratory study provided novel insights into
the interrelation of particle interaction (aggregation) and gravitational settling (sedimentation)
of waterborne hydrous ferric solids. The datasets with initial iron levels ranging from < 5 mg/L
up to approx. 250 mg/L showed a fast, aggregation-driven step (r2) at high iron levels followed
by a slower, sedimentation-driven step (r1) at lower iron levels as illustrated in Fig. 8. The two
regimes could be reasonably well described by a mixed first- and second-order model:

. d[Fe] _

(12) dt er[Fe] + krl[Fe]Z

The large-scale column experiments allowed for parameterisation of the respective coefficients
with k+ = 9.4x10° m3g/h and k- = 5.4x10° h'. The mixed model and coefficients allowed
good reproduction of the experiments. Accordingly, statistical analysis of the overall regression
yielded a process standard deviation of 1.1 mg/L and a confidence interval of £1.7%.
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Fig. 8 Double-logarithmic plot of initial sedimentation rates A[Fe]/At vs. initial iron concentration [Felo
for all 36 datasets of the basic series at different initial iron levels with dashed lines indicating
slopes; modified from Opitz et al. (2022b)

Notably, it was found that sedimentation of particulate hydrous ferric oxides at low to moderate
iron levels (i.e. < 10 mg/L) could be approximated by a simplified first-order model following
equation (9). The first-order coefficient ks.q was found with 2.4(+0.4)x102 h', which is in line
with incipient estimates from the literature compiled in chapter 1.3. It is, however, important to
note that the simplified first-order relationship tends to progressively underestimate sedimen-
tation towards higher iron levels where aggregation plays a major role, and to overestimate
sedimentation toward residual iron levels < 1 mg/L where the finely dispersed ferric colloids
remain suspended. Nevertheless, the first-order coefficient kses Noted above corresponds to a
“half-life” or time requirement in the order of 28 h to remove 50% of initial ferric solids, which
is in agreement with the retention time recommended for the design or sizing settling ponds in
passive mine water treatment systems in the order of 12 to 48 h (Opitz et al. 2022b).

Variation of potentially critical hydrochemical boundary conditions such as pH or salinity as
well as the mineralogy of the ferric solids showed only minor effects on kinetic parameters,
indicating that sedimentation of waterborne hydrous ferric oxides in mine waters are broadly
transferrable among different mine sites. This corresponds well with previous studies on the
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behaviour of hydrous ferric oxides naturally precipitated in circumneutral or even acidic mine
waters, which are neigh-on universally dominated by sulfate ions and typically facilitate rapid
oxidation, precipitation, and aggregation of ferric solids upon oxygenation and neutralisation
with emergence from mines or pits (e.g. Barnes et al. 2009; Dempsey et al. 2001).

In summary, the results of the laboratory study provide a consistent, quantitative approach and
parametrisation for the two-step aggregation/settling-based removal of hydrous ferric oxides
in circumneutral mine water. In an application-oriented context, the results also confirm the
hypothesis of Sapsford & Watson (2011) that sedimentation may be approximated by a simple
first-order model — at least for moderate iron levels. The conservative value for ks.q suggested
above ensures that iron removal is underestimated rather than overestimated in the relevant
concentration range of approx. 1 to 10 mg/L as is common practice in engineering sciences.
These findings could considerably improve our (quantitative) understanding of iron transport
and removal in mining environments. Moreover, the relationships noted above may readily be
integrated into transport models or used for the calculation of temporal iron removal profiles in
passive mine water treatment systems to determine the optimal application range of settling
ponds for pre-treatment. In the overall context of the research project, the kinetic parameters
provide the basis for evaluation of iron removal kinetics in the Westfield pilot plant.

4.3 Development of a novel sizing approach (studies 2 and 5)

Finally, studies 2 and 5 focused on the development of novel sizing approaches for both bare
settling ponds and densely vegetated, surface-flow wetlands for pre-treatment and polishing
of circumneutral, ferruginous mine water, respectively.

The second study (Opitz et al. 2021) was a comprehensive literature review to gain insights
into the intrinsic mechanisms that govern superior iron removal efficacy observed in densely
vegetated wetlands relative to (unvegetated) settling ponds. The general literature review on
surface-flow wetlands for passive treatment of either waste- or mine water provided a basic
understanding of the physicochemical, biological, and hydraulic effects of wetland vegetation
with a focus on the removal of particulate matter and other contaminants that are relevant in
both waste- and mine water settings. The most critical effects of the emergent macrophyte
vegetation in surface-flow wetlands for iron removal as identified in Opitz et al. (2021) were:

» Enhanced biogeochemical ferrous iron oxidation and precipitation due to catalytic reactions
and bacterial activity on immersed macrophyte surfaces;

» Physical filtration of colloidal hydrous ferric oxides that are unlikely to gravitationally settle
within a given residence time by the submerged parts of the dense wetland vegetation;

» Scavenging and heteroaggregation of dissolved and colloidal iron, respectively, by clastic
sediments or plant-derived natural organic matter;

* Improved hydrodynamics and hydraulic efficiency of densely vegetated, surface-flow wet-
lands, considerably augmenting retention and exposure time.

Thus, it stands to reason that (particulate) iron removal in wetlands is a multicausal process
where iron removal rates are expected to vary depending on ecological and constructional
factors such as water depth, macrophyte species, plant density, and vegetation development.
These findings indicate that the sizing of wetlands for passive treatment of ferruginous mine
water must necessarily be based on a simplified engineering model approach rather than an
overall kinetic approximation of the complex iron removal mechanisms in due consideration of
various potentially critical influencing factors. In addition, the literature review helped to identify
phytologic, hydrodynamic, seasonal, and meteorologic effects that may affect both treatment
performance and data quality in open passive systems. In the overall context of the research
project at hand, study 2 thus provided a qualitative basis for the quantitative assessment of
field data from the pilot-scale wetlands at the Westfield pilot plant.
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The overall objective of the fifth study (Opitz et al. 2023) was to develop and propose novel
sizing approaches for integrated passive mine water treatment systems based on actual field
results from the Westfield pilot plant. To that end, study 5 combined the fundamental insights
into passive iron removal mechanisms in a free body of water as outlined in study 4 and in
densely vegetated wetlands as outlined in study 2 with the field data collected from pilot-scale
settling ponds and wetlands at the Westfield pilot plant. The results were than used to advance
the designing and sizing of integrated passive mine water treatment systems in due consider-
ation of the concentration-dependency governing passive iron removal.

Firstly, evaluation of datasets from the pilot-scale settling ponds of the Westfield pilot plant
confirmed that sedimentation-driven removal of particulate hydrous ferric oxides in free surface
settling ponds may indeed be approximated by the simplified first-order model approach at low
to moderate iron levels as highlighted in study 4 (Opitz et al. 2022b). The respective first-order
coefficient kseq for the pilot-scale settling ponds was found in the order of 2.1(x0.7)x102 h™,
which corresponds well with both initial literature reports noted in chapter 1.3 and systematic
sedimentation experiments outlined in chapter 4.2.
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Fig. 9 Correlation of iron removal rates A[Fe]/At and inflow iron concentration [Fe]in in settling ponds
and wetlands with overall regressions as dashed lines; modified from Opitz et al. (2023)

Secondly, iron removal in surface-flow wetlands was found to be more efficient relative to the
unvegetated settling ponds as illustrated in Fig. 9, but also more complex due to the phytologic
component as noted in study 2 (Opitz et al. 2021). As iron removal in the pilot-scale wetlands
could not be adequately described by a simple model or kinetic relationship, the established
area-adjusted iron removal approach initially proposed by Hedin et al. (1994) was advanced
by parameterising the underlying concentration-dependency for polishing of pre-treated mine
water. By converting the superlinear regression of iron removal rates in wetlands from Fig. 9
to areal iron removal as per equation (3), the concentration-dependency of the area-adjusted
removal rate Ra was fitted as R, = m X [Fe];," with m = 0.2 and n = 1.4. Thus, the quantitative
results of the pilot-scale wetlands provide a novel approach for customised sizing of integrated
passive systems.

Altogether, the findings of the pilot study highlight that passive iron removal is predominantly
controlled by two driving processes, namely transfer from dissolved ferrous ions to dispersed
hydrous ferric oxides via oxidation on the one hand, and sedimentation of resultant hydrous
ferric oxides via aggregation and settling (or filtration) on the other hand. This is in accordance
with observations from several full-scale passive mine water treatment systems reported by
Chikanda et al. (2021), Matthies et al. (2012), and Hedin (2008), showing that overall iron
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removal along the flow path was associated with a progressing shift from ferrous to ferric and
colloidal to particulate iron. Notably, the particulate fraction did not accumulate along the flow
path but was concomitantly removed through aggregation from higher nanometre to lower mi-
crometre fractions and, finally, sedimentation. Ferrous iron oxidation and hydrous ferric oxide
sedimentation as the two potentially rate determining processes in a free water body may both
be approximated by (pseudo) first-order rate equations as outlined above. Assuming stable pH
and oxygen levels, total iron [Fe(tot)] profiles in settling ponds may thus be estimated by cou-
pling and integration of equations (5) and (9) with:

!
k' ox[Fe(ID]o(e K oxt—e~Kseaxt)

Ksed—K'ox

(13) [Fe(tot)], = [Fe(I)]y X e*'oxXt + + [Fe(OH)3]q X e Kseaxt

The rate-determining of the two processes can now be identified by direct comparison of the
first-order coefficients as outlined by Espenson (1981). The sedimentation coefficient kses Was
found to be broadly independent of mine water chemistry in study 4 (Opitz et ak, 2022b),
whereas the pseudo first-order oxidation coefficient k’ox is in turn a first- and second-order
function of oxygen concentration and proton activity, respectively (Stumm & Morgan 1996).
According to equation (4), k'ox decreases hundredfold with a decrease in pH by one unit.
Hence, ferrous iron oxidation is rate-determining at acidic pH < 6, whilst hydrous ferric oxide
sedimentation is rate-determining at neutral to alkaline pH > 7. The ratio of the two coefficients
ksea and k’ox converges between pH 6 and 7 as illustrated in Fig. 10, which is why the two
processes proceed at similar rates, with small variations in the hydrochemistry (pH, oxygen
level, temperature) inordinately affecting ferrous iron oxidation.
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Fig. 10 Ratio of (pseudo) first-order ferrous iron oxidation and hydrous ferric oxide sedimentation coef-
ficients k'ox and kseq @s a semi-logarithmic function of pH at different temperature and oxygen
saturation levels; modified from Opitz et al. (2023)

In summary, the results of the research project show that the established areal, concentration-
independent sizing approach is unlikely to adequately reflect passive iron removal kinetics.
The relationships outlined above explain the extreme range in areal removal rates observed in
passive mine water treatment systems worldwide as compiled in the Sl to study 5. We therefore
conclude that the established areal sizing approach is likely a suitable rule of thumb for “typical”
(coal) mine discharges, yet with increasing tendency to overestimate and underestimate iron
removal dynamics towards high and residual iron levels, respectively. In such cases, overall
iron removal rates may readily deviate up to orders of magnitude from the established linear
approach. The results of this study now provide a robust basis for kinetics-based deliberations
on overall iron removal in passive treatment systems, thus ultimately increasing confidence in
sustainable mine water treatment technologies as further detailed in the concluding chapter 5.
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5 Summary, implications, and conclusions

5.1 Iron removal

Several interrelated physical and biogeochemical processes contribute to passive transport,
transformation, and removal of iron in ferruginous, circumneutral mine water as schematically
illustrated in Fig. 11. Transition from ferrous to ferric iron by way of oxidation was investigated
intensively in the past decades and respective kinetics are well-described in the literature as
briefly outlined in chapter 1.3. Field and laboratory ferrous iron oxidation rates are broadly in
accordance — and also applicable to circumneutral, oxic mine waters, although more research
is needed on heterogeneous oxidation in ferruginous mine waters. Ferric iron transition from
aqueous to solid phase in circumneutral environments by way of hydrolysis and precipitation
is extremely fast (i.e. almost instantaneous) relative to oxidation and sedimentation and can
thus be disregarded in the context of overall iron removal.
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Fig. 11 Schematic illustration of mechanisms governing iron removal from neutral mine water

Sedimentation of hydrous ferric oxides is promoted by rapid homoaggregation at higher iron
levels and slower gravitational settling at lower iron levels. In this project, it was shown that the
overall process can be reasonably well described by a mixed first-/second-order relationship.
What is more, sedimentation of hydrous ferric oxides at low to moderate iron levels may be
approximated by a simplified first-order model. In surface-flow wetlands, residual colloidal iron
is removed not only by sedimentation, but also by filtration in the dense vegetation as well as
heteroaggregation and scavenging in combination with natural organic matter (NOM) or clastic
compounds. The underlying mechanism(s) as well as their relevance and kinetics are poorly
studied thus far and further research will be necessary to fathom potential model approaches
for colloidal iron filtration in vegetated compared to unvegetated ponds. The processes are,
however, inevitably related to the ecological and phytophysiological wetland layout. Therefore,
an empirical model approach was derived based on the results of pilot-scale wetlands densely
planted with common reed (Phragmites australis) at a water depth of approx. 0.4 to 0.5 m.
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5.2 Implications

Proceeding from the simplified two-step iron removal model outlined above, only three iron
“fractions” are ultimately relevant in passive mine water treatment systems, namely:

1. dissolved ferrous iron [Fe(ll)] as reactant,
2. dispersed hydrous ferric oxides [Fe(OH)s] as both reactant and intermediate, and
3. settled ochre [Ochre] as accumulating sediment as overall product.

Other iron transformation species are insignificant in circumneutral environments as outlined
in chapter 1.3. Thus, the transport, transformation, and removal of these three iron fractions in
passive systems may be described for (relatively) stable inflow rates and iron concentrations
by a differential equation system. In good approximation of a plug flow reactor, it is assumed
that volumetric inflow equals outflow, and that the time any water molecule, solute, or colloid
spends in the pond or wetland approximately equals the nominal HRT?. The resulting model
approach is illustrated in Fig. 12 with two consecutive process stages, no reverse reactions,
and filtration only applicable to vegetated wetlands:
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Fig. 12 Plug flow model approach for iron transformation and removal in passive systems

Only dissolved ferrous iron and dispersed hydrous ferric oxides can be present in the inflow
mine water. In the further course, the total amount of iron in the system is described by the
sum of all three fractions at any point in time (t) according to the overall mass balance:

(14) [Fe(tot)] = [Fe(Il)]in + [Fe(OH)slin = [Fe(I1)]: + [Fe(OH)s]: + [Ochrel:

Rearrangement of equation (14) allows calculation of all relevant iron fractions in inflow (t)
and outflow (t.«t) as per the following equations:

(15) [Fe(”)]out = [Fe(”)]m + [Fe(OH)S]in - [Fe(OH)S]out - [OCth]\l,
(16) [Fe(OH)s]out = [Fe(OH)slin + [Fe(Il)]in — [Fe(ll)]ou: — [Ochre]y
(17) [Ochrely = [Fe(ll)]in + [Fe(OH)s]in — [Fe(Il)]out — [FE(OH)s]out

In the following, the differences between the established area-adjusted model approach by
Hedin et al. (1994) describing zero-order iron removal and the kinetics-based model approach
of a two-step iron removal process as per equation (13) are graphically illustrated and detailed.
To allow juxtaposition, the established linear iron removal model is converted to a volumetric
rather than areal removal approach (with R, = 10 to 20 g/m?®/d) assuming a standardised water
depth of 1 m, which may be readily integrated to:

(18) [Ochre], = [Fe(tot)];n —t X R,

A hypothetical discharge limit of 3 mg/L relating to the visual ochre threshold often mandated
for (abandoned) mine sites is displayed in the following figures as red line for orientation.

2 Deviation from plug flow is, to a certain extent, accounted for by conservative engineering models.
From an academic perspective, hydraulic and hydrodynamic effects on temporal contaminant re-
moval may be numerically considered (Guo & Cui 2021; Sheridan et al. 2014; von Sperling 2002).

27



Summary, implications, and conclusions

Firstly, Fig. 13 gives a basic overview of the different laboratory derived first-order sedimenta-
tion coefficients kseq from Opitz et al. (2022b), Sapsford (2013), and Sutton et al. (2015). The
four intrinsically different column trials initially reported by Sapsford (2013) cover a wide range
that is, obviously, inadequate for sizing purposes. As opposed to this, column results from
Opitz et al. (2022b) and Sutton et al. (2015) are in accordance, and broadly corresponding to
the linear areal approach — at least until moderate iron levels are reached, whereupon the
exponential decay curve becomes conspicuous. Whilst small variations in kseq are to be ex-
pected due to hydrochemical and/or mineralogical differences between mine sites, results of
the systematic experimental series from Tab. 5 reported by Opitz et al. (2022b) indicate that
sedimentation rates are mainly a function of particle interaction and size, and thus primarily
governed by iron concentration. Therefore, the results obtained for kseq in both laboratory and
field experiments are expected to be broadly transferrable to different mine sites.
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Fig. 13 Iron removal calculated via the established areal model and via the kinetics-based model with
‘ox = 2.1%10"" h-' in combination with different laboratory-derived values for ks.q as coloured
lines, the detail showing corresponding [Fe(OH)s]

The effect of pH and oxygen concentration as critical factors for ferrous iron oxidation are
illustrated in Fig. 14a and b, respectively. The graphs confirm the rate-limiting effect of acidic
pH < 7 on overall iron removal as outlined in chapter 5.1. This is all the more important as the
established linear sizing approach presupposes equal iron removal over time — irrespective of
known, critical influencing factors such as pH or oxygen level, whilst the kinetics-based model
considers overall iron removal dynamics more realistically. Nonetheless, it is important to note
that the kinetics-based model disregards (auto)catalytic effects that may play a crucial role in
ferruginous mine waters as outlined in chapter 5.1 and further discussed below.

20 Foer 20
e (a) \‘ e 4.0mglL (b)
s 4 b % o 5154 X ) e
= ~  pHE"e, - 1 0\
=) W PHE S L 2 ---- 85mglL
E S kg E e (OMIGRE
510 NS $ 10 '
= \ . -
= pH7.57 \& =
g % P 3 : |
25 oH e ol ~3 ) .
0 . \ """"" 0 : : : ;
0 ) 4 6 8 10 0 2 4 6 8 10
Time [d] Time [d]

Fig. 14 lron removal calculated via the kinetics-based model with the field-derived kseq = 2.1%10-2 h-"
(Opitz et al. 2023) at 10 °C for (a) different pH levels at Po.= 0.21 atm, and (b) different oxygen
levels atpH =7

The difference between linear and kinetics-based iron removal is highlighted in Fig. 15. The
hypothetical juxtaposition shows fragility of linear sizing for unfavourable conditions such as
acidic pH and low iron loading as pointed out by Hedin et al. (1994) themselves. Specifically,
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the hypothetical scenario indicates that the linear approach tends to undersizing for low initial
iron levels and acidic pH, but eventually possibly also oversizing for high iron loading at neutral
pH. Again, it is important to note that the kinetics-based model approach is considerably sim-
plified regarding (auto)catalytic effects that accelerate both ferrous iron oxidation and hydrous
ferric oxide sedimentation as outlined in chapter 5.1, wherefore the curves should be expected
to correspond better with the areal range when properly adapted to higher iron levels.
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Fig. 15 Hypothetical HRT to reach a discharge limit of 3 mg/L depending on initial iron level for the
linear areal model (grey shading) and the kinetics-based model (graphs) at 10 °C, different pH
levels, and low to moderate oxygen level

Coupling of contaminant removal and (residence) time is increasingly used to model iron
transport in mining-impacted waters (e.g. Baken et al. 2015; Cravotta 2021; Garcia-Rios et al.
2021; Yazbek et al. 2021). However, in-depth evaluation of passive iron removal in full-scale
treatment systems is usually limited because only inflow and outflow data is available. Having
said that, the Marchand passive system in Pennsylvania described by Hedin (2008, 2013) is
one of the largest and best-characterised mine water treatment systems worldwide, consisting
of six consecutive settling ponds (A — F) with a total surface area of approx. 2.5 ha followed by
a 2.9 ha wetland. According to long-term monitoring data from 2007 to 2012, the circumneutral
and ferruginous discharge from the abandoned Marchand coal mine is estimated at an average
426 m?*h with an inflow iron level of approx. 72 mg/L that is successfully lowered below the
discharge limit of 3 mg/L (Hedin 2013). The intermediate sampling points of the six settling
ponds provide a rare opportunity to model the underlying iron removal kinetics by relative least-
square fitting of iron concentration development along the flow path as shown in Fig. 16.
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Fig. 16 Development of iron concentration throughout the Marchand settling ponds A to F as a function
of nominal HRT with symbols as iron concentrations reported by Hedin (2013) and modelled
lines (dotted lines); modified from Opitz et al. (2023).
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Based on the nominal HRT of the settling ponds and assuming approx. 80% oxygen saturation
as well as a moderate (median) temperature of approx. 10 °C, the oxidation coefficient k’ox was
fitted at 3.3x102 h™", which corresponds to a pH of approx. 6.7. This assorts well with the water
pH (range 6.3 to 7.1) and temperature (annual average 13 to 14 °C) reported by Hedin (2008).
The sedimentation coefficient kseq was fitted at 3.8x102 h”', exceeding estimates from study 4
or 5, and thus substantiating the above-noted assumption that well-known heterogeneous
and/or (auto)catalytic effects on both ferrous iron oxidation and hydrous ferric oxide settling
discussed in chapters 1.3 and 5.1 are broadly disregarded in equation (13). Notwithstanding
this, the kinetics-based model approach works reasonably well to reproduce the observed iron
development through the Marchand system, particularly considering the fluctuations of critical
parameters (flow rate, inflow iron level, HRT etc.) reported by Hedin (2008, 2013).

With regard to catalytic effects, the simplified kinetics-based model approach is expected to
underestimate overall iron removal rates, especially at higher iron concentrations. This is to a
certain extent imperative and intentional as noted by Opitz et al. (2023), not only to simplify
respective sizing approaches but also because engineering models are intrinsically expected
to underestimate rather than overestimate system performance to minimise overall failure risks
(e.g. Doorn & Hansson 2011; Elishakoff & Chamis 2001). More specifically, the engineering
model approaches proposed in the following chapter 5.3 provide an explicitly conservative ba-
sis for sizing of settling ponds and wetlands in multistage mine water treatment systems, with
special focus on (1.) operational reliability for strict discharge limits, and (2.) low to moderate
iron levels that are ultimately relevant for environmentally acceptable discharge to receiving
surface waters following established design schemes such as provided in Fig. 17.

Circumneutral, ferruginous mine water (pH 6 to 8)
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Fig. 17 Schematic flow chart for passive treatment of circumneutral, ferruginous mine water; loosely
based on Hedin et al. (1994)

In conclusion, kinetics-based estimation of temporal iron removal may be readily utilised for
(1.) initial assessments of site-specific passive treatment options, and (2.) customised sizing
of passive systems. Although kinetics-based sizing may neither be infallible nor resolve the
intrinsic trade-off between operational reliability on the one hand, and economic construction
and land use on the other hand, it may very well provide a well-founded basis of assessment
to, by way of example, balance operational reliability, land consumption, and building costs
with respect to site-specific issues such as fluctuating flow rates or iron levels as well as land
area limitations. Thus, more customised sizing of passive systems may ultimately lead to in-
creasing confidence in sustainable passive mine water treatment technologies.
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5.3 Conclusions and outlook

The results of the research project at hand provide new insights into the (natural) transport and
removal of iron in mining environments, particularly in integrated passive treatment systems.
Our findings help to understand the kinetics governing iron removal in bare settling ponds and
densely vegetated, surface flow wetlands — which were poorly understood thus far despite the
existence of numerous full-scale passive mine water treatment systems worldwide. Briefly
abstracted, the removal of iron from mine water is not a complex mechanism, but rather a
concatenation of several simple processes in complex interrelationships.

As a final note on the iron removal processes outlined in chapter 5.1, it is worth noting that the
size of both settling ponds and wetlands is linearly correlated with the flow rate, while iron
removal per square metre increases exponentially with increasing iron concentration. As a
consequence, it stands to reason that mine water treatment facilities should be implemented
as close as possible to the mine discharge or pollutant source to optimally benefit from catalytic
processes such as heterogeneous ferrous iron oxidation and homoaggregation of ferric solids.
Whilst dilution of mine water with surface water reduces the iron concentration, the mixing
adversely affects passive iron removal dynamics and thus results in extensive iron transport
and deposition along the flow path, smothering and degrading freshwater environments. In
conclusion, dilution is not recommended as solution for pollution.

Aeration

N unit Settling pond(s) Surface-flow wetland(s) Sediment filter
—LI‘E"’ - ,
UANVNAAL KN N
INNIAANENIRRREEEN
)

= O,-dissolution = Thorough Fe(ll)-oxidation = Stimulation of biogeochemical processes = Adsorption and surface-

= CO,-degassing = Sedimentation of larger aggregates = Filtration of colloidal iron by macrophytes catalyzed Fe(ll)-oxidation

= Fe(ll)-oxidation = Spacious sink for ochre accumulation = Scavenging of iron by organic matter = Filtration of residual colloids
I Oxygenation | | Pre-treatment | | Polishing | | Purification |

Fig. 18 Schematic setup of multistage passive mine water treatment systems

Combining settling ponds and aerobic wetlands for pre-treatment and polishing, respectively,
is generally tested and applied in mine water management (e.g. PIRAMID Consortium 1999;
Sapsford & Watson 2011; Skousen et al. 1994). Additional integration of downstream sediment
filters as tested in the Westfield pilot plant considerably increases overall treatment efficiency
and operational reliability, not only for iron but also for other contaminants and particularly
redox-sensitive compounds (Opitz et al. 2022a). The qualitative and quantitative results of this
research project now allow the customised designing and sizing of integrated passive systems
for reliable treatment of ferruginous, circumneutral mine water in consecutive treatment stages
broadly following Pareto’s principle as illustrated in Fig. 18. Hence, strategically combining
increasingly efficient passive treatment stages provides considerable potential to optimise
treatment performance whilst minimising land consumption and investment costs (Opitz et al.
2022a). Moreover, designing and sizing the consecutive treatment stages in integrated mine
water treatment systems according to the kinetic optimum of the underlying physicochemical
processes will go a long way towards construction of more efficient, reliable passive systems
and thus protection of receiving surface waters from mine water pollution worldwide. Thus, the
designing and sizing of settling ponds, surface-flow wetlands, and sediment filters is briefly
summarised in the following three individual profiles for simple application by scientists and
engineers alike:
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Settling ponds

Main Function

Design configuration

Operational cycles

Waste

Design

Sizing

Advantages

Limitations

Pre-treatment

= Ferrous iron oxidation

= Homoaggregation of hydrous ferric oxides

= Gravitational settling of particulate (ferric) solids

= Continuous oxygen dissolution and carbon dioxide degassing

Design, construction, layout, and geometry are well-established.
Briefly summarised, settling ponds are bare basins with impermeable
base sealing and a high length-to-width / depth ratio. The ponds
should include spacious storage capacity for ochre accumulation
(e.g. DWA 2005c, 2013; Ekama et al. 2006; NCB 1982).

The sediment chamber of settling ponds should provide adequate
capacity for de-sludging cycles in the order of at least several years
depending on iron loading.

Non-hazardous ochre may be processed and utilised for commercial
purposes such as gas cleaning and water treatment or as low-grade
additives or colorants in construction materials (e.g. Dobbie et al.
2009; Hedin 2003; Sahoo et al. 2014; Srivastava et al. 2022).

Settling ponds should provide sufficient HRT for thorough ferrous iron
oxidation and subsequent sedimentation of the bulk (particulate) iron
load. To protect subsequent, more delicate components such as wet-
lands or sediment filters from overloading, iron concentration should
be decreased to an innocuous level in the order of 3 — 10 mg/L.

We recommend application of a kinetics-based model approach for
sizing of settling ponds for pre-treatment of ferruginous mine water.
For thoroughly oxygenised mine discharges, the necessary HRT and
thus surface area may be approximated based on basic parameters
(inflow iron level, flow rate, pH) and general assumptions (steady pH,
ambient temperature) as well as technical constraints (e.g. pre-oxy-
genation, sound hydraulic design):
(1 9) A= QX(In [Fe]out—In [Fe]in)

—KgeaXh
The coefficient kseq Of 2,1(20,7)x102 h™" as derived from the Westfield
pilot plant is in good agreement with previous laboratory studies (e.g.
Opitz et al. 2022b; Sapsford 2013; Sutton et al. 2015). With regards
to the “half-live”, the coefficient corresponds to a HRT of about one
day to remove 50% of the initial hydrous ferric oxides, which agrees
well with the flat HRT recommended for sizing of settling ponds as
noted in chapter 1.2. For highly ferrous mine waters, the necessary
HRT for oxidation may be considered following equation (13).

Robust in operation; inexpensive in construction; free gas transfer;
ample HRT; simple maintenance and periodic de-sludging; relatively
pure ochre for recycling or disposal.

Poor hydraulic efficiency; freezing in winter; iron removal inherently
limited at low levels with residual, dispersed colloids unlikely to settle
within reasonable HRT; large areal footprint; susceptible to mixing.
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Constructed, surface-flow wetlands

Main Function

Design configuration

Operational cycles

Waste

Design

Sizing

Advantages

Limitations

Polishing

= Filtration of ferric colloids by macrophytes

= Scavenging and heteroaggregation of dissolved or colloidal iron

= Stimulation of biogeochemical (treatment) processes

= (Ad)Sorption of metals and other pollutants on sediment and litter
= Removal of secondary contaminants (Mn, NH4, PO etc.)

Design, construction, vegetation, and geometry are well-established.
Briefly summarised, horizontal “aerobic” wetlands are shallow basins
with a shallow rooting substrate planted with tall-growing hydrophytes
emerging from a free water body with a water depth of 15 to 50 cm
(e.g. DWA 2006; Hedin et al. 1994; Kadlec & Wallace 2009; Kadlec
et al. 2000; PIRAMID Consortium 1999; Wildemann et al. 1993).

Constructed wetlands should be refurbished in the order of decades
to minimise costs and allow for ecological development.

Heterogeneous mixture of soil, ochre, and (decomposing) plant litter
that may be difficult to dispose of due to the organic fraction.

Wetlands should provide ample HRT and slow flow velocity through
the dense vegetation for effective removal of residual dissolved and
colloidal iron, with submerged macrophytes considerably augment-
ing effective retention and exposure times. Effluent iron levels should
be reduced to the site-specific legal discharge limit, typically in the
order of 1 — 3 mg/L, to protect final sediment filters or the receiving
surface water from overloading.

We recommend application of the advanced areal approach for sizing
of wetlands for polishing of pre-treated, ferruginous mine water. By
incorporating the empirical relationship as parameterised in the study
at hand, the concentration-dependency of iron removal in densely
vegetated wetlands is adequately reflected. The simplified approach
allows approximation of the necessary wetland area:

_ Qx([Felin—[Fe]out)
(20) A= —
The empirical coefficients m = 0.2 and n = 1.4 were determined for
polishing of residual (colloidal) iron levels < 5 mg/L in reed-planted
wetlands with a water depth of approx. 40 to 50 cm. The conservative
approach provides a more reliable estimate of the necessary wetland
size as compared to the established linear, area-adjusted approach,
especially at low iron levels and/or strict discharge criteria.

Good hydrodynamics and hydraulic efficiency; omnipresent catalytic
surfaces (periphyton); self-sustaining (nutrient) cycles; habitat value;
aesthetic value; high treatment performance and reliability at low,
moderate, and even high iron loading.

Biotic oxygen consumption; diurnal and seasonal variability (redox
potential, pH, oxygen etc.); small ochre storage capacity; complex
waste disposal; start-up phase of 1-2 years; moderate areal footprint.
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Horizontal-flow sediment filters

Main Function

Design configuration

Operational cycles

Waste

Design

Sizing

Advantages

Limitations

Purification

= Physical filtration of residual colloids

= Adsorption of dissolved metals and other contaminants
= Degradation of redox-sensitive compounds

= Stabilisation of basic hydrochemical parameters

Design, construction, filling, and geometry are well-established.
Briefly summarised, sediment filters are elongated basins filled with
inert gravel, preferably in multichambered filter with consecutive
grain-size fractions decreasing towards the outflow to prevent matrix
clogging (e.g. Blanco et al. 2018; DVGW 2005, 2017; DWA 2019;
Sapsford & Williams 2009; Sapsford et al. 2007; Wegelin 1996).

The filter matrix tends to progressing colmatation and thus requires
regular refurbishment in the order of several month, preferably years.

Filter gravel with plaque layers of predominantly iron and manganese
(oxyhyd)oxides as well as organic residues and fine sediments.

The basic principles for so-called “horizontal flow roughing filters”
were established by Wegelin (1996), with usually three consecutive
filter chambers with a 1:2:2 ratio of decreasing grain size fractions
(medium to coarse gravel; 6.3 — 63 mm) to facilitate an overall filter
velocity in the order of 0.3 — 1.5 m/h. Filter depth is typically in the
order of 1.5 m with additional freeboard to allow for headloss. The
sediment filter should be designed to reliably reduce effluent iron lev-
els below the site-specific discharge limit, with additional removal of
secondary contaminants considered if required.

We recommend sizing of sediment filters according to established
principles noted above, particularly Wegelin (1996). The volume and
porosity of the filter matrix should be estimated such that filter velocity
(vr) and effective HRT for the three-tiered sediment filter are within
the recommended target dimensions noted above with:

Q
(1) ve=2

(22) t=230ﬂx(1—sp)

The porosity (P) of each filter tier may be considered individually. A
safety factor (SF) of about 15 — 25% is recommended to account for
clogged pore space. For the sediment filters of the Westfield pilot
plant, excellent results were obtained for a coarse granite gravel filter
matrix (8 — 16 mm) despite a relatively high filter velocity in the order
of 1.8 — 6.1 m/h and a low HRT in the order of 0.5 - 1.0 h.

Robust and low maintenance; optimal hydrodynamics and hydraulic
efficiency; intensive biotic and abiotic (catalytic) reactions in the filter
matrix; small areal footprint; excellent operational reliability.

Low particulate loading required to minimise progressive colmatation;
small ochre storage capacity; short(er) refurbishment cycles; start-up
phase of up to 1 year.
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Abbreviations

AAS Atomic absorption spectrometry (e.g. flame or graphite tube)
AMD Acid mine drainage

AML Abandoned mine land (criteria)

BAT Best available technology economically achievable

BPT Best practicable control technology currently available
DLVO-Theory Theory by Derjaguin, Landau, Verwey and Overbeek

EC European Commission

EPA Environmental Protection Agency

ERMITE Environmental Regulation of Mine Waters in the European Union
EU-H2020 European Union Horizon 2020 framework programme

HRT Hydraulic retention time

ICP-OES Inductively coupled plasma optical emission spectrometry
IEP Isoelectric point

NCB National Coal Board

NOM Natural organic matter

PHREEQC pH-redox-equilibrium code (computer program)

PIRAMID Passive In-situ Remediation of Acidic Mine / Industrial Water
RTD Residence time distribution

Sl Supporting information

TRL Technology readiness level

TSS Total suspended solids

VFR Vertical flow reactor

WFD Water framework directive (EU directive 2000/60/EC)

XRD X-ray diffraction
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Glossary

Glossary
A Surface area
Ar Cross sectional filter area
h Height or (water) depth
Volume
Q Flow rate
VF Flow or filter velocity
P Porosity
t Time / Hydraulic retention time
[Fel Iron concentration
[Felo Initial iron concentration (in column experiments)
[Feli Iron concentration at ¢ (in column experiments)
[Felin Inflow iron concentration
[Felout Outflow iron concentration
[Fe(IN] Ferrous iron concentration
[Fe(lN] Ferric iron concentration
[Fe(OH)3] Concentration of hydrous ferric oxides
[Fe(tot)] Total iron concentration
[Ochre] Sedimented iron
Po2 Oxygen partial pressure
[O7] Dissolved oxygen concentration
{OH} Hydroxide ion activity
{H} Proton activity
[Turb.] Turbidity (measured in-situ)
Ra Area-adjusted (iron) removal rate
Rv Volume-adjusted (iron) removal rate
Kox Homogeneous ferrous iron oxidation coefficient
‘ox Pseudo first-order ferrous iron oxidation coefficient
Knet Heterogeneous ferrous iron oxidation coefficient
Ksed Sedimentation coefficient
'sed Higher-order sedimentation coefficient
SF Safety factor
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ARTICLE INFO ABSTRACT
Editorial handling by Prof. M. Kersten Passive treatment systems are frequently used for the removal of iron from circum-neutral, ferruginous mine

discharges. Upon oxygenation, iron is quickly oxidised and precipitated, and thus predominantly present as

KE:Y"VO”B-' particulate hydrous ferric oxide. The objective of this study was to quantify whether turbidity as continuously
Mine water monitored via in-situ sensors could serve as a surrogate for particulate iron throughout a passive treatment
;l‘urbldlry system. Accordingly, a statistical relationship between turbidity and particulate iron was established for a fer-
I\;I(:sls balance ruginous, circum-neutral seepage water flowing through a passive pilot plant at an abandoned mine site with ¢

(Feparr) = 0.092 x [Turb] + 0.031. The multi-stage pilot plant was equipped with ten fixed turbidity sensors to
obtain a high-resolution dataset for exploitation of the near-monocausal turbidity-iron-relationship. The statis-
tical proxy-relationship obtained from extensive monitoring by way of linear regression allowed approximate
conversion of continuously monitored turbidity to particulate iron concentration with reasonable degree of
accuracy. The conversion was used to describe iron transport and removal at the 30-min logging interval of the
turbidity sensors and to establish a corresponding high-resolution mass balance for the pilot plant. This high-
resolution mass balance showed that simpler mass balances based on overall averages or frequent, yet
episodic semi-weekly samplings tended to considerably overestimate iron mass flow and accumulation due to the
temporal variability in hydraulic loading, especially during weekends. Therefore, continuous monitoring of
turbidity as a proxy for iron can provide a more accurate estimate of iron removal and hence an improved
assessment of the iron mass balance, especially if flow rate and/or inflow concentration are subject to fluctua-
tions. Since iron is the decisive compliance parameter on site, the correlation can be used to greatly improve data
resolution (in this study from semi-weekly to 30-min interval) and quality as well as cost efficiency of monitoring

Passive treatment

efforts.
1. Introduction circum-neutral pH:
2+ + 3+
Turbidity and iron are crucial monitoring parameters in the field of Fe™ +0250; + H" - Fe™ + 0.5 H,0 @
water treatment, particularly wastewater treatment and drinking water Fe’* 4+ 3 H,0 — Fe(OH); + 3 H' 2)
purification. In aquatic environments, iron occurs either as ferrous
(divalent) or ferric (trivalent) species. Dissolved iron concentrations are Fe(OH)3 — FeOOH + H,O 3)

low at thermodynamic equilibrium unless the aquatic system is anaer-
obic, extremely acidic or basic (Stumm and Morgan, 1996). In oxygen-
ated and neutral systems, ferrous iron is rapidly oxidised to ferric iron,
which in turn precipitates as metastable hydrous ferric oxide, ultimately
transforming to a variety of stable (oxyhydr)oxides (Cornell and
Schwertmann, 2003; Cornell et al., 1989). Consequently, iron is pre-
dominantly present as colloidal or particulate suspended matter at

Turbidity of aquatic media is measured via light intensity decrease
resulting from attenuation (adsorption, scattering, backscattering) by
waterborne particulate matter. Thus, one can infer that the turbidity of a
liquid is ultimately a bulk parameter determined by the concentration of
suspended matter and their light scattering and absorbing effects.
Hence, correlations or (site-specific) surrogate relationships may be
established between turbidity and TSS matrix (e.g. Filip et al.,, 1974;
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Harter and Mitsch, 2003; James et al., 2004; Riigner et al., 2014). If
suspended matter is dominated by suspended iron solids, statistical re-
lationships may be derived between turbidity and iron concentration as
was demonstrated by Filip et al. (1974) in the filter effluent of a drinking
water treatment plant at low iron content (<1 mg/L). It is to be expected
that similar relationships may be established in ferruginous aquatic
environments such as typically found in the mining or metallurgical
industry. In several cases, statistical relationships of iron and associated
metals with bulk parameters of dissolved or particulate species such as
turbidity, TDS, TSS and specific conductivity as well as metal concen-
trations in sediments deposited along the flow path have been investi-
gated to analyse or model transport and disposal mechanisms in surface
water systems (e.g. Butler and Ford, 2018; Church et al., 1997; Davis
et al., 1991; Hubert and Wolkersdorfer, 2015; Galvan et al., 2012;
Skarbgvik et al., 2012; Thomson et al., 1997). For example, Riigner et al.
(2014) found statistical correlations between turbidity, TSS and
particle-associated contaminants such as PAHs that helped to estimate
contaminant transport on a catchment scale. Especially in waters or
watersheds influenced by acid mine drainage (AMD), strong relation-
ships and even direct correlations were observed between suspended
hydrous ferric oxides and particulate matter as well as other
AMD-typical metals associated with and transported by suspended
matter (e.g. Karlsson et al., 1988; Kimball et al., 1995; Lee and Cheong,
2016; Sarmiento et al., 2012; Schemel et al., 2000). Lee and Cheong
(2016) showed that evolution of turbidity in oxidation ponds apparently
resembled the development of iron during oxidation, precipitation and
sedimentation yet did not further investigate potential relationships.
Recently, Canovas et al. (2017) reported statistical relationships be-
tween not only turbidity and iron, but also turbidity and other con-
taminants in mining-impacted surface waters yet did not further exploit
these relationships. To our knowledge, in no instance was turbidity
directly utilised to estimate contaminant and especially iron loads
transported by mining-impacted flowing waters or through a passive
treatment system.

Aerobic passive systems for treatment of ferruginous, neutral mine
water utilise and enhance natural (geo)chemical, biological and physical
processes for removal of hydrolysable metals, thereby saving costs, re-
sources and energy (Skousen et al., 2017). Removal of predominantly
iron and aluminium is achieved by providing hydraulic retention time in
surface-flow ponds and wetlands (at times complemented by filter units)
for ferrous iron oxidation followed by sedimentation or filtration of
particulate hydrous ferric oxides. In neutral mine waters, turbidity as a
measure of suspended solids predominantly includes particulate metal
(hydr)oxides together with natural solids such as clastic erosion material
and natural organic matter. Consequently, turbidity may be a good in-
dicator of progressing iron removal in circumneutral, thoroughly
oxygenated mine waters.

The turbidity of a liquid is measured both in-situ using mobile or
fixed sensors and ex-situ by measuring samples in hand-held turbidim-
eters (“nephelometers™). By combining turbidity sensors with a logging
device, turbidity can be continuously monitored in high resolution. In
contrast, iron in aqueous environments is determined ex-situ almost
exclusively. Hand-collected samples are stabilised and analysed by
respective field or laboratory instruments. Emerging auto-sampling/
analysing equipment is costly both in acquisition and maintenance,
which is why monitoring of iron and other contaminants in aqueous
environments is predominantly conducted via sample collection and
analysis. This manual procedure is laborious, time-consuming and
costly, and respective datasets are fragmentary and low-resolution
(Chapin, 2015; Frau et al., 2018; Nimick et al., 2003). Analyses of in-
dividual grab samples (even at daily routine) only represent snapshots of
the actual conditions and are therefore considered insufficient for
detailed documentation of general variability as well as transient envi-
ronmental events or diurnal cycles (e.g. Chapin, 2015; Korostynska
et al., 2013; O’Flynn et al., 2010; Revitta et al., 2004; Skarbgvik et al,,
2012).

Applied Geochemistry 122 (2020) 104731

In this study, the relationship between turbidity and iron content was
studied in a pilot passive mine water treatment system consisting of
three consecutive stages (settling ponds, wetlands, sediment filters). The
main objective was to derive a site-specific correlation between
turbidity and iron to test the suitability of turbidity to establish a high-
resolution iron mass balance for the passive system. Conversion of
turbidity monitoring data to (particulate) iron would allow to detail
transport and removal of iron within the pilot plant. For this purpose,
the system was equipped with numerous fixed turbidity sensors. As the
water is circum-neutral and thoroughly oxygenated, iron is almost
exclusively and abundantly present as suspended hydrous ferric oxide,
hence assumingly dominating turbidity. The relationship was thor-
oughly investigated by (1.) analysis of settled solids as representative
fraction of formerly suspended particulate matter, (2.) evaluation of
available monitoring data of continuously monitored turbidity and
discontinuously sampled and analysed iron and (3.) an experimental
dilution series using mine water and particles sampled on site to
empirically reproduce the statistical field relationship between turbidity
and iron under controlled conditions. The results were discussed
regarding application of statistical relationships between easily
measured (bulk-) parameters and laboriously monitored individual pa-
rameters with a focus on resolution and cost-effectiveness of monitoring
efforts.

2. Materials and methods
2.1. Study site

The study site is located near Wackersdorf in the former lignite dis-
trict of Upper Palatinate, Germany (Fig. 1). The mined open pit was
subsequently used as a landfill for disposal of waste rock and overburden
as well as bottom and electrostatic precipitator ash from a lignite-fired
power plant. Seepage water at the lowest point of the remaining
morphological depression is highly mineralised and contaminated with
mining- and ash-typical substances, particularly iron, sulphate, chloride
and manganese as well as alkali and alkaline earth metals (Table 1). Due
to the predominantly alkalising ashes, seepage water is circum-neutral
with pH 7,1-7,5 (interquartile range) despite substantial formation of
AMD in the surrounding mined land. For protection of adjacent aquifers,
the seepage water is pumped out to a chemical treatment plant for iron
removal before discharge to receiving surface waters (Opitz et al.,

Fig. 1. Study site.
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Table 1
Raw water chemistry: Average and standard deviation of selected parameters 2011-2020 (n = 111).
EC [mS/ pH Ksg3" Kbg," Fe [mg/ Al [mg/ Mn [mg/ S0, [mg/ Cl [mg/ Ca [mg/ Mg [mg/ K[mg/Ll  Nalmg/
cm] -1 [mM] [mM] L] Ll L] L] L] L] L] L]
2.83 £ 0.3 7.3 25+ 04 0.4+02 9.3 +4.2 0.5+ 0.4 1.3+ 03 1784 + 202479 576 + 68 96.2 + 18 67.0 £ 146 + 35
298 10

# Acid capacity to pH 4.3 and base capacity to pH 8.2.

2020).

The groundwater in proximity of the seepage area is highly ferrugi-
nous with iron concentrations (predominantly ferrous) exceeding 100
mg/L. Seepage water is collected in a sump and temporary impounded
for discontinuous pump operation. Consequently, raw water entering
the treatment plant is thoroughly oxygenated with average oxygen
saturation and ORP of 88% and 104 mV, respectively, which is why iron
concentrations (predominantly ferric) are reduced by an order of
magnitude.

A trifurcated pilot plant for aerobic removal of iron via oxidation,
precipitation and sedimentation or filtration was installed next to the
conventional treatment plant as part of an ongoing research project on
the suitability of passive treatment for long-term seepage water man-
agement (Opitz et al., 2019). Both turbidity and iron are intensively
monitored at ten measuring points consecutively numbered MPO1-MP10
for documentation of progressing iron removal. MPO1 represents the
system inflow from a distribution tank (“reservoir”) and MPO2-MP10
represent measuring points following successive parallel treatment/-
sampling stages in the trifurcated system (Fig. 2). MPO2-MP04 stand for
settling ponds for preliminary treatment, MPO5-MPO7 stand for con-
structed aerobic wetlands for fine treatment and MPO8-MP10 stand for
sediment filters for purification (also representing outflows). A
description of pilot plant and monitoring scheme is documented in Opitz
et al. (2019).

2.2. Methodology

Settled solids accumulated over approximately one year were
collected in open sediment traps directly below the fixed turbidity
sensors at all measuring points as a characterising sample of suspended
particulate matter passing by the sensors. Sediments from parallel
measuring points were blended, yielding a total of four bulk samples,
namely inflow (MPO1) as well as settling pond effluents (MPO2-MP04),
wetland effluents (MPO5-MPO7) and sediment filter effluents (MPO8-

MP10). Solids were freeze-dried and sieved to <2 mm for removal of
larger depositions unrepresentative of suspended particulate matter
settled from the seepage water. Six subsamples per bulk sample were
analysed for elemental composition via microwave-assisted aqua regia
digestion and ICP-OES.

In the context of this study, turbidity measurements were solely
conducted nephelometrically by measuring the intensity of scattered
light at an angle of 90° to a light source, in this case LEDs emitting
infrared light in the wavelength range of 860 nm according to [SO 7027.
Measurement results are given in Formazine Nephelometric Units
[FNU]. All measuring points in the pilot plant are equipped with fixed
cable sensors for measuring turbidity (WTW VisoTurb®700 IQ). The
sensors are connected to data loggers (WTW MIQ/TC, 2020 3G-EF) for
automatic data logging every 30 min. Turbidity loggings are moving
weighted median values across 1-min intervals.

Two samples, one of which filtered (0.45 pm), were collected next to
the fixed sensors in sterile 15 mL PP-tubes for laboratory analysis.
Filtered samples were acidified with 150 pL of 1 M HCI to immediately
quench ferrous iron oxidation, whereas unfiltered samples were acidi-
fied with 150 pL of 12 M HCI to additionally re-dissolve hydrous ferric
oxides. Samples were cooled to 4 °C and transported to the laboratory
for spectrophotometric analysis using acetate buffer solution and 1,10-
phenantroline at 512 nm. Total iron was measured by reducing ferric
to ferrous iron with ascorbic acid. The spectrophotometer (Hach DR
3800 VIS) was calibrated using standard solutions prepared with high-
purity Fe(I)chloride dissolved in degassed water and acidified with 1
M HNOj;. All chemicals were analytical grade.

Filtered samples were analysed for dissolved ferrous and total iron.
Unfiltered samples were analysed for total iron. Particulate iron was
calculated by subtracting total dissolved (filtered sample) from total iron
(unfiltered sample). Thus, the conceptual approach allowed not only the
determination of dissolved species, but also particulate and total content
(Butler et al., 2008; Hedin, 2008). It should be noted that freshly
precipitated colloidal hydrous ferric oxides as small as 1 x 10”7 m pass
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Fig. 2. Schematics of pilot plant and mass balance model with Q as flow rates, [Fe], Fe; and Fe,, as iron concentration, removed iron mass and effluent iron mass,

respectively.
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the 0.45 pm syringe filters and are thus analysed as part of the dissolved
phase (Hoffmann et al., 1981; Kimball et al., 1992; Taillefert et al.,
2000). Therefore, technical differentiation between dissolved and par-
ticulate iron as <0.45 pm and >0.45 pm, respectively, may cause aslight
discrepancy between turbidity and iron data and the resultant correla-
tion by omitting nanoparticulate solids from the particulate fraction
(Taillefert et al., 2000). However, differentiating at 0.45 pm has become
common practice despite the fact that submicron particles might pass
respective filters (Filella, 2007). Since in circum-neutral, thoroughly
oxygenated ferruginous waters freshly precipitated hydrous ferric ox-
ides are metastable toward larger colloids and particles due to aggre-
gation and crystal growth effects (Baumgartner and Faivre, 2015;
Cornell et al., 1989), the resultant inaccuracy was considered small
enough to be accepted for practical purposes. For the sake of
completeness, dissolved iron was also considered to investigate poten-
tial effects of colloids.

For the dilution series, a bulk sample of ~2 L was collected from the
pilot plant inflow (MPO1) and transported to the laboratory. A small
amount of freeze-dried ocherous sludge collected from the reservoir was
added to the bulk sample to bring turbidity up to approximately 1.000
FNU. The sample was left in a magnetic stirrer overnight for homoge-
nisation at 300 rpm. Incremental subsamples were taken under constant
stirring, injected into 50 mL PP-tubes and brought to volume with Mil-
lipore water to obtain a range of sample:water ratios. Diluted samples
were thoroughly shaken and immediately split up three ways with two
15 mL subsamples (filtered and unfiltered) for iron analysis as described
above and one subsample in a 20 mL cuvette for immediate turbidity
measurement in a hand-held nephelometer (WTW pHotoFlex®Turb).
Turbidity was measured thrice in quick succession and results were
averaged to minimise possible variations (Gregory, 1985). The nephe-
lometer was  calibrated prior to  measurements  using
manufacturer-adjusted formazine standards (WTW AMCO Clear®) with
0.02, 10 and 1.000 FNU.

2.3. Data collection and processing

After an adequate start-up time, research monitoring of the pilot
plant started in July 2018 and continues to date, with data up to
December 2019 considered in this study (452 days). Flow rates in the
three system lines were adjusted by ball valves and, except for the first 9
days, continuously monitored by flowmeters with magnetic floats and
reed sensor chains (Stiibbe DFM200) connected to a data logger at a 30-
sec interval (minimum). Water samples for iron analysis were taken
approximately twice a week at all measuring points. To correlate
continuous turbidity data with discontinuous iron data, each iron
analysis was matched with the average of turbidity recordings in an
interval of +15 min around the respective sampling time. The resultant
correlation was used to convert turbidity measurements to particulate
iron concentration. For the dilution series, a total of 18 samples were
examined including dilution factors 1.000, 800, 500, 400, 250, 100, 50,
25,20, 10,5,4,2.5,2,1.5,1.25, 1.1 and 1.02. This theoretically leads to
the following overall datasets (assuming no errors and before data
cleansing):

e 216 960 turbidity measurements at a 30-min interval (21 696 per
MP);

e 1200 iron analyses at a semi-weekly interval (120 per MP);

o 24 sediment analyses (6 per sampling stage);

e 18 turbidity-iron data pairs from the dilution series (18 dilution
increments).

Data cleansing predominantly included removal of outliers in the
order of several hundred FNU that occurred either due to maintenance
measures (i.e. swirling up of flocs) or sensor errors owing to partial or
full covering of sensor optics with ochre, pollen or small snails.
Accordingly, most errors occurred in wetland eftluents.

Applied Geochemistry 122 (2020) 104731
Finally, three mass balances were established:

1) Overall mass balance based on flow recordings and iron analyses
both averaged over the entire monitoring period (1 data pair);

2) Low-resolution mass balance based on semi-weekly iron analyses
and accordingly averaged flow rates (1200 data pairs);

3) High-resolution mass balance based on 30-min interval iron data
derived from turbidity-iron-conversion and respectively averaged
flow recordings (216 960 data pairs).

Iron mass leaving the overall system or individual components
(Feou) was calculated by multiplying respective flow rates with con-
centrations and time interval according to equation (4). Iron mass
removed in the overall system or individual components (Fe|) was
calculated by multiplying respective flow rates with the difference of
inflow and outflow concentration and time interval according to equa-
tion (5):

Feou_ion = (Q1 X [Fes] + Qs x [Feo] + Q3 X [Feyg]) x t )

Fey=((Q1 + Q2+ Qs) x [Fer] = (Q1 X [Fes) + Qs X [Fey] + Qs x [Fey)))
Xt

5)

with Fe|( as iron retained in the system during the time period t, [Fe;.
10] as iron concentrations at MPO1 to MP10 and Q;.3 as flow rates in
lines 1 to 3 (Fig. 2). Results of the three mass balances were compared to
investigate the effect of resolution on mass balances subject to fluctu-
ating water and substance fluxes.

3. Results and evaluation
3.1. Solids

Solids from the first three sampling stages (inflow, settling pond ef-
fluents, wetland effluents) were visually similar and composed of
amorphous ocherous sludge interspersed with darker blackish impu-
rities. In contrast, solids collected after sediment filters were composed
of a relatively homogeneous, fine-grained, greyish matrix. Only the
wetland sample contained a noteworthy fraction >2 mm, mostly plant
litter and snail shells. The amount of solids in sediment traps decreased
substantially along the flow-path, with plentiful sludge at the inflow and
only a tiny fraction after sediment filters. Unfortunately, quantification
of accumulation rates was unfeasible with sediment traps exposed to the
water current.

Elemental fractions of major cations are displayed in Table 2. As
expected, iron is the major component in the first three sampling stages
with similar concentrations in the range of 25-29%. Results are within
the typical range of mine water treatment sludge iron content (20-53%)
as compiled by Dudeney et al. (2003), although at the lower end. Further
cations present at measurable concentration are Al, Ca, Mg and Mn with
other metals such as Co, Cr, Cu, Pb and Zn negligible or below detection

Table 2
Average content and standard deviation of major cations in sediment samples

[mg/gl.

Sampling Al Ca Fe Mg Mn

point

MPO1 43.2 £ 20.0 253.6+15 3.6=+03 3.6 £0.2

(inflow) 3.4 0.3

MP02-MP04 231+ 49.9 + 2758+ 3.0 3.2+0.2 17.9 £
0.5 0.5 0.5

MPO5-MP0O7 194 + 37.1+ 285.4 + 3.0+0.2 24.7 +
0.5 0.7 17.0 0.2

MP08-MP10 23.0 + 17.0 = 56.0 + 2.4 125 + 7.0+£0.6
0.7 1.1 0.6
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limit (data not shown). Ca and Mg are likely either scavenged and
co-precipitated by Fe or Mn (hydr)oxides (Ingri and Widerlund, 1994)
or, in the case of Ca, precipitated as gypsum.

The totalled up sediment fraction of Fe, Al and Mn (hydr)oxides
correspond well in the first three sampling stages with 62-64% assuming
structural formulas Fe(OH)3;, Al(OH); and MnO,. The remaining un-
known fraction is composed of (allochthonous) organic and inorganic
matter as indicated by visual and organoleptic inspection of the original
samples as well as a small amount of silty material remaining after acid
digestion. This relatively high non-iron fraction (ca. 33%) is likely
attributable to wind exposition and a construction site road directly
adjacent to the pilot plant. In contrast, iron concentrations are much
lower in solids settled after sediment filters. Visual observation of the
original sample, of which a substantial amount remained after acid
digestion, and relatively increased Al and Mg indicated an inorganic,
likely clastic sediment matrix resulting from abrasions and fines washed
out of the granite filter gravel.

3.2. Statistical data evaluation

Linear regression analysis was used to evaluate the statistical rela-
tionship between turbidity and particulate iron for both dilution series
and monitoring data with the level of significant correlation for all an-
alyses set at P < 0.05 (95% confidence level). Coefficients of determi-
nation (Rz) were calculated to evaluate statistical significance. As was
expected, neither visually evident nor statistically relevant relationships
between turbidity and dissolved iron were found for dilution series and
monitoring data (data not shown). Thus, no clear indications regarding
the effect of dissolved or colloidal iron on turbidity were discernible. In
contrast, excellent correlations were obtained between turbidity and
particulate iron for dilution series and monitoring data with R? = 0.986
and 0.855, respectively (Fig. 3).

Fluctuation of the turbidity:iron ratio in the dilution series (Fig. 3A)
was most likely due to inconsistent dispersion and light scattering/
backscattering at (artificially induced) excessive particulate ferric
(hydr)oxide concentrations (Gregory, 1985). Since turbidity in the pilot
plant was typically <125 FNU (Fig. 3B) this is of no practical relevance.
Scattered outliers of the monitoring dataset displayed in Fig. 3B are
inevitable in near-natural open systems where sensor measurements and
hand-collected samples may be disturbed by swirling up of flocs, stain-
ing of sensor optics, non-iron suspended matter, bioactivity or by the
simple fact that iron and turbidity are not determined from one and the
same sample with iron analysed from grab samples and turbidity
continuously in-situ measured over a time interval. It should be noted
that the linear regression in Fig. 3B is the overall regression for all
measuring points. A distinct clustering of sampling stages in point clouds
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is discernible by different colours and shapes of the symbols, nicely
visualising progressing iron removal along the flow path.

Statistical parameters obtained from dilution series and monitoring
data are compiled in Table 3. It should be noted that sediment filters
were excluded from the statistical evaluation of the monitoring dataset
because iron concentration in sediment filter effluents was invariably
close to or below detection limit (only 15 out of 360 data pairs
remaining). Hence, the sediment filter dataset was insufficient (in
number) for statistical evaluation. This is in accordance with the small
amount of solids found in sediment traps behind sediment filters and the
deviating composition of the solids therein (see Table 2). The numeric
effect of the remaining data pairs for sediment filter effluents on the
overall correlation (and thus also on mass balances) was negligible with
the effect only appearing on the fourth decimal place. For MPO1-MPO07,
731 of theoretical 840 measurements remained due to data cleansing
and/or missing data, predominantly in wetland effluents (100 missing
data pairs) where measurements were in most cases below detection
limit, but also due to sensor errors and staining of sensor optics.

Although the freeze-dried, crystalline ferric (hydr)oxide used for the
dilution series was not fully representative of suspended amorphous
hydrous ferric oxides in the pilot plant, turbidity-iron-relationships ob-
tained from monitoring data and dilution series were in good accor-
dance with gradients almost even (rel. difference 3.3%). The y-intercept
of the monitoring dataset was close to zero, whereas the negative y-
intercept of the dilution series was presumably caused by the excessive
floc load (y-intercept approaching zero for lower concentrations) or
background turbidity caused by colloidal hydrous ferric oxides that
passed filtration and/or suspended non-iron solids. Both dilution series
and monitoring data showed strong linear relationships at the 95%
confidence level Uncertainty of the monitoring relationship was lower
with only 2.3% of the overall turbidity:iron ratio average based on the
95% confidence interval. The larger element of uncertainty of the

Table 3
Statistical parameters and regression equations for turbidity-iron-relationships.

Statistical parameters Dilution series Monitoring data

Sample size (% missing data)

Turbidity:iron ratio (average+SD)

95%-confidence interval of the
turbidity:iron ratio average (+%)

18 (0%)
124 + 3.0
[11.0; 13.8] (+11%)

731 (13%)
11.1+ 35
[10.8;11.3] (+2.3%)

p-value 2.6E-16 2.6E-308
Residual standard deviation sy 3.479 1.016
Process standard deviation sxo 39.3 FNU 11.0 FNU
Linear function c(Feparr) = 0.089 x c(Feparr) = 0.092 %
[Turb] — 1.137 [Turb] + 0.031
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Fig. 3. Scatter plots showing correlations of particulate iron with turbidity for (A) dilution series with laboratory data as black circles and (B) monitoring data with
MPO1 as red circles, MP02-MP04 as blue diamonds, MPO5-MPO7 as green triangles, MP08-MP10 as orange squares and overall linear regressions as dotted lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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dilution series was likely attributable to the small data sample where
exclusion of one or more data pairs may inordinately affect the statistical
relationship. Altogether, the linear function derived from the moni-
toring dataset was chosen for the following turbidity-iron-conversion
since it was ultimately representative of the pilot plant. The statistical
relationship was considered adequate and sufficiently robust for
monitoring-related turbidity-iron-conversion as well as for estimation of
mass flows and removal rates due to the large sample size, good coef-
ficient of determination and reasonable element of uncertainty as dis-
played by statistical figures in Table 3.

3.3. Mass balances

Overall flow rate in the pilot plant was about 800 L/h, evenly
distributed at about 270 L/h per system line during the first 113 days
and varied between 100 and 500 L/h afterwards (Opitz et al., 2019).
Fluctuations in one or two system lines were inevitable subject to filling
level variations in the reservoir. Missing flow rate loggings for the 9 days
prior to data logger installation were surrogated with visual flowmeter
readings. Data gaps in the turbidity-iron-conversion dataset due to
missing turbidity data (e.g. sensor errors or data cleansing) were sur-
rogated with medians of the respective monitoring period prior to mass
balance calculation. Iron analyses below detection limit were never-
theless used for mass balances as the most conservative option to
minimise distortion and to not underestimate effluent iron.

The overall mass balance based on averaged numbers of the entire
monitoring period yields a total mass inflow of 67.2 kg and outflow of
1.7 kg over the 452-day period, which equals an overall mass removal
and treatment efficiency of 97.5% (Table 4).

The low-resolution mass balance based on approximately semi-
weekly intervals for flow rates and iron concentrations as derived
from sample analyses yields a similar total mass inflow of 69.3 kg and
outflow of 1.7 kg over the 452-day period, which equals an overall mass
removal and treatment efficiency of 97.5% (Table 5).

The high-resolution mass balance based on 30-min intervals for flow
rates and iron concentrations as derived from the turbidity-iron-
conversion yields a total mass inflow of only 56.3 kg and outflow of
1.2 kg over the 452-day period, which equals an overall mass removal
and treatment efficiency of 97.9% (Table 6).

In general, all three mass balances show similar, excellent iron
removal efficiencies of about 98% yet differ regarding mass flows, with
inflow for overall and low-resolution mass balances exceeding the high-
resolution mass balance by approximately 18 and 21%, respectively,
over the 452-day period. Discrepancy between mass flows could be
explained by (1.) exclusion of the dissolved and colloidal iron fraction
from turbidity-iron-conversion and thus the high-resolution mass bal-
ance on the one hand and (2.) substantial fluctuation of hydraulic
loading due to discontinuous pump operation on the other hand. The
former is considered insignificant with dissolved iron negligible in the

Table 4

Overall mass balance based on averaged flow rates and iron concentrations.

Settling ponds Wetlands Sediment filters
(MP02-MP04) (MPO5-MP07) (MP08-MP10)
Mass inflow [kg] 67.2 19.9 6.4
Mass outflow 19.9 6.4 1.7
Feout ror [kgl
Mass removal Fe| 47.3 (70.3%) 13.5 (20.1%) 4.7 (7.0%)
[kgl®
Treatment 70.3 67.7 73.5
efficiency” [%]
Cumulative 70.3 90.4 97.5

removal® [%]

? Removal fraction from system line inflow in brackets.
b 9-removal for individual stages.
¢ Cumulative treatment efficiency.
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Table 5
Low-resolution mass balance based on semi-weekly intervals for flow rates and
iron concentrations.

Settling ponds Wetlands Sediment filters

(MPO2-MP04) (MPO5-MP07) (MP08-MP10)
Mass inflow [kg] 69.3 21.6 7.0
Mass outflow 21.6 7.0 1.7
Feout wor [kgl
Mass removal Fe, 47.6 (68.8%) 14.6 (21.1%) 5.3 (7.6%)
[kgl®
Treatment 68.8 67.5 75.2
e(‘ﬁ(‘iem:yb [9%]
Cumulative 68.8 89.9 97.5

removal® [%]

? Removal fraction from system line inflow in brackets.
® 9%-removal for individual stages.
¢ Cumulative treatment efficiency.

Table 6
High-resolution mass balance based on 30-min intervals for flow rates and
turbidity-iron-conversion.

Settling ponds Wetlands Sediment filters
(MP02-MP04) (MPO5-MP07) (MP08-MP10)
Mass inflow [kg] 56.3 21.7 5.4
Mass outflow 21.7 5.4 1.2
Feour ror [kgl
Mass removal Fe| 34.6 (61.4%) 16.3 (29.0%) 4.2 (7.4%)
[kgl"
Treatment 61.4 75.2 77.9
efficiency [%]”
Cumulative 61.4 90.4 97.9

removal [%]°

? Removal fraction from system line inflow in brackets.
b 9%-removal for individual stages.
¢ Cumulative treatment efficiency.

inflow and close to or below detection limit throughout MPO2-MP10. By
contrast, considerably lower mass flows calculated for the high-
resolution mass balance are attributable to decreased hydraulic
loading during weekends when pump operation ceased, and the system
was only fed from the (dwindling) reservoir. This progressing decrease
in both flow rate and iron concentration during weekends is illustrated
by periodic weekly minima in Fig. 4. Respective mass flow fluctuations
are not taken into consideration by both overall and low-resolution mass
balances with samples for iron analysis collected during weekdays, only.
Hence, overall and low-resolution mass balances naturally overestimate
iron mass flows, which could have serious implications for long-term
operation and maintenance of a passive system. For instance, a 20%
overestimation of iron accumulation for the pilot plant would lead to
shorter estimates for sludge removal intervals (i.e. four instead of five
years) and correspondingly higher estimates for sludge disposal costs.
Consequently, we consider using high-resolution turbidity data as a
proxy for iron considerably more suitable to describe mass flows in the
system.

4. Conclusion and outlook
4.1. Application, uncertainties and limitations

Both solids analysis and extensive monitoring confirm the initial
hypothesis of an approximately monocausal relationship between par-
ticulate iron and suspended solids (and thus turbidity) in the pilot plant
(excluding sediment filters). Most importantly, the proportion of sus-
pended iron- and non-iron matter is relatively stable throughout the first
three sampling stages. Thus, the results clearly show that turbidity can
be used as a proxy for iron in a ferruginous, circum-neutral environment.

The linear correlation was successfully used to investigate iron mass
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flows in the pilot plant, describing transport and removal with unprec-
edented degree of resolution. Evaluation of system performance was
considerably improved in quality and resolution by application of the
turbidity-iron-conversion. For example, the high-resolution mass bal-
ance indicates that, although iron is largely accumulated in settling
ponds, both wetlands and sediment filters show relatively higher treat-
ment efficiency despite low inflow concentrations and are thus indis-
pensable for purification (Table 6). Altogether, the results of this study
give rise to concern that mass balance models based on relatively large,
but periodic datasets may feature considerable deviation due to tem-
poral variation of flow rates and/or inflow concentrations.

Turbidity measurements depend on size and morphology of sus-
pended particles which may vary spatially, with large flocs settling early
on and small particles or colloids further transported along the flow
path. In addition, it is to be expected that both autochthonous and
allochthonous matter (e.g. plant litter, fine sediments, wind-borne dust,
pollen or seeds) have a temporally and spatially variable effect on
turbidity in the pilot plant, potentially resulting in increasing hetero-
dispersity along the flow-path (Gregory, 1985). For instance, non-iron
turbidity-sensitive suspended solids such as natural organic matter or
clastic sediments may be produced in wetlands and sediment filters,
respectively. Especially in wetland outflows, TSS concentration and
composition is likely to vary seasonally. Moreover, it is quite possible
that turbidity-sensitive, non-iron substances are either sedimented and
filtered or associated (adsorbed, co-precipitated) with suspended hy-
drous ferric oxides and thus indiscernible from particulate iron.

Despite potentially increasing heterodispersity along the flow path,
study results clearly confirm that turbidity is generally dominated by
particulate iron in inflow, settling ponds and wetlands because of:

1. Coherent statistical correlation of turbidity and iron with R? > 0.86
and p < 0.05;

2. Solids settled thereafter are similarly composed of mainly hydrous
ferric oxides;

3. The field-derived turbidity-iron-relationship is in good accordance
with a laboratory-based dilution series determined from a more
monodispersed suspension;

4. Other turbidity-sensitive substances (e.g. TOC, SiOj, PO4-com-
pounds) are relatively low in concentration;

5. Both total iron and turbidity approach zero towards discharge, either
indicating low “background noise” caused by non-iron suspended

solids or non-iron suspended solids are associated and settle together
with hydrous ferric oxides.

Altogether, the empirical turbidity-iron-relationship is not only
considered robust enough for (site-specific) data evaluation but
considerably improves quality and resolution of monitoring and mass
balance evaluation.

4.2. Transferability and fields of application

The results demonstrate that both overall and low-resolution mass
balances based on averaged numbers overestimate mass flows in the
composite treatment system due to disregarded variability in hydraulic
loading. Therefore, using turbidity as a proxy for iron is a valuable tool
for in-depth investigation of mass flows under conditions where hy-
draulic loading and/or mass flows are fluctuating or even decoupled (e.
g. seasonal variation, intermittent flow, re-mobilisation effects).

Experiments by Hove et al. (2008) and Misawa et al. (1974) as well
as findings by Davison (1993), Liu and Millero (1999), Moses and Her-
man (1989) and Peiffer et al. (1999) indicate that aqueous iron chem-
istry and solubility as well as formation of hydrous ferric oxides are,
especially in the early stages, subject to various factors (e.g. pH,
redox-state, TOC, mineralisation, oxygenation, bacterial activity).
Consequently, the empirical turbidity-iron correlation at hand is only
applicable to the pilot plant and the intrinsic (mine) water chemistry for
the time being. Nevertheless, there is good reason to assume that similar
relationships could be established for other (mine) sites where particu-
late iron is the predominant constituent responsible for increased
turbidity. In-depth studies are necessary to elucidate the effect of mine
water chemistry on particle characteristics to establish a more universal
surrogate relationship. Based on a well-founded (site-specific) correla-
tion between turbidity and (particulate) iron, monitoring of thoroughly
oxygenated, circum-neutral ferruginous mine water can be greatly
improved regarding cost, resolution and efficiency. This is particularly
interesting for remote locations, extensive catchment scale studies and
cases of application where the required resolution is unfeasible by way
of manual grab sampling on site (Chapin, 2015; Nimick et al., 2003;
Skarbgvik et al., 2012; Thomson et al., 1997).

Beyond that, it is easily conceivable that similar statistical relation-
ships could be established for other turbidity-sensitive substances. As an
example, suspended aluminium is frequently occurring in mine waters
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(e.g. Carrero et al., 2015; Peiffer et al., 1997). Moreover, suspended
trivalent iron or aluminium hydroxides may be used as a proxy for
associated constituents (e.g. metals, metalloids, oxyanions) in oxygen-
ated, circum-neutral environments (Cornell and Schwertmann, 2003;
Waychunas et al., 2005) where transport and distribution are thus pre-
dominantly controlled by particulate transport (Church et al.,, 1997;
Karlsson et al., 1988; Zanker et al., 2003). For example, Canovas et al.
(2017) report non-conservative behaviour of not only iron, but also
potentially scavenged (i.e. co-precipitated, adsorbed or incorporated)
metal(oid)s such as As, Pb and V in a mining-influenced catchment
study. It would be interesting to try and advance iron and associated
contaminant transport predictions in respective mixing models by uti-
lising turbidity-proxy-relationships to correct for mineral-phase depo-
sition and/or re-suspension along the flow path with respective
correlations between metal(loid)s and turbidity indeed reported by
Canovas et al. (2017).
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Abstract

Constructed wetlands are a standard sustainable technology in waste and mine water treatment. Whereas macrophytes
actively contribute to decomposition and/or removal of wastewater’s organic pollutants, removal of hydrolysable metals
from mine water is not attributable to direct metabolic, but rather various indirect macrophyte-related mechanisms. These
mechanisms result in higher treatment efficiency of (vegetated) wetlands relative to (unvegetated) settling ponds. Contribution
of macrophytes to treatment predominantly includes: enhanced biogeochemical oxidation and precipitation of hydrolysable
metals due to catalytic reactions and bacterial activity, particularly on immersed macrophyte surfaces; physical filtration
of suspended hydrous ferric oxides by dense wetland vegetation down to colloids that are unlikely to gravitationally settle
efficiently; scavenging and heteroaggregation of dissolved and colloidal iron, respectively, by plant-derived natural organic
matter; and improved hydrodynamics and hydraulic efficiency, considerably augmenting retention and exposure time. The
review shows that constructed surface-flow wetlands have considerable advantages that are often underestimated. In addi-
tion to treatment enhancement, there are socio-environmental benefits such as aesthetic appearance, biotope/habitat value,
and landscape diversity that need to be considered. However, there is currently no quantitative, transferrable approach to
adequately describe the effect and magnitude of macrophyte-related benefits on mine water amelioration, let alone clearly
assign optimal operational deployment of either settling ponds or wetlands. A better (quantitative) understanding of under-
lying processes and kinetics is needed to optimise assembly and sizing of settling ponds and wetlands in composite passive
mine water treatment systems.

Keywords Passive treatment - Filtration - Biogeochemistry - Settling pond - Hydrodynamics

Introduction

Constructing wetlands for treatment of municipal, domestic,
agricultural, and industrial wastewater dates back to the early
1950s (Seidel 1966; Vymazal 2014). In the late 1970s and
early 1980s, observation of positive effects of natural wet-
lands on mine drainage chemistry in the Appalachian coal-
fields led to adaptation of wetlands for treatment of acidic
and/or metalliferous mine water (Huntsman et al. 1978;
Wieder 1989). Nowadays, constructed wetlands are used
to passively remove a variety of mine water contaminants,
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joscha.opitz@uni-bayreuth.de

Department of Hydrology, University of Bayreuth,
UniversititsstraBe 30, 95447 Bayreuth, Germany

2 Base Technologies GmbH, Josef-Felder-Strafie 53,
81241 Munich, Germany

predominantly hydrolysable metals (Al, Fe, Mn), but also
other metals typically associated with mining activities (Ag,
Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, U, V, Zn), metalloids (e.g.,
As, Sb, Se), and other pollutants (e.g., cyanide, ammonia)
(e.g., Noller et al. 1994; Pedescoll et al. 2015; Sobolewski
1999; Walton-Day 1997). Since then, application of mine
water treatment wetlands has been spreading worldwide,
with a focus on legacy mine sites.

Both aerobic (free water surface-flow) and anaerobic
(vertical/subsurface-flow) wetlands as well as composite
systems are used for passive mine water treatment according
to mine discharge chemistry. Anaerobic wetlands are primar-
ily used to treat acidic mine drainage (AMD) by way of alka-
linity generation and metal sulphide precipitation, whereas
aerobic wetlands are used to treat neutral, metalliferous mine
drainage by way of oxidation and precipitation of hydrolys-
able metals (Skousen et al. 2017). This study is focussed on
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aerobic surface-flow wetlands (hereinafter “wetlands”), with
macrophytes prevalent in the free water column.

It is generally hypothesised that macrophytes have a
considerable effect on treatment performance and are the
keystone of surface-flow wetlands, which are in turn the
key “polishing” component to achieve a specific compli-
ance target for most passive treatment systems (Batty 2003;
Batty and Younger 2002). The importance of macrophytes is
undebated for wastewater treatment wetlands, where plants
actively participate in central elemental cycles (C, N, P) and
release allelochemicals or antibacterial substances (Bavor
et al. 2001; Kadlec and Wallace 2009; Vymazal 2014).
Ample literature based on quantitative studies exists on the
design and sizing of wetlands for wastewater treatment (e.g.,
Kadlec and Wallace 2009; Kadlec et al. 2000; Pedescoll
et al. 2015).

In contrast, there has been a long-standing discussion
whether mine water treatment wetlands outperform unveg-
etated settling ponds, since macrophytes do not take a meta-
bolically active role in metal removal. With numerous stud-
ies indicating better treatment performance and hydraulic
efficiency for wetlands compared to settling ponds, recently
including direct juxtaposition of large data sets (e.g., Opitz
et al. 2019; Pedescoll et al. 2015; Sapsford 2013; Sapsford
and Watson 2011), there is general agreement that wetlands
are superior in terms of treatment efficiency, particularly for
low iron concentrations (Batty et al. 2008). It was conse-
quentially concluded that, beyond the aesthetic value, mac-
rophytes play an important role even without substantial
direct uptake of hydrolysable metals or metabolic effects on
metal removal mechanisms (Batty 2003; Brix 1994; Sheo-
ran and Sheoran 2006). For instance, some aspects, such as
improved hydrodynamics and floc filtration by macrophytes
are frequently quoted (Skousen et al. 2017), and Batty and
Younger (2002) even showed that metal uptake may be a
factor at residual iron concentrations. However, to this day,
the processes and effects bringing about superior metal
removal efficiency in wetlands are described rather vaguely,
particularly from a quantitative perspective (Johnson and
Hallberg 2002). In addition, there is still an ongoing discus-
sion whether better treatment performance justifies increased
operation and maintenance requirements, shorter refurbish-
ment cycles, and complicated disposal of both metalliferous
and organic-rich sediments.

A holistic view of core advantages and disadvantages
as well as underlying processes and effects of wetlands is
required to facilitate well-founded decisions regarding the
deployment of vegetated or unvegetated ponds, both as
stand-alone units and in composite passive systems (Saps-
ford 2013). In this context, it stands to reason that mac-
rophytes are the decisive difference between wetlands and
settling ponds. The purpose of this study is to give a lit-
erature-based overview of the current state of knowledge
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regarding the contribution of macrophytes to mine water
amelioration in surface-flow wetlands. The goal is to identify
and describe the determining macrophyte-related processes
and effects contributing to mine water contaminant removal
as a (qualitative) basis for future in-depth investigation and
quantification of these effects. A better understanding of
macrophyte-related effects would go a long way towards
circumscribing or parameterising the difference between
settling ponds and wetlands and to ultimately improving the
design and sizing of composite passive systems. Exemplary
hydrochemical and environmental juxtaposition of settling
ponds and wetlands in this study is provided from interna-
tional literature and a closely monitored passive pilot plant
featuring equally sized, consecutive settling ponds and wet-
lands, as described in Opitz et al. (2019, 2020).

Ecological Background

Treatment wetlands are designed to artificially emulate
natural wetlands, creating a near-natural and densely veg-
etated aquatic environment. Wetlands are exceptional in that
various transitional and sometimes opposed environmental
conditions (e.g., stagnant to flowing, clear to turbid, oligo-
trophic to eutrophic) and gradients (e.g., temperature, pH,
oxygenation, light exposure, redox potential) are found in a
spatially confined area and may display considerable tempo-
ral (e.g., diurnal, seasonal, or hydrological cycles) variation
(Bezbaruah and Zhang 2004; Feierabend 1989; Garcia et al.
2003; Kadlec and Wallace 2009). Wetlands are exceedingly
dynamic systems that generally display substantial biomass
production and mineralisation, thus supporting intensive
substance and nutrient cycles (Mitsch et al. 2012). Conse-
quently, wetlands are a hotspot of (micro)biological activity
and productivity, usually supporting a particularly vibrant
and diverse ecosystem. It is therefore hardly surprising that
wetland biogeochemistry also affects metal (redox) cycles
and transformations with demonstrably positive effects on
water quality (Fennessy and Mitsch 1989; Sobolewski 1999;
Wildemann et al. 1993).

According to Kadlec et al. (2000), macrophytes are “the
dominant structural component of most wetland treatment
systems.” Early field observations and trials of shallow
Sphagnum bogs showed promising metal removal capacities,
especially for mildly acidic and neutral mine water (Klein-
mann et al. 1983; Wieder et al. 1982). However, overall
and especially long-term performance of hybrid Sphagnum
bogs was rather variable due to progressive armouring of the
plants, especially when faced with acidic and/or highly fer-
ruginous loadings (Brenner et al. 1993; Henrot and Wieder
1990). To further augment metal removal and alkalinisa-
tion, early mine water treatment wetlands were soon being
constructed as hybrid marsh-like wetlands with low water

59




Appendix: Study 2
Mine Water Environ. 40: 587

Mine Water and the Environment (2021) 40:587-605

589

depth (5-25 cm) and high substrate depth (= 50 cm) to facil-
itate both open water and pore space flow with limestone-
amended organic or peat substrates for metal adsorption and
alkalinity generation (Girts et al. 1987; Wieder 1989). Even-
tually, this led to the more targeted forking into anaerobic
and aerobic wetlands seen today (Hedin et al. 1994; Mcl-
ntire and Edenborn 1990). Nowadays, aerobic wetlands are
constructed as shallow basins with a loose rooting substrate
predominantly planted with emergent, tall-growing herba-
ceous macrophytes, although submerged or floating plants
may occur alongside. Recommendations for water depths
range from 15-25 cm (Younger et al. 2002) to 10-50 cm
(Hedin et al. 1994). Generally, a water depth of 50 cm was
reported as the maximum tolerable by emergent, tall-grow-
ing macrophytes, e.g. Typha and Phragmites generas, to reli-
ably develop dense vegetation coverage (Brodie 1991; Wil-
demann et al. 1993). However, most wetlands are designed
with water depths of 10-40 cm to promote vegetation diver-
sity and to accommodate other hygrophilous plants from
generas such as Juncus, Scirpus/Schoenoplectus, Carex,
Acorus, Eleocharis, and Sphagnum. Planting of constructed
wetlands is guided by environmental conditions and local
species, with, for instance, Phalaris or Cyperus preferred
in warm, subtropical or tropical climates. Plant community
in constructed wetlands may display considerable floral
diversity, although over time, dominance of fast-growing
reeds and cattails is to be expected in temperate climates
due to their environmental resilience, competitive vegetative
growth, and reproduction (Brodie 1991; Maine et al. 2009;
Stark et al. 1994). Population density varies depending on
water level, water quality, plant community, and climate, yet
may quickly reach up to several dozen cattails (Sencindiver
and Bhumbla 1988; Stark et al. 1994) or several hundred
reed shoots per m? (Tanner 1996).

Due to the dynamic environmental conditions of wet-
lands, respective macrophytes are adapted to or toler-
ate chemical and biophysical stress. Hence, most wetland
plants are robust towards the detrimental or even potentially
toxic conditions that are characteristic for both acidic and
metalliferous mine drainage, including but not limited to
low pH, high pollutant levels (metals, metalloids, sulphate,
ammonia), high levels of dissolved and/or suspended solids,
increased salinity and turbidity (the latter also reducing light
transition), and low dissolved oxygen and nutrient levels
(e.g., Batty and Younger 2003; Karathanasis and Johnson
2003; Manios et al. 2003; Nixdorf et al. 2001; Tanner 1996;
Taylor and Crowder 1983; Wu et al. 2015) as well as ochre
plaque on plants, roots, and rooting soil (e.g., Chabbi 1999;
Fernandes and Henriques 1990; Snowden and Wheeler
1995). Respective tolerance or phytotoxicity thresholds as
well as uptake capacity and bioaccumulation were observed
to be high in wetland macrophytes, both towards surround-
ing water and rooting substrate or soil solution (e.g., Batty

and Younger 2003; Maine et al. 2006; Matthews et al. 2004;
Outridge and Noller 1991; Ye et al. 1997b). Although
impairment of both physiological development and nutri-
ent metabolism were observed for macrophytes in mining
influenced waters by Batty and Younger (2003, 2004) and
Wenerick et al. (1989), most treatment wetlands achieve full
vegetation cover within a few years, even under at times
life-hostile conditions (Mayes et al. 2009; Stark et al. 1994).

Contributing Processes and Aspects

The following review of the various effects of macrophytes
on mine water treatment in wetlands is sorted by the nature
of the process or effect as much as possible. Where overlap
is intrinsic, assignment was done to the best of our judge-
ment. Most effects are related to iron removal as the prin-
cipal treatment goal in surface-flow mine water treatment
wetlands.

Filtration Effects

Submerged parts of aquatic macrophytes such as shoots,
leaves, rhizomes, and roots as well as fresh litter and
decaying detritus provide substantial surface area for par-
ticle filtration through interception and trapping of sus-
pended solids. Various field and laboratory studies have
shown significantly increased particulate matter retention
in vegetated compared to unvegetated flowing waters (e.g.
Cotton et al. 2006; Elliot 2000; Horvath 2004; Pluntke
and Kozerski 2003; Saiers et al. 2003; Verschoren et al.
2017). Most studies were able to pinpoint macrophytes as
the ultimate cause. For example, Verschoren et al. (2017)
compared a lowland river reach in fully vegetated (77-90%
cover), partly mown (48-56% cover) and unvegetated (0%
cover) state and found an increase in mean particle travel
distance (e.g., 14.0 vs. 15.4 vs. 25.4 m for wood chips)
as well as a decrease in particle retention (e.g., 97.2 vs.
96.1 vs. 86.0% for wood chips) and hydraulic efficiency
(0.83+0.03 vs. 0.76 £ 0.03 vs. 0.67 + 0.03 for NaCl tracer
tests) with progressing vegetation removal. Analogously,
Pluntke and Kozerski (2003) observed approximate dou-
bling of particle retention in vegetated compared to unveg-
etated experimental littoral conditions using particles and
spores in the size range of 3—120 um. What is more, Saiers
et al. (2003) found increasing removal of colloidal TiO,
(average diameter 0.3 um) in a surface-water flume facil-
ity vegetated with Eleocharis spp. and estimated that “a
single stem was capable of scavenging 29% of the particles
that approached its projected cross-sectional area from the
upstream direction”. Consequently, macrophyte-related
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filtration of particulate matter is not limited to macro-
flocs in the upper micrometre range that are predestined
to gravitationally settle quickly according to the ratio of
flow and settling velocity (Sheoran and Sheoran 2006), but
also affects dispersed nanoparticles and colloids that are
not susceptible to effective gravitational sedimentation and
would thus pass through settling ponds unimpeded. Fen-
nessey and Mitsch (1989) observed a significant increase
in particulate iron removal rates from mine water, from
20-30% before up to 50-60% after full development and
maturation of cattail populations. Interestingly, the authors
also positively correlated iron removal and Typha biomass
production in the three consecutive wetland cells, although
the relationship may be affected by differences in influent
water chemistry.

Generally, particle interception increases with increas-
ing vegetation cover. Therefore, existing approaches to
quantification of improved particle retention by dense
aquatic vegetation are often based on or include respective
physical, plant-related parameters (e.g., immersed surface
area, stalk diameter, plant density, biomass) and ecological
factors (e.g., plant species, vegetation development; e.g.,
Nepf 1999; Saiers et al. 2003; Schmid et al. 2005; Ver-
schoren et al. 2017). Since filtration of suspended particles
by macrophytes was also observed to be influenced by
hydrodynamics (e.g., flow velocity, velocity distribution,
shear stress) and particle characteristics (e.g., concentra-
tion, size, morphology, or charge), further approaches to
quantification of particle retention by wetland macrophytes
are based on modelling of particle-macrophyte interac-
tion at laminar flow related to, for example, plant-related
alteration in velocity distribution, turbulence, shear veloc-
ity, and drag. Most models and relationships are, however,
based on specific assumptions or site-specific, empirical
wetland and particle characteristics, respectively. Since
wetlands are very diverse and dynamic systems and the
examined particles are a variety of organic and inorganic
materials that are easy to handle and reasonably repre-
sentative of natural waterborne particles (e.g., polymers,
spores, chips, clay, corundum, quartz), findings from exist-
ing studies are hardly transferrable to mining environ-
ments. In this context, periphyton coating of macrophytes
may considerably alter colloid filtration, depending on
the particle surface charge, as speculated by Saiers et al.
(2003). Unfortunately, the authors of this study know of no
(quantitative and transferrable) results regarding increased
removal of hydrous ferric oxides by macrophytes in mine
water treatment wetlands to date.

Physico-chemical Effects

Plant surfaces in general, and ochre-covered tissues in par-
ticular, provide extensive catalytic surfaces for adsorption,
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heterogeneous oxidation, and precipitation of dissolved
(supersaturated) metals (Batty et al. 2008). Reactive sur-
faces greatly increase reaction kinetics and thus accelerate
removal of divalent iron and manganese from mine waters
(Dempsey et al. 2001). Heterogeneous ferrous iron oxida-
tion is assumed to be either closely linked to or in competi-
tion with biological oxidation (van der Beek et al. 2012),
although the borderline or interrelation between surface-
catalysed (chemical) and bacterially-catalysed (biological)
ferrous iron oxidation as well as between inorganic plaque
and biofilms in circumneutral aquatic environments is still
unclear and the subject of current research. Similar uncer-
tainties are found in the field of drinking water purification
(Mouchet 1992; van Beek et al. 2012). Irrespective of this
discussion, oxidation of divalent iron and manganese ions
is clearly expected to increase in the presence of reactive
surfaces and/or respective iron-oxidising bacteria (Batty
etal. 2008; Luan et al. 2012) and it is well-known that other
metals associated with mine waters are susceptible to sorp-
tion on submerged macrophyte surfaces, as reported by
Lesage et al. (2007). Ochreous surfaces and biofilms are
most important at low or residual iron concentrations where
hydrous ferric oxides (and the catalytic effect they can pro-
vide) are negligible.

Biochemical Effects

In the context of this study, biological and biochemical
effects describe a passive or indirect contribution by wet-
land macrophytes to metal transformation or removal that
does not (directly) involve the plant’s intrinsic metabolism.

First and foremost, the near-natural aquatic and benthic
environment created by hydrophytes with at times steep gra-
dients in dissolved oxygen, redox potential, and pH favours
development of microorganisms benefiting from environ-
mental heterogeneity. Roots and submerged plant tissue as
well as root exudations provide a suitable, nurturing envi-
ronment and growth surface for development of extensive
biofilms and periphyton, and generally stimulate bacterial
activity and diversity (Dunbabin and Bowmer 1992; Pietran-
gelo et al. 2018; Weiss et al. 2003). Field observations of
mining-influenced waters indicate that macrophytes stimu-
late biogeochemical activity in the water column, rhizos-
phere, and sediment, including but not limited to biological
metal oxidation and subsequent precipitation of respective
(hydr)oxides (especially the iron redox-cycle) as well as
trace metal assimilation and sequestration (e.g., Chabbi
1999; Doyle and Otte 1997; Emerson et al. 1999; Hansel
et al. 2001; Neubauer et al. 2002). Moreover, bacteria can
also increase particle flocculation due to particle bridging
by way of secreted extracellular polymeric fibres (Banfield
et al. 2000; Droppo and Ongley 1994). Ferrous iron oxida-
tion and concomitant precipitation and removal of hydrous
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ferric oxides in passive system was evaluated by way of a
performance index (g), comparing observed with anticipated
ideal iron removal via respective first-order kinetics by Saps-
ford and Watson (2011). With e =1 indicating ideal per-
formance, the results showed that iron removal in wetlands
lived up to expectations (median € ~ 0.89, n=12), whereas
settling ponds broadly underperformed (median € ~ 0.59,
n=10), indicating “that lagoons are less efficient for iron
removal than wetlands” (Sapsford and Watson 2011). This
is in accordance with the findings of Kadlec (2003), who
reported larger removal rate constants for typical wastewa-
ter contaminants (TSS, BOD, NH,-N, P, fecal coliforms)
without exception in unvegetated ponds, attributable to vari-
ous biogeochemical processes in addition to filtration.

On top of that, field studies indicate a similar, potentially
even stronger effect for manganese oxidation. Chemical
Mn(II)-oxidation is kinetically limited at pH <8 and in the
presence of ferrous iron, yet may increase in wetlands com-
pared to settling ponds after lowering iron concentrations, as
observed by Stark et al. (1995) and Wildemann et al. (1993).
The effect is illustrated for the exemplifying pilot system in
Fig. 1, with wetlands showing similar (Fe) or better (Mn)
removal efficiency than settling ponds despite lower inflow
concentrations. Stimulation of metal oxidation processes
in wetlands may enhance overall metal removal kinetics,
yet the effect of macrophytes on both/either heterogeneous
(physico-chemical) and/or bacterial (biological) oxidation
is yet to be elucidated.

Current and future research on biological ferrous iron
oxidation by neutrophilic bacteria may show if and how
chemical and biological oxidation are coupled in circum-
neutral environments (Emerson and de Vet 2015; Ilbert and
Bonnefoy 2013; Kappler et al. 2015), although ferruginous
mine waters may pose an additional challenge. At the current
state of science, it must be assumed that ferrous iron oxida-
tion in circumneutral mine waters is predominantly driven
by chemical oxidation mechanisms (Kirby et al. 1999). Not-
withstanding this, bacteria not only contribute to short-term
formation of transient amorphous or hydrous metal oxide
phases, but also to subsequent long-term transformation to
more stable, increasingly crystalline minerals (Tuhela et al.
1992). Beyond that, it is conceivable that biological oxida-
tion of divalent iron and manganese may be increasingly
important at more acidic pH and/or low oxygen concen-
trations (Kirby et al. 1999; Sobolev and Roden 2001), for
residual concentration levels in the compliance range (Batty
and Younger 2002; Batty et al. 2008) and in the presence of
adequate biofilm growth surfaces (Mouchet 1992; van Beek
et al. 2012; Weber et al. 2006).

Furthermore, the generation of dissolved, colloidal, and
particulate natural organic matter (NOM) in wetland envi-
ronments is important for metal cycles and removal due to
their affinity for metals and complex organic molecules. The

abundance of organic substances in wetlands contributes to
further decreases in residual ferrous and ferric iron concen-
trations in different ways:

First, heteroaggregation of suspended NOM and hydrous
ferric oxides was identified as a major iron removal mecha-
nism in estuarine and wetland environments (Mayer 1982;
Tipping and Cooke 1982; Tipping and Ohnstad 1984). Put
simply, at circumneutral pH, humic substances are nega-
tively charged due to ionisation of carboxyl groups, whereas
hydrous ferric oxides are positively charged due to hydrolytic
reactions. Consequently, charge neutralisation is achieved by
adsorptive aggregation of hydrous ferric oxides and humic
substances, resulting in increased aggregate size, stability,
and altered zeta potential (Liang et al. 1993). Organic col-
loids or particles may therefore act as “natural coagulants”
for dissolved and suspended iron and enhance formation
of larger aggregates that gravitationally settle more easily
(Pizarro et al. 1995; Sholkovitz 1978). Iron removal in con-
nection with NOM is particularly important for low or resid-
ual iron concentrations, which is not to be underestimated
in the context of strict compliance limits (Opitz et al. 2019).

Second, decomposition of plant tissue and detritus
releases organic (poly)ligands such as humic and fulvic
acids. These anionic groups contribute to scavenging of
dissolved iron through organic complexation, sorption, and
chelation (Peiffer et al. 1999; Tipping and Hurley 1992).
Studies show that organic matter decomposition over time
exposes additional ligands and functional groups, resulting
in (relative) accumulation und stable immobilisation of iron
and other metals within and near the organic-interspersed
wetland sediment (Larsen and Schierup 1981; Sobolewski
1999). The potential for remobilisation towards the water
phase is considered small since metals are usually bound
in stable metal-chelate complexes (Galletti et al. 2010;
Sobolewski 1999).

100 17— Fe-Inflow H Mn-Inflow —— Fe-Inflow H Mn-Inflow [—
8.2mg/L 1.6 mg/L 2.6 mg/L 1.3 mg/L
(n=120) (n=53) (n=120) (n=53)

~
o

Fe/Mn-removal [%]
N [$:
(%) o

Wetlands

Mn-removal |

Settling ponds

| 8 Fe-removal

Fig.1 Relative ferric iron and manganese removal (inflow=100%)
in consecutive settling ponds and wetlands from the pilot system
described in Opitz et al. (2019)
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Third, organic matter generated by plant growth and
decay is used as an energy source by various microorgan-
isms that contribute to metal transformation and fixation
in the aqueous and particularly the benthic zone (Hansel
et al. 2001). As a consequence, iron and other metals from
soil-solution are precipitated as sulphide minerals in deeper
reaches of the sediment and substrate. This metal removal
mechanism based on dissimilatory sulphate reduction is,
however, characteristic of anaerobic wetlands and covers
only a small share of the overall iron load in aerobic wet-
lands. Nevertheless, the process may be important for pol-
ishing and even more so for the removal of trace metals such
as Cu, Pb and Zn (Sobolewski 1999).

Phytologic Effects

Besides the indirect effects described above, macrophytes
also actively contribute to mine water treatment and quality
by way of several intrinsic phytologic processes and char-
acteristics. Plants are used in environmental remediation for
accumulation of contaminants and metals through direct
uptake and incorporation into plant tissues (phytoextraction)
(Ernst 1996; Khalid et al. 2017). With regard to mine waters,
it was firmly established that bioaccumulation of major con-
taminants such as Fe, Al, and Mn in wetlands is negligible
at high loadings, for example accounting for less than 1%
of overall iron removal (Fernandes and Henriques 1990;
Mitsch and Wise 1998; Sencindiver and Bhumbla 1988).
The same is true for other metals associated with mining
activities present at noteworthy loadings such as Cd, Cr, Cu,
Ni, Pb, and Zn (Liu et al. 2007; Mays and Edwards 2001;
Nyquist and Greger 2009) as well as U (Overall and Parry
2004). For example, Ye et al. (2001b) found low accumula-
tion of Fe (0.91%), Co (0.19%), and Ni (0.38%) in Typha
latifolia, despite relatively low loadings and good overall
removal throughout the wetland system, indicating that met-
als were removed by other means than bioaccumulation. It
is, however, important to note that numbers on metal uptake
in wetlands are generally difficult to compare and sometimes
conflicting due to the different (e.g., lab vs. field, metal load-
ing, pH, redox potential, contact time) testing conditions
(Marchand et al. 2010).

Nevertheless, many field and mesocosm studies of mine
and waste water treatment wetlands indicate that active
bioaccumulation by hydrophytes might be relevant for
metals at trace concentration levels (e.g., Dunbabin and
Bowmer 1992; Ellis et al. 1994; Maine et al. 2006; Out-
ridge and Noller 1991; Schierup and Larsen 1981; Scholes
et al. 1998; Ye et al. 1997b). By way of example, Maine
et al. (2006) found root tissue metal concentrations of 7.
domingensis to multiply by factors of about 7 (Cr) and 8
(Ni) at low mean water concentrations (22 and 17 ug/L,
respectively) within a year of wetland operation, and even
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a doubling of Zn, despite water concentrations below
detection limit (<0.05 pg/L). Perhaps most interestingly,
Batty and Younger (2002) reported a maximal iron uptake
by P. australis seedlings in laboratory exposure experi-
ments of &~ 100% at an iron supply of 1 mg/L, dropping at
both higher and lower iron concentrations, with < 50% at
0.5 and 2 mg/L, and <25% at<0.1 and > 5 mg/L. Metal
uptake—including iron—by macrophytes in terms of mass
content was shown to increase at greater concentrations
(Batty and Younger 2003)—and decrease with increasing
water column or flow velocity, presumably due to declin-
ing contact time between contaminated water and plant
(roots) (Kumari and Tripathi 2015; Schierup and Larsen
1981; Stark et al. 1996). For instance, iron contents in
shoots, rhizomes, and roots of up to almost 1, 10, and
100 g/kg dry weight, respectively, were observed at solu-
tion concentrations of 50 mg/L in the P. australis seed-
ling exposure experiments by Batty and Younger (2003)
mentioned above. It was also shown that wetland macro-
phytes accumulate different metals in different plant com-
ponents, with the highest concentrations usually found in
roots and rhizomes, especially compared to above-ground
tissues (e.g., Ellis et al. 1994; Kumari and Tripathi 2015;
Liu et al. 2007; Stark et al. 1988; Tanner 1996; Taylor
and Crowder 1981; Ye et al. 2001a, b, ¢). For instance,
Ellis et al. (1994) found Cd, Cu, Pb, and Zn in T. latifo-
lia from low exposure field sites was approximately two
thirds in root and rhizome tissues and only one third in
leaf tissues. In comparison, up to two orders of magni-
tude higher concentrations of Cd, Cu, Fe, Ni, Pb, and Zn
were found in roots and rhizomes compared to shoots of
T. latifolia and P. australis in high exposure laboratory
experiments (Batty and Younger 2003; Ye et al. 1997a,
b). Furthermore, O’Sullivan et al. (2004) and Schierup
and Larsen (1981) showed that metal (bio)availability for
macrophytes is governed by geochemical and environmen-
tal factors, such as pH, redox potential, speciation, carbon
content, and temperature. Conversely, sediment pH and
redox potential are in turn influenced by wetland plants,
as reported for Typha populations by Sencindiver and
Bhumbla (1988). Altogether, bioaccumulation is expected
to prevail in shallow, bog-like wetlands and waterlogged
anaerobic soils or sediments with low flow velocities
allowing for adequate contact time between contaminated
water and plant (roots) where metal uptake and fixation is
correlated with soil-sediment concentration (Taylor and
Crowder 1981). Nevertheless, most of the metals that are
not precipitated in the water column are expected to be
retained within the soil-sediment matrix, chiefly by sorp-
tion on plant detritus and sulphide precipitation in a reduc-
ing environment (e.g., Galletti et al. 2010; Karathanasis
and Johnson 2003; Maine et al. 2006; Mays and Edwards
2001; O’Sullivan et al. 2004; Ye et al. 2001c¢).
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A more complex biogeochemical interaction is found
in the rhizosphere where radial oxygen release from plant
roots creates an aerobic-anaerobic interface of substantial
areal extent (Armstrong et al. 1992; Dunbabin and Bowmer
1992). Iron and manganese plaque formation was observed
for various plants and (metalliferous) environments directly
on the root surface and throughout the sediment (Snowden
and Wheeler 1995). It is still unclear whether this is simply
a consequence of radial oxygen loss from roots or in fact a
protective plant mechanism controlling metal phytotoxicity
and uptake rates. In any case, it is clear that metal deposi-
tions act as a sink for not only iron, manganese, and alu-
minium (Batty and Younger 2003), but also several other
trace contaminants associated with mining activities (As,
Cd, Cu, Pb, Ni, and Zn) as well as phosphate (e.g., Batty
et al. 2000, 2002; Hansel et al. 2001; St-Cyr and Campbell
1996; Ye et al. 1997a, 2001a).

Environmental Effects

Dense macrophyte stands have considerable beneficial
effects on constructed wetland functionality. Wetland
macrophytes develop extensive rhizome and root systems
throughout and above the substrate that physically stabilise
the sediment, preventing resuspension of the accumulating
ochre (James et al. 2004; Kadlec et al. 2000; Nyquist and
Greger 2009). In addition, extensive and dense hydrophyte
populations improve the microclimate through evapotran-
spiration and shading in summer as well as insulation and
windbreak by senescent, erect macrophytes in winter (Brix

1994; Garcia et al. 2003; Wittgren and Maehlum 1997).
Water temperature in wetlands displays a more sluggish
reaction and lower amplitude relative to settling ponds
(Gearheart 1992). This effect is illustrated in Fig. 2 for the
exemplifying pilot system, becoming slightly more pro-
nounced in the second vegetation period due to increased
maturity. In addition, fewer and less extreme water tem-
peratures, particularly warm temperatures, were observed
in the wetland compared to the settling pond, with maxi-
mum temperatures of 30.7 and 27.2 °C measured in set-
tling pond and wetland, respectively. More stable tempera-
ture conditions in wetlands prevent thermal currents or
buoyancy effects and thus improve gravitational settling of
particulate hydrous ferric oxides, although it may also lead
to semi-permanent thermal stratifications that reduce the
effective volume. Additionally, windbreaking by emergent
stems and leaves contributes to the hydraulic efficiency
of wetlands, especially compared to bare settling ponds,
by reducing wave formation, water turbulence, disper-
sion, and most importantly, by preventing wind-driven
currents transporting contaminated water from inflow to
outflow with minimal retention time (Goodarzi et al. 2018;
Thackston et al. 1987). Windbreaking also contributes to
erosion control, preventing resuspension of settled flocs
(Batty 2003; Braskerud 2001; Brix 1994).

Hydraulic Effects

Both settling ponds and wetlands basically provide
retention time for natural biogeochemical reactions and
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physical processes to proceed to completion (Jing et al.
2002). Besides accelerating or providing a better environ-
ment for respective reactions and processes as described
above, macrophytes improve overall hydraulic efficiency
and may ultimately increase the actual hydraulic retention
time compared to bare settling ponds of equal size (Jadhav
and Buchberger 1995; Persson et al. 1999). For example,
Verschoren et al. (2017) conducted an experimental field
comparison of a lowland river reach with fully developed,
partially removed, and fully removed aquatic vegetation
and reported that “vegetation free treatments |[...] had the
lowest hydraulic resistance, the highest flow velocity, the
highest longitudinal dispersion coefficient, the largest tran-
sient storage zone, and the lowest retention of particulate
matter.” Improved hydraulics in wetlands compared to
unvegetated ponds are attributable to several effects that are
directly related to macrophyte vegetation as natural hydrau-
lic obstacles (e.g., Braskerud 2001; Buchberger and Shaw
1995; Horvath 2004; Jadhav and Buchberger 1995; Kadlec
1994; Laurent et al. 2015; Nepf 1999; Persson et al. 1999;
Su et al. 2009), including but not limited to:

e Increased mixing, flow distribution and flow regula-
tion encouraging more homogeneous hydrodynamics
(approaching “plug flow”);

e Reduced flow velocities and more regular velocity pro-
files in the vertical direction;

e Less dead or stagnant zones, stratification, dispersion,
and preferential or open-channel flow (“short-circuit-
ing”);

e Reduced wind-related effects (see above).

For details on quantitative aspects such as hydraulic
efficiency in general and effects of wetland vegetation in
particular, the reader is kindly referred to respective spe-
cialised literature (e.g., Kadlec 1994; Persson et al. 1999;
Thackston et al. 1987). Altogether, hydraulic retention time
and advective transport increase with greater vegetation den-
sity (Braskerud 2001; Jadhav and Buchberger 1995). It is
important to note that the effect of vegetation on hydraulic
efficiency strongly depends on flow regime, vegetation type
and density, as well as pond shape, length:width ratio, and
layout (Guo et al. 2017; Persson et al. 1999; Persson and
Wittgren 2003; Su et al. 2009). Badly maintained wetlands
with spatially irregular vegetation distribution or silting up
can have opposite effects, such as flow channelling or plug-
ging (Brix 1994; Jadhav and Buchberger 1995; Klerk et al.
2016; Persson et al. 1999; Wahl et al. 2012). Field tracer
tests of various settling ponds and wetlands in UK passive
mine water treatment systems showed better hydraulic effi-
ciency for wetlands, whereas the effective volume of settling
ponds was often considerably reduced due to dispersed flow,
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poor mixing, and short-circuiting (Kruse et al. 2009; Kusin
et al. 2010; Sapsford 2013).

Ancillary and Secondary Benefits

Besides contributing to water quality improvement and sys-
tem operation, the supplemental benefits of wetland veg-
etation should not be underestimated (Batty and Younger
2002). First and foremost, the near-natural appearance of
lush, green wetlands increases the aesthetic appearance
of the treatment system, especially compared to bare set-
tling ponds or conventional reactor-based (chemical)
treatment plants (Batty 2003). The value of wetland eco-
systems beyond the intrinsic treatment purpose nowadays
represented and evaluated by various ecosystem services is,
without going into further detail, often widely underesti-
mated (e.g., Liquete et al. 2016; Masi et al. 2018; MclInnes
2013; Mitsch et al. 2014). In addition, constructed wetlands
provide wildlife shelter and habitat with diverse biotopes
and ecological or structural niches for various (even pro-
tected) aquatic and semi-aquatic species (Knight 1997;
Knight et al. 2001; Lacki et al. 1992). Although constructed
wetlands may develop a spatially inclusive and comprehen-
sive, yet structurally diverse mosaic of predominantly reed
beds or sedge reeds, most mine water treatment wetlands
display less overall floral (and faunal) diversity compared
to natural wetlands due to the monocultural reed or cattail
structure (Knight 1997). This is mostly due to the techni-
cal design and management of treatment wetlands, where
the primary consideration is preservation of hydraulic and
treatment performance (Thullen et al. 2005). Nevertheless,
constructed wetlands contribute to the restoration, develop-
ment, and conservation of functioning ecological interrela-
tions, biodiversity, wildlife corridors, and biotope networks
in post-mining landscapes (Batty 2005; Feierabend 1989;
Klerk et al. 2016; Yang et al. 2006). Biological water quality,
which is increasingly introduced as a monitoring and valu-
ation parameter (e.g., EU Water Framework Directive bio-
logical quality elements, U.S. EPA Biological Water Quality
Criteria Program), is considerably improved through devel-
opment of the increasingly diverse aquatic micro- and macro
fauna within passive systems, and thus before discharge to
freshwater environments. Secondary benefits such as these
may become increasingly important to the acceptance level
of passive mine water treatment plants amongst stakehold-
ers, particularly residents, and environmental authorities.
Macrophyte metabolism (especially uptake and assimila-
tion) as well as stimulation of biological activity and self-
sustaining nutrient or substance cycles in wetlands lead to
biotransformation of organic compounds potentially present
in mine waters, such as carbon- or nitrogen-based residues
from explosives or cyanidation (Koren et al. 2000; Zaitsev
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et al. 2008) as well as carbon fixation (Mitsch et al. 2012).
Elevated ammonia in coal mining discharges originat-
ing from degradation of organic residues in coal or lignite
deposits is reduced through plant uptake and assimilation
as well as autoxidative transformation towards nitrate in
oxygenated wetland environments (Vymazal 2013). It is,
however, important to note that the aquatic nitrogen cycle
is predominantly limited to nitrification in the prevailing
oxygenated environment in mine water treatment wetlands
(Demim and Dudeney 2003). In any case, wetland macro-
phytes show high organic pollutant assimilation and removal
capacities that may additionally improve mine water quality
(Tanner 1996). Synergetic cotreatment of mine- and waste-
water in constructed wetlands is also increasingly tested
worldwide (Makhathini et al. 2020).

In summary, noteworthy (ecological) effects, amenity
value, ecosystem services, and secondary benefits of wetland
macrophytes, although not directly contributing to metal
removal, are of considerable and increasing importance to
stakeholder management, approval procedures, and environ-
mental impact assessments. Respective environmental and
ecological aspects as well as landscape diversity should not
be underestimated, particularly in post-mining landscapes.
Environmental benefits and ecological value are expected to
increase with long-term operation and concomitant wetland
maturation (Kadlec et al. 2000; Stark et al. 1988). Therefore,
ecological development of constructed wetlands should be
given due consideration during the technical planning stage
and approval procedure.

Drawbacks and Limitations
Biochemical Problems

From a biogeochemical perspective, continuous decom-
position of plant litter in wetlands increases dissolved and
particulate organic carbon in the water (Noller et al. 2003).
Ensuing metabolic, photolytic, or autoxidative decomposi-
tion result in oxygen consumption throughout the water col-
umn. In extreme cases, this may lead to oxygen depletion,
not only along the flow path, but also towards the sediment
surface, and even reducing conditions within the substrate
or directly above the sediment—water interface. Especially
at low flow velocities or (temporally) stagnant conditions,
intensive NOM generation and concomitant decomposition
can substantially decrease both dissolved oxygen and redox
potential (Kirby et al. 1999; Pedescoll et al. 2015). This is
not to be underestimated, particularly during the growing
season, as illustrated in Fig. 4 for the exemplifying pilot
system where, in contrast to the settling pond, oxygen satu-
ration in the wetland dropped below 50% in summer when
NOM generation was highest and oxygen solubility lowest.

This may lead to retarded ferrous iron oxidation in the water
and even ferric iron reduction in the sediment, the latter tem-
porarily remobilising iron. This spatially and temporally
increase in iron redox cycle complexity may potentially
affect overall treatment performance (Johnson and Hallberg
2002), although no corresponding observations of signifi-
cantly compromised treatment performance are reported.

Seasonal Variability

It is important to note that most macrophyte-related effects
are subject to considerable variability, mostly due to sea-
sonal, hydraulic, and stochastic fluctuations in wetland envi-
ronments (Johnson and Hallberg 2002; Kadlec et al. 2000).
First and foremost, plants directly participate in material
cycles in their immediate environment through photorespi-
ration, i.e., photosynthesis during the day and cellular res-
piration during the night, with the overall O,~CO, budget
benefitting oxygen production. Unlike terrestrial plants,
hydrophytes not only affect gas equilibria in the atmosphere
but also in the surrounding aqueous environment. Mine
discharges are often suboxic and oversaturated with CO,,
the latter lowering the pH of the water. This directly and
substantially affects metal oxidation reaction kinetics, with
oxidation rates declining with a decrease in dissolved oxygen
and/or pH (Geroni et al. 2012). During the day, wetland mac-
rophytes vertically transport oxygen through the aerenchyma
to the roots and thus into the water column and sediment
(Armstrong et al. 1992; Brix et al. 1992). Concomitantly,
dissolved CO, or bicarbonate diffuse into the plant, promot-
ing photosynthesis:

6 CO, + 12H,0 - C,H,,0, + 60, + 6 H,0 )

6 HCO; + 6H,0 — CH,0o+ 60H + 60, (2

This uptake of dissolved inorganic carbon accelerates
CO,-stripping in respectively oversaturated mine waters
and thus increases or stabilises the pH, which in turn is one
of the determining factors in most biogeochemical redox
cycles. In the circumneutral range, an increase by up to one
pH-unit thorough CO,-stripping was reported by Geroni
et al. (2012) and Opitz et al. (2019), which may increase
iron oxidation 100-fold (Dempsey et al. 2001). However,
while the pH increase would have a positive impact on fer-
rous iron oxidation, wetlands may display considerable pH
fluctuation in either direction due to uptake of dissolved
inorganic carbon by algae and macrophytes as well as the
release of organic acids, as illustrated for the exemplify-
ing pilot system in Fig. 3. Overall, biological processes in
the wetland resulted in a lower median pH (about 0.5 units)
compared to the preceding settling pond that only featured
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natural CO,-degassing, especially during spring and sum-
mer (Fig. 3c).

Common wetland macrophytes can transfer to and radi-
ally release up to several hundred mg/m?/h of oxygen from
the rhizomes (Brix and Schierup 1990; Watson et al. 1989).
Reversal of the process during the night results in diurnal

@ Springer

oxygen cycles with maxima early in the afternoon and min-
ima during the night, further amplified by microbial oxygen
consumption upon NOM decomposition and temperature-
dependence of oxygen solubility (Dempsey et al. 2001).
Since only the latter is relevant in settling ponds, the dis-
solved oxygen amplitude is, again, considerably larger in
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wetlands compared to settling ponds as illustrated for the
exemplifying pilot system in Fig. 4a. Diurnal fluctuation of
dissolved oxygen in wetlands is exceptionally pronounced
during algae blooms with amplitudes easily between 50 and
110% saturation (Fig. 4b) and still noticeable after full emer-
gence of herbaceous macrophytes, yet negligible in winter
(Fig. 4c). In contrast, settling ponds are expected to display
relatively stable and high oxygen saturation throughout the
year unless oxygen is consumed by ferrous iron oxidation.
Altogether, increased oxygen solubility with decreasing tem-
perature results in lower oxygen concentrations in summer
and in the night and higher oxygen concentrations in winter
at daytime for both settling ponds and wetlands, yet this is
considerably pronounced in wetlands during the vegetation
period (Gu et al. 2006). With homogeneous ferrous iron oxi-
dation showing first-order dependency on oxygen concentra-
tion and inversely second-order dependency on proton activ-
ity, a shift in dissolved oxygen and/or pH inevitably affects
oxidation rates and thus treatment efficiency (Dempsey et al.
2001; Hustwit et al. 1992).

Total suspended solids (TSS) content in wetland out-
flows can also display considerable seasonal patterns, with
increased effluent TSS during the growing season due to
generation of particulate NOM by vegetation growth and
decay (Kadlec et al. 2000). Regarding mine water treatment
wetlands, it is important to note that increased effluent TSS
in summer predominantly concerns wetland-derived par-
ticulate matter (i.e., the “natural background”; Gearheart
1992), whereas effluent suspended hydrous ferric oxides
are expected to decrease with vegetation development (fil-
tration) and NOM generation during the growing season
(scavenging) and increase with vegetation dieback in winter
(Opitz et al. 2020). Moreover, Braskerud (2001) found that
the effect of wetland vegetation on hydraulic efficiency was
linked to seasonal vegetation development, increasing during
the summer und decreasing during winter, with hydraulic
efficiencies of 0.86 and 0.78, respectively.

Altogether, ecological and thus macrophyte-related fluc-
tuations in hydrochemical parameters such as pH, dissolved
oxygen, and TSS, as well as temperature (see Fig. 2) have
both positive and negative effects on metal removal mecha-
nisms and kinetics. Therefore, wetland performance evalua-
tion is usually recommended on an averaged time span basis
(several seasons or years) rather than on individual measured
values to accommodate natural fluctuations in open systems
(Kadlec et al. 2000). In contrast to surface-flow wastewater
treatment wetlands, mine water treatment wetlands usually
display less performance fluctuation due to ecological or
seasonal variability, with physico-chemical iron and TSS
removal only moderately affected by environmental varia-
tions (Gu et al. 2006; Hedin 2008). Rather, treatment effi-
ciency is more often affected by stochastic fluctuations as
well as distinct variations in consequence of inconsistent

hydraulic loading or retention time (Opitz et al. 2020; Stark
et al. 1994). The effect of environmental and especially
gas transfer effects on passive system performance may be
reduced by ensuring thorough aeration at the inlet of (and
potentially between) ponds (Cravotta 2007, 2015; Geroni
etal. 2012).

Technical Difficulties

With treatment efficiency governed by wetland macrophytes,
there are nevertheless drawbacks of near-natural wetlands
compared to settling ponds. Although wetlands are consid-
ered a low-cost and low-maintenance technology, regular
service is required to maintain ecological as well as biogeo-
chemical and hydraulic integrity (Hedin 2020). First and
foremost, wetlands require maintenance to prevent deterio-
ration of hydraulic performance as the carefully engineered
conditions that facilitate initial macrophyte establishment
degrade over time. The most frequent problems include
plugging, silting up, and hydrosere due to accumulating
plant litter, detritus, and ochre. Receding plant cover may
lead to laterally fringing vegetation with increased flow
velocity through the unvegetated middle (“short-circuiting”;
Jenkins and Greenway 2005; Persson et al. 1999). Detrimen-
tal conditions or pest infestation may lead to deterioration of
vegetation structure and habitat value or altogether perish-
ing of (monocultural) vegetation, warranting accompany-
ing landscape preservation measures (Brodie 1991; Snoddy
et al. 1989; Thullen et al. 2005).

It was also noted at several sites that newly constructed
wetlands require up to three vegetation cycles for full matu-
ration, which was mostly attributed to progressive devel-
opment and coverage of plant communities (Fennessy and
Mitsch 1989; Stark et al. 1988; Wildemann et al. 1993),
but likely also applies to bacterial communities (Samsé and
Garcia 2013). If regulatory standards must be met from day
one, it may prove necessary to either oversize the system, as
recommended by Wildemann et al. (1993) or to (transition-
ally) install an additional sediment filter for effluent pol-
ishing, as successfully demonstrated by Opitz et al. (2019,
2020).

Waste Disposal

In surface-flow wetlands, a substrate depth of about 0.3 m
is usually sufficient for macrophyte roots to find stable
grounding, although the root zone may naturally extend
much deeper, and to support hydrophytic plant life (Kadlec
and Wallace 2009; Laine and Jarvis 2003). Accretion of
metal (hydr)oxides and plant litter on top of the rooting
soil results in an accruing sediment. Most organic residues
(e.g., cellulose, hemicellulose) are readily biodegradable and
thus decomposed and overturned rapidly, especially during
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elevated summer temperatures (Alva.rez and Bécares 20006;
Chimney and Pietro 2006). However, Alvarez and Bécares
(2006) estimated that only approximately two thirds of 7.
latifolia detritus decomposes within the first year, with per-
sistent structural polymers such as lignin remaining. Con-
sequently, sediment accumulation in wetlands is faster and
characterised by a more heterogeneous composition than
settling ponds. In the long run, this may ultimately result in
sediment build-up and hydrosere, necessitating excavation
and refurbishment of the constructed wetland.

Generally, settling ponds are designed to retain the bulk of
ochre solids and thus require more frequent sludge removal
than wetlands (Nuttal 2003). The accumulating sediment
in settling ponds predominantly consists of hydrous ferric
oxides, with some allochthonous (e.g., biotic or wind-borne)
material (Fig. 5a). The ochreous sludge is easily removed
and dewatered (Dempsey and Jeon 2001), and either dis-
posed of or used for various purposes, subject to compo-
sition (e.g., Hedin 2003; Sapsford et al. 2015). Polishing
wetlands exhibit longer life spans, despite the additional
accumulation of organic matter. Wetland sediments consist
of the original soil substrate, accumulated hydrous ferric
oxides, and a substantial amount of organic matter compris-
ing litter, roots, and detritus in various stages of decomposi-
tion (Fig. 5b) (Kadlec et al. 2000). The heterogeneous mate-
rial is usually unfit for valorisation, and the organic content
complicates or altogether prevents landfill disposal. There is
a longstanding discussion regarding appropriate utilisation
as opposed to disposal of ochreous and organic-rich sub-
strates excavated from mine water treatment wetlands that is
ultimately governed by the applicable legal framework. Even
if contamination of the mine water and thus the sediment is
basically limited to Fe, Al, and Mn, the material may still
be technically classified as waste material and thus require
complex screening and permission procedures as well as
pre-treatment (i.e., oxidation and stabilisation) for reuse in

Fig.5 Photos of a sun-dried ochre in a settling pond and b profile of
a drained surface-flow reed wetland from the pilot system described
in Opitz et al. (2019)

@ Springer

the environment as, for instance, soil amendment or top-
soil. Furthermore, wetlands may require a little more routine
effort for maintenance of optimal hydraulic, ecological, and
technical conditions (e.g., prevention of clogging or silting
up, pest prevention) and refurbishment, the latter requiring
the removal of rhizomes prior to sludge removal for reuse
after replenishing of the substrate layer.

Discussion

Designing and planning of passive systems, particularly at
legacy or socialised mine sites, is often inevitably guided by
economic considerations and land area availability. Obvi-
ously, iron removal in unvegetated settling ponds is mostly
limited to chemical oxidation of dissolved ferrous iron and
physical sedimentation of settleable hydrous ferric oxides,
whereas colloidal hydrous ferric oxides often break through
settling ponds due to their low settling velocities. In contrast,
this review clearly shows that vegetated surface-flow wet-
lands are in many ways more effective for iron removal due
to a variety of auxiliary processes and effects. Most impor-
tantly, macrophyte-related filtration, in combination with
physico-chemical, biogeochemical, and hydraulic effects,
are indispensable for not only removal of settleable hydrous
ferric oxides, but also polishing of residual dissolved ferrous
iron and ferric colloids where mere gravitational sedimen-
tation would require several days. The effective removal of
residual iron is of major importance to reliably meet (strict)
regulatory standards.

However, it is important to note that the macrophyte-related
advantage in treatment performance goes hand in hand with
additional effort and expenditure in operation, maintenance,
cleanout, and restoration (Kadlec et al. 2000). Accordingly,
overloading of wetlands will rapidly smother and clog mac-
rophyte stands, resulting in declining treatment efficiency and
shorter restoration cycles. This trade-off led to the current state
of the art, where settling ponds and wetlands are serially con-
nected in composite passive systems for pre-treatment of the
bulk iron loading and polishing of residual iron, respectively,
as outlined in Table 1 (Hedin et al. 1994). This way, both over-
all system performance and efficiency are increased, whilst
protecting wetlands from overloading.

Unfortunately, quantitative target criteria recommenda-
tions, especially for pre-treatment, are limited to rather
rough approximations, for instance aiming at 50-70%
iron removal in upstream settling ponds (Dey et al. 2003;
Parker 2003). A 50% reduction of a highly ferruginous
inflow may, however, still result in wetland overloading,
especially if the wetland receives high concentrations of
ferrous iron. Similar problems may be observed for the
long-established area-adjusted iron removal concept for
neutral or alkaline mine water outlined by Hedin et al.
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Table 1 Juxtaposition of core advantages and disadvantages of settling ponds and wetlands for iron removal

Iron removal process Settling ponds

Wetlands

Ferrous iron oxidation +Good oxygen transfer

+ Ample residence time

+ Plentiful dispersed catalytic surfaces

+ Warm summer temperatures

+Mixing and turbulence (wind, buoyancy, etc.)
+ Effective CO, degassing

— Poor hydraulic efficiency

— Cold winter temperatures

Removal of hydrous ferric oxides + Gravitational settling

+ Intensive (homo)aggregation
+ Large sludge storage capacity

+ Ample residence time
— Mixing and turbulence
— Potential re-suspension

— Poor hydraulic efficiency

Primary field of application

Broad ferrous iron oxidation and aggregation-based sedi-
mentation of the bulk loading

+ Catalytic plant surfaces

+ Growth surfaces for bacteria

+ Hydraulic efficiency

+ Vertical oxygen transport by plants
— Decompositional oxygen depletion
— pH amplitude

— Little mixing

— Diurnal and seasonal variability

+ Gravitational settling

+Filtration by dense vegetation

+ Heteroaggregation

+Scavenging by organic matter
+Quiescent body of water

+ Hydraulic efficiency

— Small sludge storage capacity

Effective removal of both dissolved
and suspended residual iron

(1994). Both percentage- and area-adjusted removal con-
cepts are, according to the principles of mass action, con-
centration-independent (i.e., linear) approaches and thus
tend to under- and overestimate iron removal at high and
low iron loadings, respectively (Hedin et al. 1994; Hedin
2008). Thus, current engineering guidelines fail to provide
an adequate quantitative basis for customised design and
sizing of settling ponds for pre-treatment and wetlands
for polishing (Sapsford and Watson 2011). To optimally
exploit the respective advantages of both treatment units
and thus minimise the areal footprint and overhead of
composite passive systems, it will be necessary to develop
a better quantitative understanding of the concentration-
dependent relationships between pond size (or hydraulic
retention time) and iron removal kinetics.

Summary

Positive effects of macrophytes on passive mine water treat-
ment are mostly attributable to a variety of (interrelated)
processes and factors conglomerated in the wetland-specific
aquatic and benthic environment (Fig. 6). The main conclu-
sion of this review is that the contribution of macrophytes to
water quality in general and iron/metal removal from mine
drainage in particular becomes especially important for low
or residual iron concentrations due to a number of mecha-
nisms and effects that are intrinsic to wetland environments
and do not occur in bare settling ponds:

e Enhanced biogeochemical oxidation and precipitation of
hydrolysable metals due to catalytic reactions and bacte-
rial activity on immersed macrophyte surfaces;

e Physical filtration of colloidal hydrous ferric oxides
that are unlikely to gravitationally settle within a given
retention time by dense wetland vegetation;

e Scavenging and heteroaggregation of dissolved and col-
loidal iron, respectively, by plant-derived NOM;

e Improved hydrodynamics and hydraulic efficiency of
vegetated treatment ponds, considerably augmenting
retention and exposure time.
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Fig.6 Schematised effects of macrophytes on iron (metal) removal in
surface-flow wetlands
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While this review provides an extensive qualitative
overview of macrophyte-related effects on passive mine
water treatment, we emphasise that quantification of, for
a start, the individual effects described above, but princi-
pally the overall contribution of macrophytes specifically
to metal/iron removal is limited to complex, predominantly
site-specific, and thus untransferable model approaches.
One of the main reasons is the unknown number and
magnitude as well as the variability of vegetation-related
influencing factors (Brisson and Chazarenc 2009; Kuehn
and Moore 1995). Comparative studies of settling ponds
and especially wetlands showed that performance may be
similar under comparable conditions yet may vary consid-
erably due to primary influencing factors, such as contami-
nant loading or retention time, and potential secondary
(i.e., ecological) factors such as plant species, density, and
development as well as seasonal patterns, and water and
substrate depth. Although the literature provides various
approaches to estimate macrophyte effects on the removal
of particulate matter (especially clastic sediments and
other natural particles) in wetlands and small lotic sys-
tems, little of this data is easily transferable to other cases,
much less usable or applicable for actually designing or
sizing constructed mine water treatment wetlands. Never-
theless, as both Pluntke and Kozerski (2003) and Saiers
et al. (2003) found the suspended concentration of micro-
metre particles and submicron colloids, respectively, to be
the most likely determining factor for macrophyte-related
particle retention under similar hydrodynamic conditions,
we speculate that a way forward may be the systematic
empirical or model-based determination of simplified iron
removal relationships or rates. At the very least, a roughly
estimated “filtration-factor” for wetlands compared with or
relative to settling ponds would help to more specifically
deploy either component in composite passive systems.

Well-designed and -maintained, fully mature con-
structed wetlands continually and reliably achieve iron
removal rates >90%, little short of conventional, chemi-
cal treatment plants. Nevertheless, this study shows that
the choice between and optimal sizing of settling ponds
and wetlands in a composite passive system must con-
sider the intrinsic advantages and limitations of the two
components. Optimal system design requires an elaborate
concept that duly considers economic, ecologic, and legal
aspects. A much better knowledge of iron/metal removal
kinetics in surface-flow mine water treatment systems
would facilitate optimised apportionment and consequen-
tial specific sizing of the two treatment stages, for instance
settling ponds and wetlands deliberately designed to first
lower iron concentration to & 5-10 mg/L and then below
the site-specific legal limit (polishing).
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Abstract A three-stage pilot system was imple-
mented for passive treatment of circumneutral,
ferruginous seepage water at a former opencast
lignite mine in southeast Germany. The pilot sys-
tem consisted of consecutive, increasingly effi-
cient treatment stages with settling ponds for pre-
treatment, surface-flow wetlands for polishing
and sediment filters for purification. The overall
objective of the multistage approach was to dem-
onstrate applicability and operational reliability
for successive removal of iron as the primary con-
taminant broadly following Pareto’s principle in
due consideration of the strict site-specific efflu-
ent limit of 1 mg/L. Average inflow total iron
concentration was 8.4(+2.4) mg/L, and efflu-
ent concentration averaged 0.21(+0.07) mg/L.
The bulk iron load (~69%) was retained in set-
tling ponds, thus effectively protecting wetlands
and sediment filter from overloading. In turn,
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wetlands and sediment filters displayed similar
discrete treatment efficiency (x73% each) relative
to settling ponds and thus proved indispensable to
reliably meet regulatory requirements. Moreover,
the wetlands were found to additionally stimulate
and enhance biogeochemical processes that facili-
tated effective removal of secondary contaminants
such as Mn and NH,. The sediment filters were
found to reliably polish particulate and redox-sen-
sitive compounds (Fe, As, Mn, NH,, TSS) whilst
concomitantly mitigating natural spatiotemporal
fluctuations that inevitably arise in open systems.
Both treatment performance and operational reli-
ability of the multistage pilot system were com-
parable to the conventional treatment plant cur-
rently operated on site. Altogether the study fully
confirmed suitability of the multistage passive
setup as a long-term alternative for seepage water
treatment on site and provided new insights into
the performance and interrelation of consecutive
treatment stages. Most importantly, it was demon-
strated that strategically combining increasingly
efficient components may be used for optimisa-
tion of treatment performance and operational
reliability whilst providing an opportunity to min-
imise land consumption and overall costs.

Keywords Constructed wetland - Settling pond -
Iron removal - Manganese removal - Nitrification
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1 Introduction

Passive treatment is a rapidly spreading, eco-techno-
logical approach for the removal of various organic
and inorganic contaminants from wastewaters through
exploitation and amplification of natural biogeochem-
ical and physical processes (Kadlec & Wallace, 2009;
Vymazal, 2014). In the mining industry, passive
technologies are increasingly used for economic and
resource-conserving treatment of acidic and/or metal-
liferous mine water (e.g. Hedin et al., 1994; Skousen
et al., 2017; Younger, 2000a). This study is focussed
on aerobic surface-flow systems that are commonly
used for passive removal of hydrolysable metals (Fe,
Al, Mn) from circumneutral, primarily ferruginous
mine water (Sapsford, 2013; Wildemann et al., 1993).
Aerobic systems predominantly include classic water
treatment components such as aeration cascades, set-
tling ponds, surface-flow wetlands and oxic sediment
filters or leach beds where contaminant removal and
water quality improvement are governed by naturally
occurring physical and biogeochemical processes
(Skousen et al., 2017).

Trivalent Fe and Al readily precipitate at circum-
neutral pH, forming particulate (oxy)hydroxides
(Stumm & Morgan, 1996) that are subsequently
removed through gravitational sedimentation and/
or filtration in settling ponds and wetlands, respec-
tively (Hedin, 2008). In contrast, Mn(II) oxida-
tion and Mn(III/IV) precipitation in aerobic passive
systems are relatively low unless ameliorated in a
favourable environment that promotes distribution of
Mn-oxidising bacteria and concomitant formation of
(auto)catalytic surfaces (e.g. Luan et al., 2012; Necu-
lita & Rosa, 2019; Tan et al., 2010; Tebo et al., 2004).
Therefore, Mn removal from mine water is commonly
promoted in limestone drains/beds (e.g. Christenson
et al., 2019; Silva et al., 2010) or low-flow wetlands,
the latter potentially amended with organic or lime-
stone-based substrates (e.g. Batty et al., 2008; Hall-
berg & Johnson, 2005; Stark et al., 1996). Removal
of additional mining-associated metal(loid)s (e.g. As,
Cd, Cu, Ni, Pb, Zn) is frequently observed in aerobic
passive systems, although it is important to note that
this is predominantly attributable to either adsorption
and complexation in wetland substrates (Opitz et al.,
2021; Sobolewski, 1999) or to the omnipresence of
Fe/Al/Mn (oxyhydr)oxides through scavenging, (ad)
sorption or co-precipitation (Burrows et al., 2017;

@ Springer

Schaider et al., 2014; Zianker et al., 2003). Beyond
that, aerobic passive systems may contribute to bio-
transformation and decomposition of organic and par-
ticularly nitrogen compounds that originate from the
use of explosives and extraction chemicals (Johnson,
2015) or as coalification by-products (Chlot et al.,
2011). Most notably, elevated NH, levels in mine
waters may be mitigated in aerobic passive systems
through nitrification and assimilation by hydrophytes
in surface-flow wetlands (Demin et al., 2002; Etteib
et al., 2021; Vymazal, 2013). Surface-flow ponds
and oxic filter beds further improve basic water qual-
ity criteria such as oxygen concentration, redox-
potential, total suspended solids (TSS) and turbidity
(Garcia et al., 2003; Kadlec & Wallace, 2009).
Compared to conventional treatment plants, pas-
sive systems are open to environmental influences
such as wind, precipitation, evapotranspiration, tem-
perature variation and biological activity that una-
voidably result in higher performance fluctuation
(Kadlec et al., 2000; Mitsch et al., 2012). Such effects
depend, however, on the nature and magnitude of the
underlying treatment mechanisms and may thus vary
between different mine sites and contaminants with,
for instance, biogeochemical processes more suscep-
tible to seasonal variation compared to physicochemi-
cal processes (Gu et al., 2006; Opitz et al., 2021). At
worst, seasonal variation of water chemistry, tem-
perature or biomass may even result in re-mobilisa-
tion of contaminants from wetlands as reported by
Goulet and Pick (2001). Therefore, the planning and
permission of passive mine water treatment systems
requires a thorough decision process in due consid-
eration of the expectable treatment efficiency, opera-
tional reliability and environmental impact as well
as investment and operating costs, land consumption
and at times secondary factors such as waste disposal,
site-specific regulatory requirements and ecosystem
services (Eppink et al., 2020; Ziemkiewicz et al.,
2003). The weighing between passive and conven-
tional treatment may be further complicated by high
or fluctuating pollutant loading, spatial restrictions
on site, secondary contaminants or site-specific legal
and other (environmental) requirements (Trumm,
2010). Whereas hundreds of passive systems were
implemented particularly in the Anglo-American area
despite initial scepticism as noted by Kleinmann et al.
(2021), application of passive technologies for mine
water treatment in Germany is still in its infancy,
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which is why both operators and regulators also face
a lack of successful domestic showcases as well as a
standardised technical and legal basis of valuation.
This study reports on a three-stage pilot plant that
was implemented for passive treatment of circum-
neutral, mining-influenced seepage water at a former
lignite open pit in southeast Germany. As opposed
to the numerous previous (pilot) studies on passive
treatment, the novel pilot system in this study was
designed with three consecutive, increasingly effi-
cient treatment stages to increase overall treatment
performance and operational reliability. The main
objectives of the pilot plant were to (1) demonstrate
operational reliability for passive treatment in due
consideration of the strict, site-specific discharge
limit, (2) assess the multistage setup according to
efficacy and limitations of the consecutive treatment
stages and (3) generate a database for well-founded
upscaling of the pilot plant to full scale. Preliminary
results were reported for Fe as the primary contami-
nant at the study site, showing effective Fe removal
in the pilot system (Opitz et al., 2019). This study
investigates the interrelationship and individual con-
tribution of the three consecutive treatment stages
for removal of relevant contaminants over the entire
452-day study period. To further assess the suitability
of passive treatment for the study site, the treatment
performance of the pilot system is ancillary compared

to the long-term performance of the conventional
treatment plant currently operated on site. The overall
objective of this study is to evaluate the conceptual
multistage approach for optimising operational reli-
ability and performance of passive mine water treat-
ment systems.

2 Study Site

The study site is located near Wackersdorf in the
former lignite district of Upper Palatinate in south-
east Germany (Fig. la). Industrial-scale mining in
the Wackersdorf area ceased in 1982, and the post-
mining landscape is currently in an advanced stage of
rehabilitation. Progressing oxidation of sulphide min-
erals in the backfilled pits results in extensive forma-
tion of acid mine drainage (AMD) in the post-mining
landscape (Evangelou & Zhang, 1995).

The Westfield is an opencast segment in the south-
ern Upper Palatine district (Fig. 1b). Two major lig-
nite seems were mined in the Westfield between 1941
and 1982, and parts of the pit were concurrently back-
filled with waste rock and ashes from the nearby lig-
nite-fired power plant. In 1984, the northern ~51.5 ha
of the Westfield pit were approved as a landfill for
combustion residues under waste law (Fig. lc).
An estimated 3.1x10° m* bottom and electrostatic
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Fig. 1 Geographic location: (a) Germany’s lignite mining regions, (b) the historic Upper Palatine lignite district and (c) the West-

field project site (modified maps © BayernAtlas 2021)
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Table 1 Raw water

- . Parameter
chemistry of the

Lower to upper quartiles

conventional Westfield
treatment plant 2011-
2021(n=128)

EC
pH
Fe'
Al
Mn
cP?
SO,
Mg
Ca
Na
K

[mS/cm] 2.7-3.0
[-1 7.2-7.5
[mg/L] 5.0-12.0
[mg/L] 0.1-0.3
[mg/L] 1.2-14
[mg/L] 140-245
[mg/L] 1639-1960
[mg/L] 88-113
[mg/L] 554-603
[mg/L] 127-157
[mg/L] 62-72

! Fe decreased after commissioning of the RTR3 in 2019 owing to intrinsic sedimentation
2 CI steadily dropped from 250-350 in 2011 to 100-150 mg/L since 2018

precipitator ash (=4x10° t) were deposited in the
Westfield landfill until decommissioning in 2003, still
leaving a morphological depression behind. Artificial
dewatering of the Westfield pit/landfill was main-
tained for geohydraulic reasons because it was found
that groundwater runoff would have affected sur-
rounding aquifer systems and thus threatened regional
drinking water resources in the long term. There-
fore, seepage water is continually pumped out from
a “drainage pond” at the lowest point of the former
pit/landfill for protection of adjacent aquifers, thus
creating a groundwater drawdown cone that collects
ground- and seepage water from the surrounding
mined land.

In 1995, a conventional treatment plant was imple-
mented east of the Westfield site for treatment of the
ferruginous seepage water. The plant is discontinu-
ously fed from the drainage pond via an intermedi-
ate reservoir, the “RTR3”, that was commissioned in
2019 (Fig. 1c). Removal of dissolved and particulate
Fe is achieved in a classical physicochemical reactor
system through addition of lime slurry for alkalisation
followed by addition of flocculants, recycled sludge
and flocculant aids. The treated water is discharged
to a nearby pit lake. As treatment and discharge of
seepage water from the decommissioned landfill were
permitted under (waste)water law rather than mining
law, a strict site-specific discharge limit for total Fe
of 1 mg/L was imposed to protect the receiving water.

Groundwater in the mined land surrounding the
Westfield is heavily affected by AMD, yet the seepage
water leaking in the drainage pond is circumneutral

@ Springer

due to the predominantly alkalising character of
deposited ashes. The seepage water is mineralised
and contaminated with both mining- and ash-typical
substances such as Fe, Mn, SO,, CI and alkali(ne)
earth metals (Table 1). Concentrations of metal(loid)s
other than Fe or Mn are low despite considerable
mobility in the surrounding mined land, which is
attributable to the high sorption capacity of the elec-
trostatic precipitator ashes (Mishra & Tripathi, 2008)
and to the circumneutral character of the seepage
water where solubility of most metals is low (Stumm
& Morgan, 1996). Seepage water pumped to the con-
ventional treatment plant is thoroughly oxygenated
due to the temporary impoundment in drainage pond
and RTR3, which is why Fe levels in the raw water
are relatively low (Opitz et al., 2020). Temporal fluc-
tuations in seepage water chemistry are attributable
to the varying mixing ratio of seepage water, rainwa-
ter and surface runoff in drainage pond and RTR3 in
consequence of the discontinuous pump operation.
Overall, the (geo)technical, hydrogeological and reg-
ulatory setup of the Westfield legacy may be unique,
especially regarding the artificial water management
system.

3 Materials and Methods
3.1 Setup of the Westfield Pilot Plant

The Westfield pilot plant was implemented in 2017
next to the conventional treatment plant (Fig. 1c). The
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conceptual approach for passive treatment of the min-
ing-influenced seepage water in due consideration of
the strict discharge permit criteria was a three-stage
system (Fig. 2) for progressing Fe removal broadly
following Pareto’s principle:

1. Pre-treatment in settling ponds
2. Polishing in surface-flow wetlands
3. Purification in sediment filters

The innovative pilot plant was implemented
with three parallel lines. As opposed to most multi-
line (pilot) systems that were installed to test dif-
ferent materials or setups (e.g. Cravotta & Trahan,
1999; Garcia et al., 2004; Nyquist & Greger, 2009;
Whitehead & Prior, 2005), the trifurcated Westfield
pilot plant was designed with three identical, parallel
lines to generate hydraulic and hydrochemical com-
parison datasets for investigation of treatment perfor-
mance, kinetic relationships and critical influencing
factors as a basis for upscaling (Opitz et al., 2019).

A large roll-off container (7.0x2.35x2.25 m)
precedes the pilot plant as a distribution “reservoir”
that is (discontinuously) filled from the feeding
pipe of the conventional plant. Lower roll-off con-
tainers (7.0x2.35x1.25 m) were utilised as set-
tling ponds and wetlands, with all steel containers
embedded into the ground for isolation. The wet-
land containers received a sandy ~0.3-m substrate
layer and were planted with common reed. Lastly,

Reservoirdl

Conventional
treatment plant

(a)

© Flowmeter

All sensors
(e Turbidity only

Reservoir

(b)

three parallel trenches with approximatively semi-
ellipsoidal cross section (ca. 4.0x0.5x0.25 m)
were sealed with a plastic liner and filled with gran-
ite gravel (8—16 mm) as sediment filters (Fig. 2a).
A total of ten monitoring points (MPO1-MP10)
for installation of fixed sensors and sampling taps
were incorporated into the pipework system in
four protected concrete manholes in between treat-
ment stages. The outflow of one component cor-
responds to the inflow of the subsequent one, with
MPO1 representing the overall system inflow from
the reservoir to the three parallel settling ponds,
MP02-MPO04 representing settling pond outflows
and wetland inflows, MP05-MPO7 representing
wetland outflows and sediment filter inflows and
MP08-MP10 representing sediment filter outflows
and thus system effluent (Fig. 2b).

3.2 Pilot Plant Operation and Hydraulics

The first months of operation in 2017/2018 were used
for vegetational development in wetlands and as a test
phase. Following this, the main 452-day study period
(July 2018 to December 2019) was commenced
where hydraulic loading of the three system lines
was varied in four 113-day monitoring periods with
a short maintenance break in the summer of 2019.
Flow rates in the three system lines were set between
100 and 500 L/h each to investigate treatment perfor-
mance as a function of hydraulic loading.

Wetlands

Fig. 2 Pilot plant setup: (a) 3D-illustration (without terrain) and (b) schematic
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The overall flow rate in the pilot plant was gov-
erned by the filling level of the gravitationally drained
reservoir, which was in turn discontinuously filled
during operation of the conventional plant on site. At
normal operation, the reservoir allowed operation of
the pilot system at ~800 L/h (lower to upper quartiles
746-851 L/h). During weekends, progressing empty-
ing of the reservoir resulted in considerable flow fluc-
tuations in at least one of the three system lines with
temporary drops in the overall flow rate as low as 400
L/h.

According to the hydraulic monitoring of the
drainage pond, the overall water yield after sealing
and rehabilitation of the Westfield landfill is esti-
mated in the order of 175,000-200,000 m?/a. Accord-
ingly, the Westfield pilot plant continuously treated
up to 4% of the overall (seepage) water yield, under-
lining the scale of the Westfield legacy.

3.3 Hydrochemical Monitoring

A multiparameter monitoring system (WTW IQ Sen-
sor Net) was installed at the Westfield pilot plant for
continuous logging of basic hydrochemical param-
eters at a 30-min interval. All monitoring points
were equipped with turbidity sensors. Additionally,
the central line and wetland outflows (MPO1, MPO3,
MP05-MP07, MP09) were equipped with tempera-
ture, electrical conductivity, pH and dissolved oxy-
gen sensors (Fig. 2b). The fixed sensors were dou-
blechecked weekly and further complemented by
redox potential measurements with hand-held metres
(WTW Multi 3530).

Water samples for multiparameter analysis were col-
lected weekly at all monitoring points. One sample was
immediately filtered (0.45 um) and stabilised with 150
uL of 3.6% HCI for cation analysis via ICP-OES (Al,
Ba, Ca, Cr, Cu, K, Mg, Na, Ni, Pb, V, Zn) and trace
analysis via graphite tube AAS for Mn (weekly) and As
(monthly). A second sample was collected and imme-
diately frozen for (an)ion analysis via ion chromatog-
raphy (Br, Cl, F, NO,, NO;, PO,, SO,) and photometry
(NH,, PO,, SO,). A third sample was collected for total
organic and inorganic carbon (TOC, TIC) measure-
ments. Samples for analysis of Fe as the primary con-
taminant were collected twice weekly at all monitoring
points and subjected to spectrophotometric analysis of

@ Springer

dissolved ferrous and ferric as well as particulate and
total Fe as described by Matthies et al. (2012) and
Opitz et al. (2020). Acidity was calculated from ana-
Iytical results and corrected for CO, using PHREEQC
broadly following Kirby and Cravotta (2005). After the
initial test period, the analytical scope was considerably
reduced as several parameters (especially metals) were
consistently close to or below detection limit as already
established by the long-term seepage water monitor-
ing. Furthermore, TSS monitoring was substituted by
daily averaged, in situ turbidity monitoring as an indi-
rect, yet higher resolution measurand of suspended
solids (Pfannkuche & Schmidt, 2003) because TSS in
sediment filter outflows was invariably below detection
limit. All chemicals used for stabilisation, analytics and
standards were analytical grade.

For comparison of the consecutive treatment stages
of the trifurcated pilot system, substance concentrations
along the three system lines (C; to C;) are weight pro-
portional to the respective flow rate (Q; to Q;) to calcu-
late a median concentration (C,,):

_ Z?=1(Qi X C))
L0

m
Rough mass balance estimates are based on the
respective sampling intervals noted above. Mass load-
ing (my;) is calculated from concentrations and flow rates
of the three system lines multiplied with the respective
time interval around the sampling event (z,) over the
entire study period (7).

m= XY (CX0)

The average (daily) loading (L) is calculated by
dividing the mass loading (mm;) by the length of the
respective study period (z,):

@

@

m
L=+ ©)

Hydrochemical monitoring data from the conven-
tional treatment plant operated at the Westfield site
was provided by courtesy of the plant operator. The
database comprised monthly chemical analyses of
raw and treated water (inflow/outflow) since the last
major restoration of the conventional treatment plant
in 2010.
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4 Results and Discussion
4.1 Hydrochemistry

In a first step, the extensive dataset collected from the
Westfield pilot plant over the 452-day study period
was used to categorise basic parameters and chemi-
cal species by their overall change from inflow to out-
flow. Four distinct categories were identified by eval-
uating flow-weighed medians irrespective of minor
spatiotemporal variations: Firstly, easily soluble com-
pounds (Br, Ca, Cl, F, K, Mg, Na, SO,) and electri-
cal conductivity displayed a conservative behaviour
with overall changes<5%. Besides quality control,
this also shows that external effects such as dilution
by rainwater or evapoconcentration are negligible
for the aggregated datasets. Secondly, several com-
pounds (Fe, As, Mn, NH,, TSS/turbidity) displayed a
substantial decrease in concentration >25%, whereas
thirdly, a major increase was only observed for NO;
and redox potential. Fourthly, minor removal or
increase in the order of 5-25% was observed for TOC
and TIC as well as acidity, oxygen saturation and pH.
As noted above, most metals (Al, Cr, Cu, Ni, Pb, V,
Zn) are negligible in the seepage water.

In a second step, the development of relevant
parameters and especially contaminants was further
analysed. Beyond the mere change in overall concen-
tration, the comprehensive individual monitoring of
consecutive treatment stages allowed identification of
specific patterns and trends as well as clear assignment
of overall (i.e. for the entire system) and discrete (i.e.
for individual stages) treatment efficiency for relevant
contaminants (Fe, As, Mn, NH,, NO;, turbidity).

First and foremost, similar removal patterns for
Fe, turbidity and As on the one hand and Mn, NH,
and NO; (inverse) on the other hand are clearly dis-
cernible in Fig. 3 as indicated by concave and convex
arrows, respectively, and as further detailed below.
The development of basic hydrochemical parameters
from the first and fourth category is displayed in
Fig. S1 with selected trends particularly in wetlands
briefly outlined in the following, predominantly based
on lower and upper quartiles to take account of natu-
ral and stochastic fluctuations in the open system. For
instance, dissolved oxygen was close to saturation
in the open system with a notable drop from settling
ponds (94-101%) to wetlands (67-82%) and little fur-
ther change in sediment filters. Correspondingly, the
redox potential slightly decreased from 102-174 in

150 18 12
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i 100+ oy 124 = 8
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3000 1.5 6
Manganese Ammonla N' rate
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E Inflow (from MPO1) - Settling ponds (MP02-MP04) - Wetlands (MP05-MP07) - Sediment filters (MP08-MP10)

Fig. 3 Development of relevant contaminants in the Westfield pilot plant through the study period as median concentrations (C,,)
with number of samples per boxplot in brackets and arrows indicating removal progression
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settling ponds to 88-140 mV in wetlands—yet con-
sistently increased to 179-222 mV in sediment filters.
TOC increased in settling ponds and especially wet-
lands by 10-15%, each. This increase, albeit at a rela-
tively low TOC level of 0.6-1.1 mg/L, is in accord-
ance with visual observation of organic residues and
biofilms attached to pipework and sensors at wetland
outflows (MP0O5-MPO07). However, TOC decreased
again in sediment filters, resulting in a moderate over-
all TOC increase (median 15%) throughout the pilot
plant. Overall, the monitoring indicated the onset of
microbial and/or oxidation processes in wetlands that
continued in sediment filters, with the latter effec-
tively removing redox-sensitive and wetland-derived
organic compounds, presumably through filtration,
attachment and mineralisation in the filter matrix
(Garcia et al., 2003).

Additionally, several temporal environmental and
ecological patterns were identified through the high-
resolution in situ monitoring of basic hydrochemical
parameters. For instance, spring blooms of floating
and epiphytic algae in wetlands caused a diurnal cycle
in oxygen concentration with a sharp increase during
the day (up to 14 mg/L) that was reversed after sunset
(as low as 4 mg/L). Concomitantly, the photorespira-
tory cycle of algae and macrophytes caused a diurnal
pH amplitude in wetlands (up to one pH unit). Both
amplitudes were, again, mitigated in sediment filters

and rapidly declined after emergence of dense, tall-
growing reed stands and concomitant senescence of
algae, dwindling away over the course of the summer.
Beyond that, seepage water pH was relatively stable
throughout the pilot system at 7.4—7.6 with an interim
peak at 7.8-8.0 in settling ponds. This pH increase is
attributable to CO, degassing as confirmed by a slight
decrease (x=7%) in TIC and stable CO,-corrected
acidity (Fig. S1).

4.2 Contaminant Removal
4.2.1 Iron, Arsenic and TSS/Turbidity

Generally, Fe, As and TSS were predominantly
retained in settling ponds (63-77%) with little further
accumulation in wetlands (20-31%) and sediment
filters (4—-6%). However, the discrete treatment effi-
ciency of the three consecutive treatment stages for
Fe, As and TSS was very similar or even increased
in wetlands and/or sediment filters even though the
latter stages received substantially lower loadings. By
way of example, discrete median removal in settling
ponds, wetlands and sediment filters was 69, 73 and
72% for Fe and 62, 82 and 78% for turbidity, respec-
tively (Table 2). Overall, Fe levels decreased from
an average of 8.4(x£2.4) in the inflow to 0.21(%0.07)
mg/L in sediment filter outflows during the study

Table 2 Transport and removal of relevant contaminants in the Westfield pilot plant through the study period: Concentration

development' and contaminant removal®

Parameter Inflow (MPO1) Settling pond outflows ~ Wetland outflows Sediment filter
(MP02-MP04) (MP05-MPO07) outflows (MPO8—
MP10)

Turbidity Conc. [FNU] 73 (55-85) 27 (21-33) 4.9 (3.8-8.1) 1.1 (0.72-1.5)
Removal 0% (0%) 62% (62%) 93% (82%) 99% (78%)

Fe Conc. [mg/L] 8.1(6.9-9.6) 2.5(1.8-3.0) 0.69 (0.55-0.93) 0.19 (0.17-0.25)
Removal 0% (0%) 69% (69%) 92% (73%) 98% (72%)

As Conc. [ug/L] 5.8(4.7-8.9) 1.6 (0.99-2.3) 0.48 (0.10-0.91) 0.27 (0.10-0.64)
Removal 0% (0%) 73% (73%) 92% (69%) 95% (44%)

Mn Conc. [mg/L] 1.5(1.4-1.7) 13 (1.2-14) 0.66 (0.29-0.92) 0.11 (0.02-0.43)
Removal 0% (0%) 13% (13%) 56% (49%) 92% (83%)

NH, Conc. [mg/L] 0.76 (0.66-0.84) 0.61 (0.57-0.69) 0.20 (0.07-0.32) 0.02 (0.01-0.05)
Removal 0% (0%) 20% (20%) 74% (68%) 97% (90%)

NO; Conc. [mg/L] 1.1(0.84-1.4) 1.3 (1.1-1.5) 1.5(1.0-24) 2.0 (1.2-3.4)
Removal 0% (0%) —21% (-21%) —40% (- 16%) —85% (—32%)

'Median concentrations with the spread characterised by lower and upper quartiles in brackets.

2Qverall cumulative removal through the system and (as italics in brackets) discrete removal for individual components.
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Fig. 4 Iron monitoring through the study period with (a) cumulative removal and (b) effluent concentration

period. The maximum effluent Fe concentration was
0.50 mg/L for flow-weighted (n=120) or 0.67 mg/L
for individual (n=360) measurements, respectively,
and thus well below the site-specific discharge limit
of 1 mg/L (Fig. 4b). In mining environments, it is
commonly observed that TSS and turbidity are pre-
dominantly attributable to dispersed hydrous ferric
oxides that also cause the characteristic ochreous dis-
coloration of ferruginous, circumneutral mine waters.
This was previously established for the Westfield pilot
plant where turbidity and (particulate) Fe are closely
correlated (Opitz et al., 2020). Accordingly, Fe and
turbidity show similar removal patterns along the
consecutive treatment stages, with turbidity decreas-
ing from an average of 69(+22) FNU in the inflow to
1.2(+0.6) FNU in the outflow (Fig. S2).

The trace levels of As detected in the inflow were
consistently decreased close to or below detection
limit in sediment filter outflows (Table 2). There
is good reason to assume that As was largely asso-
ciated (and thus removed) with the hydrous ferric
oxide phases as commonly reported for As in fer-
ruginous mining environments (Park et al., 2016).
This is substantiated by the fact that the median
Fe:As molar ratios were almost even at approx.
2000:1 throughout inflow, settling ponds and wet-
lands, eventually decreasing to about 1000:1 in
sediment filters where Fe and especially As were
marginally low.

Altogether, the removal of particulate (ferric) sol-
ids and associated compounds such as As through-
out the multistage system was predominantly gov-
erned by physical processes such as sedimentation
and filtration. This is substantiated by the fact that no
major seasonal or other spatiotemporal trends were
discernible over the study period for Fe, turbidity or

As. Overall, the objective of progressing treatment
broadly following Pareto’s principle was achieved for
Fe as the primary contaminant, confirming the appli-
cation potential of passive treatment at the Westfield
site and providing proof of operational reliability in
due consideration of the strict regulatory require-
ments (Fig. 4b).

4.2.2 Manganese, Ammonia and Nitrate

As the seepage water pH showed a peak in settling
ponds at up to pH 8, it may have been expected that
Mn(II) oxidation rates were highest in settling ponds.
However, only minor Mn removal in the order of 13%
was observed in settling ponds (Table 2). In contrast,
Fig. 5a shows that Mn removal was stimulated in
wetlands and further soared in sediment filters with
discrete median removal of 49 and 83%, respectively,
effectively reducing Mn levels from an average of
1.5(+0.3) mg/L in the inflow to<0.5 mg/L in the
outflow. There is good reason to assume that Mn(II)
oxidation and subsequent precipitation in the West-
field pilot plant was catalysed by respective microbial
communities closely linked with reactive surfaces in
wetlands and especially in the sediment filter matrix
(Luan et al., 2012; Neculita & Rosa, 2019). This is
substantiated by black Mn(III/IV)-(oxyhydr)oxide
coatings of plant litter in wetlands, the pipework suc-
ceeding wetland outflows and especially the granite
gravel in sediment filters (Fig. S3). Also, the low-
est Mn removal in the Westfield pilot system was
observed in winter (January 2018 and January 2019).
Nevertheless, even at low temperatures, Mn removal
exceeded 50% from inflow to outflow, and no re-
mobilisation or net export of Mn as reported by Gou-
let and Pick (2001) was observed.
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Analogously, only minor NH, removal in the order
of 20% was observed in settling ponds (Fig. 5b).
Nitrification showed a similar trend as Mn(Il) oxi-
dation, soaring in wetlands and further increasing in
sediment filters with median discrete NH, removal
rates of 68 and 90%, respectively (Table 2). A simple
correlation analysis highlights that removal of both
Mn and NH, is correlated with temperature in settling
ponds as would be expected for predominantly phys-
icochemical oxidation. Only moderate correlations
are found in wetlands where a potential temperature
effect is likely masked by phytologic, microbial and
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Fig. 5 Monitoring of (a) Mn, (b) NH, and (¢) NO; in the
Westfield pilot plant through the study period with solid lines
indicating monthly averages (legend applies to all diagrams)
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surface-catalytic effects. Overall, wetlands accounted
for 56% of NH, removal, thus highlighting the impor-
tance of the densely vegetated, near-natural environ-
ment for nitrification (Cui et al., 2020). Nitrification
caused a concomitant increase in NO; (median 85%),
nearly doubling median NO; levels from an aver-
age of 1.1(+£0.4) in the inflow to 2.2(x1.0) mg/L in
the outflow. However, it is interesting to note that
NH, basically decreased year-round, whereas NO;
increase was apparently higher in autumn and win-
ter (approx. September to April) as illustrated in
Fig. 5b,c. There is reason to assume that NO; genera-
tion did not decrease in spring and summer, but rather
that a nitrogen fraction was fixed in plants, litter and
sediment as a result of primary production (algae,
macrophytes) and/or lost to the atmosphere as N, as
a result of denitrification in sediment and substrate
(Griffiths et al., 2021). The nitrogen mass balance and
deficit are further explored below.

4.3 Mass Balances

For Fe, the average time interval of the mass balance
was 3.7 days. Mass loading is estimated at 69 kg over
the study period with an average loading of 153 g/d.
About 48 kg were retained in settling ponds, 15 kg in
wetlands and 5.3 kg in sediment filter, and only 1.8 kg
(<3%) were discharged which is in accordance with
previous estimates (Opitz et al., 2020). Thus, most
(69%) Fe was retained in settling ponds as hydrous
ochre, thereby protecting subsequent treatment stages
as well as allowing for efficient desludging and poten-
tial valorisation of the relatively pure ochre (Hedin,
2003).

For As, the average time interval of the mass bal-
ance was 25 days and should thus be treated with cau-
tion. The mass loading is estimated at 55 g over the
study period with an average loading of 121 mg/d.
About 38 g were retained in settling ponds, 9.9 g
in wetlands and 3.2 g in sediment filters, and only
3.2 g (<6%) were discharged. For Mn, the average
time interval of the mass balance was 7.1 days. The
mass loading is estimated at 13 kg over the study
period with an average loading of 29 g/d. Only about
2.1 kg were retained in settling ponds, whereas 5.4
and 3.6 kg were retained in wetlands and sediment
filters, respectively. About 1.8 kg (<14%) were dis-
charged, most of it in winter. The divergence between
the median removal efficiency in Table 3 and the
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Table 3 Mass balance of the Westfield pilot plant for relevant contaminants through the study period: Mass loading (m;) with aver-

age daily loading (L) in brackets

Loading Fe As Mn NH,-N NO;-N

Settling pond loading (MPO1) 69 kg (153 g/d) 55 g (121 mg/d) 13 kg (29 g/d) 349 mol (0.77 mol/d) 145 mol (0.32 mol/d)
Wetland loading (MP02-MP04) 22 kg (48 g/d) 16 g (36 mg/d) 11kg (24 g/d) 294 mol (0.65 mol/d) 171 mol (0.38 mol/d)
Sediment filter loading (MPO5— 7.0kg (16 g/d) 6.4 g (14 mg/d) 5.4kg(12g/d) 96 mol (0.21 mol/d) 224 mol (0.50 mol/d)

MPO07)
Discharge (MPO8-MP10)

1.8kg (3.9 g/d) 3.2kg (7.1 mg/d) 1.8kg (4.0 g/d)

21 mol (0.05 mol/d) 296 mol (0.66 mol/d)

mass balance estimates is attributable to the sea-
sonal variation of Mn(II) oxidation rates in sediment
filters (Table S2) with overall Mn removal ranging
from >90% in summer to 60-70% in winter.

A simple nitrogen mass balance was established
based on NH,-N and NO;-N as notable nitrogen
species in the seepage water with NO, largely below
detection limit (Fig. 6). The overall nitrogen load-
ing is estimated at 495 mol over the study period at
an average loading of 1.1 mol/d, with an estimated
overall NH,;-N removal of %328 mol and NO;-N
generation of ~151 mol over the study period.
Most notably, the wetlands showed a substantial
nitrogen deficit in the order of 144 mol that cor-
relates with the seasonal variation in NO; outlined
above. Investigation of monospecific reed stands by
Schieferstein (1999) showed that nitrogen assimi-
lation by common reed is highest in early spring,
whereas nitrogen re-cycling from plant litter and
detritus may be expected as of late summer. This
is in accordance with year-round nitrate mobility
in wetlands of the Westfield pilot system (Fig. 5¢),
which leads us to believe that a sizeable nitrogen
fraction is assimilated by plants during spring and
summer, yet partly re-mobilised upon decomposi-
tion and mineralisation of plant litter during autumn
and winter. This is substantiated by the correlation
analysis, showing that the seasonal effect induces a

positive correlation in wetlands as opposed to nega-
tive correlations in settling ponds and sediment fil-
ters (Table S2). Overall, the Westfield pilot system
showed a net-negative nitrogen budget of ~178 mol
(~36%) over the study period, with allocation of
the deficit to (temporary) fixation (plants, sediment,
litter) and N, degassing unknown. Median NH,-N
removal rates in wetlands may be broadly estimated
atup to 8.8 mmol/m?/d, which is in accordance with
literature reports in the order of 1-20 mmol/m?/d
(Dzakpasu et al., 2014; Mitsch & Gosselink, 2000).

4.4 Comparison of Conventional Plant and Passive
Pilot System

The aggregated median concentration development
of relevant parameters in the Westfield passive pilot
system and the full-scale conventional treatment
plant operated on site are illustrated in Fig. 7. It
should be noted that juxtaposition of relative treat-
ment efficiencies for two water treatment plants is
only valid if the underlying absolute inflow levels
are broadly similar. Although the pilot system was
directly fed from the conventional plant, a compa-
rability test was made for the aggregated long-term
datasets as the respective monitoring periods are
non-identical. The comparison in Table S1 shows
that inflow concentrations consistently overlap

Inflow Settling ponds Wetlands Sediment filters| Qutflow
NH, 350 NH, -56 NH, 294 NH, -197 NH, 96 NH, -76 NH, 21
NO, 145 NO, +26 NO; 171 NO; +53 NO, 224 NO, +80 NO,; 296
Ny; 495 N 465 Ny 320 Ny 317
N, / sed. N, / plants / sed. N, / sed.
+30 +144 +3
Fig. 6 Overall nitrogen mass balance for the Westfield pilot plant over the study period in [mol]
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with relative differences of long-term medians well
below 20%. The sole exception is Cl due to the
long-time falling trend noted in Table 1. Hence,
seepage water chemistry remained relatively stable
over the years, and we consider the two aggregated
databases as broadly comparable as long as differ-
ences indicated by Table S1 are taken into account.

First and foremost, Fig. 7 shows that the two
treatment plants are comparable in terms of Fe
removal as the primary contaminant, both reliably
meeting the regulatory requirements. The same
holds true for TSS/turbidity and As. However, both
Mn and NH, mostly pass the conventional treatment
plant with overall median removal in the order of
5-10%, rarely exceeding 20%. This goes to show
that the biogeochemical processes stimulated in
the near-natural wetland environment together with
the high-surface sediment filters provide a tech-
nological benefit regarding overall water quality
amelioration.

The addition of lime slurry and ferric chlo-
ride solution in the conventional treatment plant
as alkalising and flocculating agents, respec-
tively, measurably increase the intrinsically con-
servative ions Ca and Cl (data not shown). The
median percentage increase is relatively minor
(Ca ~3%; Cl ~#9%), yet because of the high ini-
tial loadings noted in Table 1, the additional
yearly discharge of Ca and Cl from the conven-
tional treatment plant to the receiving surface

100 -

water is estimated at 2.6-3.0 and 3.0-3.4 t/a,
respectively. Although the conventional treat-
ment plant at the Westfield site is relatively old
and might thus fall short of the expected effi-
ciency of modern physicochemical treatment
plants, the underlying resource consumption of
conventional mine water treatment is broadly
transferrable and an environmental concern in
the long run. In this context, passive treatment
provides a more sustainable alternative for long-
term water treatment, particularly at abandoned
mining legacies.

5 Evaluation of the Multistage Setup

It is generally well-established that adequately
designed and sized passive mine water treatment sys-
tems facilitate effective removal of Fe as the primary,
ubiquitous contaminant in ferruginous, circumneutral
mine waters and reliably meet regulatory discharge
standards (e.g. Hedin, 2020; Sapsford & Watson,
2011; Younger, 2000b). The multistage approach
tested for the Westfield pilot system further advanced
Fe removal efficiency, consistently achieving efflu-
ent concentrations well below the strict site-specific
limit of 1 mg/L despite the heterogeneity in hydrau-
lic loading and year-round environmental conditions
as well as the predisposition of pilot-scale systems to
performance fluctuations or operational failures. The
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Fig. 7 Removal efficiency of relevant contaminants based on
median inflow-outflow concentrations for the Westfield pilot
plant (2018-2019) and the full-scale conventional treatment
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removal of Fe as the primary contaminant as well as
TSS/turbidity and As (broadly) followed the desig-
nated removal pattern according to Pareto’s principle,
with similar discrete removal efficiencies in the three
consecutive stages of 60-80% (Table 2). By retain-
ing the bulk Fe loading, the settling ponds effectively
protected the more efficient, but also more delicate
wetlands and sediment filters from overloading (i.e.
clogging or colmation). Wetlands and sediment filters
in turn ensured polishing at similar or even slightly
higher discrete treatment efficiency despite substan-
tially lower loading. Thus, the strategical combination
of classical passive treatment stages is an effective
means to facilitate reliable and effective treatment
whilst potentially minimising maintenance and land
requirements.

Generally, water quality improvement in settling
ponds is predominantly limited to physicochemical
processes such as gas exchange, autoxidation and
sedimentation. Hence, the removal or decomposi-
tion of secondary contaminants such as Mn and NH,
was primarily stimulated in the vibrant and dynamic,
near-natural environment of the densely vegetated
wetlands and continued in sediment filters. Thus,
the surface-flow wetlands are the centrepiece for
not only polishing of residual Fe, but also beneficial
biogeochemical substance and redox cycles (Opitz
et al., 2021). These observations are in accordance
with previous studies on composite passive mine
water treatment systems where wetlands were found
to outperform settling ponds, not only for Fe but also
Mn removal (e.g. Batty et al., 2008; Sapsford, 2013).
Finally, the sediment filters were found to be a suit-
able means for overall polishing of particulate and
redox-sensitive compounds (Fe, As, Mn, NH,, TSS)
whilst concomitantly mitigating spatiotemporal fluc-
tuations that inevitably arise in near-natural open sys-
tems, including but not limited to turbidity, oxygen
level, redox potential and TOC (Fig. 4 and Fig. S1).

Comprehensive, year-round datasets such as col-
lected for the Westfield pilot plant provide a robust
basis for assessment of treatment performance.
Nevertheless, in-depth evaluation of the underlying
temporal profiles is indispensable to identify spati-
otemporal variations and interrelations in individual
treatment stages. This was highlighted for the bio-
geochemical removal of Mn and NH, which both (1)
displayed an establishment phase with higher removal
rates in the second and third compared to the first

year of operation (data not shown) and (2) were sub-
ject to seasonal variation. The comprehensive moni-
toring together with visual observations indicate that
development of plant cover, adapted microbial popu-
lations, biofilms, sediments and reactive surface coat-
ings were the driving factors for Mn(II) oxidation and
nitrification in surface-flow wetlands as previously
suggested by Demin et al. (2002). The spatiotemporal
fluctuations should, however, be kept in mind when
interpreting treatment efficiency and mass balance
estimates based on periodic samplings (Opitz et al.,
2020). Altogether, it is to be expected that contami-
nant removal improves with maturation of the system
until, eventually, sediment accumulation compro-
mises the hydraulic efficiency. As biogeochemical
trends and cycles in eco-technological systems are
rather sluggish, necessary maintenance measures may
be adequately predicted.

6 Conclusions

The study confirmed suitability and operational reli-
ability of the multistage passive system for treatment
of ferruginous, mining-influenced seepage water at
the project site. The Westfield pilot system achieved
excellent removal rates for Fe as the primary contam-
inant in the order of 98% with effluent concentrations
averaging 0.21(+0.07) mg/L, thus reliably meeting
the strict site-specific effluent limit of 1 mg/L.

In-depth evaluation of the consecutive treat-
ment stages showed that, whilst the bulk Fe load
was retained in bare settling ponds, wetlands and
sediment filters displayed similar discrete treatment
efficiency and thus proved indispensable for polish-
ing. The surface-flow wetlands were found to be
the centrepiece of the multistage system, not only
for Fe removal but also by stimulating and enhanc-
ing biogeochemical processes that contribute to the
removal of secondary contaminants such as Mn and
NH,. The sediment filters were found to be an emi-
nently suitable means for overall polishing and to
mitigate spatiotemporal variations of various hydro-
chemical parameters in the open system, including
but not limited to TSS/turbidity, oxygen level, redox
potential, Fe, As, Mn, NH, and TOC.

Fe removal efficiency of the multistage pilot sys-
tem was comparable to the full-scale conventional
treatment plant currently operated on site and even
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surpassed the latter in terms of Mn/NH, removal,
thus demonstrating that passive treatment is a suit-
able and more sustainable alternative for long-term
seepage water treatment at the project site.

Altogether, the pilot study showed that strategi-
cally combing increasingly efficient passive treat-
ment stages broadly following the Pareto principle
may allow for optimisation of treatment perfor-
mance and operational reliability whilst provid-
ing an opportunity to minimise land consumption,
maintenance requirements and overall costs. In
addition, the multistage setup ensures that perfor-
mance fluctuations in one stage are reliably miti-
gated in the consecutive treatment stage(s), thus
minimising the overall risk of exceeding regulatory
requirements.
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Table S1 Juxtaposition of inflow concentrations for conventional treatment plant
(n=128) and Westfield pilot plant (n=64) as lower and upper quartiles with deviating
number of samples in brackets

Conventional treatment plant

Westfield pilot plant (MP01)

FEREELED (2011-2021) (2018-2019)
pH [ 72-75 7.4 7.6 (n=60)
As  [ug/L] 0-10 (n=61) 47 -89 (n=18)
B [Mg/L] 860 — 1022 (n=88) n/a
Br [mg/L] n/a 0.7-0.9
Ca  [mglL] 554 — 603 556 — 600
cl [mg/L] 140 — 245 (n=101) 82— 105
F [mg/L] 1.4 - 1.8 (n=61) 1.5-17
Fe  [mg/L] 5.0-12.0 6.9 — 9.6 (n=120)
K [mg/L] 62-72 n/a
Mg  [mgL] 88 — 113 106 — 119
Mn  [mg/L] 12-14 1.4-17
Na [mg/L] 127 - 157 n/a
NHs  [mg/L] 1.0-1.4 07-09
NOs  [mg/L] 09-37 0.8-14
SOs  [mglL] 1639 — 1960 1540 — 1702
TOC [mglL] 1.0-1.9 06-1.1
TIC  [mglL] 26 - 33 2433

Table S2 Pearson correlation coefficients between treatment efficiency (Mn, NH4, NO3)
and in-situ monitored water temperature, both aggregated to monthly averages (n=17)

Treatment stage Mn removal NH4 removal NOs removal
Settling ponds 0.76* 0.75* -0.22
Wetlands 0.13 0.45 0.83*
Sediment filters 0.73* 0.38 -0.40

*p<0.05
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ABSTRACT: Transport, transformation, and removal of iron in
aqueous environments is primarily controlled by ferrous iron
oxidation followed by aggregation and sedimentation of the
resultant hydrous ferric oxides. The latter mechanisms are
particularly important for passive iron removal in mine water
treatment systems, yet the interrelation and underlying kinetics are
poorly understood. In this study, the sedimentation behavior of
natural hydrous ferric oxides was systematically investigated under
different hydrogeochemical conditions via laboratory-based column
experiments. The objective was to determine a robust model
approach for the approximation of aggregation/sedimentation
kinetics in engineered systems. The results showed that
sedimentation is governed by two interrelated regimes, a rapid

5\$ = Kyg[Fe] + kyq [Fe]?
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second-order aggregation-driven step (r1) at high iron levels followed by a slower first-order settling step (r2) at lower iron levels. A
mixed first-/second-order model was found to adequately describe the process: % = k[Fe] + k,[Fe]* with k,, = 9.4 X 107> m’/

g/h and k, = 5.4 X 107> h™". Moreover, we were able to demonstrate that the removal of particulate hydrous ferric oxides at low

particulate iron levels (<10 mg/L) may be reasonably well approximated by a simplified first-order relationship:

—d[Fe] _

S = klFe]

with kg = 24 (£0.4) X 107 h™', which agrees well with incipient literature estimates. Only minor effects of pH, salinity, and
mineralogy on kinetic parameters were observed. Hence, the results of this study may be broadly transferrable among different mine

sites.

KEYWORDS: iron removal, sedimentation column, aggregation, passive treatment, settling pond

1. INTRODUCTION

Contamination of water resources by mining activities is one of
the most complex and costly environmental problems
worldwide. Most prominent is the occurrence of acid mine
drainage (AMD) as a result of sulfide mineral oxidation,
releasing ferrous iron, acidity, sulfate, and associated metal-
(loid)s into aqueous environments." Upon entrance into
surface waters, progressing dilution, neutralization, and oxy-
genation of AMD lead to oxidation of ferrous iron followed by
precipitation of hydrous ferric oxides.” Thus, AMD discharges
to surface waters ultimately result in impaired usability of water
resources and destruction of aquatic ecosystems.”® For the
protection of freshwater environments, passive mine water
treatment systems were developed as a low-cost, ecotechno-
logical method for neutralization of AMD and removal of
dissolved and suspended metal compounds with a focus on
iron as principal and ubiquitous contaminant in mining
environments.”® At circumneutral pH, passive iron removal
in surface-flow systems (settling ponds, wetlands) proceeds
along the two aforementioned steps: First, transfer from
dissolved ferrous iron to particulate hydrous ferric oxides via
© 2022 The Authors. Published by

American Chemical Society
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oxidation and precipitation, and second, sedimentation of
particulate hydrous ferric oxides.” Ferrous iron oxidation was
intensively investigated in the past decades, and the main
mechanisms and kinetics are reasonably well understood."™ "’
Relative to ferrous iron oxidation, the removal of waterborne
hydrous ferric oxides is poorly understood, and only little is
known on the underlying formation, aggregation, and
sedimentation kinetics in mining environments.>' ">
Generally, particle interaction in aqueous colloidal dis-
persions may be reasonably well predicted by the way of
classical adsorption- and aggregation theory (e.g., Smoluchow-
ski, DLVO) for well-defined systems.'3’]4 However, numerical
simulation of the functional relationships requires extensive
knowledge (or assumption) of key hydrochemical and
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hydrodynamic parameters governing the different aggregation
and sedimentation regimes,is_17 which is a complex task in
real mining environments and, most importantly, of little
practical use in environmental engineering.'® Therefore,
simplified rate laws or kinetic relationships were developed
to estimate the removal of waterborne hydrous ferric oxides as
engineering rather than scientific model approaches. For
instance, a first-order relationship was proposed to approx-

imate sedimentation of ferric solids:”"’
—d[Fe]
—— =k 4[Fe
dt wilFel O]

Similar yet widespread ranges for the constant k4 were
estimated from both column experiments and field data from
1.3 X 1072 to 2.1 X 107" h™! by Pizarro et al."” and 9.6 x 107
to 3.2 x 107" h™! by Sapsford.*> Sutton et al.>* conducted a
single experiment with preoxygenated mine water from a New
Zealand mine site containing 6.7 mg/L of freshly precipitated
ferric solids, with the exponential decay graph yielding k.4 =
2.3 X 1072 h™! to reach a stable, residual level <1 mg/L after
~135 h. However, the studies differed in terms of the setup
and methodology, and no further systematic investigations
have been conducted to explore the applicability and
limitations of simple first-order kinetics for the sedimentation
of hydrous ferric oxides in mining environments.

Alternatively, higher-order relationships were proposed
based on the assumption that the removal of waterborne
ferric solids is governed by aggregation rather than
sedimentation.”’ For instance, a second-order relationship
was suggested as a fair approximation for binary collisions of
particles in dilute dispersions:™”

—d[Fe]
dt (2)

For ferric solids, ranges for k.4 were reported in the order of
23X 1073 t09.3x 1072 mS/g/h in agitated batch experiments
studying estuarine environments.””>> Again, the rates should
be treated with caution because aggregation of ferric solids in
natural waters is often associated with natural organic matter.
Additionally, it was observed that the salinity gradient from
freshwater to seawater significantly affected aggregation rates
through double-layer compression and charge neutraliza-
tion.”** Farley and Morel”’ found kyy in the order of 7.3
X 1073 m3/g/h for goethite particles in seawater but concluded
that a mixed rate law was necessary to account for the
interrelated aggregation and settling regimes.

Hydrous ferric oxides in circumneutral (mine) water were
generally found to display a natural tendency toward
aggregation,”®”’ presumably due to surface charge neutraliza-
tion and double-layer compression in ubiquitously mineralized
mining environments.”’ Hence, aggregation of freshly
precipitated, colloidal hydrous ferric oxides results in
proceeding growth toward a critical aggregate size that
facilitates effective sedimentation.” The critical window
governing transition from dispersed colloids to effectively
settleable particles is to be expected in the upper nanometer
and lower micrometer range.”®* This estimate is substantiated
by the examination of artificial hydrous ferric oxides from
controlled precipitation experiments’>**** and ochreous
sediments from various mine sites, where ferric ag§regates
predominantly occurred between 0.2 and 10 ym.***™*" This is
in accordance with a recent study by Chikanda et al,"
reporting effective gravitational separation of hydrous ferric

= kqlFe’

6361

oxides in a drain and pond system once the ferric aggregates
considerably exceeded 0.3 ym. Moreover, the size range is in
accordance with early sizing approaches for settling ponds in
the mining industry, which recommended an overflow rate of
1 X 10~° m/s based on the estimated settling time of shale-
sized particles with a diameter of ~4 um.*® However, despite
the broad knowledge on the occurrence and mineralogy of
hydrous ferric oxides in mining environments, the interrelation
and kinetics of aggregation and sedimentation remain poorly
understood. The integer-order models outlined above appear
to be inadequate to model the removal of particulate hydrous
ferric oxides over wider concentration ranges. According to
Grant et al,'® particle coagulation and sedimentation may be
reasonably well predicted by simplified rate expressions in due
consideration of the respective characteristic regimes. How-
ever, no respective practical mixed or noninteger order model
approach for aggregation and sedimentation of hydrous ferric
oxides was proposed thus far.

In this study, we systematically investigated the sedimenta-
tion behavior of hydrous ferric oxides under different
hydrogeochemical conditions via laboratory-based column
experiments. In the first step, we investigated the sedimenta-
tion of naturally precipitated hydrous ferric oxides (sampled at
an abandoned mine site) at incrementally increasing
concentrations to determine and parameterize the underlying
kinetics across a wide concentration range. In the second step,
we investigated several potentially critical influencing factors
such as hydrochemistry of the ambient solution and
mineralogy of the ferric solids on aggregation and sedimenta-
tion. The overall objective of this study was to determine a
simple and robust (engineering) approach for practical
approximation of aggregation-driven sedimentation of hydrous
ferric oxides. A better understanding of iron transport,
transformation, and removal may ultimately lead to more
reliable sizing of passive systems.

2. MATERIALS AND METHODS

2.1. Materials. Naturally precipitated hydrous ferric oxides
(“natural ochre”) were collected from the closed reservoir tank
of a passive pilot plant that was implemented for the treatment
of circumneutral (pH = 7.4), ferruginous seepage water at a
former opencast lignite mine."”*' The natural ochre was
collected with PP-buckets and sieved using stainless-steel wire
mesh sieves with 1.0 and 0.1 mm mesh size to remove foreign
matter (e.g, insects) and larger agglomerates. The sieved ochre
was immediately transported to the laboratory and stored in an
aqueous state at 4 °C.

Additional samples were collected from the same mine site
at lower pH owing to higher ferrous iron concentrations with
one slightly acidic (pH 5—7) and one acidic (pH 2—S5) ochre
sample. The samples were subjected to the same processing
and storage as outlined above. Furthermore, synthetic
ferrihydrite and lepidocrocite were produced in the laboratory
following Schwertmann and Cornell.* Briefly summarized, 6-
line ferrihydrite was synthesized by bringing a 0.1 M Fe(NO;);
solution to pH 8 through dropwise addition of 1 M NaOH
followed by aging, dialyzing, and freeze-drying of the
dispersion. Lepidocrocite was synthesized by mixing 0.2 M
FeCl, and urotropine solutions to precipitate Fe(OH),, which
was oxidized by adding 1 M NaNO, solution followed by
decanting, washing, and freeze-drying of the solids.

Iron content of the ferric solids was analyzed from triplicate
freeze-dried and washed subsamples via aqua regia digestion

https://doi.org/10.1021/acs.est.1c07640
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and inductively coupled plasma optical emission spectroscopy
(ICP-OES). Mineralogy of the ferric solids was examined by X-
ray diffraction in a diffractometer (AXS D4 Endeavor, Bruker)
equipped with a Co X-ray source and a LynxEye detector.
Dried samples were mounted on X-ray diffraction (XRD)
sample holders during analysis with diffractograms collected
from 10°—80° 26 with a 0.06° 26 step size and 2 s acquisition
time.

The zeta potential and the z-average hydrodynamic diameter
of the natural ochre were obtained via electrophoresis using a
zetasizer (Nano ZS, Malvern). Triplicate measurements were
conducted on approx. 1 mL subsamples at 25 °C using folded
capillary zeta cells (DTS1070, Malvern). The isoelectric points
(IEPs) of the natural ochre and synthetic ferrihydrite were
exemplarily determined by measuring the electrophoretic
mobility of subsamples with pH adjusted between 4 and 8.

2.2. Experimental Setup and Procedure. The setup of
the sedimentation columns was broadly adopted from
Sapsford'” with key modifications. Plexiglass columns with
an internal diameter of 19.4 cm were cut to a height of 200 cm
and capped at the top while the bottom was left open. The cap
was fitted with a brazen hose barb. Two sampling ports were
set at heights of 60 and 120 c¢m and fitted with airtight septa
(Mininert Precision Sampling Valves, Resteck). The columns
were strapped to a framework, allowing only vertical
movement. Round 90 L PE-tubs were set below the columns
as reservoirs. A vacuum pump was connected to the column
top via a three-way valve, as illustrated in Figure la.

Fitting

(a) (b) (c)
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Figure 1. Experimental setup during (a) preparation, (b) mixing and
filling, and (c) sampling.

Up to six columns were run in parallel. To mix the
ferruginous bulk samples, stock solutions were freshly prepared
the day before experiments by adding field-collected ferric
solids to tap water to obtain iron concentrations in the order of
20-50 g/L. Stock solutions were homogenized over night with
a magnetic stirrer at 320 rpm to break up loose aggregates and
thoroughly disperse the ferric solids. To start the experiments,
the reservoirs below the columns were filled with ~80 L of tap
water and allowed to adjust to the laboratory temperature (20
+ 2 °C). Incremental amounts of the stock solution were
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added, and the resultant ferruginous bulk samples thoroughly
homogenized with motor-operated basket stirrers. At constant
stirring, the columns were lowered into the reservoirs, and the
ferruginous bulk sample immediately pumped to a height of
180 cm within 30—4S s (Figure 1b). Vacuum filling allowed for
easy mixing and vertically uniform dispersion throughout the
column. After closing the three-way valve, the pump could be
disconnected for filling of the next column.

Initial samples were taken 30 s after filling and sampling
continued at a 4 h interval for 60—80 h (Figure 1c). Samples
were collected using syringes (S mL Inject, B.Braun) fitted
with stainless-steel hypodermic needles (Sterican 0.8 X 120
mm, B.Braun). To that end, the safety interlock of a sampling
port was opened, the hypodermic needle pierced through the
septum, and fully inserted to collect a S mL sample from the
exact column center. The sampling procedure ensured minimal
hydraulic, static, or temperature-related boundary effects,
which are expected to increase toward the column walls.
Samples were acidified to pH < 2 using 12 M HCl and left for
>24 h to dissolve particulate hydrous ferric oxides. Ferric iron
was reduced to ferrous iron by ascorbic acid and the iron
concentration determined spectrophotometrically at 512 nm
using acetate buffer solution and 1,10-phenantroline. The
spectrophotometer (DR 3800 VIS, Hach) was calibrated using
standard solutions prepared with high-purity FeCl, dissolved in
degassed water and acidified with 1 M HNOj. All chemicals
used during this study were of analytical grade.

2.3. Experimental Series and Data Evaluation. First of
all, an extensive basic series was conducted with incrementally
increasing iron concentrations to investigate the overall
kinetics across a wide concentration range spanning almost
two orders of magnitude (3—240 mg/L). Following this,
additional experimental series was conducted to investigate the
variation of hydrochemistry and mineralogy on the aggregation
and sedimentation behavior of hydrous ferric oxides with an
overview provided in Table 1.

Two extensive series were conducted to investigate the effect
of pH and salinity as primary factors on the aggregation
behavior of dispersed hydrous ferric oxides.*”** For the pH
series, the pH of the ferruginous bulk solution was varied across
the neutral range in increments of 0.5 pH units (5.5, 6.0, 6.5,
7.0, 7.5, and 8.0) by buffering the bulk sample with 2 mM 3-
(N-morpholino)propanesulfonic acid and carefully adjusting
pH to within +0.1 through dropwise addition of either 10 M
NaOH or 12 M HCL For the salinity series, electrical
conductivity (EC) of the ferruginous bulk solution was
adjusted through the addition of NaCl salt to approx. S, 10,
50, 100, 150, and 250 mS/cm. Both series were conducted at
low (10—15 mg/L) and high (60—80 mg/L) initial iron levels
as the particle interaction is expected to increase with
increasing concentration.

The solids’ series was run to investigate differences in
mineralogy and composition, including but not limited to mass
density, impurities, texture, and surface charge.46 To that end,
experiments were conducted with synthetic ferrihydrite and
lepidocrocite as well as the field-collected slightly acidic (pH
5—7) and acidic (pH 2—S5) ochre.

Lastly, a real mine water series was run to verify transferability
of tap water experiments to field conditions following Wan et
al.** To that end, ~400 L of “real” mine water with negligible
iron concentration were collected from a large, quiescent
reservoir at the project mine site and transported to the
laboratory. Results of the real mine water series confirmed that

https://doi.org/10.1021/acs.est.1c07640
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Table 1. Overview of Experimental Series

experimental series datasets solids

basic series 36 natural ochre

pH series 24 natural ochre

salinity series 22 natural ochre

solids’ series 8 synthetic ferrihydrite
4 synthetic lepidocrocite
8 slightly acidic ochre (pH 5—7)
6 acidic ochre (pH 2—5)

real mine water series” 10 natural ochre

“Results reported in the Supporting Information.

iron concentration bulk sample chemistry

3-240 mg/L tap water

10—80 mg/L tap water, pH adjusted to 5.5—8.0
10—80 mg/L tap water, EC adjusted to 5—240 mS/cm
15-35 mg/L tap water

50 mg/L tap water

15—40 mg/L tap water

10—30 mg/L tap water

10—-175 mg/L real mine water

Table 2. Chemical, Physical, and Mineralogical Properties of the Solids

sample pH iron content (as FeOOH)
natural ochre 7.39 50-70%
slightly acidic ochre (pH 5—7) 5-7 81-87%
acidic ochre (pH 2—5) 2-5 80%
synthetic ferrihydrite n/a >90%
synthetic lepidocrocite n/a >90%

“Hydrodynamic diameter determined in the pH-range 6—8

hyds

rodynamic diameter® isoelectric pH (IEP) mineralogy of ferric solids

2679 (£185) nm ~5.7 ferrihydrite, little goethite
n/a n/a nanocrystalline goethite
n/a n/a nanocrystalline goethite
1000—4000 nm ~7.0 6-line ferrihydrite

n/a n/a lepidocrocite

tap water is a suitable substitute for real mine water and the
former was therefore used throughout this study.

Data validation included identification of potential outliers
by rank-order-based outlier detection. Only outliers that were
obviously due to experimental or analytical errors were
manually removed. For the sake of transparency, all datapoints
are included as empty symbols in appropriate Supporting
Information figures.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. The natural ochre
predominantly consists of a mixture of amorphous and poorly
crystalline ferric phases, likely ferrihydrite, as indicated by weak
diffraction patterns. XRD scans also show a minor goethite
fraction and impurities such as quartz, gypsum, and Mn oxides
(Figure S1). The slightly acidic and acidic ochre samples both
predominantly consist of goethite of high disorder and/or
small particle size, as indicated by broad peaks with negligible
other fractions, although amorphous ferric solids such as
ferrihydrite or schwertmannite cannot be ruled out.

The IEP of natural ochre and synthetic ferrihydrite are
found just below pH 6 and at pH = 7, respectively. The low
electrophoretic mobility observed for both ferric solids
between pH 6 and 8 indicates that the particles display little
surface charge at circumneutral pH and thus naturally tend
toward aggregation. These observations are consistent with
literature reports where the IEP of synthetic ferric (oxyhydr)-
oxides is commonly reported in the neutral or alkaline range,*’
whereas the IEP of naturally precipitated hydrous ferric oxides
from minin§ environments was reported in the slightly acidic
range.”**”** The median hydrodynamic particle diameters of
natural ochre and synthetic ferrihydrite at pH 6—8 are found at
2—3 and 1—4 um, respectively, perfectly falling into the
particle size range outlined in the introduction.®**™*
Characteristics of the different ferric solids used in this study
are compiled in Table 2.

3.2. Kinetics of Sedimentation. Visual monitoring of the
experiments revealed that columns with high initial concen-
trations and opaque water body cleared noticeably faster
compared to columns with low initial concentrations. In
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addition, all columns featured a slight turbidity at the end of
the experimental runs. These observations already indicate that
sedimentation-based removal of hydrous ferric oxides is
effective in the beginning yet inherently limited at residual
concentrations, with some dispersed ferric colloids remaining
in suspension and unlikely to settle within reasonable time—if
at all. Accordingly, temporal concentration profiles confirm
that all experiments display initially steep slopes yet converge
after 220 h, asymptotically leveling off at residual iron levels in
the order of 0.7—2.0 mg/L after 60—80 h (Figure 2).

[
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0.001
0 20 40 60 80
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Figure 2. Normalized, semilogarithmic concentration profiles vs time
for five exemplary experiments at different initial concentrations
(range 5—190 mg/L) with dashed lines indicating slopes (the
principle is consistent for all experiments).

Sedimentation rates were found to be independent of depth
(data not shown), as previously reported by Sapsford12 and
Sutton et al.”* Therefore, results from the two sampling ports
were evaluated as individual datasets such that each column
generated two datasets per experiment. The concentration
profiles reveal a removal pattern that can be separated into a
rapid initial step (r1 in Figure 2) and a slower, second step (r2
in Figure 2). The linear slopes of the two regimes indicate
removal that appears to depend on the initial iron

https://doi.org/10.1021/acs.est.1c07640
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concentration in the first regime and to be independent of
concentration in the second regime. The slopes of the second
regime approach a constant value in the order of ~2 X 1072
h™" below a certain threshold concentration.

Reaction orders of the two mechanisms were determined
differentially by plotting the initial sedimentation rate (A[Fe]/
At) of all 36 datasets of the basic series against the respective
initial concentration [Fe]y, as illustrated in Figure 3. The two

8
First regime (r1)
at high [Fe]
Slope =2 L.
o 60
T4 I s
2l s Second regime (12) P
L atlow [Fe] [
g’ Slope ~ 1 &
£0 =
- 387
_6-8°
-4 T T
0 6
In([Fe]o)

Figure 3. Double-logarithmic plot of initial sedimentation rates as
A[Fe]/At vs the initial concentration of the corresponding interval (;
~ 4 h) for all 36 datasets of the basic series at different initial iron
concentrations [Fe], (3—240 mg/L) with dashed lines indicating
slopes.

regimes are again discernible in the double-logarithmic plot.
The respective slopes show that the removal of hydrous ferric
oxides is governed by second- and first-order kinetics at high
and low concentrations, respectively. Hence, our results
indicate that the two removal regimes (rl, r2) can be
collectively described by a mixed first- and second-order
removal model:

—d[Fe

% = k,[Fe] + k,[Fe]’ )

The rate constants k,, and k, for the overall removal model
cannot be graphically determined from Figure 3 as the two
parallel regimes are interrelated.*’ Nevertheless, it is worth
noting that both Figures 2 and 3 show that the reaction order
progresses from 2 to 1 below a concentration range of
10 mg/L. This observation implies that at concentrations
below such threshold, the removal of iron may be
approximated by a simple first-order expression.

Derivation of the rate coefficients k,; and k, following
Espenson49 and Chao and Espensonso is detailed in the
Supporting Information. The coefficients were determined
with k,, = 9.4 X 10> m*/g/h and k, = 5.4 X 107> h™", with the
first-order term only appreciably contributing to the mixed
model at low particulate iron levels (<10 mg/L) and the
second-order term being rate-determining at higher iron levels,
as illustrated in Figure S4. Respective plots of the 36 datasets
of the basic series are provided in Figure S5 using the integrated
form of the mixed expression in eq 3:

_ k,[Fel,
(kn_ + k(l[Fe]g) x efXt — k. [Fely

[Fel,
4)

It is important to note that experimentally determining k,, as
outlined in the Supporting Information should be regarded
with caution as the residual iron concentration of the
respective experiment was above the critical concentration
(k/k,,) of 0.57 mg/L. Notwithstanding this, the mixed model
and coefficients allowed good reproduction of the experiments.
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Accordingly, statistical analysis of the overall regression in
Figure S3a yields a confidence interval of +1.7% and a process
standard deviation of 1.1 mg/L, which is an excellent outcome
considering the simple experimental approach and the wide
concentration range used in this study.

The observation of increased iron removal at high
concentration levels indicates aggregation-driven sedimenta-
tion, which corresponds well with the tendency of naturally
precipitated hydrous ferric oxides toward (homo)aggregation,
as highlighted by zeta potential measurements of the natural
ochre (Table 2). The change in the reaction order becoming
noticeable below 10 mg/L indicates that the reaction order
decreases to exponential decay owing to the declining collision
frequency, with progressively less settleable particles generated
through aggregation than lost from the system through
gravitational settling.’’ Aggregation-driven sedimentation at
high iron levels facilitates effective removal of the bulk solids in
the order of minutes or hours. As opposed to this,
sedimentation at low iron levels is limited by slowed
aggregation and thus allows dispersed hydrous ferric oxides
to traverse over long distances. Altogether, the basic series for
the first time provided a foundation to quantitatively describe
aggregation-driven sedimentation of particulate hydrous ferric
oxides in circumneutral mine water.

3.3. Potential Influencing Factors. The additional series
listed in Table 1 are evaluated regarding sedimentation and
aggregation behavior by computing k,;, following the
procedure outlined in the Supporting Information with k,
fixed to 5.4 X 107> h™' for comparison with the basic series
(Table 3). Furthermore, the additional series are also evaluated
via approach (B) for graphical illustration and comparison with
the basic series in Figure S6.

Table 3. Results of the Additional Experimental Series for
k., with k,, Fixed to 5.4 X 107> h™'

ky (X 107%) in [m%/g/h]

experimental series”

basic series (n = 35) 9.7 (¥22)
pH series (n = 24) 10.8 (+1.8)
salinity series, EC < 100 mS/cm (n = 14) 83 (x1.7)
salinity series, EC > 100 mS/cm (n = 8) 62 (£27)
synthetic ferrihydrite (n = 8) 8.6 (+2.3)
synthetic lepidocrocite (n = 4) 8.8 (x1.5)
slightly acidic natural ochre, pH 5—7 (n = 8) 9.5 (£2.1)
acidic natural ochre, pH 2—5 (1 = 6) 14.5 (£1.2)

“Underlying number of datasets in brackets, with results given as
average (+SD).

Despite considerable changes in hydrochemical and
mineralogical conditions, the evaluation of the additional
series is in good agreement with the basic series (Figure S6),
substantiating the mixed first-/second-order pattern. Rate
constants k,, for the additional experimental series are mostly
comparable to the basic series (Table 3) with an overall mean
value of 9.9 (+2.4) X 1073 ms/g/h. Only the salinity series
shows a distinct decrease of k,, at excessive NaCl levels (EC >
100 mS/cm), whereas the more moderate salinity experiments
(EC < 100 mS/cm) correspond reasonably well with the basic
series. Salinity increments in this study were deliberately chosen
to not only cover but also considerably exceed values
encountered even in mining environments. Therefore, the
decrease in gravitational settling at extreme salinity levels is
most likely attributable to the change in solution density
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(increase up to ~1.3 g/cm’) and viscositp as previously
reported for natural sediments by Wan et al."™”

For the solids’ series, both synthetic ferrihydrite and
lepidocrocite as well as the slightly acidic ochre (pH 5-7)
align reasonably well with results obtained from the natural
ochre in the basic, pH, and salinity series. In contrast, the acidic
ochre (pH 2—S5) consistently shows a higher k,; compared to
all other constellations, as illustrated in Figure S6d. As this is
evidently attributable to the second sedimentation regime
(Table 3), there is a reason to assume that this observation is
due to surface characteristics rather than mass density or
morphology.

Altogether, variation of pH and salinity caused no substantial
change in the aggregation or sedimentation behavior of
waterborne hydrous ferric oxides at levels typically observed
in circumneutral, ferruginous mine waters. This indicates that
the passive removal of hydrous ferric oxides at circumneutral
pH is primarily governed by the particle interaction and size as
a function of concentration, whereas variations in hydro-
chemistry or mineralogy such as those tested in this study seem
to be of secondary importance. Hence, the results of this study
may be broadly transferrable among different mine sites. The
slight differences displayed in Table 3 and Figure S6 may be
indicative of experimental variance rather than mineralogical or
hydrochemical variation.

4. IMPLICATIONS

4.1. Practical Applications. Graphical illustration of the
overall aggregation and sedimentation kinetics in Figures 3 and
S4 shows that a mixed model is required to adequately model
sedimentation-based iron removal over wider concentration
ranges. Nevertheless, Figure 3 also indicates that the removal
of hydrous ferric oxides at low concentration levels may be
reasonably well approximated by a simple, stand-alone first-
order expression as per eq 1. For practical application of a
simplified first-order model approach, it is important to note
that the respective coefficient k.4 must be chosen such that it
adequately approximates the mixed model in the relevant (i.e.,
application-related) concentration range. Above and below this
range, the simplified first-order approach will inevitably tend to
progressively underestimate and overestimate iron removal,
respectively. In passive mine water treatment systems, the
concentration of particulate hydrous ferric oxides is usually low
because ferric solids are only gradually generated upon ferrous
iron oxidation®” and concomitantly removed through
sedimentation."" What is more, low iron levels are ultimately
most relevant for sizing purposes to ensure reliable compliance
with typical discharge limits in the order of 1—3 mg/L total
iron.

For the 36 datasets of the basic series, the most robust
coefficient for the simple first-order approach was determined
with kg = 2.4 (£0.4) X 1072 h™, which corresponds well with
the slope of the second regime (r2) marked in Figure 2 and
incipient estimates from the literature.'>'”** The results from
the basic series are also well reproducible for the additional
experimental series (Table S1). In Figure 4, five exemplary
experiments are provided as logarithmic profiles for measure-
ments <10 mg/L in juxtaposition with the simplified first-order
model approach. The slight curvature of the logarithmic
profiles approaches a relatively constant slope that is well
described by the first-order model, but it is also noticeable that
the profiles curve upward toward residual iron levels <1 mg/L
where the simplified model will thus progressively overestimate
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Figure 4. Excerpt of concentration development for the same five
exemplary experiments displayed in Figure 2 below 10 mg/L as
logarithmic iron profiles vs time with the simplified first-order model
slope (keq = 24 X 107> h™") exemplarily indicated as dashed gray
lines as of 2.5, S, and 10 mg/L (the principle is consistent for all
experiments).

the removal of hydrous ferric oxides. This is in accordance with
the initial observation of a residual amount of finely dispersed
hydrous ferric oxides remaining in all sedimentation experi-
ments.

Overall, this study provides a consistent, quantitative
approach and (laboratory-based) parametrization for the
two-step aggregation/sedimentation-based removal of hydrous
ferric oxides in circumneutral mine water. Moreover, the
results also confirm the hypothesis of Sapsford and Watson’
that sedimentation may be approximated by a first-order
expression at moderate iron levels. The explicitly conservative
value for k,, suggested above ensures that iron removal is
underestimated rather than overestimated in the relevant
concentration range (1-10 mg/L) as is common practice in
engineering sciences.

4.2. Perspectives. The study highlighted that passive
removal of hydrous ferric oxides in ferruginous, circumneutral
mine waters is primarily governed by (homo)aggregation of
ferric solids toward a settleable size that facilitates subsequent
gravitational settling. As illustrated in Figure S4, the removal
rate decreases rapidly toward residual iron levels <1 mg/L,
effectively limiting the degree of purity that may (realistically)
be achieved in full-scale settling ponds. Consequently, more
efficient passive components such as wetlands or sediment
filters are necessary for polishing of finely dispersed hydrous
ferric oxides from settling pond effluents.”**

The sedimentation kinetics determined in this study could
considerably improve our quantitative understanding of iron
transport and removal in mining environments. For instance,
the relationships may be integrated into transport models or
used for the calculation of temporal iron removal profiles in
passive treatment systems to determine the optimal application
range of settling ponds and wetlands for pretreatment and
polishing, respectively. The ks 4 of 2.4 X 107> h™!
recommended above corresponds to a time requirement in
the order of 28 h to remove 50% of initial ferric solids. Such
“half live” is in good agreement with the retention time
recommended for sizing of settling ponds in passive mine
water treatment systems in the order of 12—48 h.%%**
Moreover, in systems containing ferrous iron, the first-order
sedimentation approach may be readily combined with the
corresponding rate law for ferrous iron oxidation, allowing for
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the approximation of overall iron removal as suggested by
Sapsford and Watson.” Such application-oriented, physico-
chemical model approaches inevitably entail a certain degree of
simplification—especially in mining environments, where iron
transformation and removal are considerably affected by
various environmental factors and spatiotemporal fluctuations
(pH, redox potential, temperature, hydrodynamics, and so
forth).>> However, this is of minor importance for practical
applications in environmental engineering, where the overall
objective is to (conservatively) estimate the underlying process
dynamics on a relatively large scale. In this context, it is
important to note that further transfer to freshwater environ-
ments is unclear at this stage as the transport of colloidal ferric
(oxyhydr)oxides in surface waters is known to be considerably
affected by dilution® and interaction with natural organic
matter."”*’

Sedimentation experiments in this study were conducted in
quiescent columns, where particle migration was limited to
vertical, gravitational settling and largely unaffected by
hydrodynamic effects. Thus, the controlled batch experiments
can be regarded as an idealized approximation of the sluggish
flow conditions in settling ponds. However, surface-flow ponds
are inevitably subject to complex hydrodynamic and environ-
mental effects that affect the migration of waterborne particles:
on the one hand, sedimentation may be reduced by currents
and turbulences® or altogether disrupted by thermal or wind-
induced mixing and buoyancy.”®" On the other hand, particle
interaction may be increased by shear forces or scavenging®”**
and further accelerated through heterogeneous ferrous iron
oxidation on particle surfaces.”””” Therefore, parameterization
of sedimentation kinetics as obtained from this study requires
verification by in-depth field studies. In the first step, our future
work will focus on the evaluation of the hydrochemical and
hydraulic monitoring of the passive pilot plant from whence
the ochre was sampled for direct comparison of laboratory and
field data.
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Q = quartz, B = birnessite, U = unknown.
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SUPPORTING TABLE(S)

Table S1. Results of the additional experimental series for the first-order coefficient
kseq below a threshold concentration of 4.25 mg/L as average (+SD).

experimental series? ksed (x102) in [h™"]
basic series (n=36) 2.4(10.4)
pH series (n=24) 2.6(+0.1)
salinity series, EC <100 mS/cm (n=14) 2.3(x0.5)
salinity series, EC > 100 mS/cm (n=4) 1.8(%0.2)
synthetic ferrihydrite (n=8) 2.2(10.4)
synthetic lepidocrocite (n=4) 2.4(10.1)
slightly acidic natural ochre, pH 5-7 (n=8) 2.5(x0.4)
acidic natural ochre, pH 2-5 (n=6) 2.3(x0.1)
real mine water series? (n=8) 2.5(£0.1)

2 Underlying number of datasets in brackets.
b Real mine water series without residual-colloids-experiments (see Fig. S7).
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ARTICLE INFO ABSTRACT

Keywords: The removal of dissolved and particulate iron (Fe) from contaminated mine drainage is an omnipresent challenge
Iron removal in, and legacy of, the mining industry worldwide. The sizing of settling ponds and surface-flow wetlands for
Mine drainage

passive Fe removal from circumneutral, ferruginous mine water is based either on a linear (concentration-in-
dependent) area-adjusted removal rate or flat assignment of an experience-based retention time, neither of which
reflects the underlying Fe removal kinetics. In this study, we evaluated the Fe removal performance of a pilot-
scale passive system operating in three identical, parallel lines for treatment of mining-influenced, ferruginous
seepage water to determine and parameterise a robust, application-orientated model approach for sizing of
settling ponds and surface-flow wetlands, each. By systematically varying flow rates (and thus residence time),
we were able to demonstrate that the sedimentation-driven removal of particulate hydrous ferric oxides in
settling ponds may be approximated by a simplified first-order approach at low to moderate Fe levels. The first-
order coefficient was found in the order of 2.1(+0.7) x 1072 h™!, which corresponds well with previous labo-
ratory studies. The sedimentation kinetics may be combined with the preceding Fe(II) oxidation kinetics to es-
timate the required residence time for pre-treatment of ferruginous mine water in settling ponds. In contrast, Fe
removal in surface-flow wetlands is more complex due to the phytologic component, which is why we advanced
the established area-adjusted Fe removal approach by parameterising the underlying concentration-dependency
for polishing of pre-treated mine water. The quantitative results of this study provide a novel, conservative
approach for customised sizing of settling ponds and wetlands in integrated passive mine water treatment
systems.

Settling ponds

Constructed wetlands
Area-adjusted removal rate
Residence time

[Fe(tot)] Total Fe concentration [mg/L]

onndi 2
Glossary Ra A'1ea adjusted Fe remo.val rate [g/m /ﬂ]
Surface area of the pond or wetland [m?] Ksed First-order sedimentation constant [h™"]
Volume of the water body [m®] koxs k’ox (Pseudo) First-order oxidation constant [mol/L/s, Y
y m, n Model fitting parameters [m/d, -]

Water depth [m]

Volumetric flow rate [m®/h]

Residence time [h]

ty / tm / t, Nominal / mean / peak HRT [h]

o Variance [h?]

A Hydraulic efficiency [-]

C, [05], {H'} Tracer / O, concentration, H' activity [mg/L, mol/L]
E(t), F(t) Normalised and cumulative RTD functions [-]

[Felin / [Feloy Inflow / outflow Fe concentration [mg/L]

[Fe(II)] Dissolved ferrous Fe concentration [mg/L]

[Fe(OH)3] Suspended hydrous ferric oxide concentration [mg/L]

1. Introduction

TOoN <>

Industrial-scale coal, lignite, and metal mining are commonly asso-
ciated with the generation of contaminated mine drainage that requires
treatment to protect receiving freshwater environments. Mine water
treatment is increasingly facilitated in eco-technological “passive” sys-
tems that harness and enhance natural biogeochemical and physical
processes for removal of various contaminants (Skousen et al., 2017).
Passive systems are often regarded as a more sustainable and
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cost-effective approach for mine water treatment, especially for cir-
cumneutral, ferruginous mine waters that predominantly require the
removal of iron (Fe) as ubiquitous contaminant in mining environments
(Hedin, 2008). Passive Fe removal is commonly achieved in surface flow
systems through oxidation of dissolved Fe(II) and subsequent sedimen-
tation or filtration of the resultant particulate hydrous ferric oxides
(hereinafter Fe(OH)3) (Hedin et al., 1994; Skousen et al., 2017).

Aerobic passive systems for iron removal commonly consist of
consecutive aeration cascades for oxygenation, settling ponds for pre-
treatment, and surface-flow wetlands for polishing (Hedin et al,
1994). Basically, settling ponds provide retention time for oxidation of
Fe(II) and sedimentation of the bulk Fe(OH)3 load, whereas subsequent
wetlands facilitate sedimentation or filtration of the remaining colloidal
Fe(OH)s in the dense vegetation to reliably meet specific discharge
limits (Opitz et al., 2021). The assembly of consecutive treatment stages
in integrated systems for treatment of circumneutral, ferruginous mine
water is rather vaguely defined in the literature, broadly aiming at 50 to
80% Fe removal in settling ponds (depending on Fe loading) to protect
the subsequent wetlands from overloading (Kruse et al., 2009; Parker,
2003). This latent ambiguity is attributable to the underlying sizing
practice for both settling ponds and wetlands that is largely based on
concentration-independent rules of thumb, which are ill-defined for
more customised designing and sizing of integrated passive systems
(Banks, 2003; Sapsford, 2013).

Only few approaches for sizing of settling ponds are to be found in
the literature as compiled in Tab. Sla, none of which became standard
practice to date (Kruse et al., 2009). Early recommendations were
derived from the wastewater sector, for instance assigning an overflow
rate of 1 x 10~° m/s to broadly allow for settling of clay-sized particles
(National Coal Board, 1982). However, mine discharges often require
additional (retention) time to allow for Fe(II) oxidation, and it was also
found that the aggregation and sedimentation behaviour of freshly
precipitated Fe(OH); distinctly differs from soil or sewage particles
(Hove et al., 2008; Sapsford, 2013). Commonest in the literature is the
experience-based assignment of either a flat hydraulic retention time
(HRT) in the order of 8 to 48 h or a hydraulic loading rate in the order of
100 m?/L/s to broadly allow for both Fe(II) oxidation and settling of
larger particles (Tab. S1b). Overall, Banks (2003) noted that perfor-
mance evaluation of settling ponds is rather scarce relative to wetlands,
which is why wetland sizing is at times transferred to settling ponds.

Various sizing approaches for surface-flow wetlands were developed
for treatment of acidic and neutral mine water, most of which are based
on empirical, area-adjusted Fe removal rates as compiled in Tab. S1b.
Eventually, a recommendation for areal sizing of wetlands was issued by
the former US Bureau of Mines (Hedin et al., 1994) that was henceforth
adopted in various guidelines (e.g., PIRAMID Consortium, 2003; Skou-
sen et al., 1998; Watzlaf et al., 2004). The wetland area (A) is calculated
from Fe loading and an empirical, area-adjusted sizing constant (Rx):

A= (@8]

Ry

with Q as volumetric flow rate, and [Fel;, and [Felyy as inflow and
(target) effluent Fe concentration, respectively. This approach suggests
that Fe removal rates in wetlands are constant over time and indepen-
dent of concentration, which corresponds to a zero-order removal
process.

The areal sizing coefficient R4 was estimated from operational full-
scale wetlands, ranging from 10 g/m?/d for formal approval proced-
ures to 20 g/m?/d for basic water quality improvement at legacy mine
sites. However, it should be noted that the established sizing criteria
were derived from passive systems treating highly ferruginous mine
discharges, which is why Hedin et al. (1994) noted that the areal
approach is subject to a “loading limitation”. Accordingly, a wide range
from < 1 up to and above 50 g/m?/d were reported for full-scale settling
ponds and wetlands as compiled in Tab. S2. Most observations are
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markedly below 10 g/m?/d, and it was shown that areal Fe removal is
predominantly governed by Fe loading and pH (Mayes et al., 2009;
Younger, 2000). Although the areal approach is commonly considered
(and has proven to be) relatively robust for “classic” ferruginous coal
mine discharges, there is general agreement that the multicausal rela-
tionship between overall Fe removal on the one hand and the size of
settling ponds or wetlands on the other hand is inadequately described
by a linear relationship (e.g., Flanagan et al., 1994; Johnson and Hall-
berg, 2002; Kruse et al., 2009; Mayes et al., 2009; Sapsford, 2013; Stark
and Williams, 1995).

From a process-based perspective, passive Fe removal in settling
ponds proceeds along two major, presumably rate determining steps;
namely (1.) oxidation of dissolved Fe(II) followed by (2.) sedimentation
of the resultant Fe(OH)s. The oxidative transition from ferrous to ferric
Fe has been investigated intensively and respective kinetics are well-
described in the literature (e.g., Millero et al., 1987; Stumm and Mor-
gan, 1996). The basic (homogeneous) Fe(Il)-oxidation process may be
approximated by the following kinetic equation where the oxidation
constant (k,,) is substituted by a pseudo first-order constant (k’,,) at
stable pH and oxygen levels that is second order with respect to {H'} or
{OH} and first order with respect to [O2]:

AP JF 0y o

This relationship was broadly confirmed for mining environments by
extensive field studies (Dempsey et al,, 2001; Kirby et al., 1999),
although it is important to note that the process is considerably accel-
erated in ferruginous mine waters by heterogeneous Fe(Il)-oxidation
owing to the autocatalytic effect of omnipresent, freshly precipitated
Fe(OH)s as demonstrated by Dietz and Dempsey (2017).

A quantitative assessment of Fe(OH); sedimentation in mining en-
vironments was made by Sapsford and Watson (2011) and Sapsford
(2013), reporting that “settling of these precipitates can be described by a
first-order process with rates varying for different mine waters™:

—d[Fe(OH),)

7 = ka|[Fe(OH);] ©)

The first-order sedimentation coefficient ksq was initially estimated
in the order of 9.4 x 107% t0 3.2 x 107 h™! based on column experi-
ments by Sapsford (2013). Whereas laboratory experiments containing
both ferrous and ferric Fe displayed rather complex or inconclusive
patterns, a targeted experiment with oxygenated mine water containing
only Fe(OH)3 displayed an exponential decay curve with keq &~ 2.3 x
10%2h! (Sutton et al., 2015). Sapsford and Warson (2011) noted that
application of Fe removal kinetics may be a way forward to describe the
performance of passive mine water treatment systems more accurately,
encouraging abandonment of the established areal approach for more
application-orientated model approaches governed by HRT when
designing integrated passive treatment schemes. Such empirical,
simplified (first-order) models are frequently utilised in ecological en-
gineering sciences, above all for passive wastewater treatment systems,
to estimate the exponential removal or decay of dissolved and suspended
compounds through natural biogeochemical and physical processes
(Kadlec and Wallace, 2009).

In a recent sedimentation study (Opitz et al., 2022a), we were able to
demonstrate that Fe(OH); sedimentation across a wide concentration
range (3 — 240 mg/L) may be described by a mixed first- and
second-order model. The sedimentation process is governed by two
interrelated regimes with a rapid aggregation-driven step (of second
order) at high iron levels followed by a slower settling step (of first
order) at lower iron levels. The respective coefficients were determined
with ky; = 9.4 x 10 ° m®/g/h and kyy = 5.4 x 10 °h ™1

—d[Fe(OH),)

- = ki [Fe(OH),] + ki [Fe(OH),)* “4)
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Moreover, we were able to demonstrate that Fe(OH)3; removal at
moderate Fe levels (< 10 mg/L) may be reasonably well approximated
by the simplifying first-order relationship in Eq. (3) as proposed by
Sapsford (2013). The respective sedimentation coefficient k,q was
determined with 2.4(£+0.4) x 1072 h~! in column experiments (Opitz
et al.,, 2022a), which is consistent with the initial estimates reported by
Sapsford (2013) and Sutton et al. (2015).

In summary, the current state of knowledge implies that it is neces-
sary to advance the established sizing practices for both settling ponds
and wetlands to account for Fe removal dynamics, especially in the face
of progressively strict environmental regulation. In this study, we
evaluated the Fe(OH)3 removal performance of a trifurcated pilot system
for passive treatment of a mining-influenced, ferruginous seepage water.
Variation of flow rates in the identical triplicate system lines allowed for
evaluation of Fe(OH) 3 removal as a function of mass flow. Further on, Fe
(OH)3 removal in the pilot-scale settling ponds and wetlands was eval-
uated regarding different model approaches as outlined above. The
overall objective was to determine and parameterise robust, application-
orientated Fe removal models that could also be used for sizing of
settling ponds and wetlands. The dual approach combining fundamental
laboratory studies with pilot-scale field trials offers considerable pros-
pects to advance our knowledge on Fe removal mechanisms and kinetics
in passive mine water treatment systems.

2. Materials and methods
2.1. Study site and pilot plant

The Westfield study site is a former open pit in the historic lignite
district of Upper Palatinate (southeast Germany). The pit was only partly
backfilled with waste rock and power plant ashes, leaving a morpho-
logical depression behind. Seepage water collecting in a “drainage
pond” at the lowest point of the former pit is ferruginous and highly
mineralised owing to pyrite oxidation and lixiviation of soluble com-
pounds from the backfill, yet circumneutral due to the alkalising
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character of the dumped electrostatic precipitator ashes (Tab. S3). The
seepage water is continuously pumped out from the drainage pond for
protection of adjacent aquifers to a conventional (physico-chemical)
treatment plant for Fe removal (Opitz et al., 2022b).

The Westfield pilot plant was implemented in 2017 next to the
operational, conventional treatment plant to test an integrated three-
stage passive scheme with settling ponds for pre-treatment, surface-
flow wetlands for polishing and sediment filters for purification as long-
term alternative for treatment of the mining-influenced seepage water
(Fig. 1). The three consecutive treatment stages were built as identical,
parallel triplicates such that hydraulic variation in the three system lines
generated a comprehensive database. The primary objective of the pilot
plant was to lower total Fe below the strict site-specific discharge limit of
1 mg/L. The basic setup and performance of the multistage pilot plant
for removal of relevant contaminants (e.g., Fe, Mn, As, NHy, turbidity)
are detailed in Opitz et al. (2022b). In this study, we focus on Fe(OH)3
removal in settling ponds and wetlands.

Standard roll-off containers (7.0 x 2.35 x 1.25 m) were utilised as
both settling ponds and wetlands with water depth adjusted to approx.
1.0 and 0.45 m, respectively. The wetlands were planted with common
reed at 20 plants/m” in a sandy 0.3 m substrate. The steel containers
were embedded into the ground for isolation and connected by a poly-
ethylene pipework system. Ten monitoring points (MPO1-MP10) for
sensor installation and sample collection were installed in protected
concrete manholes before and after the containers with settling ponds
fed from MPOI, settling pond outflows corresponding to wetland inflows
(MP02-MPO04), and wetland outflows corresponding to sediment filter
inflows (MPO5-MPO7) as schematically illustrated in Fig. 1. The ferru-
ginous seepage water is thoroughly oxygenated within the seepage
water distribution system, which is why the pilot plant’s inflow Fe
concentration was relatively low with ferrous and total Fe in the order of
< 1 and ~8 mg/L, respectively. Thus, the Westfield pilot plant provided
a comparatively rare opportunity to quantify Fe(OH); removal kinetics
independent of Fe(Il) oxidation.

Measuring- and
sampling point:
(MP01-MP07)

Outflows to
sediment filters

Hydrophytes
Phragmites australis

|l|,|.l,iA| 1A \,i
TR

\
fi\ it
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Fig. 1. Layout of the trifurcated Westfield pilot plant with details of sampling manholes (top) as well as settling ponds and wetlands (bottom).
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2.2. Hydraulic characterisation

Flow rates in the three parallel system lines of the pilot plant were
adjusted by ball valves and recorded by flowmeters (Stiibbe DFM200) at
a 30 s interval in the three feeding lines branching off MPO1 (Fig. 1). In
addition, impulse-response tracer tests were conducted for hydraulic
characterisation of the container-based system. Several tracer tests were
conducted in both settling ponds and wetlands at incremental (steady)
flow rates by pulse injection of Rhodamin WT (Acros Organics) into the
inlets. Outflow fluorescence was recorded by a Cyclops 7 fluorometer
(Turner Designs) at a 30 s interval. Tracer tests were conducted in winter
when plant density and thermal mixing are relatively low to obtain a
conservative estimate of the actual residence time distribution (RTD)
(Braskerud, 2001). Fluorescence measurements were corrected for
temperature following Smart and Laidlaw (1977) and converted to
tracer concentration following Bodin et al. (2012) to determine
concentration-normalised and cumulative RTD functions E(t) and F(t):

_oxc
EO~ S o coar ®
F(t) ~ i E(r)At )

Flow rate (Q) and effluent tracer concentration (C) were averaged to
a 10 min interval (At) for ease of handling and to smooth tracer response
curves. Cumulative effluent tracer mass (myy), mean HRT (t,) and
variance (¢%) were calculated as the zeroth, first and second moments of
the RTD to determine tracer recovery, centroid and spread of the tracer
response curves, respectively:

Moy ~ i 0 x Ci(1)At )

Iy R i tE(1) At ®)
i=1

&~ i (tw — 1)2E(1) At 9
i=1

The hydraulic efficiency (1) of settling ponds and wetlands was
calculated as the ratio of nominal HRT (t,) and tracer peak time ()
following Persson et al. (1999), with the intrinsic nominal HRT calcu-
lated from the container geometry with water depth () and volume (V):

_AXxz

v
0
g o 0 ao

A=2 an
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2.3. Hydrochemical monitoring

Water samples for Fe analysis were collected twice weekly at all
measuring points over approx. one year (07/2018 to 06/2019). Two
samples were collected, one filtered at 0.45 pm and acidified with 150 pL
of 1 M HCl to immediately quench Fe(II)-oxidation, the other unfiltered
and acidified with 150 uL of 12 M HCI to additionally re-dissolve
dispersed Fe(OH)3;. Samples were cooled to 4 °C before transport to
the laboratory for spectrophotometric analysis at 512 nm (Hach DR
3800 VIS) using acetate buffer solution and 1,10-phenantroline. Filtered
samples were analysed for dissolved Fe(II) and unfiltered samples for
total Fe using ascorbic acid for Fe(IIl) reduction. This procedure allowed
determination of not only dissolved species, but also particulate and
total Fe (Opitz et al., 2020). All chemicals used for stabilisation, cali-
bration or standards were analytical grade.

2.4. Data analysis

Fe removal in the pilot plant was evaluated based on inflow/outflow
Fe concentration, system geometry, flow rate, and HRT as illustrated in
Fig. 2. To generate a comprehensive dataset, flow rates in the three
parallel system lines were alternated between 100 and 500 L/h to vary
hydraulic loading. Flow rates were aggregated as medians around the Fe
samplings to smooth hydraulic fluctuations. Thus, the final semi-weekly
dataset based on Fe analyses and respectively aggregated flow rates
includes 270 measurements (90 per system line) for settling ponds and
wetlands, each.

In a first step, Fe(OH)3; removal rates in both settling ponds and
wetlands were evaluated as the change in concentration from inflow to
outflow over (retention) time assuming approximatively stationary
conditions in the containers. As Fe(II) was negligible throughout the
pilot system, total Fe concentration [Fe] was used for evaluation of Fe
(OH)3 removal:

A[Fe] _ |Fel,., — [Fel,, a2)
Ar t,

As the surface area of the pilot-scale settling ponds and wetlands
remained constant throughout the study, Eq. (12) basically evaluates Fe
mass flow through the system as governed by flow rate. From this it
follows that Fe removal rates as A[Fe]/At are (directly) proportional to
the area-adjusted Fe removal rate R4 from Eq. (1):

A[Fe] _[Fe],,, — [Fel, _ ([Fel, —[Fel,,) xQ _

— out — =R X\fl 13
At 1, AXz axe as

The water depth (z) of settling ponds and especially wetlands is
usually infinitesimal relative to length and width, although it should be
noted that water depth effects in shallow wetlands are complex and not
yet fully understood (Guo and Cui, 2021; Shih and Wang, 2020).

Fe sampling and analysis ‘

| Flowmeters ‘ Tracer tests | |

Container geometry |

J—l—l l_‘

I_!

[ inflowFe | [ Outflow Fe

| I Flow rate I—-|Retention time

TN,

Fe removal rate
A[Fe]/At in [mg/L/h]

Areal Fe removal rate
R, in [g/m?/d]

First-order coefficient
Kseq in [h7]

Fig. 2. Schematic illustration of the monitoring and data evaluation approach.
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In a second step, the extensive datasets were used to assess Fe
removal kinetics in the Westfield pilot system. Based on the preceding
column experiments, it is reasonable to assume that Fe(OH); removal in
bare settling ponds is ultimately governed by sedimentation and may
thus be approximated by the relationships provided by Opitz et al.
(2022a). As the inflow Fe level of the Westfield pilot plant was consis-
tently below 15 mg/L, the simplified first-order approach (rather than
the mixed first-/second-order model) was used with the coefficient kgq
obtained through integration and rearrangement of Eq. (3):

[Fel,,

ooy = —In e

1
[Fe] as

X 1,
The investigation of contaminant removal kinetics in passive treat-
ment systems is generally complicated by the fact that usually just two
datapoints (namely inflow and outflow) are measured that can only be
related to system geometry and/or HRT as illustrated in Fig. 2. Also, the
Westfield pilot plant was inevitably subject to various technical, envi-
ronmental, and hydrodynamic effects, including but not limited to:

W Small constructional differences between the three parallel system
lines;

W Increasing reed density in wetlands during the second vegetation
period;

M Intermittent flow rates and Fe spikes in the reservoir feed caused by
filling flushes;

M Wind-driven currents, rainfall, or buoyancy in the open system.

Such intrinsic and external spatiotemporal effects are commonly the
primary limitation of pilot-scale field trials, all the more because most
efficiency and performance criteria are developed for full-scale systems
with small dispersion indices (Chang et al., 2016; Philips et al., 2005).
Therefore, three strategies were adopted in this study to minimise po-
tential errors: Firstly, a comprehensive dataset was gathered from a
trifurcated system to smooth inevitable fluctuations. Secondly, collec-
tion of data extended over one year to ensure that different environ-
mental conditions are represented in the dataset, thus avoiding seasonal,
phytologic, or meteorologic biases. Thirdly, tracer tests were conducted
to assess potential hydraulic or hydrodynamic shortcomings of the
pilot-scale system.

z
=
o
o
=
'g 0 112 224 336
g_ Time [h]
o
£
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o — 202L/h
2 — 312Lh
Z —— 402 L/h
= —— 519 L/
g
180 240 300

Time [h]
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3. Results and discussion
3.1. Hydraulics

Generally, both settling ponds and wetlands show unimodal, posi-
tively skewed breakthrough curves with elongated tails. The tracer tests
were terminated after ~192 h to minimise imminent re-cycling of tracer
dye to the pilot plant via the Westfields’ seepage water distribution
system. The lengthy exponential tail of the curves was extrapolated
beyond truncation if needed, not only for the sake of completeness but
also to ensure a conservative estimate of the median HRT (Headley and
Kadlec, 2007). Extrapolation accounted for a small dye fraction only, e.
g. an average of 3.4% of total tracer mass for wetlands.

In-depth evaluation revealed significant differences between settling
ponds and wetlands. Settling pond RTD curves are characterised by an
early tracer peak after only 3 to 11 h that is broadly independent of flow
rate, followed by a pronounced tail (Fig. 3a). The shape indicates that
part of the dye was transported through advective zones and exited the
container early, whereas the remaining dye scattered throughout the
container before slowly bleeding out of mixed or stagnant zones. These
findings are in accordance with visual observations of the spreading dye.

Wetland RTD curves show a more consistent, “classic” shape
(Fig. 3b). Stretching of the curves with decreasing flow rate indicates
increased mixing, which is substantiated by a (negative) correlation
between flow rate and variance (R?=0.80). Apparently, preferential
flow paths that are relevant at higher flow rates are stalled at lower flow
rates (Table 1). The tracer peak is observed close to the nominal HRT
with t;:4, ratios of 0.68(+0.08). Visual observations showed effective
flow distribution by the dense reed stands with dead zones confined to

Table 1
Tracer test results from the Westfield pilot plant.
Hydraulic characterisation Unit Settling pond Wetland
Tracer injection n/a MPO1 MP02
Fluorescence monitoring n/a MPO3 MPO5
Number of tracer tests [-] 5 8
Dye recovery™ [%] n/a 89(+8)
Flow rates (see Fig. 3) [L/h] 162 - 519 172 - 500
t, [hl 31.7 - 102 14.9 - 43.2
t [h] 3.0-11.0 7.5-30.8
tm [h] 27.5-119 13.0 - 68.0
G [h] 38.4-145 13.2-48.0
e [-1 0.13(+0.06) 0.60(+0.06)
: Average (+SD).
12
£
o
g8
g 80 160 240
h-] Time [h]
c
s
; — 172L/h
= — 210L/h
= — 265L/h
x 352 L/h
= — 415L/h
= —— 440Lh
— 491L/h
—— 500 L/h
0
192 240

Time [h]

Fig. 3. Normalised RTD curves E(t) at different flow rates with cumulative RTD curves F(t) as small details for (a) settling ponds and (b) wetlands. Extrapolation

indicated as dotted lines.

o
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edge areas. Although Rhodamin WT may be lost in wetlands due to
sorption or photolysis (Lin et al., 2003), average tracer recovery was
around 90%.

Results compiled in Table 1 should be regarded with caution as to
potential re-cycling of tracer dye and tailing effects, which was partic-
ularly problematic for prolonged tracer retention in settling ponds
(Stephenson and Sheridan, 2021). Nevertheless, the tracer tests provide
valuable insights into the hydraulics and hydrodynamics of the pilot
plant. According to the classification by Persson et al. (1999), hydraulic
efficiency was poor in settling ponds and satisfactory in wetlands. Poor
settling pond hydraulics are likely attributable to the unfavourable ge-
ometry (i.e. low surface-to-depth ratio) that is prone to preferential flow
and dead zones (Shih and Wang, 2020). Better wetland hydraulics are
likely attributable to the higher surface-to-depth ratio (Shih et al., 2013)
and flow distribution by the dense vegetation (Verschoren et al., 2017).
Altogether, the hydraulic and hydrodynamic limitations of the Westfield
pilot plant prevent a robust linking of temporal Fe removal and RTD
(Guo and Cui, 2021; Sheridan et al., 2014; von Sperling, 2002).
Consequently, the nominal HRT was used as a simplistic, yet conserva-
tive estimate of actual residence time for evaluation of (inversely
exponential) Fe(OH); removal because the pre-nominal water portion
discharged from the containers is subject to the highest removal rates,
whereas the post-nominal water portion is subject to receding removal
rates (Sapsford, 2013; Wahl et al., 2010).

3.2. Iron removal

Inflow Fe levels ranged from 2.7 to 14.5 mg/L (average 8.3 & 2.2
mg/L) in settling ponds and 0.64 to 7.3 mg/L (average 2.4 + 1.0 mg/L)
in subsequent wetlands. Combined with the respective flow rates, Fe
loading of settling ponds and wetlands as first to third quartiles ranged
from 41.4 to 67.9 and 9.3 to 21.2 g/h, respectively, over the course of
the study period. The Westfield pilot plant was successful in reducing
effluent Fe levels below the site-specific discharge limit of 1 mg/L
(Fig. S1). The excellent treatment performance and operational reli-
ability are attributable to the multistage setup where residual effluent
concentrations are reliably polished in the successive stage(s), thus
optimising overall treatment performance and mitigating natural per-
formance fluctuations in the open system (Opitz et al., 2022b).

As noted in the introduction, the major Fe removal mechanisms are
expected to be nonlinearly correlated with inflow concentration. To
examine the relevance of the initial Fe level on removal, the Fe removal
rates in settling ponds and wetlands are plotted against the respective
initial Fe concentration for all 270 samplings. Both datasets in Fig. 4
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show a significant concentration-dependency, with Fe removal rates
increasing with increasing initial concentration.

For settling ponds, the concentration-dependency in Fig. 4 may be
reasonably well described by a linear regression, although the adum-
brated increase of the slope at higher Fe levels could be indicative of a
transition from settling- to aggregation-driven Fe removal as suggested
by the mixed model in Eq. (4). Unfortunately, the range of inflow Fe
concentrations (max. 14.5 mg/L) is insufficient for respective in-depth
evaluation. Interestingly, the x-intercept of the regression at ~1.5 mg/
L indicates that sedimentation-based Fe removal in settling ponds is
inherently limited at residual Fe levels, which corresponds with similar
observations in the preceding sedimentation experiments where a re-
sidual colloidal fraction remained suspended for long time spans (Opitz
et al., 2022a).

For wetlands, the concentration-dependency in Fig. 4 is best
described by a superlinear regression, implying that Fe removal in
densely vegetated wetlands follows a more complex overall mechanism
compared to bare settling ponds. The multicausal polishing process may
include, but not be limited to sedimentation, filtration, adsorption and
heteroaggregation (Verschoren et al., 2017). Hence, there is good reason
to assume that Fe removal in wetlands is inadequately described by the
same sedimentation model approach as in bare settling ponds. It is,
however, interesting to note that the regression asymptotically ap-
proaches the origin, illustrating that wetlands (in contrast to settling
ponds) are effective in retaining even finely dispersed, residual colloids
in the dense hydrophyte stands. Altogether, the direct juxtaposition of
both treatment stages highlights the superior treatment efficiency of
densely vegetated wetlands relative to (unvegetated) settling ponds,
especially for polishing at low Fe levels.

A tentative indication of the order of Fe removal can be obtained by
the double-logarithmic plot of Fe removal rates vs. initial Fe concen-
tration in Fig. 5. For settling ponds, the plot provides limited informa-
tion due to the relatively stable inflow Fe level from the reservoir with
50% of datapoints clustered between 7.2 and 9.6 mg/L. Nevertheless,
the slope in the order of 1.3 indicates that Fe removal may be reasonably
well approximated by the simplified first-order model at low to mod-
erate Fe levels such as observed in the Westfield pilot plant. Moreover, it
is conceivable that the slope of 1.3 may in fact split in slopes of 1
(sedimentation-driven) and 2 (aggregation-driven) at lower and higher
Fe levels, respectively, as observed in the preceding column experi-
ments; yet again, Fig. 5 gives no indication of the development of Fe
removal kinetics at higher initial Fe levels and thus no empirical
confirmation of the aggregation-driven increase of Fe removal dy-
namics. Evaluation of the settling ponds’ dataset for first-order removal

0.4
< o s
-} /
g 03 Wetlands )
- R2=0.80 , Settling ponds _
SR R2z=0.62
‘%vq 024 / A
-]
c
s
3
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0 16
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Fig. 4. Correlation of Fe removal rates as A[Fe]/At and inflow Fe concentration in settling ponds (orange circles) and wetlands (green diamonds) with overall

regressions as dashed lines.
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Fig. 5. Double-logarithmic plot of Fe removal rates vs. initial Fe concentration
in settling ponds (orange circles) and wetlands (green diamonds) with dashed
lines indicating slopes.

via Eq. (14) yields an overall coefficient kg of 2.1(+0.7) x 102h!
(Fig. S1a), which corresponds well with initial laboratory findings noted
in the introduction. The spread in kgq is attributable to a slight
concentration-dependency, which is in accordance with the preceding
column experiments that showed a similar effect due to receding
homoaggregation of dispersed Fe at lower Fe levels (Opitz et al., 2022a).

In wetlands, the complexity of Fe removal is substantiated by both
the double-logarithmic plot in Fig. 5 which clearly shows a broken-order
relationship over the dataset, and by the scattering observed in Fig. S1b
for the coefficient k,.q as evaluated on a trial basis via Eq. (14). As Fe
removal in wetlands should also be expected to vary depending on
ecological factors (macrophyte species, plant density, water depth, etc.),
we propose to advance the established areal sizing approach by incor-
porating the concentration-dependency empirically determined in this
study rather than trying to establish an overall kinetic equation for the
multicausal process. To parameterise the extended areal Fe removal
model, the removal rates in Fig. 4 were converted to areal Fe removal
rates following Eq. (13). The concentration-dependency of R4 for the
pilot-scale wetlands was fitted as Ry = m x [Fe];, withm = 0.2 and n =
1.4 as illustrated by the superlinear regression in Fig. S2b.
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3.3. Comparison with literature data

In order to compare the Westfield pilot plant data with literature
data, the area-adjusted Fe removal rates from Tab. S2 are compared to
the converted areal Fe removal rates from this study from Fig. S2. All
passive systems compiled in Tab. S2 were implemented at (abandoned)
coal mines in the Anglo-American area for treatment of ferruginous,
weakly acidic to weakly alkaline mine water (pH-range 4.7 to 8.1). It
should be noted that the literature reports are often individual mea-
surements rather than robust, aggregated long-term monitoring data
and should thus be treated with caution.

For settling ponds, the literature data corresponds reasonably well
with the relationship derived in this study, especially at low and mod-
erate inflow Fe levels. This is somewhat surprising considering the wide
range of pond configurations, ferrous-ferric ratios, and pH of the liter-
ature data. Notably, settling ponds with higher inflow Fe levels display
higher areal Fe removal rates relative to the (extrapolated) relationship,
presumably owing to homoaggregation effects as demonstrated in the
preceding column experiments (Opitz et al., 2022a). The three outliers
marked in Fig. 6a correspond to exceptionally deep settling ponds (z >
2.5 m), indicating a maximised residence time per unit area. Such mass
flux effects are altogether disregarded by an area-based approach.
Further evaluation of Fe(OH)s; removal kinetics from the data in Tab.
S2a is precluded by missing data on HRT and/or pond geometry as well
as the usually large Fe(II) fraction in the inflow.

For wetlands, an inconclusive pattern is observed in Fig. 6b with
literature reports scattered both below and above the relationship from
this study, largely well below the established sizing criteria. The main
difficulty in comparing and evaluating wetland performance is the
heterogeneity in not only mine water chemistry (pH, Fe loading, ferrous-
ferric-ratio, etc.), but also wetland configuration (shape, water depth,
substrate amendment, macrophyte species, plant density, hydraulic ef-
ficiency, etc.) as noted in respective surveys (e.g., Cravotta and Brady,
2015; Stark and Williams, 1995; Tarutis et al., 1999; Wieder, 1989). The
concentration-dependant relationship developed in this study applies to
polishing of residual, colloidal Fe from pre-treated ferruginous mine
water in relatively deep, reed-planted wetlands and is, to the best of our
knowledge, the first such relationship developed for mine water treat-
ment wetlands.

3.4. Simulation of iron removal in full-scale settling ponds
Coupling of contaminant removal and (retention) time is increas-

ingly used to model Fe transport, transformation, and removal in
mining-impacted waters (e.g., Baken et al, 2015; Cravotta, 2021;

30
x Literature (Tab. S2)
20
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criteria of 10-20 g/m?/d

Areal Fe removal rate (R,) [g/m?/d]

20
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Fig. 6. Correlation of area-adjusted Fe removal (R4) and inflow Fe concentration in (a) settling ponds and (b) wetlands, with results of this study as coloured di-
amonds and dashed (extrapolated) regression lines, and literature data from Tab. S2 as black crosses.
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Fig. 7. Development of Fe concentration throughout the Marchand settling
ponds A to F as a function of nominal HRT with symbols as Fe concentrations
reported by Hedin (2013) and modelled lines.

Garcia-Rios et al., 2021; Yazbek et al., 2021). As noted above, in-depth
evaluation of passive Fe removal in full-scale treatment systems
regarding the underlying kinetics is, however, generally limited because
only inflow and outflow datapoints are available.

Having said that, the Marchand system in Pennsylvania listed in Tab.
S2 is one of the largest and best-characterised passive mine water
treatment systems worldwide, consisting of six consecutive settling
ponds (A to F) with a combined surface area of ~2.5 ha followed by a
~2.9 ha wetland (Hedin, 2008). According to long-term monitoring data
from 2007 to 2012, the circumneutral and highly ferruginous discharge
from the abandoned Marchand coal mine is estimated at an average 426
m®/h with an inflow Fe concentration of 72.4 mg/L that is successfully
lowered below the discharge limit of 3 mg/L (Hedin, 2013). The inter-
mediate sampling points of the consecutive settling ponds provide a rare
opportunity to model the underlying Fe removal kinetics by relative
least-square fitting of the concentration development along the flow
path (Fig. 7).

Based on nominal HRT of the settling ponds and assuming > 80%
oxygen saturation as well as a moderate (average) temperature of
~10 °C, k’ox was fitted at 3.3 x 102 h™!, which corresponds to a pH of
~6.7. This assorts well with the pH (range 6.3 to 7.1) and temperature
(annual average 13 to 14 °C) reported by Hedin (2008). The first-order
coefficient kg.q was fitted at 3.8 x 1072 hfl, exceeding estimates from
this study and thus substantiating the general impression from Fig. 6a as
further discussed below. Altogether, the kinetics-based model approach
works quite well to reproduce the observed Fe concentration levels,
especially considering the fluctuation of critical parameters (flow rate,
inflow Fe, HRT, etc.) as reported by Hedin (2008, 2013).

4. Implications
4.1. Rate-determining iron removal processes

As noted in the introduction, research on Fe removal in passive mine
water treatment systems initially focussed on Fe(Il) oxidation as the
(assumed) rate-determining step (e.g., Kirby et al., 1999; Tarutis et al.,
1999). While this is certainly applicable in acidic mine drainage, Fe(II)
oxidation in circumneutral mine water occurs demonstrably rapid Dietz
and Dempsey, 2017). Therefore, it is assumed that Fe(Il) oxidation is
only rate-determining for unfavourable conditions such as acidic pH,
suboxic conditions, or low temperatures (e.g., Flanagan et al., 1994;
Hedin, 2008; Sapsford, 2013). Based on the results of this study, we are
now able to approximatively delineate the rate-determining Fe removal
process at moderate Fe levels. To that end, overall Fe removal via
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Fig. 8. Ratio of (pseudo) first-order Fe(Il)-oxidation and Fe(OH)z-sedimenta-
tion coefficients k', and kgeq as a semi-logarithmic function of pH at different
temperature and oxygen saturation levels.

consecutive Fe(Il) oxidation and Fe(OH)3 sedimentation is analytically
described by coupled integration of Eqs. (2) and ((3) with:

X (e—k',,,x( — g keaxt)
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For two consecutive processes of first order, the process with the
smaller reaction constant is considered rate limiting (Capellos and
Bielski, 1980). As k’,x increases hundredfold with a pH-increase by one
unit, the pH is ultimately the critical parameter (Stumm and Morgan,
1996). As illustrated in Fig. 8, Fe(II) oxidation is rate-determining for
overall Fe removal under acidic conditions (pH < 6) whereas Fe(OH);3
sedimentation becomes rate-determining under neutral or alkaline
conditions (pH > 7) as previously suggested by Sapsford (2013). The
two processes are roughly equally paced at weakly acidic conditions (pH
6 to 7) where k’,, and kg4 converge, and where variations in pH, tem-
perature, or oxygenation may play a critical role.

4.2. Transferability

The model approaches developed in this study were derived from
and tailored to the site-specific challenges and boundary conditions of
the Westfield site — i.e. a fully oxygenated, moderately ferruginous
seepage water subject to a strict Fe discharge limit. This starting situa-
tion differs from “classic” coal mine discharges that often exhibit high
(ferrous) Fe levels and moderate Fe discharge limits. Therefore, the
model approaches developed in this study explicitly provide a conser-
vative basis for sizing of settling ponds and wetlands in integrated
passive systems, focussing on low to moderate Fe levels and aiming at
utmost operational reliability in due consideration of strict discharge
permit criteria.

In this context, it is important to note that the kinetics-based model
approach for settling ponds (oxidation and/or sedimentation) as com-
bined in Eq. (15) disregards any catalytic effects such as heterogeneous
Fe(Il)-oxidation (Dietz and Dempsey, 2017), aggregation-driven Fe
(OH)3 sedimentation (Chikanda et al., 2021), or biogeochemical pro-
cesses (Kappler et al, 2021; Melton et al, 2014). Therefore, the
simplified model is expected to underestimate overall Fe removal at
higher Fe levels. By way of example, the elevated ki fitted in Fig. 7 is
likely attributable to the much higher Fe level throughout the Marchand
system where Fe(OH)3 is expected to peak at ~25 mg/L after ~24 h in
settling ponds B and C, providing sufficient dispersed solids for
aggregation-driven sedimentation.
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The tendency of the model approaches developed in this study to
underestimate overall Fe removal dynamics by either disregarding or
simplifying catalytic effects is — to a certain extent — intentional and
imperative, not only for the sake of simplification but also because en-
gineering model approaches are expected to intrinsically err on the
conservative side to avoid operational failure and resultant pollution of
receiving surface waters. This is particularly important in light of the
complex interrelation of Fe(Il) oxidation dynamics with gas transfer
processes (O3 diffusion and CO, degassing), aggregation-driven Fe(OH)3
sedimentation, and actual RTD in passive systems as demonstrated by
Dempsey et al. (2001). These aspects could not be investigated at the
Westfield site due to the seepage water chemistry and should thus be the
focus of future studies on full-scale systems to optimise the model ap-
proaches developed in this study.

5. Conclusions and outlook

In light of the contemporary spreading of passive technologies whilst
also tightening of environmental regulations worldwide, it is inalienable
to advance the sizing of passive mine water treatment systems. The in-
sights and (quantitative) results from the Westfield pilot plant provide a
novel scientific and technical basis for customised sizing of settling
ponds and wetlands in due consideration of Fe removal kinetics. For
settling ponds, we propose utilising a kinetics-based model approach for
approximation of sedimentation-driven Fe(OH)3 removal:

A Q x (In[Fe],,, — In[Fe],,)

16
—kyea X Z ae

The first-order sedimentation coefficient kg4 from the pilot-scale
settling ponds of 2.1(£0.7) x 102 h ~ ! corresponds well with previ-
ous laboratory reports. The approach may be extended to further
consider the preceding Fe(II) oxidation step according to Eq. (15), with
only a small set of standard input parameters (Fe concentration, flow
rate, pH) and simplifying assumptions (e.g. moderate temperature,
steady pH) as well as technical pre-conditions (e.g. pre-aeration, sound
hydraulic design) required to estimate the necessary HRT and thus pond
size for overall Fe removal. The kinetics-based model approach provides
a more realistic sizing foundation compared to assignment of a flat HRT
or areal Fe removal rate, especially at low to moderate Fe levels that are
ultimately relevant for strict discharge criteria.

For wetlands, we propose to advance the established area-adjusted
sizing approach in Eq. (1) by incorporating the concentration-
dependency parameterised in this study. Such practical simplification
of complex, natural mitigation processes is common in the field of
(waste)water treatment where sizing of engineered systems is typically
achieved by conservative, empirical formulae:

m x [Fel,"

in

A 17)

The coefficients m and n were empirically determined as 0.2 and 1.4,
respectively, for reliable polishing of finely dispersed, colloidal Fe in
dense reed stands following pre-treatment in settling ponds. Under these
conditions, the extended areal approach provides a more realistic
approximation of the complex sedimentation and filtration mechanisms
compared to the established, linear approach.

Finally, Egs. (16) and (17) show that the pond or wetland size is
expected to be linearly correlated with flow rate, whereas Fe removal
per unit area exponentially increases with increasing Fe concentration.
Therefore, dilution or blending of mine discharges should generally be
avoided to minimise not only pollutant dispersion, but also the overall
effort (and land consumption) of passive mine water treatment.
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Figure S1. Temporal development of treatment efficiency, area-adjusted Fe removal (Rs) and first-order
Fe removal coefficients (kseq) in (a) settling ponds and (b) wetlands, with solid lines as averages and
dashed lines as first and third quartiles (n=270).
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Figure S2. Correlation of area-adjusted Fe removal rates (Ra) with inflow Fe concentration in (a) settling
ponds and (b) wetlands, with overall regression as dashed lines. To illustrate clustering effects, the data
is aggregated in inflow Fe intervals with similar numbers of datapoints as black circles with standard

deviation as error bars.
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Table S3. Inflow water chemistry of the Westfield pilot plant (2018-2019) as average (+SD) with number
of samples n=64 unless specified otherwise.

Parameter Unit Inflow concentration
pH (n=60) - 7.5 (x0.2)
Electrical conductivity (n=60) uS/cm 3240 (£146)
Oxygen saturation (n=60) % 89 (£5)
Turbidity (n=338)* NTU 76.1 (x17.2)
Fe(tot) (n=90) mg/L 8.33 (+2.18)
Mn Mg/l 1508 (+268)
As (n=18) Mg/l 6.37 (£2.58)
Ca mg/L 578 (+45)
Mg mg/L 112 (18.7)
F mg/L 1.57 (£0.16)
Cl mg/L 95.9 (x17.6)
Br mg/L 0.84 (x0.17)
SO4 mg/L 1601 (£139)
NH4 mg/L 0.74 (+0.15)
NOs mg/L 1.06 (+0.46)

* Daily averages of in-situ turbidity sensor measurements (WTW VisoTurb 700 1Q).
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