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Abstract 

 

Calcium carbonate and iron/manganese (hydr)oxide formation in aquatic media is widespread 

in different natural and technical environments. Especially in technical settings such 

precipitates, so called scale deposits, constitute a serious and challenging issue if deposition 

and clogging (scaling) affect or limit the continuous water transport in tunnel drainage systems, 

wells, pipelines or industrial water circuits. In some cases, such unwanted deposits can cause 

irreparable damage to the drainage systems if mineral formation leads to a dramatic loss in the 

efficiency of water and/or energy transfers, and in serious cases to a total blockage of fluid 

flows. Regular inspections as well as services and maintenance are therefore essential. 

However, maintenance work, including mechanical or chemical removal of such unwanted 

scale deposits is highly cost and labour intensive and leads to traffic disturbances. All these 

troubles with detrital and precipitated mineral deposits in drainage systems argue for an 

enhanced understanding of processes and formation mechanisms, as well as an assessment of 

the interplay between the evolution of precipitating solutions and the composition, 

microstructure, material consistency and durability etc. of the geogenic or anthropogenic 

deposits. Thus, the main focus of this PhD thesis is an advanced and detailed knowledge on 

relevant formation mechanisms and the site-specific source of scale deposit formation, as well 

as the dependencies of various and variable environmental influences. Another important factor 

is to investigate the spatiotemporal occurrence and influences of variable scale material 

consistency, macroscopic appearances of the scale deposits and chemical-sedimentary 

dynamics in different tunnels. Microbes can also significantly influence the scaling process. 

Tunnel drainage systems are therefore a highly complex and partly seasonally dependent 

environmental system in which the interaction of the hydrosphere, lithosphere, biosphere, 

atmosphere and also anthroposphere plays a significant role. Thus, natural (geogenic) 

conditions, such as the geological setting, occurrence of diverse microbes (bacteria), the 

chemical composition of the local groundwater or the amount of water ingress as well as 

technical-operative settings, such as the drainage design and associated flow geometries or 

interaction with cement-bound building materials affect the case-specific formation 

mechanisms of scale deposits and their specific appearances, compositions and material 

characteristics. In order to prevent such unwanted mineral deposits and to use suitable 

prevention strategies an advanced process understanding is fundamental. Sustainable 

prevention strategies involve the case-specific use of eco-friendly chemical additives (e.g. green 

inhibitors) and an appropriate drainage design with suitable building materials (e.g. plastics). 
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Considering all these processes, it is important to mention that each tunnel drainage system 

must be assessed individually in order to develop appropriate and sustainable prevention 

strategies. 

 

Kurzfassung 

 

Die Bildung von Kalziumkarbonaten und Eisen-/Mangan(hydr)oxiden in wässrigen Medien ist 

in verschiedenen natürlichen und technischen Umgebungen weit verbreitet. Insbesondere in 

technischen Umgebungen stellen solche Ausfällungen, so genannten Versinterungen, ein 

ernstes Problem dar, wenn derartige minerlischen Ablagerungen und Blockaden (Prozess 

„Scaling“) den kontinuierlichen Wassertransport, etwa in Tunnelentwässerungssystemen, 

Bohrlöchern, Pipelines oder industriellen Wasserkreisläufen, beeinträchtigen oder 

einschränken. In einigen Fällen können solche unerwünschten Ablagerungen irreparable 

Schäden an Entwässerungssystemen verursachen, wenn die Mineralbildung zu einem 

drastischen Verlust der Effizienz des Wasser- und/oder Energietransfers und in 

schwerwiegenden Fällen zu einer vollständigen Blockierung der Flüssigkeitsströme führt. 

Regelmäßige Inspektionen sowie Wartungs- und Instandhaltungsarbeiten sind daher 

unerlässlich. Wartungsarbeiten, einschließlich der mechanischen oder chemischen Entfernung 

solcher unerwünschten Ablagerungen, sind jedoch kosten- und arbeitsintensiv und führen zu 

begleitenden Verkehrsbeeinträchtigungen. Alle diese Probleme mit häufig wiederholt 

ausgefällten mineralischen Ablagerungen in Entwässerungssystemen sprechen klar für die 

Notwendigkeit eines verbesserten Verständnisses der Prozesse und Bildungsmechanismen, 

sowie für eine systematische Bewertung des Zusammenspiels zwischen der Entwicklung von 

zur Ausfällung neigenden Wässern und der Zusammensetzung, Mikrostruktur, 

Materialbeschaffenheit und Porosität der geogen und anthropogen bedingten Ablagerungen. 

Das Hauptaugenmerk dieser Doktorarbeit liegt daher auf vertieften und detaillierten 

Kenntnissen der Bildungsmechanismen und der standortspezifischen Herkunft der gebildeten 

Minerale und Sedimente, sowie der Abhängigkeiten von verschiedenen Umwelteinflüssen. Ein 

weiterer wichtiger Faktor ist die Untersuchung des Auftretens und der Einflüsse variabler 

Materialkonsistenzen der Präzipitate, der makroskopischen Erscheinungsformen von 

mineralischen Ablagerungen und der räumlich-zeitlichen sedimentären Dynamik. Auch 

Mikroben (v.a. Bakterien) können die Ablagerungsreaktionen erheblich beeinflussen. 

Tunnelentwässerungssysteme sind folglich ein komplexes und teilweise jahreszeitlich 
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abhängiges Umweltsystem, in dem das Zusammenspiel von Hydrosphäre, Lithosphäre, 

Biosphäre, Atmosphäre und auch Anthroposphäre eine wesentliche Rolle spielt. So 

beeinflussen sowohl natürliche (geogene) Bedingungen, wie die geologische Umgebung, das 

Vorkommen von spezifischen Mikroben, die chemische Zusammensetzung des lokalen 

Grundwassers oder die Menge des Wasseraufkommens und damit der Entwässerung, als auch 

technisch-betriebliche Gegebenheiten, wie die Entwässerungsgestaltung und die damit 

verbundenen Strömungsgeometrien oder auch die Wechselwirkung mit zementgebundenen 

Baustoffen, die fallspezifischen Bildungsmechanismen von Ablagerungen und deren 

Erscheinungsformen, Zusammensetzungen und Materialeigenschaften. Um solche 

unerwünschten Ausfällungen zu verhindern und geeignete Präventionsstrategien anzuwenden, 

ist ein vorausgehendes Prozessverständnis dringend erforderlich. Nachhaltige 

Präventionsstrategien sind der tunnelspezifische Einsatz ökologisch unbedenklicher, 

chemischer Additive (z.B. Grüne Inhibitoren) und eine geeignete Entwässerungsplanung mit 

geeigneten Baustoffen (z.B. Kunststoffe). Bei all diesen Prozessen ist es wichtig zu betonen, 

dass jedes Tunnelentwässerungssystem systematisch und individuell bewertet werden muss, 

um geeignete Präventionsstrategien entwickeln zu können. 
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Chapter 1 – Introduction 

 

The overall aim of this PhD thesis is to get an advanced process understanding of the formation 

mechanisms and reaction kinetics of CaCO3 and accessory mineral precipitates (e.g. Fe-

(hydr)oxides) as well as microbial biofilms in tunnel drainage systems to prevent such 

unwanted scale deposits. The main focus of this thesis is therefore to decipher and assess the 

causes, mechanisms, influencing factors as well as environmental dependencies that lead to 

scale deposit formations in individual drainage systems to develop suitable and sustainable 

prevention strategies. This is done by considering the entire reactive system including the 

aquatic solution by dissolving and precipitation of solids and exchanging with the atmosphere. 

Three interfacial phenomena are of particular importance: atmosphere – solution, solution – 

precipitate and precipitate – substrate (solid surfaces; e.g. drainage pipe). To investigate the 

above aspects, a multiproxy approach was choosen including a broad range of bulk and high-

resolution optical, chemical, mineralogical and isotopic tools. The solid scale samples were 

additionally analyzed for their microbial content. In some cases, automated and remotely 

controlled sensors were implemented for in-situ and online monitoring, for instance continuous 

measurements of pH, temperature, and electric conductivity of the drainage water. Chapter 2 

gives a summarized overview of the most significant research data and state of knowledge for 

scale deposit formation and prevention strategies over the last years, which are discussed in 

details in the following chapters. In the Chapters 3 and 4 the reaction mechanisms and 

environmental influences of scale formation are discussed. The use of green inhibitors 

(ecofriendly and biodegradable chemical additives), as well as a suitable drainage design with 

adequate building materials (e.g., different plastics) are two strategies for preventing unwanted 

scale deposits, which are topics of Chapters 5 to 7. Finally, Chapter 8 summarizes future 

perspectives for further research approaches and possible prevention strategies for the highly 

variable and complex formation mechanisms of scale deposits in tunnel drainage systems.  

This doctoral thesis is composed of the following individual chapters, which are based on 

research contributions published in international peer-reviewed journals. 

Chapter 2 gives a brief overview of the whole doctoral thesis and sums up the state of 

knowledge as well as current challenges of scale deposit formation in tunnel drainage systems 

over the last few years. In particular, the process mechanisms of scale deposit formation in 

terms of typification, controlling parameters of the formation, such as water chemistry, 

interfacial phenomena, microbial activity, and prevention strategies, such as appropriate 
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adaptation of construction materials, drainage design, inhibitor use and cleaning procedures. 

Chapter 2 has been published in the journal “Geomechanics & Tunneling” in 2022:  

Dietzel, M.; Eichinger, S. (2022) Scale formation processes – state of knowledge and current 

challenges. Geomechanics and Tunnelling 15, No. 4, pp. 347–357. 

https://doi.org/10.1002/geot.202200009.  

Chapter 3 deals with the physicochemical driving forces to induce and control the formation 

processes of scale deposits in tunnel drainage systems, using the Semmering tunnel 

chain (series of road tunnels) as a case study. In particular, lights are shed on the 

hydrochemical parameters and mechanisms controlling the formation and fabrics of 

unwanted carbonate CaCO3 scale deposits, using a multiproxy approach  

• to implement data from periodical sampling as well as continuous in-situ monitoring of 

aqueous carbonate precipitating solution parameters, 

• to explain the formation mechanisms of the visually highly divers scale deposits, 

• to trace scale formation by stable carbon and oxygen isotopes, and 

• to verify the occurrence of distinct bacteria and their influence on scale formation  

Chapter 3 has been published in the journal “Science of the Total Environment” (IF:10.7) in 

2020:                           

Eichinger, S., Boch, R., Leis, A., Koraimann, G., Grengg, C., Domberger, G., Nachtnebel, M., 

Schwab, C., Dietzel, M. (2020). Scale deposits in tunnel drainage systems – A study on fabrics 

and formation mechanisms. Science of the Total Environment, 718, 137140. 

https://doi.org/10.1016/j.scitotenv.2020.137140. 

Chapter 4 describes the results from the research project of the “Task Force Drainage”. In this  

study 16 railway tunnels were investigated for a systematic compilation, characterization, and 

evaluation of scale deposits in relation to their formation mechanisms and the influence of 

variable environmental factors. A classification in four different major types of scale deposits 

according to their macroscopic appearance and material consistency is developed. Chapter 4 

has been published in the international journal “Geomechanics & Tunneling” in 2020:  

Eichinger, S., Leis, A., Boch, R., Seywald, C., Dietzel, M. (2020). Assessment and formation 

mechanisms of scale deposits in tunnels of the ÖBB‐Infrastruktur AG – A subproject of the Task 

Force Drainage. Geomechanics and Tunnelling, 13(3), 273-285. 

https://doi.org/10.1002/geot.202000006. 

https://doi.org/10.1016/j.scitotenv.2020.137140
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Chapter 5 provides new insights into the use of a specific green inhibitor in a tunnel drainage 

system as a suitable prevention strategy. The eco-friendly and biodegradable inhibitor 

polyaspartate (PASP) was tested and assessed in order to significantly reduce and modify the 

(micro)structure, amount, and material consistency of the widespread CaCO3 scale deposits. 

The application of trace concentrations of PASP causes a significant inhibition of CaCO3 

precipitation, as well as a more porous or even loose scale consistency (calcareous mud) of the 

CaCO3 scale deposits and a shift in CaCO3 mineralogy from predominant calcite to metastable 

aragonite and vaterite. Even a few mg PASP per litre induced a highly elevated saturation index 

of calcite of up to ~2, i.e. close to the saturation level of amorphous calcium carbonate (ACC). 

The use of PASP has to be evaluated case-specifically, since microbial activity may metabolize 

PASP, i.e. consume it as a nutrient. This study combines promising results with regard to 

fundamental carbonate research as well as technical applications in the context of tunnel 

maintenance. Chapter 5 has been published in Water Research (IF: 13.4) in 2022:  

Eichinger, S., Boch, R., Leis, A., Baldermann, A., Domberger, G., Schwab, C., & Dietzel, M. 

(2022). Green inhibitors reduce unwanted calcium carbonate precipitation: Implications for 

technical settings. Water Research, 208, 117850. 

Chapter 6 describes the application of scale inhibitor treatment as an efficient preventive 

measure. Especially PASP-based products, available as liquid and in the form of depot stones 

(Polysuccinimid (PSI) - releasing tabs) has been compared and evaluated. Advantages and 

disadvantages of the respective applications are discussed. In this study a novel compact test 

(rapid, small space requirement) for determining the effectiveness of green inhibitors on liquid 

conditioning has been developed, which is suitable for future case studies and current concepts. 

Chapter 6 has been published in the journal “Geomechanics & Tunnelling” in 2022:  

Leis, A.; Wagner, H.; Eichinger, S.; Dombrger, G.; Wedenig, M.; Dietzel, M.; Boch, R. (2022) 

Use of green inhibitors for hardness stabilisation of tunnel drainage systems. Geomechanics 

and Tunnelling 15, No. 4, pp. 402–413. https://doi.org/10.1002/geot.202200018. 

Chapter 7 summarizes three publications which were developed within the interdisciplinary 

research project PolyDrain. PolyDrain was funded by the FFG (österreichische 

Forschungsförderungsgesellschaft) from 2017 to 2020 and involved the cooperation of 9 

different research disciplines. The approach of this study is based on developing methods and 

modifying the polymer matrix of drainage pipes by adding active fillers to reduce the scale 

deposit formation in tunnel drainage pipes. Seven different compounds, consisting of a 

polyethylene-based polymer with individual fillers were developed and tested in the laboratory 
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as well as at field sites in tunnel buildings. The amount and crystal shape of the newly formed 

CaCO3 precipitates on the polymer surface of these 7 compounds were assessed using 

chemically and (electron)optical analytical methods. Chapter 7.1 includes a synthesis of two 

publications from the journal “BHM (Berg- und Hüttenmännische Monatshefte)”, Chapter 7.2 

has been published in the international journal “Geomechanics & Tunneling” in 2019: 

7.1:  Arbeiter, F.; Eichinger, S.; Rieß, G.; Schachinger, T.; Boch, R.; Wenighofer, R.; Galler, 

R.; Hausberger, A.; Strobl, E.; Stur, M.; Saliger, F.; Steiner, M.; Dietzel, M., Pinter; G. (2019) 

Optimierte Polymer-Rohrwerkstoffe für effiziente Drainagesysteme in Tunnelbauwerken – 

Poly-Drain. Berg- u. Hüttenmännische Monatshefte 164, H. 12, S. 545–551. 

https://doi.org/10.1007/s00501-019-00918-6. 

Arbeiter, F., Eichinger, S., Rieß, G., Schachinger, T., Boch, R., Wenighofer, R.; Galler, R., 

Hausberger, A.; Strobl, E.; Stur, M.; Saliger, F.; Steiner, M.; Dietzel, M., & Pinter, G. (2020). 

Optimierte Polymer-Rohrwerkstoffe für effiziente Drainagesysteme in Tunnelbauwerken—

PolyDrain Teil II. BHM Berg-und Hüttenmännische Monatshefte, 165(12), 623-630. 

7.2: Schachinger, T., Arbeiter, F. J., Eichinger, S., & Saliger, F. (2019). Research on pipe 

materials for tunnel drainage by the ÖBB Task Force Drainage. Geomechanics and Tunnelling, 

12(5), 467-471. 
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Chapter 2 - Scale formation processes – state of knowledge 

and current challenges 
 

Martin Dietzel1 & Stefanie Eichinger1 

1 Institute of Applied Geosciences, Graz University of Technology & NAWI Graz GeoCenter, Rechbauerstrasse. 

12, 8010 Graz, Austria. 

 

2.1 Abstract 

Scale formation in water drainage systems occurs in diverse forms. In tunnel drainage systems 

in particular, calcium carbonate deposition can significantly impair water discharge, resulting 

in costly maintenance work and tunnel closures. This review paper presents and discusses the 

state of knowledge as well as the current challenges regarding scale formation in tunnel 

drainage systems in terms of typification, parameters controlling formation, such as 

hydrochemistry, interfacial phenomena, microbial activity, and countermeasures, such as 

appropriate adaptation of construction materials, drainage design, inhibitor use and cleaning. 

Detailed knowledge of the case-specific scale formation environment and the scaling capacities 

of the waters provides the basis for the tailored development and evaluation of suitable 

strategies for successfully reducing maintenance efforts and tunnel closure. For this purpose, 

time- and site-resolved monitoring of the composition of the solid phases, waters and the tunnel 

atmosphere during the implementation of the construction project and during the operation of 

the tunnel is paramount. 

 

2.2 Introduction 

The maintenance of the functionality of tunnel drainage systems is essential to ensure the 

usability and subsequent load-bearing capacity of a tunnel construction. Drainage systems are 

specifically designed to suit the structural requirements of the tunnel project, the local geology 

and the prevailing groundwater conditions thus play an essential role in this regard. Unwanted 

scale deposits in drainage systems which impede or prevent the proper discharge of water from 

the tunnel to the outfall drain present a major challenge. In recent decades, a multitude of field, 

laboratory and simulation studies have investigated the possible causes of such scale deposits 

as well as strategies to prevent or remove them [1–3]. In most cases, calcium carbonate 

precipitation is the dominant scale formation process in tunnel drainage systems, in addition to 

iron hydroxide deposits and material entrained in suspension. Driving forces are the amount 
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and composition of water inflows, the interaction of these inflows with both the building 

materials used and the tunnel atmosphere as well as the mixing of waters along the tunnel 

drainage system [4]. Scale formation in tunnel drainage systems tends to intensify in the 

presence of calcium and carbonate-rich groundwater in combination with exposed building 

materials that readily mobilise calcium and hydroxides, e.g. calcium silicate hydrate phases 

(CSH) or Portlandite (Ca(OH)2) from shotcrete and anchor mortar. In almost all scenarios, the 

predominant overall conversion rates for calcium carbonate (CaCO3) precipitation can 

illustrated by the following chemical reactions: 

 

Ca2+ + 2HCO3
- = CaCO3 + CO2 + H2O                                                                                   (1) 

Ca(OH)2 + Ca2+ + 2HCO3
- = 2CaCO3 + 2H2O                                                                         (2) 

CSH + CO2(g) = CaCO3 + SiO2 * nH2O                                                                                     (3) 

 

whereby the carbonate can come from the groundwater (HCO3
–) (Equations 1 and 2) and/or the 

tunnel atmosphere (CO2(g)) (Equation 3). It should be noted that CaCO3 formation often does 

not occur in isolation; instead, it is characterised by interactions with mainly siliciclastic 

components, e.g. clay minerals, and (hydr)oxidic components, e.g. quartz and iron hydroxides, 

as well as more complex interactions with organic components – often metabolically catalysed 

(microbiology) [5]. Thus the occurrence, consistency and variability over time of different scale 

deposits are complex and must be mapped, documented and assessed on a case-by-case basis 

for each individual drainage system [5, 6]. Currently successful approaches to prevent such 

scale deposits thus increasingly focus on the development and use of novel building materials 

which exhibit significantly reduced calcium leaching behaviour, as well as the use of inhibitors 

(also referred to as hardness stabilisers) to suppress and thus reduce or prevent CaCO3 

precipitation along the tunnel drainage system [7–9]. Furthermore, significant advances have 

been made in the planning and design of drainage systems in terms of optimising their spatial 

arrangement and operating conditions, e.g. separate drainage, preventing the mixing of different 

water sources, reducing water turbulences, reducing water-atmosphere exchange and adapting 

lining materials [10, 11]. This paper gives an overview of the processes of scale deposition with 

the focus on typification and the parameters controlling scaling mechanisms, such as 

hydrochemistry, interfacial phenomena, microbial activity, drainage design, the use of 

inhibitors and the assessment of scaling capacity. It describes the current state of knowledge 
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and challenges regarding the formation and prevention of scale deposits in tunnel drainage 

systems which will be discussed in greater depth in subsequent articles in this edition of 

Geomechanics and Tunnelling [6, 9, 10]. 

 

 2.3 Types of scale deposits 

 Scale deposits forming in tunnel drainage systems consist mainly of the carbonate minerals 

calcite (trigonal CaCO3) and aragonite (orthorhombic CaCO3), with vaterite (hexagonal 

CaCO3), brucite (Mg(OH)2), and Fe/MnOOH containing and organically induced precipitates 

occurring to a lesser degree. In addition to these newly formed deposits from the drainage water, 

siliciclastic fractions mostly entrained in suspension, such as feldspars, illite and quartz, are 

also found as solids. Scale deposits are characterised and typified in simple terms by their 

macro- and microscopic appearance, the individual consistency of the material and the 

dominance of the CaCO3 minerals [12] (Figure 1). Compact scales take the form of hard, highly 

compacted material with low porosity. They occur mainly as a result of CO2 degassing, with 

clear evidence of microbial activity in some cases. Compact scales are dominated by calcite, 

whereby the calcite crystals are typically columnar shaped (Figure 1A). Porous scale deposits 

show high porosity even at macroscopic level. This type of scaling can form as a result of CO2 

degassing or absorption of atmospheric CO2. These precipitates typically consist of calcite and 

aragonite in varying amounts, which significantly controls the porous material consistency 

(Figure 1B). With these types of scale deposit there is increased evidence of microbial activity, 

which can influence the formation mechanisms and consistency. Shard-like scales include 

precipitates which mainly extend a few millimetres vertically and have a dense, compact 

structure with very low porosity (Figure 1C). Potential formation mechanisms for shard-like 

scales are associated with both CO2 degassing and CO2 absorption. These scales consist mainly 

of well-formed calcite crystals with clear evidence of microbial activity. Unconsolidated-

particulate scale deposits are characterised by separate, fine-grained particles which can also 

form loose aggregates, e.g. lime sludge. This type often consists of calcite and/or aragonite and 

usually forms due to absorption of atmospheric CO2 and can be additionally formed as a result 

of the targeted use of countermeasures, e.g. inhibitors (Figure 1D). 
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Figure 1: Macroscopic appearance (left column) and microstructures from scanning electron 

microscopy (right column) of four major types of Ca-carbonate scale deposits. A: compact scales, 

showing columnar calcite (Cc) crystals; B: porous scale deposits mainly consists of aragonite (Ar; 

dotted circles) and calcite; C: shard-like scales contain well-shaped calcite crystals; D: unconsolidated-

particulate scale deposits comprise aragonite and calcite. 
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2.4 Controlling parameters 

Scale formation mechanisms and thus the appearance, composition and consistency of 

individual scale deposits are determined and controlled by natural (geogenic) boundary 

conditions, such as groundwater composition and local hydrogeology, as well as technical and 

operational (anthropogenic) conditions, such as interactions with cement-bound building 

materials, drainage design and the use of inhibitors [5, 13]. 

2.4.1 Hydrochemistry and interfacial reactions 

The formation of scale deposits in drainage systems is controlled by the chemical composition 

of the drainage water as well as the temperature and CO2 partial pressure of the tunnel 

atmosphere. Reactions at the gas-water phase boundary, i.e. the interface between the tunnel 

atmosphere and the drainage water, are instrumental to this process. Gases such as CO2, O2 and 

CH4 can be exchanged at this interface (Figure 2). Degassing of CO2 from the water to the 

atmosphere causes the pH level to rise, thereby significantly favouring the formation of CaCO3 

scale deposits. CO2 absorption tends to occur in strongly alkaline waters and can also favour 

carbonatic scaling at pH levels above 11, although it inhibits scale formation at lower pH levels 

[14]. High pH levels (e.g. pH > 10) are mostly caused by a strong interaction between the 

groundwater and the cement-bound building materials, which alters the overall composition of 

the water (see Figure 2). Another major factor for possible CaCO3 scale formation is the 

unfavourable mixing of waters of different compositions. The reactions at the solid-water phase 

boundary, i.e. the interface between a growing calcite crystal and the drainage water, also have 

a significant influence on CaCO3 precipitation. 

2.4.2 Microbial activity 

Fine, fiber-like structures indicate microbial activity in some scale deposits (Figure 3B and 3C). 

These structures are ‘extracellular polymeric substances’ (EPS) which intertwine and envelop 

individual mineral components like a spider’s web (Figure 3B and 3C). Hollow microtubes and 

twisted ribbon-like structures associated with the iron-oxidising bacteria Leptothrix ochracea 

and Gallionella ferruginea also occur (Figure 3A and 3D). These two bacterial species oxidise 

FeII to FeIII ions to obtain energy for their metabolism and for biomass production [15]. 

Microbial activity can thus bring about changes which affect the hydrochemistry of the water, 

the conditions for scale formation and the composition of scale deposits (e.g. Fe/MnOOH 

precipitation and EPS networks) [5, 13]. 
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Figure 2: Schematic illustration of different chemical-sedimentary formation mechanisms of scale 

deposits. The left side illustrates scale deposit formation caused by binding agent - water interaction 

(anthropogenic; leaching of cement phases yields high pH), while the right side shows geologically 

related scale formations (geogenic water – rock interaction). The reactions can be further influenced 

by gas exchange dynamics between tunnel atmosphere and water (e.g. CO2 degassing or absorption, O2 

ingress), as well as the formation of Fe/MnOOH and organic components (see Fig.3). 

 

2.4.3 Drainage design 

The design of a drainage system, including the choice of suitable building materials, 

components and flow geometries, has a significant influence on scale formation, inhibitor use 

and the removal of scale deposits (maintenance). For instance, turbulence in the drainage water 

can increase the rate of CO2 exchange between the gas phase and the water and thus favour 

scale formation. Furthermore, crystal nucleation and growth can occur at the interface between 

the drainage system and the drainage water. Adapting the composition and design of plastic 

drainage pipes can reduce growth on the surface of the pipes and the capacity for scaling. For 

example, plastics containing polyethylene glycol copolymer and zeolite additives are suitable 

for reducing scale deposit formation [11]. 
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Figure 3: Effect of bacteria and addition of an inhibitor on formation of scale deposits in tunnel 

drainage systems. A-D: microbial activities of different bacteria can affect the formation processes. Fe-

oxidizing bacteria Leptothrix (sheaths in A) und Gallionella (twisted stalks in D), as well as bacterially 

undefined EPS structures (red arrows in B and C) mediate occurrences /evidences of microbial 

activities. Another influencing factor is the use of inhibitors. Pictures E and G show scale deposits 

before the usage of the inhibitor agent PASP, while F and H indicate the corresponding sinters with 

influence of the inhibitor PASP in the same drainage water.  
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2.4.4 Inhibitor use 

The addition of very small quantities of a suitable inhibitor (active substance) can suppress the 

formation of scale deposits and change their material consistency. The use of substances 

containing polyaspartic acid (PASP) – also referred to as green inhibitors – has proved 

particularly effective [8, 13]. Dissolved PASP in concentrations of just a few milligrams per 

litre of water can very effectively reduce CaCO3 nucleation and deposition rate. Furthermore, 

in many cases PASP can change the consistency of the developing scale deposits from a hard, 

compact material to an unconsolidated slurry. For cleaning operations such as high-pressure 

flushing, this slurry-like consistency is particularly advantageous [13] (Figure 3E to 3H). 

 

2.5 Assessing the scaling capacity 

An effective assessment of the expected scale type, consistency, precipitation rate, and amount 

of potential solid-phase precipitation from a body of water largely depends on the individual 

physical and chemical conditions and gradients such as pressure, temperature and chemical 

composition. The concentrations of dissolved constituents and the controlling parameters at the 

water-gas phase and water-solid interfaces are used to assess the scaling capacity with respect 

to calcium carbonate formation (Figure 4A). Consequently, to determine the capacity for 

CaCO3 precipitation it is necessary to sample the drainage water using different sample 

preparation techniques such as in-situ membrane filtration and on-site analytics (temperature, 

pH value). The samples obtained in this way are promptly dispatched to the laboratory where 

the concentrations of dissolved components are quantified using analytical methods such as ion 

chromatography, alkalinity titration and optical emission spectroscopy. Parameters such as the 

saturation index for the precipitation of calcite (SI) and the internal CO2 partial pressure (Pco2 

in atm) are also determined using hydrogeochemical modelling approaches. The SI value is a 

logarithmic measure in which > 0 indicates possible calcite precipitation, 0.2 to 0.7 an expected 

moderate precipitation rate and > 0.7 a high overall precipitation rate resulting in increasingly 

spontaneous calcite formation. The internal Pco2 value refers to the CO2 partial pressure that 

would be found assuming thermodynamic equilibrium with the water, and thus when aligned 

with the actual CO2 partial pressure of the tunnel atmosphere (Pco2(g) = 10–3.4 for the Earth’s 

atmosphere while 10–2.5 ±0.5 atm is the typical value range for tunnel atmospheres) serves as an 

indicator of the absorption of CO2 (Pco2 < Pco2(g)) into the water or the degassing CO2 (Pco2 > 

Pco2(g)) from the water to the atmosphere. CO2 degassing is associated with an increase in the 

pH value and redistribution of the dissolved carbonate species to the dissolved carbonate ion. 
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Consequently, it can induce or increase CaCO3 formation. It is important to adjust the threshold 

of 10–2.5 atm (Figure 4A) to suit local conditions and CO2 measurements in the tunnel 

atmosphere. The model presented in Figure 4 provides the basis for assessing the scaling 

capacity of drainage water. Scaling capacity is thus determined primarily by the 

abovementioned parameters (Pco2 und SI) and the chemical composition of the drainage water. 

The following reactions and processes are used to assess the chemical composition of the water 

(i.e. its hydrochemistry:  

– pH: CaCO3 precipitation rates and effects of mixing different drainage waters to the 

abovementioned effect of increased pH  

– [Ca], the calcium concentration: Amount of precipitation and mixing effects, e.g. with 

carbonate-rich waters 

– [Mg], the magnesium concentration: pH limit for Mg(OH)2 precipitation as a measure of the 

evolution of water that has already come into contact with cement-bound materials, e.g. 

shotcrete and anchor mortar 

– [K], the potassium concentration: Indicator of the intensity of contact with cement-bound 

materials (leaching effect) 

– [Sr], the strontium concentration: Measure of the leaching effect and CaCO3 precipitation that 

has already taken place 

– HydroEnv: Assessment of the local hydrochemical environment in terms of potential localised 

mixing effects, hydrochemical evolution over time and the consistency of observed deposits, 

where present (default value: 1). 

The traffic light assessment system illustrated in Figure 4A is based on the score assigned to 

the parameters (0, 1 or 2) combined with a weighting index (WI) in accordance with the 

relationship  

 

Σ (Scorei * WIi) = Sign                                                                                                            (4) 

 

The traffic light colour coding refers to the numerical value of sign: ≥ 1 indicates high (red); 1 

to 0.5 moderate (yellow); and < 0.5 low scaling capacity (green). Waters classified as yellow 

and red in this traffic light system – based on the chemical composition – must be verified to 
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ensure that the results correspond to a local hydrological assessment (water ingress). In the 

Koralm Tunnel, the traffic light system was used to select locations for installing dosage 

systems for hardness stabilisation on the basis of the temporal and spatial evolution of flow 

rates and the sign values in the drainage water as well as the local drainage conditions in the 

tunnel and the properties of the groundwater reservoir. This approach results in an individual 

assessment for each relevant water inflow in the tunnel. 

 

 

 

Figure 4: The traffic light system for scaling capacity based on water chemistry: (A) Calculation scheme 

for determining the scaling capacity of drainage water, developed with the specifications in the 

Koralmtunnel (Austria). (B) Exemplary calculations of the scaling capacities of drainage water from 

the Koralmtunnel using the traffic light system according to (A). 

A 

B 
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2.6 Conclusion and outlook 

Scaling processes in tunnel drainage systems are generally well understood in terms of the 

interactions and reactions, the development of suitable investigative strategies and associated 

procedures, and the options for reducing scaling. In the past ten years, diverse comprehensive 

studies based on interdisciplinary approaches have succeeded in identifying the controlling 

parameters and highlighting concrete solutions [3, 5, 8, 11–14, 16]. To ensure successful and 

effective drainage of tunnel systems in the long-term, it is essential to comprehensively 

document and fully understand  

– the groundwater in terms of composition, time- and site-resolved inflow rates and contact 

time with local rock and tunnel materials  

– the use and composition of building materials such as shotcrete, concrete, anchor mortar and 

pea gravel in terms of their chemical and mechanical stability, leaching behaviour, porosity and 

permeability 

 – the drainage design requirements, including possible flushing, dosing and monitoring 

installations, and type, composition, surface texture, mechanical and chemical resistance and 

flow behaviour of drainage pipes. 

Current challenges thus relate primarily to tailoring the above-mentioned requirements and 

measures to prevent or reduce precipitations in individual drainage systems. This requires a 

detailed knowledge of all processes connected with the formation of scale deposits. The nature 

of individual scale deposits must first be analysed, assessed and classified before measures can 

be taken to reduce or entirely eliminate them. Case-specific knowledge of the conditions 

favouring scale formation is needed to develop and assess targeted strategies to reduce or 

prevent scale deposit formations. Tailored time- and site-resolved monitoring of the 

composition of the deposits, the drainage waters and the tunnel atmosphere during the 

construction phase as well as during operation of the tunnel is paramount. Specific issues and 

aspects can be investigated and assessed using methods designed specifically for the project in 

question, such as test tracks and field trials in the tunnel itself, simulation experiments at 

laboratory scale or the development and use of computer-based modelling tools. Examples 

include modifying shotcrete and pipework formulations, efficient inhibitor dosing, drainage 

design and flushing processes [7, 8, 11, 13, 16]. 
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3.1 Abstract 

Rapid deposition of chemical sediments, particularly calcium carbonate, is a widespread 

phenomenon in tunnel constructions, which can significantly disturb water draining. The 

removal of the scale deposits in the drainage setting is labor and cost intensive. Prediction or 

prevention of these unwanted scale deposits are challenging and require detailed knowledge on 

their site-specific source, formation mechanisms and environmental dependencies. This case 

study combines a mineralogical, (micro)structural, isotopic, microbiological, and 

hydrochemical approach to understand the formation of scale deposits in an Austrian motorway 

tunnel. Chemical and isotopic results revealed that all investigated solutions originate from a 

distinct local aquifer. High pH (11), indicative high alkaline element concentrations (Na 26 

mg/l; K 67 mg/l), originated from concrete leaching, and a strong supersaturation in respect to 

calcite (SI>1) are representative for the environmental setting of scaling type 1. This type is 

characterized by the formation of calcite, aragonite, and rarely documented dypingite 

(Mg5(CO3)4(OH)2*5H2O), and yields in a highly porous material showing minor indications of 

microbial presence. In contrast, scale deposits of type 2 are strongly microbially influenced, 

yielding dense and layered mineral deposits, typically consisting of calcite. The corresponding 

aqueous solution revealed elevated Mg concentration (38 mg/l) and a high molar Mg/Ca ratio 

(0.8). Scale deposits containing distinct aragonite precipitates next to calcite, mostly growing 

in pore spaces of the scale fabric, are accounted as type 3. Therein, dypingite is always growing 

on top of aragonite needles, indicative for prior CaCO3 precipitation. The composition of 

corresponding solutions shows the highest Mg/Ca ratio (1.1). Scale type 4 is characterized as a 

compact deposit consisting entirely of calcite. Its corresponding solution exhibits a molar 

Mg/Ca ratio of 0.6. From the obtained data sets a conceptual model was developed describing 

the distinct operative and (micro)environmental conditions responsible for the distinct diversity 

of scale deposits. 

 

3.2 Introduction  

The local precipitation and transport related deposition of unwanted minerals constitute a 

serious problem encountered in numerous industrial processes and geotechnical environments 

such as highway and railway tunnel drainage systems or other man-made water circuits, such 

as artificial channels, pipelines and wells (scaling processes manifested in scale deposits; e.g. 

Hasson et al., 1968; Dietzel et al., 2013). These scale deposits can lead to a dramatic loss in the 

efficiency of water and/or energy transfers, and in serious cases to a total blockage of fluid 
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flows (e.g. Dietzel et al., 2008a; Boch et al., 2017). Thereby, unwanted scale deposits depend 

on geogenic (natural), as well as man-made (technical) environmental conditions. Similar 

carbonate dominated mineral deposits were reported from water streams in concrete beds (Boch 

et al., 2015), in historic Roman aqueducts (Sürmelihindi et al., 2013; Passchier et al., 2016) and 

in wells and related technical components (pump, filter, heat exchanger) exploiting oil/gas and 

deep geothermal reservoirs (Ma et al., 2013; Boch et al., 2017; Kumar et al., 2018).  

In the case of tunnel drainage systems, the formation of calcium carbonate minerals such as 

calcite (CaCO3) constitutes a severe issue if ongoing deposition and clogging affect water 

transport in the tunnel water channels and pipe systems (Chen et al., 2019). Tunnel drainage 

systems facing strongly variable scale deposits have to be continuously monitored and cleaned 

periodically in order to provide an undisturbed water discharge out of the tunnel. A considerable 

part of the maintenance costs is associated with the work intensive inspections and mechanical 

or chemical cleaning of the tunnel drainage systems. In railway tunnels, 15-20% of the entire 

maintenance work is related to an efficient draining. In highway tunnels ≥ 10,000 € per 

kilometer and year have to be typically invested for drainage system maintenance (Harer, 2017; 

Chen et al., 2019). In addition to these direct costs, the service associated tunnel closures or 

traffic disturbances generate additional indirect costs (Harer, 2017). This clearly argues for a 

more advanced process understanding and problem-solving strategies with regard to distinct 

scale formation conditions, i.e. investigating the spatiotemporal reaction mechanisms and 

pathways and their variable geogenic as well as anthropogenic environmental constraints 

(Dietzel et al., 2008a). Amongst the major determining geogenic factors involved in unwanted 

mineral formation in tunnel drainage channels are the local geology and atmospheric/climate 

conditions, variable water recharge/discharge, flow conditions (turbulent/stagnant) and the site-

specific hydrochemistry. Man-made conditions include the constructional design and materials 

of the tunnel infrastructure (e.g. concrete, steel and plastics), flow geometries, technical 

ventilation and maintenance strategies (Girmscheid et al., 2003; Dietzel et al., 2008a). 

Considering the dominant physicochemical mechanisms for rapid CaCO3 precipitation, fluid-

solid interaction involving highly soluble concrete components (e.g. portlandite), enhanced 

exchange of CO2 between the drainage solution and tunnel atmosphere, potential evaporation, 

or mixing of solutions are of widespread relevance for scale formation (Rinder et al., 2013; 

Boch et al., 2015). For example, Chen et al. (2019) investigated several tunnels in France and 

reported that all tunnels showing major calcium carbonate precipitation in their drainage 

systems are located in sedimentary rocks. The nature of lining materials and the geometry of 

tunnels play an important role, as well as the CaCO3 content of the surrounding geology. They 
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established a database including all principal influencing factors such as the surrounding soil 

cover, lining materials, cleaning intervals, and others in order to systematically analyze the 

calcite precipitation problem in the drainage system of railway tunnels and to create an 

empirical index for quantifying the calcification level. Correlations of this calcification level 

with different parameters - hydraulic conductivity measurements in surrounding host rocks and 

soils, pH values, concentrations of Ca2+ and HCO3
-, water temperature - indicate significant 

effects of surrounding rocks, the hydraulic conductivity and the tunnel length for function and 

processes in the drainage system. As a potential mitigation solution, removable geotextiles on 

the surface of gutters are proposed (Chen at al., 2019).  Another study by Dietzel et al. (2008b) 

examined mineral deposition in the Austrian Koralmtunnel showing that individual 

mechanisms of Ca-carbonate precipitation could be deciphered by hydrochemical modelling in 

combination with mineralogical, chemical and isotopic analyses. Different scale deposits as 

well as related aqueous solutions were characterized by laboratory based analytical methods 

(e.g. X-ray diffraction, FT-IR, ICP-OES, CF-IRMS). The results revealed that the carbonate in 

the dominantly calcitic scale deposits is either originated from the widespread calcareous 

groundwater or from the enhanced absorption of atmospheric CO2 at higher pH conditions 

promoted by water interacting with soluble concrete constituents (e.g. portlandite). Additional 

in-situ experiments were used to support the promising application of Ca-carbonate inhibitors, 

as well as tailored construction materials in order to reduce scale deposit formation.  

The above previous studies reveal the importance of an advanced understanding regarding the 

formation processes of scale deposits. However, none of these investigations have demonstrated 

or even considered, the impact of microbial activities for the formation of scale deposits in 

tunnel drainage systems. In the present manuscript, the occurrence of distinct bacteria and their 

influence on scale formation were clearly verified. Another essential innovation herein is to 

implement data from continuous in-situ monitoring of aqueous carbonate precipitating solution 

parameters, in order to uncover effects causing changes in seasonal environmental precipitation 

conditions. Evaluating our extensive multiproxy based data sets yields in a conceptual model, 

which is developed to (i) explain the formation mechanisms of the highly divers scale deposits 

in the investigated tunnel drainage and (ii) address techniques in order to reduce or prevent their 

occurrence. The highway tunnel Spital am Semmering (Austria) was selected as a case study 

for a site-specific assessment of common scale material diversities. Scale deposits and related 

aqueous solutions were collected from different tunnel sections and were analyzed using a 

broad range of bulk and high-resolution optical, chemical and isotopic tools of mineralogical, 

petrographic, stable isotope, and hydrochemical analysis (e.g. XRD, transmitted-light, 
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epifluorescence and electron based microscopy, EPMA, CF-IRMS). An automated and 

remotely controlled sensor system was implemented as scale guard for in-situ and online 

monitoring of the ongoing carbonate scaling process in different sections of the drainage 

system, including continuous measurements of pH, temperature, and electric conductivity.    

 

3.3 Study site and environmental setting 

The study area is located in the northeastern part of the Austrian province of Styria hosting the 

major mountain pass “Semmering” towards the province of Lower Austria and Vienna. The 

investigated highway tunnel Spital is located near the village Spital am Semmering and is part 

of the so-called Semmering tunnel chain, which consists of the major (>1 km length) 

consecutive tunnels Spital (~2500m), Steinhaus and Semmering, as well as some short and 

unnamed tunnel segments. It is composed of two separate tunnel tubes accommodating 

unidirectional traffic (northern and southern tube).  

The tunnel Spital traverses unconsolidated sediments and solid rocks of variable but limited 

thickness (10–125m), which are covered by meadows and temperate mixed forests. The major 

part penetrates through weak metamorphic host rock zones, consisting of graphite- and 

calcite/sericite phyllites of the Upper Triassic Keuper formation. These strongly foliated 

phyllites possess distinct intercalations with dolomite and calcite containing rauhwacke 

(central-alpine sediments), recurrent intercalations of quartzite sequences and occasional lime-

/dolostone marbles (Cornelius, 1952; TBBG-Dr.Heim, 2001). The major water discharges (>1 

l/s) in the tunnel are mainly located in the carbonate bearing rocks (marble and calcareous 

rauhwacke; Fig.1).  

The tunnel Spital was selected for this study based on its major scaling issues in the tunnel 

drainage channels, the intermediate length and limited overburden and its diverse geology 

supporting a dynamic behaviour with regard to changing environmental and scale formation 

conditions. Former observations revealed that the carbonate dominated scale deposits and 

accessory minerals are different in their visual appearance and material consistency, even 

within nearby sections and over time, since hard scale deposits are generally more difficult to 

remove both mechanically and chemically. In this tunnel, no scale inhibitors (chemical agents 

suppressing mineral precipitation) are added (neither constantly nor episodically), and the 

material of the drainage channels is made of polyvinylchloride (PVC) entirely.  



33 

 

The analyzed scale deposits and associated aqueous solutions were collected during a regular 

maintenance interval in the year 2016 in the northern tube of the tunnel Spital. One of the scale 

deposits (RAB 4) lacks in the collection of a locally related water sample. RAB 4, 6 and 9 were 

derived from the major water collecting central-drainage underneath the driving lane, while 

RAB 17, 18, 23, 24 and 25 formed in the smaller diameter (250mm) lateral-drainage (“Ulmen” 

drainage) located in the southern tunnel wall (Fig.1).
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Figure 1: Overview of the tunnel Spital am Semmering. Surrounding geology of the tunnel and positions of the aqueous solutions and related scale deposits 

collected from maintenance niches are indicated. SW1: Position of the automated and remotely controlled scale guard sensor system. The two images of the 

drainage system show severe clogging of the southern lateral-drainage. The arrows denote the direction of traffic in the individual pipes.
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3.4 Analytical methods 

3.4.1 Precipitates 

The mineral precipitates (scale deposits) were sampled from the drainage channels at the same 

positions as the aqueous solutions. Each of the two tubes of the tunnel Spital includes southern 

and northern lateral-drainage channels as well as a larger central-drainage channel. Samples 

were gathered in the central and southern channels; the northern channel was dry during the 

time of sampling. Partly red-brownish colored scale deposits (RAB 4, 6 and 9; Figs. 2 & 3) 

were recovered from the central-drainage of the tunnel, while others (RAB 17, 18, 23, 24 and 

25; Figs. 2 & 3) are rather whitish colored and derive from the southern channel. 

Mineralogical analyses of the scales were carried out by powder X-ray diffraction (XRD) using 

a PANalytical X`Pert Pro diffractometer equipped with a Co-Kα-radiation source (40 mA, 40 

kV) applied at a 2θ range from 4° to 85°. The mineral phases were quantified by Rietveld 

refinement using the PANalytical X`Pert HighScore Plus software (version 3.0.4 with the PDF-

4 database). The phase compositions of RAB 6 and RAB 9 were further determined by acid 

digestion with 10 M HCl and the residual solids were then analyzed via powder X-ray 

diffraction (XRD). The chemical compositions of the acid leachable part of the scale deposits 

were measured using ICP-OES (Perkin Elmer Optima 8300) with an analytical uncertainty of 

±5 % after grinding and acid digestion using 6% suprapure HNO3. Petrographic studies were 

conducted on thin sections (30-50 µm) made from cross-sections of the scale deposits using 

transmitted and reflected light microscopic techniques. Small pieces cut from the scale deposits 

were gold/palladium-coated and subsequently imaged at high spatial resolution (>2 µm) using 

a Zeiss DSM 982 Gemini scanning electron microscope (SEM) operating at 2 kV accelerating 

voltage. Selected samples were also investigated utilizing a Zeiss Sigma 300 VP Environmental 

Scanning Electron Microscope (ESEM; Schmidt et al., 2019) operating at ~40 Pa pressure and 

7 kV voltage in order to avoid the necessity of a conductive coating and to examine the samples 

by energy-dispersive X-ray spectroscopy (EDX), backscattered electrons (BSE) and Raman 

spectroscopic analyses. Additionally, qualitative high-resolution elemental distribution images 

of Al, Ca, Si, K and S, together with backscattered electron images (BSE) of the same areas 

were recorded by electron probe microanalysis (EPMA) using a JEOL JXA8530F Plus Hyper 

Probe equipped with a field emission gun. For the measurements the wavelength-dispersive 

analytical mode with 15 kV acceleration voltage, a beam current of 10 nA and a pixel size of 3 

x 3 microns was chosen.  
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The solid samples were analyzed for their possible microbial content. For this purpose, the scale 

deposits were cut into hand pieces (6 x 4 cm) and examined using nucleic acid specific 

fluorescent dyes in combination with a fluorescence detection system. The epifluorescence 

images were directly obtained from the stained surface of the individual samples using a 

ChemiDoc MP (BioRad) fluorescence imager as described in (Grengg et al., 2017). Staining of 

the material was performed using SYTO9 and propidium iodide (PI) from the LIVE/DEAD 

BacLight bacterial viability kit (Molecular Probes). The dye SYTO9 can enter living and dead 

cells, while PI only penetrates into dead cells, i.e. when no membrane potential is maintained. 

When both dyes enter a cell or can bind to free nucleic acids, PI is preferentially bound to DNA 

or RNA. Only dye molecules interacting with nucleic acids produce a detectable fluorescence 

signal (Stocks, 2004). 1.5μl of each dye was diluted in 5 ml PBS buffer. The surface of each 

specimen was covered with the dye solution and kept in the dark for one hour. Subsequently, 

the surface was carefully rinsed with distilled water and dried for approximately 24h before 

detecting fluorescent signals. For each sample, three images with three different imager settings 

(blue or green excitation LEDs together with fluorescein or rhodamine filter sets; white light 

without filter) were obtained. Exposure times were 0.036, 0.428 or 0.081 seconds for 

fluorescein (SYTO9), rhodamine (PI), or white light, respectively. Images were also taken 

before staining using identical settings (“no stain”), allowing for background fluorescence 

detection. Multichannel, false color images were created by overlay and further processed using 

Image Lab 4.0 software (BioRad). Identical image parameters were used for all color channels 

and exported in jpg-format. Final figures were composed using CorelDraw software. 

The spatial distribution and related temporal evolution of stable C and O isotopes of the CaCO3 

precipitates were sampled pointwise across transects using a hand-held drill and tungsten-

carbide drill bits and were measured by a fully automated peripheral continuous-flow gas 

preparation device (Gasbench II), which is connected to a Finnigan DELTAplusXP isotope ratio 

mass spectrometer (Thermo Fisher Scientific). Five to twelve spot-samples (“n” in table 3) per 

scale deposit were extracted across approximately linear transects for evaluating the 

spatiotemporal distribution in relation to the progressive growth dynamics of the mineral 

precipitates (Fig. 3). Respective δ13C and δ18O values are given in ‰ relative to the VPDB 

(Vienna Pee Dee Belemnite) reference, with a typical analytical uncertainty (2σ) of ±0.1 and 

±0.08 ‰, respectively (cf. Dietzel et al., 2015). 
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3.4.2 Drainage solutions 

Immediately after sampling, the aqueous drainage solutions were filtered through 0.45 µm 

cellulose acetate filters in the tunnel. The solutions were filled in gas-tight borosilicate glass 

vessels (0.25 l) for titration (alkalinity) and major anion analyses, as well as in PE vessels (0.05 

l) preloaded with 1 ml supra-pure HNO3 (69%) for major cation, and minor and trace element 

analyses. On site measurements included pH and specific conductivity (SpC: µS/cm), expressed 

at a reference temperature of 25° and water temperature (°C), using a handheld WTW pH/Con 

3320 instrument connected to a TetraCon 325 probe and for pH a WTW SenTix 41 probe was 

used. Standard buffer solutions of pH 4, 7 and 10 (Merck) were applied for pH calibration 

yielding an uncertainty of ± 0.05 pH units.  

Alkalinity (given as HCO3
-) was measured in the laboratory on the same day with a Schott 

TitroLine alpha plus titrator using a 0.02 M HCl solution resulting in an analytical uncertainty 

of ±2 %. Concentrations of major cations (Na+, K+, Mg2+, Ca2+) and anions (Cl-, NO3
- and SO4

2-

) were determined by ion chromatography (Dionex ICS-3000 with a KOH eluent generator 

module) with an analytical uncertainty of ±3 %. SiO2, ∑Al, Ba2+, Sr2+ and ∑Fe were measured 

applying a Perkin Elmer Optima 8300 DV ICP-OES with a typical analytical uncertainty of ±5 

% relative to NIST 1640a standard. Dissolved organic carbon (DOC) was determined using a 

Shimadzu TOC-V-CPH Total Organic Carbon Analyzer with an analytical uncertainty of ±0.1 

mg/l of C.  

The computer code PhreeqC (version 3.1.7.9213; Parkhurst & Appelo, 2013) and the integrated 

aqueous speciation database phreeqc.dat were used to calculate ion charge balances, ionic 

strengths, activities and DIC values. Accordingly, thermodynamic mineral saturation indices 

(SI=log(IAP/Ksp; where IAP= ion activity product and Ksp= solubility product) with respect to 

calcite (SIcalcite), aragonite (SIaragonite), brucite (SIbrucite), dypingite (SIdypingite; solubility constant 

from Harrison et al., 2019), strontianite (SIstrontianite), barite (SIbarite), ferrihydrite (SIferrihydrite; 

solubility constant from mineteq.v4.dat) and the internal partial pressure of CO2 (PCO2 in atm) 

were calculated.  

Stable isotope analyses of the aqueous solutions comprised the hydrogen (δ2HH2O) and oxygen 

(δ18OH2O) isotopic compositions of water, as well as the carbon isotopes of dissolved inorganic 

carbon (δ13CDIC). The δ2HH20 and δ18OH20 of water were analyzed by wavelength-scanned cavity 

ring-down spectroscopy (WS-CRDS) using a L2120-I system (Picarro). Measurements were 

done in the high precision mode at the isotope laboratory of JR-AquaConSol in Graz. Results 

of isotopic measurements are given in per mil (‰) with respect to Vienna Mean Ocean Water 
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(VSMOW), using the standard delta notation. The analytical uncertainties for stable isotope 

measurements in water are ±0.8 ‰ and ±0.08 ‰ for δ2H and δ18O, respectively (cf. Boch et al., 

2019). The δ13CDIC values were analyzed with a continuous-flow mass spectrometer (Finnigan 

DeltaplusXP; Thermo Fisher Scientific) coupled to a Gasbench II device (Thermo Fisher 

Scientific). The δ13CDIC values were determined following the sampling procedure and 

measurement protocol reported in Spötl (2005). The carbon stable isotope ratios are referred to 

Vienna Pee Dee Belemnite (VPDB); the analytical uncertainty is ±0.1 ‰.  

In addition, an automated and remotely controlled scale guard sensor system was installed in 

2017 in the lateral-drainage of the same drainage system, which recorded the temperature, SpC 

and pH value continuously in intervals of 15 minutes throughout the year 2018 (the selected 

stationary point of measurement is close to the solution of RAB 25; Fig.1). The robust sensors 

(SpC and pH electrodes) allow for an online and on-site tracking of these in-situ parameters 

based on a WTW TetraCon 325 electrode for the electric conductivity and a PHEHT sensor of 

Aqualabo/Ponsel for pH measurements. This data logging system was implemented for in-situ 

environmental monitoring of the ongoing scaling process in a selected section of the tunnel 

drainage system.    

 

3.5 Results 

3.5.1 Scale deposits 

3.5.1.1 Morphology, mineralogy and chemistry  

In Fig. 2 and 3 the macroscopic morphologies and cross sections of the scale deposits are shown. 

All of the collected scale deposits indicate some individual appearance with respect to coloring, 

material consistency, layering and texture, although being recovered from the same tunnel. The 

scale deposits RAB 17, 23, 24 and 25 are visually characterized by a snow-white to creme-

whitish color, whereas RAB 9 is prominently red-brownish colored (Fig.2C and 3C). RAB 4 

and RAB 6 consist of prominent white and brown layers in different proportions, while RAB 

18 shows variations of beige and white colors (Figs. 2A, B, E and 3A, B, E). Interestingly, the 

white colored scale deposits typically formed in the southern lateral-drainage channel, while 

the red-brownish precipitates deposited in the larger diameter central-drainage channel. In 

addition, the morphology, surface topography and interior fabrics of the scale deposits differ 

significantly. RAB 6, 17, 18 and 25 appear highly porous in major parts, while RAB 23 and 24 

microstructures are relatively compact and dense regarding their growth fabric (Figs. 2F, G and 
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3F, G). Especially, scale deposit RAB 17 represents a highly porous precipitate (Figs. 2D and 

3D). In some parts, RAB 18 shows macroscopically visible plane structures (Figs. 2E and 3E). 

RAB 9 is relatively thin with a constant thickness of ~1 cm and distinct ripple structures on its 

growth surface. This scale deposit is also relatively compact and thus hard and further exhibits 

some distinct mm-range layering, while RAB 25 exhibits some strongly curved and curtain-like 

structures (Figs. 2C, H and 3C, H). Notably, the scale deposits RAB 6, 18 and 25 display a 

prominently curved and floating surface topography and a high overall porosity fabric 

compared to RAB 4, 9, 17, 23 and 24, which are characterized by smoother and less sculptured 

growth surfaces.  

The dominant mineralogical component of all collected scale deposits is low-Mg calcite (<4 

mol.% of MgCO3; table 1). In most of the scale deposits studied, except for RAB 9, 23 and 24, 

the CaCO3 polymorph aragonite was also detected. RAB 4, 6 and 17 display an elevated 

aragonite content (8, 10 and 14 wt.%, respectively; see table 1 and Figs. A.1-6 and B.1-2; 

Appendix), but solely in RAB 18 the aragonite content (49 wt.%) is about equal than the calcite 

content (50 wt.%). In two scale deposits (RAB 6 and 18), the mineral brucite (Mg(OH)2) was 

found as a trace component (~1 wt.%, table 1; Figs. A.3 and B.1; Appendix). Mineralogy 

obtained from residual solids after hydrochloric acid (10M HCl) digestion of colored carbonate 

subsamples revealed the (detrital) occurrence of quartz, rutile, muscovite, clinochlore and 

kaolinite (see Figs.B.1-2; Appendix). 

Table 1: Mineralogical composition (in wt.%) of the investigated deposits according to XRD analyses 

and Rietveld refinement. MgCO3 in mol% means MgCO3 percentage in calcite. All scale deposits are 

CaCO3 dominated, accessory minerals comprising quartz, feldspar and dypingite are <1 wt.% and not 

included in the given calculations. 

 

Based on chemical analyses after acid digestion of the carbonate scale deposits, the measured 

calcium contents in the carbonate scales vary between 33.9 and 39.3 wt.%. The red-colored and 

prominently compact scale deposit RAB 9 contains the lowest calcium content (33.9 wt.%), 
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while scale deposits hosting a calcium concentration of ~40 wt.% consist of more or less pure 

calcite (e.g. RAB 23; table 2). For magnesium, the concentrations determined in the solids are 

in the range of 0.1 – 1.8 wt.%. Strontium and barium contents are also highly variable and show 

concentrations between 223 and 6052 mg/kg and 155 to 567 mg/kg, respectively. The iron 

contents are highly different for the individual scales and yield values between 10 and 2526 

mg/kg (table 2). The four scale deposits (RAB 4, 6, 9 and 18) possessing some distinct coloring 

show iron and manganese values between 939 and 2526 mg/kg and 36 to 110 mg/kg, 

respectively (table 2).  

 

Table 2: Chemical composition of the scale deposits collected from the drainage channels of the 

tunnel Spital. 



41 

 

 

Figure 2: Macroscopic appearance of the scale deposits collected from the motorway tunnel Spital am 

Semmering (Austria). Specimens RAB 4, 6 and 9 (A, B and C) were sampled from the central drainage 

channel and display prominent areas of red-brownish coloring, where RAB 9 is rather thin layered and 

brownish stained (C). Sample RAB 9 is more compact (dense), while RAB 4 and 6 are more porous (A 

and B). The white colored samples originate from the southern lateral-drainage channel. Precipitates 

RAB 17, 18 and 25 are highly porous (D, E and H), while the specimens RAB 23 and 24 are more 

compact (F and G). 
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3.5.1.2 Petrography and microstructure  

Petrographic characterization was conducted using transmitted and reflected light microscopy. 

The thin-section based microscopic evaluation supports the highly variable macroscopic 

appearance of the individual solid specimens. Scale deposit RAB 4 is characterized by columnar 

shaped calcite and recurrent micritic particle layers. Small crystallites (~15 µm) often act as a 

nucleation substrate for the development of subsequent columnar and competitive crystal 

growth (Fig.4A). The aragonite is mostly fascicular and spherically shaped and is mainly 

localized inside and near the widespread pore spaces. In some areas of the thin-section studied, 

aragonite is partially converted to calcite. RAB 9 represents a relatively thin (~1 cm), compact 

and well-layered (mm-range) scale deposit exhibiting low porosity and two main zones can be 

distinguished based on the layers and coloring (zonation). Areas of more or less continuous 

crystal growth can be distinguished from areas characterized by allochthonous (detrital) 

material introduced (Fig.4C and D). The calcite crystals are frequently fan-shaped owing to the 

competitive growth evolution with some minor contributions of detrital particles in pore spaces. 

The individual layers of RAB 9 are characterized by a dominant red-brownish coloring, 

although of different color intensity, and constitute a repeated but variable growth succession 

based on the thin-section analysis. Scale deposit RAB 17 shows an overall porous growth fabric 

and is composed of porous and rounded rhombohedral calcite crystals and more spherical and 

fascicular aragonite bundles. The fascicular shaped aragonite crystals have obviously grown 

heterogeneously on a previous calcite substrate, while the spherical aragonite crystals are 

mostly localized within the frequent pore spaces of the mineral precipitate (Fig.4E and F). The 

calcite crystals in scale deposit RAB 23 show non-oriented (c-axis) and rounded crystal shapes 

(Fig.4G). Scale deposit RAB 24 consists of typically smaller (~30 µm) and some lager (~150 

µm) calcite crystals. In this scale deposit, recurrent growth interruptions occur, which are 

characterized by micritic and randomly agglomerated calcite crystals (Fig.4H). Finally, scale 

deposit RAB 25 contains calcite as the main and aragonite as a minor mineral component. The 

aragonite crystals are again characterized by a spherical and fascicular fabric. The calcite layers 

typically consist of feather-like columnar to dendritic and competitively growing (well-

oriented) crystals (Fig.4B). In general, most of the investigated scale deposits are characterized 

by a strongly directed columnar and competitive crystal growth and by some intra-crystalline 

growth interruptions indicated by thin micritic layers. These growth interruptions often act as 

an attractive nucleation substrate for subsequent vivid crystal growth. Scale deposits containing 

aragonite typically appear more porous partially owing to the fascicular crystal fabric and 

related intercrystalline voids.  
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The ESEM analyses of selected solid scale deposits and micrometer-range areas largely confirm 

the mineralogical results inferred from XRD. Some scale deposits show distinct remnants of 

microbial presence associated with the CaCO3 crystals. In one of the scale deposits (RAB 9), 

the microbial influence can be associated with small spherical crystallite aggregates of high 

specific surface area, which contain Fe according to EDX analyses and thus most likely 

represent an iron-(hydr)oxide solid, e.g. the mineral ferrihydrite (Fe10O14(OH)2); Fig.5B). RAB 

9 further revealed microbial structures that were previously assigned to the bacterial genus and 

species Gallionella ferruginea (Hallberg & Ferris, 2004; Suzuki et al., 2011; Heim et al., 2015; 

Fig.5A and E). According to distinct EDX spot analyses, the typically twisted stalks of these 

microorganisms primarily consist of the elements Fe, Ca, O, C and Si (Fig.5A). These twisted 

filaments are distributed over the entire scale deposit RAB 9. RAB 17 also shows evidence of 

microbial activity in the form of extracellular polymeric substances (EPS) related to mineral 

deposition in the tunnel drainages. Described EPS structures were found to be distributed over 

the entire deposit RAB 17, resembling a spider web (Fig.5C, red arrows). In scale deposit RAB 

17, however, it was not possible to relate the observed microbially-induced structures to a 

particular genus or even species.  

The main component of all investigated scale deposits based on ESEM is calcite, whereby 

aragonite was found in some of it. In the scale deposits (RAB 4, 6, 17, 18 and 25) consisting of 

both calcite and aragonite, the aragonite crystals typically exhibit acicular to fascicular crystal 

shapes and are further mostly restricted to the widespread pore spaces (Fig.5F). A few scale 

deposits (RAB 6, 17 and 25) occasionally show (hemi)spherical and prominently rosette-shaped 

crystal forms of 10 to 50 µm in size. Based on Raman spectroscopy, they are attributed to the 

rarely documented hydrous magnesium hydroxide carbonate mineral dypingite 

(Mg5(CO3)4(OH)2*5H20; Fig.5D). Dypingite exhibits a distinct peak at ~3600 cm-1 assigned to 

the MgOH stretching vibration of dypingite (Frost et al., 2009; Fig.12). To the knowledge of 

the authors, this is the first time that dypingite was found in scale deposits of a tunnel (drainage) 

setting. The other distinct peaks in the measured Raman pattern belong to the mineral aragonite 

(Fig.12), since dypingite is closely associated with aragonite and typically grows on the top of 

locally widespread acicular aragonite bundles (Fig.5D).  
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Figure 3: Cross-sections of the investigated scale deposits. The white arrows indicate growth direction 

(bottom to top), while the black squares show areas for micro structure analysis in Fig. 4. Numbers 

point to drillings for stable C and O isotope analysis.  
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Figure 4: Microscopic characterization of the scale deposits shown in Fig. 3 using thin section 

transmitted-light imaging. A) Precipitate RAB 4 indicates a distinct growth interruption with micritic 

calcite (white arrows) and subsequent re-nucleation of competitively growing columnar shaped and 

well-oriented calcite fabric. B) RAB 25 exhibits feather-like dendritic calcite crystals. C and D) RAB 9 

reveals fan-shaped, reddish colored calcite crystals with fine intra-crystalline detritus layers (white 

arrows). E and F) Occurrence of interrelated aragonite (Ar) and calcite (Cc) crystals in precipitate 

RAB 17. Note the prominent localization of aragonite in and near major pores of the dominantly calcitic 

precipitate. The large growth pores, which are filled with secondary aragonite, tend to indicate the 

presence of relatively porous biofilms often relevant for the deposition of such scale deposits in tunnel 

drainages. G) Calcite crystals of RAB 23 appear non-orientated with almost rounded shapes, suggesting 

suspended particle transport and subsequent agglomeration associated with later stage cementation. 

H) RAB 24 shows intervals of repeatedly interrupted growth indicated by micritic calcite crystals (red 

arrows).  
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3.5.1.3 Distribution of elements 

The elemental distribution maps of cross sections of scale deposit RAB 4 clearly reflect the 

variable strontium and magnesium concentrations to be closely related to the occurrence of the 

different CaCO3 polymorphs calcite and aragonite (Fig.6A). Calcite crystals are indicated by 

elevated magnesium contents, while the aragonite crystals are characterized by elevated Sr 

contents (see also Böttcher and Dietzel, 2010). Moreover, the Sr concentration is typically 

higher in the exterior parts of the spherulitic-fascicular aragonite crystals compared to their 

interior sections of individual crystals (Fig.6, RAB 4, Sr). RAB 9 entirely consists of calcite 

and is further characterized by an increased iron content, typically located close to local pore 

spaces within the otherwise compact scale deposit (Fig.6, RAB 9). The Fe concentrations, and 

to a lesser extent also Mg, vary with regard to the pronounced layering which can be observed 

both micro- and macroscopically showing a close relationship between the variable chemical 

composition and petrography (e.g. more Fe corresponds to a more porous texture). Scale deposit 

RAB 25 shows elevated Mg concentrations in some of the carbonate matrix and detrital 

components. Around some distinct pore spaces, the Mg concentration is higher, most likely due 

to the restricted occurrence of dypingite (Fig.6, RAB 25, Mg). Sr and Fe contents do neither 

reveal high concentrations nor distinct spatial variations in the scale deposit RAB 25. 

 

3.5.1.4 Microbial activity  

Epifluorescence imaging of the stained scale deposit surfaces using specific DNA and RNA 

sensitive dyes revealed some general microbial presence by distinct clusters of enhanced 

fluorescence (Fig.7). In RAB 17 the chemical treatment and subsequent optical evaluation 

revealed clear evidence of both dead as well as living cells being present in the scale deposit; 

while RAB 18 only supports the occurrence of remnants of some indistinct former microbial 

presence (Fig.7). Both, RAB 17 and 18, indicate relatively strong preexisting (auto-

)fluorescence despite of some clear additional microbially induced fluorescence, while RAB 9 

reveals no significant (auto)fluorescence. All of the other scale deposits investigated (RAB 4, 

6, 23, 24 and 25) show no striking evidence of microbial activity according to the 

epifluorescence analysis.  
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Figure 5: High-resolution environmental scanning electron microscope (ESEM) images of selected 

surface and interstitial sections from scale deposits introduced in Figs.2 and 3. A) RAB 9 clearly exhibits 

remnants of the bacteria Gallionella ferruginea. The typically twisted stalks mainly consist of the 

elements Fe, O, C, Ca and Si according to its EDX spectrum (white rectangle; see Fig. D.1, Appendix). 

B) The bacterial influence of Gallionella is often associated with nano-sized spherical particles, which 

can be assigned to the mineral ferrihydrite (FeIII
10O14(OH)2, white delimited area)). The white square 

shows the area of an EDX measurement reported in Fig. D.2, Appendix. C and D) RAB 17 mainly 

consists of calcite and aragonite (Ar); Ar shows a common occurrence together with dypingite 

((Mg5(CO3)4(OH)2*5H2O); dotted circles in D). RAB 17 displays some microbial activity in the form of 

EPS strands (red arrows in C). E) Twisted stalk of the bacterium Gallionella ferruginea in RAB 9. F). 

Ar is mostly located in interstitial pore spaces of the calcite (Cc) dominated matrix in RAB 17. 
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Figure 6: Characteristic BSE and elemental images of the calcium, strontium, magnesium and iron concentration distribution of the precipitates RAB 4, 9 and 25 

being indicative for variable mineral formation conditions (see text). A) RAB 4 contains significant amounts of aragonite besides calcite (see table 2; Appendix 1A) 

also indicated by BSE analysis (left-hand image). The strontium content is higher at the rim consisting of aragonite needles compared to its denser central part. 

This is indicative of the successive transformation from pristine aragonite to calcite. B) RAB 9 contains calcite as dominant precipitate related to some bacterial 

influence (see Fig. 4). Element mapping indicates distinct areas and layers in the sample where high Fe contents are visible (ferrihydrite). These correspond to 

sections of increased pore space in the scale deposit. In contrast, in precipitates RAB 4 and 25 no significant iron enrichment could be detected. C) In RAB 25, the 

high magnesium content is most likely related to the Mg-carbonate mineral dypingite. Thus, RAB 25 consists of aragonite and dypingite next to the prevailing 

calcite domains. The Mg concentration is partly conspicuous on the grain boundaries or in the pore spaces of the porous carbonate matrix. This indicates the 

significance of variable and hydrochemically evolved interstitial solutions circulating in the pore spaces of the matrix. For instance, a Mg (versus Ca) enriched 

interstitial solution can lead to the precipitation of aragonite and/or dypingite.
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3.5.1.5 Stable isotopes 

In order to decipher the origin and formation conditions of the carbonate component (CO3
2-), 

stable C and O isotopic compositions of the selected scale deposits RAB 4, 9, 17, 23, 24 and 25 

were analyzed. The measured δ13Cprec values range from -12.2 to -9.4 ‰ (mean: -10.9 ± 1.1 ‰ 

VPDB) considering all of the investigated solids (table 3). RAB 9 shows the highest δ13Cprec 

from -9.6 to -9.3 ‰ (mean: -9.4 ‰), while scale deposit RAB 23 displays the lowest δ13Cprec (-

12.4 to -12.0 ‰; mean: -12.2 ‰; table A.1; Appendix). The analyzed δ18Oprec values of the 

scale deposits vary between -10.4 and -7.3 ‰ (mean: -9.1 ± 0.6 ‰; table 3), i.e. a similar 

amplitude of ~3 ‰ compared to δ13Cprec. RAB 17 shows the highest δ18Oprec values of -9.6 to -

7.3 ‰ (mean: -8.2 ± 0.9 ‰), while scale deposit RAB 24 displays the overall lowest δ18Oprec 

values (-10.4 to -9.1 ‰; mean: -9.7 ± 0.6 ‰; table A.1; Appendix).  

 

Figure 7: Epifluorescence images of selected scale deposits. RAB 17 and 18 clearly revealed distinct 

evidence of microbial presence, while specimen RAB 9 revealed no clear indication of bacterial 

DNA/RNA in the carbonate precipitate. RAB 17 indicates the possibility of alive (based on SYTO 9 

stain), as well as dead bacterial organic matter (PI stain), while RAB 18 contains dead bacterial cells 

primarily (PI stain). No stain does not exclude other (organic) sources of fluorescence in the sample 

(e.g. humic and fulvic acids).  

 

 



50 

 

3.5.2 Composition of drainage solutions  

Hydrochemical characteristics of the investigated drainage solutions (n=7) are highly variable 

regarding pH, alkalinity and the dominant ion concentrations such as Ca2+, Mg2+, SO4
2-, Na+, 

and K+ (table 4). The measured pH values range from 7.7 to 11.2 and show a broad range for 

this small number of samples. Electric conductivity (SpC) was analyzed to be between 313 and 

784 µS/cm, which mirrors the change in ion concentrations briefly presented in the following: 

Ca2+ (54 - 77 mg/l); Mg2+ (6.7 - 38.3 mg/l); SO4
2- (13 - 152 mg/l); Alkalinity (as HCO3

-: 90 - 

328 mg/l); DIC (0.5 – 5.5 mmol/l); NO3
- (<0.1 – 7.4 mg/l) and Cl- (1 - 9 mg/l). Potassium and 

sodium concentrations are low to intermediate in most of the drainage solutions (2 – 14 mg/l 

and 2 – 8 mg/l), except solution RAB 17 showing higher values (67 and 26 mg/l, respectively). 

Minor and trace components in solution are aluminum (34 to 63 µg/l), barium (40 to 163 µg/l) 

and strontium (0.1 – 2 mg/l), as well as iron (up to 10 µg/l; see table 4). DOC values range from 

0.5 to 2 mg/l of carbon. 

Calculated ionic balance (Percent error: 100*[(Cat-An)/(Cat+An)]; Cat and An refer to total 

positive and negative charges induced by dissolved cations and anions, respectively) of the 

drainage solutions is below <5 %. As an exception the ionic balance of solution RAB 17 shows 

a deviation of 12 % (table 4). The latter high value can be explained by an elevated analytical 

error caused by very low H+ activities at high pH (11.2) of this solution. Calculated saturation 

indices for calcite range from 0.2 to 1.4, i.e. from slight to strong supersaturation. Other calcium 

carbonate phases such as aragonite show slightly lower SIaragonite values from 0.01 to 1.2 due to 

the different (higher) solubility constant. Thus, all solutions are characterized as being 

(super)saturated with respect to calcite and aragonite. Most of the drainage solutions are also 

supersaturated with respect to barite (BaSO4; SIbarite = 0.2 – 0.7). Brucite (Mg(OH)2), 

supersaturation is only reached in solution RAB 17 (SIbrucite = 0.9), while the other drainage 

solutions are undersaturated. Solutions RAB 9 and RAB 17 approach saturation of strontianite 

(SISrCO3= 0.02 - 0.1). All solutions are undersaturated with respect to dypingite (SIdypingite= -4.4 

to -15.9). The internal partial pressure of CO2 (PCO2 in atm) ranges from 10-2.4 to 10-8.0 atm. 

Combining the field, laboratory and calculated hydrochemical parameters of the fluids, some 

distinct relationships can be identified. Na+ and K+ concentrations covary positively and 

increase with pH (elevated Na+ and K+ at higher pH). Mg2+ and Ca2+ concentrations show a 

negative correlation with pH (lower concentrations at higher pH; Fig.8B). Consequently, Mg2+ 

and Ca2+ contents display a positive relationship. The drainage solutions further exhibit variable 
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molar Mg2+/Ca2+ ratios from 0.2 up to 1.0. A strong negative covariation is valid for pH versus 

logPCO2 (Fig.8A).  

Monitoring of selected physicochemical parameters in the drainage system from January to 

December 2018 based on automated sensors (scale guard monitoring tool) 2000m inside from 

the west portal of the tunnel revealed variable water temperatures from 5.1 to 12.1 °C (Figs.1 

& 8). The contemporaneous seasonal variations in air temperature were gained from a nearby 

weather station (Fröschnitztal near Spital am Semmering; January – December 2018; 990m 

a.s.l. ÖBB-Infrastruktur AG). During the summer months, the air temperature measured outside 

the tunnel is rather similar to the water temperature of the drainage solution (12 vs. 10 °C, i.e. 

on average 2 °C difference), while in winter (ca. November until March) it differed significantly 

from the water temperature (-1 vs. 6 °C, i.e. ~8 °C difference). The pH values also revealed 

some relevant seasonal variation. Within the winter months, the pH was overall higher, at 

around 8.3 ± 0.1, while being significantly lower during the summer months (7.9 ± 0.1; April 

until October). The electric conductivity measurements ranged from 480 to 662 µS/cm during 

a year of observation and were typically ~100 µS/cm higher during the winter months (Fig.8C 

and D). The stable isotopic compositions of the investigated drainage solutions (n=7) based on 

one sampling campaign vary between different sampling points within a relatively narrow range 

from -73.6 to -75.4 ‰ (VSMOW) for the H isotopes (δ2HH2O) and from -10.6 to -10.8 ‰ 

(VSMOW) for the stable O isotopes (18OH2O). The δ13CDIC values range from -9.7 to -11.9 ‰ 

VPDB (table 3). RAB 17 (-11.9 ‰) is significantly depleted in 13C/12C compared to the other 

drainage solutions (-9.7 to -10.8 ‰; mean: -10.5 ‰ VPDB). 

 

Table 3: Stable isotopic composition of the water (δ2H, δ18O) and of the DIC (δ13CDIC) and Δ13Cprec-DIC 

as well as mean δ13Cprec and δ18Oprec values (n=5-12) of the carbonate precipitates. Calculated calcite 

formation temperatures after Coplen (2007) and Kim & O ̀ Neil (1997) are mean values (n=5-12). Temp 

(meas.) is the temperature measured in the precipitating drainage solution (see also Tab. 3). 
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Figure 8: Hydrochemical and temperature data. A) pH vs. internal carbon dioxide partial pressure of 

the aqueous solutions showing a clear inverse relationship. Lower PCO2 (< 10-3.4 atm; dashed line) 

causes CO2 absorption from the Earth`s atmosphere into the solution. B) pH vs. calcium and magnesium 

concentrations reflecting a trend of lower Ca2+ and Mg2+ concentration at elevated pH (RAB 17) (see 

Tab.3). In-situ and online “scale guard” monitoring: C) Temporal evolution of the specific electric 

conductivity (SpC) and pH of the investigated drainage solution measured at a stationary location of 

the drainage system close to the solution RAB 9 during one year of observation, and D) Temperature 

evolution of the drainage solution measured in-situ and of the Earth`s atmosphere from a nearby 

meteorological station (Fröschnitztal) during the year 2018 indicates distinct and corresponding 

seasonal trends. The points in figures C and D were calculated and plotted using the average of each 

month.  

 

 

3.6 Discussion  

 

3.6.1 Variable spatial and temporal conditions for scale formation    

3.6.1.1 Evolution of drainage solutions  

The formation of scale deposits is usually induced by the chemical evolution of the drainage 

solution towards precipitation of solid phases, like minerals. Accordingly, main reaction 

mechanisms for scale formation are related to the local geology and pore/ground water 

specification, leaching of cement phases (e.g. portlandite Ca(OH)2), mixing of solutions, 
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evaporation, gas absorption or degassing , microbial activity, temperature changes, and others 

(e.g. Rinder et al., 2013). In the tunnel Spital studied herein, the surrounding rocks indicate a 

high geogenic level of Mg2+ and Ca2+ concentration in the locally occurring ground water due 

to dissolution of dolomite and Mg-calcite from the rauhwacke and marble within the aquifer. 

The site-specific hydrochemical composition of the tunnel drainage solutions collected reveals 

only a few distinct spatial differences, indicating an almost constant ground water composition 

as an initial solution for all of the investigated drainage solutions. The varieties are mostly 

caused by spatiotemporally variable interactions with the concrete, ongoing scale formation, 

and interaction with the variable tunnel atmosphere (table 4). In the present case study only the 

aqueous solution RAB 17 differs significantly from the others in pH, Na+, K+, Mg2+ and SO4
2- 

concentration, as well as in its DOC content. The strongly elevated pH of 11.2 is caused by 

pronounced leaching of Ca2+ and alkali elements (Na+, K+) out of the concrete yielding a higher 

alkaline solution (see also Boch et al., 2015). Elevated K+ and Na+ concentrations (67 mg/l and 

26 mg/l, respectively) were analyzed in the solution, whereas a low Ca2+ concentration is 

probably caused by prior CaCO3 precipitation due to prevailing supersaturation in respect to 

calcite in this strong alkaline setting (table 4). In contrast, the aqueous Mg2+ concentration 

measured in solution RAB 17 is relatively low at 13 mg/l corresponding to the negative 

covariation with pH (Fig.8B) and the associated indication for brucite precipitation (Dietzel et 

al., 2008b; Mittermayr et al., 2017). Brucite, however, could not be detected in scale deposit 

RAB 17 by XRD and microscopic investigations, although strongly supported by 

hydrochemical calculations (SIbrucite > 0; table 4). Instead, there is clear evidence for the 

occurrence of the Mg-bearing carbonate mineral dypingite, even though the SI values display 

undersaturation. The solution RAB 17 also shows a high SO4
2- content (153 mg/l) and a low 

HCO3
- content (91 mg/l, table 4). All other investigated drainage solutions reveal lower SO4

2- 

and typically higher Mg2+ concentrations compared to RAB 17. The elevated sulfate content 

originates either from the dissolution of the surrounding host rock (e.g. rauhwacke), or from 

enhanced concrete interaction. According to the calculated SI values, barite could also be 

formed in small amounts, but has no quantitative relevance regarding the sulfate concentrations. 

The variations between Mg2+ concentrations could be best explained by distinct mineral 

formation (e.g. dypingite), as well as variable prior CaCO3 (calcite or aragonite) precipitation 

during hydrochemical evolution along the flow path (drainage channels), well known to alter 

Mg/Ca ratios in aqueous solutions and precipitates (Fairchild et al., 2000; Boch et al., 2019).  

The aluminum and silica contents (up to 64 µg/l and 4 mg/l, respectively) of the drainage 

solutions most likely result from dissolution of feldspar, mica and/or quartz in the host rocks 
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and not from water-concrete interaction as solution RAB 17 (strong interaction with concrete: 

high pH and alkali concentrations) contain limited aluminum (34 µg/l, table 4). Furthermore, 

solution RAB 17 reveals the lowest Ca2+ concentration compared to the other solutions, since a 

high supersaturation with respect to CaCO3 fosters its precipitation and consequently lowers 

dissolved Ca2+ (shown in Fig.8B). In contrast, the more conservative K+ and Na+ ions remain 

in solution tracing concrete leaching (Rinder et al., 2013). A simple explanation for this 

particular drainage solution being most affected by water-concrete interaction is its migration 

through leachable concrete/shotcrete for a rather long time. Locally differentiated (e.g. 

weakened) spots in the concrete or some inhomogeneous concrete processing (e.g. composition 

and microstructure of the concrete: cf. Boch et al., 2015) may stimulate strength of water-

concrete interaction.  

Extended periodical monitoring of the temperature of the drainage solution indicates that during 

the summer months the temperature was only a few degrees lower than the monthly-averaged 

outside air temperature, while in winter the mean air temperature differed significantly (up to 

10 °C) from the measured water temperature (Fig.8D). The seasonal temperature differences 

can be explained by the high heat and therefore buffering capacity of the water. The temperature 

of drainage solutions needs time to be adjusted to the air temperature. Moreover, the tunnel 

atmosphere is thermally buffered from the surrounding host rock (geothermal gradient and 

thermal assimilation; e.g. Luetscher et al., 2008). The tunnel water temperature variations of up 

to 7 °C recorded within one year of monitoring, however, clearly indicate a significant influence 

of the seasonally changing intensity of air exchange (ventilation) (Fig.8D). Such variable air 

exchange is well known from multi-annual monitoring of various cave systems, i.e. some 

natural analogue to technical passages through mountain sections (Mattey et al., 2008; Boch et 

al., 2011). In particular, the changing air ventilation partly controls various tunnel atmospheric 

(e.g. temperature, humidity, air composition), and consequently drainage solution parameters 

(temperature, hydrochemical composition). A strongly dynamic tunnel atmosphere intimately 

coupled to the hydrochemistry has also an effect on variable growth of carbonate precipitates. 

Importantly, the seasonal and operational (e.g. technical ventilation, traffic, maintenance 

intervals) dynamics exert a relevant effect on seasonally or episodically variable air versus 

drainage solution gradients (e.g. temperature, PCO2, humidity), influencing processes of fluid-

solid interaction such as CO2 outgassing. The monitored electric conductivity was higher during 

the winter months (Fig.8C). Corresponding higher degree of mineralization of the drainage 

solutions in winter could be explained by an enhanced air exchange (higher interior vs. exterior 

air temperature), thus inducing a progressive desiccation during the meteorologically overall 
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drier winter months (reduced precipitation, snow cover, less recharge). Considering the annual 

pH evolution of the selected aqueous solutions, the prevailing values are significantly higher 

during the cold season (up to ~8.5 in winter vs. ~8.0 during the warm season; Fig. 8C). This 

could be indicative of seasonally enhanced CO2 outgassing during the cold season. 

 

Table 4: Hydrochemical in-situ parameters (pH, Temp: temperature, SpC: specific electric 

conductivity), Alkalinity is given as HCO3
-, concentration of dissolved components, SiO2 present in 

solution as Si(OH)4, dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), ionic balance 

Error in percentage %, mineral saturation indices for calcite, aragonite, barite, brucite, dypingite, 

strontianite and the internal partial pressure of CO2 (PCO2). 

 

 

3.6.1.2 Mechanisms and types of scale deposit   

Petrographic observations reveal layering in almost all scale deposits, i.e. the occurrence of 

distinct interfaces at which the continuous mineral growth is interrupted, renewed nucleation 

and/or mineral accumulation (e.g. detrital) takes place and new (younger) growth layers formed 

successively (see Fig.4). The repeated growth interruptions in nearly pure carbonate scale 
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deposits usually appear as visually darker layers in the thin sections, where light is strongly 

scattered due to the small crystal sizes. The latter mineral deposits were most likely 

accumulated in the scale deposit after particulate transport in the (turbulent) water, forming 

micritic CaCO3 as a common sedimentary feature (Frisia, 2014; see Fig.4A, D and H). In the 

scale deposit RAB 9 intercalated micritic CaCO3 layers occur within larger idiomorphic calcite 

crystals, where crystal growth is not necessarily interrupted. Re-nucleation of small initial 

crystallites might not occur and the columnar competitive crystal growth continues more or less 

undisturbed (cf. Fig. 4D). However, delicate (fine) layers are repeatedly intercalated based on 

an altered chemical composition or as micritic and/or fluid inclusions. These repeated and 

typically microcrystalline growth interruptions of the dominant and ongoing CaCO3 deposition 

and mineralogical/chemical variations support significant changes in the prevailing 

environmental conditions (e.g. variable water discharge, temporary desiccation, increased 

chemical gradients) in the tunnel drainage system. A potentially pronounced hydrological, 

hydrochemical and atmospheric variability is further supported by the relatively low 

overburden (tens to max. 125m) and short overall length (2500 m) of this tunnel. Scale deposit 

RAB 4, for example, suggests a distinct change in the carbonate forming processes over time. 

Both, aragonite and calcite, occur closely related to each other and some pristine aragonite is 

partially replaced by calcite at a later stage (diagenetic origin). Reasons therefore are either a 

significant change in the hydrochemistry (e.g. CaCO3 supersaturation, Mg concentration and 

Mg/Ca ratio), causing changes in the crystal growth dynamics and precipitation rates, and/or 

the beginning diagenetic transformation (dissolution and re-precipitation ripening) of aragonite 

to calcite (Fig.6, RAB 4). In general, these petrographic observations correspond well to the 

observed seasonal and/or episodic environmental changes affecting the aqueous solution 

chemistry as discussed above.  

 

3.6.2 Tracing scale formation by stable isotopes 

In order to decipher the dominant mechanisms of CaCO3 precipitation, the signature and 

distribution of stable C and O isotopes in the carbonate of the scale deposits and associated 

solutions (water and DIC) are evaluated. The O isotope distribution of the water clearly reflects 

its meteoric origin, whereas isotopic enrichment from evaporation can be excluded as a 

significant influencing parameter (δ18OH2O versus δ2HH2O values in Fig. C.1; Appendix). The 

small range of isotope distribution in all solutions (see table 3) is characteristic for one single 

aquifer. The δ18OH2O and δ2HH2O values, however, are significantly higher compared to those 
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reported for the Austrian Meteoric Water Line (AMWL), as well as the Global Meteoric Water 

Line (GMWL; Craig, 1961; Hager & Foelsche, 2015; Fig.C.1; Appendix). Calculated 

deuterium excesses (D-excess = δD-8*δ18O, as defined by Dansgaard (1964)) vary from 10.9 

to 11.6 ‰ (average = 11.3 ‰ ± 0.4). The dominant sources of meteoric precipitation in Austria 

are the Atlantic Ocean in the (North)West and the Adriatic Sea in the South, whereby the 

regions south of the Alps are less affected by the Atlantic climate and more influenced by 

Mediterranean air masses (Auer et al., 2007; Liebminger at al., 2007). Variable evaporation of 

the Mediterranean versus Atlantic moisture sources (surface water) affects the Austrian 

deuterium excess values (Hager & Foelsche, 2015). Therefore, the enriched D-excess of the 

drainage solutions most likely reflect some distinct contribution of isotopically enriched 

Mediterranean moisture in its infiltration area (Fig.C.1; Appendix). In addition, the isotopic 

composition measured at the location Nasswald close to the investigated tunnel amounts to -

10.5 ‰ (VSMOW) for δ18O and -75.0 ‰ (VSMOW) for δ2H (weighted mean values for the 

period 1973 to 2002; Hager & Foelsche, 2015). This fits well with the δ18O and δ2H values of 

the investigated drainage solutions (average (n=7) -10.7 ‰ for δ18O and -74.4 ‰ for δ2H; cf. 

table 3).  

Considering δ18O values of the precipitated carbonate and aqueous precipitating solution the 

temperatures during carbonate mineral formation, in the present case mostly calcite, can be 

estimated using the equations  

1000lnαcalcite-H2O =17.4(103T-1) - 28.6                                                                                             (Eq.1) 

 

and 

 

1000lnαcalcite-H2O = 18.03(103T -1) - 32.42                                                                                       (Eq.2) 

reported by Coplen (2007) and Kim & O`Neil (1997) for slow and more rapid precipitation 

rates, respectively (αcalcite-H2O is the isotope fractionation factor for oxygen isotopes between 

calcite and the water molecules; T is the temperature in Kelvin). In principle, Eqs (1) and (2) 

can only be used for calcite, since e.g. aragonite follows a slightly different fractionation 

equation. However, the analyzed scale deposits show a dominance of calcite, which allows to 

use these equations for T approximation during carbonate scale deposit formation. The obtained 

scale formation temperatures by oxygen isotope data using Eq (2) fit best with the measured 
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temperatures based on in-situ and online monitoring of the drainage system (mean: 9 °C, min: 

5°C, max: 12 °C). As exceptions scale deposits RAB 17 and 25 show measured T values to be 

in accordance with scale formation T by oxygen isotope data using Eq (1) (Fig.9, table 3).  

 

 

Figure 9: Calculated temperatures during calcite precipitation from analyzed oxygen isotope 

distribution (see drillings in Fig.2) after Coplen (2007; Daeron et al., 2019; diagram A) and Kim & 

O`Neil (1997; diagram B) compared to the minimum and maximum water temperatures (dashed lines) 

measured in the drainage system using the in-situ and online “scale guard” monitoring tool (Fig.8D).  

 

Accordingly, RAB 17 and 25 reveal a different (kinetic) fractionation behaviour compared to 

the other scale deposits: Both carbonate scales have probably grown slower than the others e.g. 

during a desiccation interval in the drainage and ongoing CaCO3 precipitation to reach very low 

supersaturation degrees with respect to calcite. Prior CaCO3 precipitation induces elevated 

Mg2+/Ca2+ ratios in the solutions, which can finally yield in dypingite formation as documented 

in the pore spaces of these scale deposits. The relatively low calculated formation temperatures 

of the scale deposits RAB 17 and 25 (<5 °C) support their precipitation/formation during winter 

season and associated temporary desiccation in the drainage system indicative by dypingite 

occurrence in both scale deposits. However, assessing absolute temperatures during calcite 

formation seems to be challenging due to kinetic effects during precipitation in the tunnel 

drainage setting. These kinetic effects can comprise locally turbulent flow conditions, 

pronounced CO2 degassing, intermittent low water levels or even desiccation, calcite growth 

inhibition due to elevated Mg/Ca ratio, or the artificial templates by drainage substrate favoring 

crystallization. Variations of several °C are indicative, in particular as the water isotopic 

composition is rather constant (Fig.9). Scale deposits RAB 9, 23 and 25 confirm this assumption 

based on their δ13Cprec versus δ18Oprec isotope values. All three scale deposits reveal almost 

constant δ13CCaCO3 values, generally reflecting the isotopic composition of the DIC, but 
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extensive variation in their δ18OCaCO3 compositions, which corresponds to rather constant 

precipitation conditions, except change of temperature (Fig.10A). Scale deposits RAB 17 and 

24 show some distinct variation in both, C and O isotopes, which are explained by changes in 

respective DIC values and temperature (Fig.10B). Note, that the temperature variability of 7 °C 

from O isotopes fits well with that measured in-situ with the scale guard sensor system (table 

3, Fig. 9).  

 

Figure 10: Stable isotopic composition δ13Cprec and δ18Oprec of the investigated scale deposits (RAB 9, 

17, 23, 24 and 25; see drillings in Fig.2). Figure A suggests, that carbonate precipitation conditions 

(e.g. rate of CaCO3 formation; carbon source) are relatively constant over time for individual scale 

deposits (almost constant δ13Cprec values captured in RAB 9, 23 and 25). In contrast, variability of 

δ18Oprec values indicates prominent temperature changes during carbonate deposition, which are within 

the ∆°C range for seasonal temperature monitored in the drainage solutions of the tunnel building 

(Fig.7D). For scale deposits RAB 17 and 24 (B), variability of both, δ13Cprec and δ18Oprec values, traces 

CaCO3 formation conditions both being significantly variable in space and/or time. 

 

Although, the δ13Cprec are generally reflecting the isotopic composition of the DIC (see Fig. 10), 

the C isotopes can be influenced by a large number of parameters: e.g. CO2 degassing, uptake 

of CO2 and microbes, precipitation rate and ongoing calcite formation. Except for RAB 17 (high 

pH, low PCO2, Fig.8A), degassing of CO2 is considered as a major driving mechanism of 

concomitant CaCO3 precipitation. Since the internal partial pressure of CO2 (PCO2 in atm) 

ranged from 10-2.4 to 10-8.0 atm, values being either significantly higher or much lower 

compared to the mean Earth`s atmospheric CO2 level (~10-3.4 atm). This is further reflected in 

the intermediate δ13C values of the CaCO3 precipitates as these values range between -12.2 and 

-9.4 ‰ VPDB (table 3), i.e. values significantly higher compared to typical (strongly depleted) 
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CO2 absorption-based Ca-carbonate signatures (Kosednar-Legenstein et al., 2008; Rinder et al., 

2013). Both, the elevated pH and the according CO2 partial pressure of the solution RAB 17 

(10-8 atm, table 4) have been suspected to involve some major contribution from CO2 absorption 

as the dominant CO3
2- source for subsequent carbonate precipitation. However, based on the 

measured δ13CDIC values of the appropriate drainage solutions neither pronounced CO2 

absorption nor degassing of CO2 represent the determining carbonate formation and isotope 

fractionation mechanism since the δ13CDIC values became even lower (lighter) instead of the 

expected increased (heavier) isotopic composition during CO2 degassing inducing carbonate 

precipitation (Dietzel, 1995; Hoefs, 2015; table 3). In this regard, figure 11 is displaying the 

stable C isotope composition of the DIC as a function of the decrease of aqueous Ca 

concentration (reflecting progressing CaCO3 formation). Thus, the assumed predominance of 

CO2 degassing for most of the samples does not dominantly influence the δ13CDIC values of the 

investigated water samples. Alternatively, the ongoing calcite formation might be the cause for 

δ13C scattering in Fig.11. Assuming stable C isotope fractionation between precipitating calcite 

and DIC (αcalcite–DIC) at near equilibrium conditions, a Rayleigh fractionation effect according 

to the equation  

 

 δ13C(DIC)i = (δ13C(DIC)0 + 103)* f α(calcite-DIC) -1 - 103                                                   (Eq.3) 

 

can be calculated and followed, considering relative aqueous Ca concentration to trace CaCO3 

formation (αcalcite-DIC = 1.00355 at 8±1 °C and pH= 8±1; f: [Ca]/[Ca]0; see Dietzel & Kirchhof 

(2002); δ13C(DIC)0= -9.74 ‰; isotope value for solution with highest Ca content in table 4 

representing initial Ca concentration). According to this Rayleigh isotope fractionation 

approach for ongoing calcite formation and its excellent fit with the measured data of the present 

study shown in Fig.11, the degassing or absorption of CO2 is not the dominant process for DIC 

isotopic evolution, but ongoing CaCO3 precipitation accompanied with stable C isotope 

fractionation. Thus, stable carbon isotope composition of the DIC can be used to trace the 

ongoing calcite precipitation from the drainage solution and in the present case confirms a 

single initial solution to be reasonably assumed for all drainage solutions in respect to the source 

and concentration of inorganic carbon (Fig.11). CO2 exchange between solution and 

atmosphere as well as microbial activities may also control specific precipitation mechanisms 

as discussed above, but are not changing δ13CDIC values.  
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Figure 11: The analyzed stable carbon isotope composition of the dissolved inorganic carbon (DIC) as 

a function of progressing CaCO3 precipitation assuming the highest calcium concentration of the 

drainage solutions ([Ca]o = 76.6 mg/l; solution RAB 9; Tab.3) to be the initial value. Plotted values are 

referred exclusively to calcite dominated deposits. [Ca] denotes the individual, but lower, calcium 

concentrations ([Ca] < [Ca]o) measured in the other drainage solutions. Dashed black line: Modelled 

carbon isotope fractionation according to the Rayleigh fractionation approach for ongoing calcite 

formation considering the isotope fractionation coefficient at isotopic equilibrium between calcite and 

DIC to be αCaCO3-DIC = 1.00355 (see Eq. 3; Dietzel & Kirchhoff, 2002). The red line shows the regression 

line for the analyzed values, resulting in αCaCO3-DIC = 1.00368 (R2 = 0.962). The latter α value correlates 

well with above value from the literature (see dashed black vs. red solid line). Thus, the analyzed stable 

carbon isotope composition of the DIC clearly indicates all solution to be originated - in the scope of 

Ca and DIC evolution from a single initial solution (e.g. local groundwater) by considering close to 

isotope equilibrium condition during calcite formation. Kinetically driven carbon isotope fractionation 

- e.g. caused by enhanced degassing and/or uptake of atmospheric CO2 - does not significantly affecting 

the carbon isotope composition of DIC of the present drainage solutions.  

 

3.6.3 Controls on carbonate mineralogy and scale microstructures   

Trigonal-rhombohedral low-Mg calcite is the main component in all scale deposits in this study, 

whereby in some a variable amount of the orthorhombic aragonite is additionally present. The 

aragonite content varies between 1 and 49 wt.% in RAB 4, 6, 17, 18 and 25 (table 1; Figs. A.1-

6 and B.1-2; Appendix). Interestingly, aragonite containing scale deposits appear more porous 

or even highly porous in major parts of the fabric (Fig.3A, B, D, E and H). The aragonite crystals 

typically occur in the variably sized pore spaces or grow well-orientated inside the voids of the 

scale deposits, e.g. some isopachous ingrowth and successive cementation (Fig.4E and F). 

Dypingite is growing on the aragonite crystals located in the widespread pore spaces (RAB 6, 
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17 and 25; Figs. 5D & 12). Although all initial solutions reveal undersaturation with respect to 

dypingite, the spatiotemporally relevant observation of dypingite on the top of aragonite needles 

could be explained by temporary desiccation of the drainage in combination with prior CaCO3 

precipitation (PCP); Fairchild et al., 2000; Boch et al., 2019). According to the observation of 

a desiccated northern lateral-drainage during the sampling campaign, the limited overburden of 

the tunnel Spital associated with an increased influence of variable environmental conditions 

(e.g. recharge and discharge) and the distinct occurrence of dypingite, a temporary desiccation 

in the drainage system can be reasonably suggested for the past. PCP induces aqueous 

Mg2+/Ca2+ ratio to be rising (Huang & Fairchild, 2001; Riechelmann et al., 2014). Importantly, 

during reduced discharge, water flow and desiccation, the carbonate precipitating aqueous 

solutions partially remain in the pore spaces of the scale deposits (residual pore solutions). The 

aqueous Mg2+/Ca2+ ratios evolving during ongoing CaCO3 (low-Mg calcite initially) 

precipitation are increasing until the precipitation of aragonite or even dypingite occurs. 

Elevated magnesium concentrations are well known to promote aragonite instead of calcite 

nucleation in low-temperature aqueous settings (Riechelmann et al., 2014; Rossi & Lozano, 

2016; Purgstaller et al., 2017; Boch et al., 2019). Essentially, the continuously increasing Mg 

content inhibits further calcite nucleation from the supersaturated solution and aragonite 

formation is preferred, when the molar Mg2+/Ca2+ ratio increases above some critical limit 

(Rodriguez-Navarro & Benning, 2013; Casella et al., 2017; Boch et al., 2019). Different studies 

considering aragonite versus calcite precipitation revealed values between 1 and 3 for molar 

Mg2+/Ca2+ratios as thresholds for aragonite replacing calcite formation at ambient surface 

temperature (Frisia et al., 2002; Dietzel et al., 2004). The investigated Mg2+/Ca2+ ratios range 

between 0.2 and 1 (table 4). Aqueous solutions with molar Mg2+/Ca2+ values of >0.8 contain 

aragonite, except of RAB 17 (Mg2+/Ca2+: ~0.5). This specimen, however, contains the Mg-

bearing mineral dypingite and therefore a lower Mg concentration in the corresponding 

solution. Consequently, the lower molar Mg2+/Ca2+ ratio could be explained from this mineral 

occurrence. The solution forming aragonitic scales (RAB 6, 17, 18, 25) exhibit lower Sr and Ba 

concentrations, as the latter elements are preferably incorporated into aragonite in contrast to 

Mg (Böttcher & Dietzel, 2010). The aragonite and dypingite bearing scale deposits are typically 

more porous in their fabric compared to the specimens made out of ~100 wt.% calcite (RAB 9, 

23 and 24). This could be explained by temporary desiccation forming an irregular water film 

on the solid surfaces causing porous fabric developed by capillary forces and ion diffusion as 

assumed for curled speleothem formation (helictite; Onuk et al., 2014). Accordingly, the 

mineral dypingite is found (i) even when the bulk solution is undersaturated with respect to 
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dypingite (table 4) and (ii) in limited pores of the scale indicating temporary and/or partial 

desiccation. Thus, the evolving Mg2+/Ca2+ ratio throughout carbonate mineral precipitation 

dynamics can be correlated to porosities and fabric characteristics of the scale. The initial 

Mg2+/Ca2+ ratio in the drainage solutions (groundwater) appears to be controlled by the local 

geology (dolomite marble, rauhwacke), providing relatively high Mg contents of the 

percolating waters. Furthermore, increased Mg concentrations in the tunnel drainage and pore 

solutions could also be provided from some dissolution of the preexisting Mg-hydroxide 

mineral brucite (Mg(OH)2), either because of a decrease in formerly alkaline pH or from a 

major drop in air- and water-temperature, which would increase the solubility of brucite. 

Seasonal water temperature variations were recorded (Fig. 8) and are indicative of changing 

tunnel atmospheric conditions in this relatively short tunnel, i.e. relying on variable air pressure 

and air exchange (e.g. ingress) and leading to cooling of the tunnel atmosphere in winter (cf. 

Flueckiger & Reinke, 2013). The efficient dissolution of preexisting brucite would further 

support the necessary high Mg2+ and OH- ion concentrations for the restricted formation of 

dypingite in the drainage scale deposits. For example, this mechanism might be the case in RAB 

17, which is composed of calcite, aragonite and dypingite, but lacks brucite, although expected 

based on the higher alkaline aqueous solution composition. In contrast, RAB 18 contains 

aragonite but no dypingite, together with brucite, while RAB 6 contains both, dypingite as well 

as brucite. Based on these mineralogical relationships and the observed amounts of brucite, the 

dissolution of brucite might play a minor role for the prominently increased Mg contents and 

the formation of aragonite and dypingite in the voids of the scales. This conceptual approach 

for dypingite formation is supported in the literature, mentioning that dypingite may form under 

high CO2 partial pressures by reaction of CO2 with magnesium minerals such as brucite. This 

is further similar in composition and appearance to hydromagnesite (Mg5(CO3)4(OH)2*H2O), 

i.e. forming rosette-shaped crystal morphologies (Canterford & Tsambourakis, 1984; Frost et 

al., 2009). Furthermore, dypingite is readily formed during reaction of Mg-rich minerals with 

CO2 at ambient temperatures and favored under atmospheric pCO2 (400ppm) and microbially 

mediated conditions (Mavromatis et al., 2012; Harrison et al., 2012; Harrison et al., 2019). 

Dypingite is also known to be either an alteration product of serpentine, or to be biologically 

induced, e.g. in microbial mats hosting photosynthesis conducting cyanobacteria (Raade, 1970; 

Power et al., 2007). Under such biomediated formation conditions dypingite typically shows a 

flakey texture. Hydroxyl ions, e.g. produced during photosynthesis, can promote the 

precipitation of dypingite (Thompson & Ferris, 1990). Due to prevailing high alkaline 

conditions of the drainage solution caused by OH- leaching from concrete, dypingite formation 
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can be best explained by abiotic formation conditions as no distinct evidence of byproducts 

from cyanobacterial photosynthesis is manifested. 

Figure 12: SEM image and Raman spectra of sample RAB 17 consisting of calcite (1), aragonite (3) 

and dypingite (2). The selected pattern supports the occurrence of aragonite closely related with 

dypingite and caused by progressive prior calcium carbonate precipitation. Prior CaCO3 formation is 

most likely associated with variable water flow conditions and/or temporary desiccation of the tunnel 

drainage channels. 1) Calcite according to Raman spectrum. 2) Raman spectrum exhibits dypingite and 

aragonite, where dypingite is typically growing onto the top of the aragonite needles. 3) Raman 

spectrum supporting aragonite only.  
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3.6.4 Microbial influence on scale formation    

Several of the tunnel scale deposits investigated (RAB 9, 17 and 18) show evidence of microbial 

presence in the form of prominent remains of filamentous structures as well as indicative 

minerals. This is an essential observation since microorganisms can have a significant impact 

on carbonate mineral precipitation rate and crystal fabrics (Andrews et al., 1997; Shiraishi et 

al., 2019).  

According to the epifluorescence analysis and high-resolution visual results (Figs. 5 & 7; small 

filamentous structures in the micrometer range), the scale deposits RAB 17 and 18 clearly 

indicate bacterial influences, while RAB 9 reveals remnants of microbial activity based on the 

SEM images, although not be seen within the epifluorescence staining images (Fig.7). In the 

latter case, the bacteria might be well dispersed in the scale deposit and thus not be detected by 

the screening epifluorescence analysis. The bacteria in RAB 9 can be classified based on their 

typical size, shape and structural features. Accordingly, they were characterized as Gallionella 

ferruginea (Ehrenberg, 1836, Chan et al., 2016). Gallionella ferruginea belongs to the iron-

oxidizing group of bacteria (FeOB), which produce extracellular polymeric substances (EPS) 

in the form of a spirally twisted filamentous stalks on which the oxidized iron (Fe2+ → Fe3+) is 

precipitating and encrusting (Vatter & Wolfe, 1956). This kind of widespread redox-sensitive 

bacteria is an auto- and mixotrophic microaerophilic FeOB using Fe(II) as the electron donor 

and CO2 or carbohydrates as a carbon source (Hallbeck & Peterson, 1991; Hallbeck et al., 

1993). Growth conditions require circum-neutral pH conditions and temperatures ranging 

between ~5 and 25°C (Heim et al., 2015). The metabolically associated iron precipitates on the 

organic tissue (substrate) are often referred to as poorly crystallized iron-(hydr)oxides such as 

ferrihydrite (Fe10O14(OH)2) or amorphous ferric hydroxide (Fe(OH)3; Ghiorse, 1984; Tuhela et 

al., 1997). Ferrihydrite is known to be a biomineralization product of iron-oxidizing 

environments and microorganisms (Banfield & Welch, 2013). Figure 5B shows indications of 

ferrihydrite (tiny-sized spherical components), most likely of bacterial origin, explaining the 

prominent red-brownish color of scale deposit RAB 9. These rapidly formed and poorly 

crystallized (limited degree of ionic ordering) minerals are known to successively transform 

into higher crystalline forms of Fe-(hydr)oxides, e.g. goethite (FeOOH; Banfield et al. 2000; 

Hallberg & Ferris, 2004) over time. However, our investigations revealed that the twisted 

filaments mainly consist of Fe, O, Ca, C and Si (Fig.5A; Figs.D.1, D.2; Appendix). Over time, 

the initially smooth and pristine stalk surfaces of the bacterial tissue become increasingly coated 

with iron-(hydr)oxides (Chan et al., 2011). This is causing a gradual reduction of the exposed 

EPS-surfaces, which leads to a successive reduction of the passive (but attractive) 
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mineralization substrate provided by the biofilms (Heim et al., 2015). The oxidation of water-

soluble Fe (II) to the less soluble form of Fe (III) results in the formation of iron-(hydr)oxides 

such as ferrihydrite in the case of RAB 9 (Fig.5B). This redox- as well as pH-sensitive formation 

processes leads to a decrease in the pH according to equation 4, i.e. an H+ (H3O
+) ion is released 

and OH- is partially fixed in the solid iron phase. The overall reaction for iron precipitates 

induced by microbial influences of iron-oxidizing bacteria is reported by Banfield & Welch 

(2013):  

 

2Fe2+ (aq) + ½ O2 (g) + 3H2O → 2FeOOH (s) + 4H+ 
(aq)                                                        (Eq.4) 

 

More specifically, the pH value decreases in conjunction with more Fe being removed from the 

aqueous solution and being incorporated into the solid iron phase. Ferrous (Fe (II)) and ferric 

(Fe (III)) ions are further known to inhibit calcite growth (Katz et al., 1993; Takasaki et al., 

1994). Fe (III) inhibits calcite crystal growth even better at lower pH values probably by 

absorption of ferric ions or small colloidal ferric hydroxide particles onto the calcite growth 

surface (Katz et al., 1993). As the overall iron ion concentration increases in the solution, the 

growth of calcite is increasingly inhibited (Takasaki et al., 1994). Laboratory experiments 

revealed that the oxidation process of Fe (II) to Fe (III) leads to a strong increase in growth 

inhibition and is even better than adding the same amount of Fe (III) directly (Katz et al., 1993). 

In the case of scale deposit RAB 9, the bacteria detected are well known to oxidize Fe (II) to 

Fe (III) and could thus significantly increase the inhibition of calcite growth from the Ca-

carbonate supersaturated drainage solutions. Electron microprobe studies showed that the 

increased iron content in RAB 9 is spatially related to the tiny but widely occurring micro-pores 

(ev. remnants of bacterial filaments), as the iron-oxidizing bacteria were mostly found in these 

micro-pores (Fig.6, RAB 9). All of these processes discussed support some of the characteristics 

of scale deposit RAB 9, being prominently red-brownish (iron staining) colored, more 

condensed (thinner) and compact (hard) compared to the other scale deposits.  

Two of the scale deposits (RAB 17 and RAB 18) show distinct autofluorescence and clear 

evidence of some microbial presence according to the epifluorescence tracing method (Fig.7). 

In RAB 17, bacterial presence could be detected employing high-resolution SEM images, 

whereas in RAB 18 no distinct microbial activity could be observed by SEM. Moreover, RAB 

18 exhibits some major pore spaces (Fig.3E). Pristine growth imperfections like major pore 
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spaces of different size in the carbonate precipitates have been recognized to occur in relation 

to crystals grown on EPS and on braided surfaces of microbial biofilms (Pedley, 2014). 

Furthermore, RAB 17 - the most porous and softest scale deposit of the investigated scales - 

hosts a significant and eventually microbial-mediated aragonite content and shows the highest 

DOC content (2.1 mg/l). These observations agree well with the epifluorescence analysis 

suggesting widespread microbial activity in scale RAB 17. The tunnel scale deposits with some 

obvious bacterial presence are partially comparable to microbial communities of environmental 

settings such as hot springs and ambient-temperature streams influencing travertine and 

calcareous tufa formation (Ford & Pedley, 1996; Chafetz and Guidry, 1999; Fouke, 2011). 

From such travertine focused studies, it is well known that variable flow velocities, 

temperatures, aqueous ion speciation and microbial compositions cause indicative differences 

in mineralogy and fabrics (Shiraishi et al., 2019). In this context, the biomediated carbonate 

precipitation could have been resulted in the repeatedly observed micritic fabrics. In particular, 

the biofilm hosting in-situ formed microscopic (calcite) crystallites dies off (e.g. vanishes 

during stagnant flow conditions), and the micrite crystals remain in the local sample or are 

flushed away later (Ford & Pedley, 1996; Pedley, 2014; Shiraishi et al., 2019). Some scales, 

however, contain micritic fabrics without any distinct evidence of earlier microbial presence. 

Consequently, the micritic Ca-carbonate crystals could also have precipitated entirely from 

temporary high Ca-carbonate supersaturation and crystallization and transport in suspension, 

indicating some pronounced environmental and related tunnel drainage solution changes (e.g. 

RAB 4).  

 

3.7 Conceptual model for scale deposits in tunnel drainage settings    

According to the data and arguments presented above, the investigated scale deposits in the 

drainage can be differentiated into four distinct types regarding their material characteristics 

and environment of formation (summarized in figure 13). Carbonate scales of type 1 

(represented by scale deposit RAB 17) are mainly characterized by a highly porous and 

relatively soft material consistency, a very high pH, prominently high Na+ and K+ 

concentrations (26 mg/l and 67 mg/l, respectively), and very high SI values of calcite (>1) of 

the corresponding aqueous solution caused by intense concrete/shotcrete interaction. The 

composition of the solution shows low Ca2+, Mg2+ and HCO3
- concentrations (40 mg/l, 38 mg/l, 

and 91 mg/l; see table 4). Furthermore, the association of aragonite with dypingite in pore 

spaces - caused by prior CaCO3 precipitation - as well as the microbial presence documented 
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by EPS-structures are indicative for type 1. Scale deposit of type 2 is represented by the red-

brownish colored, typically thin, well-layered and compact (hard) scale deposit RAB 9. 

Accordingly, type 2 is involving some distinct influence of iron-oxidizing bacteria such as 

Gallionella ferruginea facilitating ferrihydrite and/or goethite formation. The corresponding 

aqueous solution revealed the highest Ca2+ and Mg2+ concentrations of all investigated drainage 

solutions (76 mg/l and 38 mg/l, respectively), a high molar Mg/Ca ratio (~0.8) as well as high 

SI values for calcite (up to 1.2). Type 2 typically consists of strongly consolidated and 

spatiotemporally evolved (e.g. layered) scale deposits with a pronounced durability dominated 

by calcite and favored by high flow rates (ripple structures). The red-brownish staining of the 

scale deposits of the central-drainage can be explained by bacterial influence of Gallionella 

ferruginea. This type of bacteria seems to occur in particular in the central-drainage of the 

investigated tunnel. This is reflected by up to 10 times higher flow rates, continuously providing 

aqueous Fe2+, in individual drainages: the central-drainage flow rate, compared to the southern 

and northern lateral-drainages (assessed from visual rating). An additional strong indication of 

a high flow rate in the central-drainage is provided by the ripple structures characterizing the 

surface topography (growth surface) of the respective scale deposits (e.g. Figs. 2C and 3C). 

Such streaming and turbulence related features are particularly prominent for RAB 4, 6, and 9. 

A constantly available water flow and high flow rate is an advantage for a steady microbial 

presence, since bacteria develop best in areas of active turbulent flow and aeration, favoring 

gas exchanges and nutrients (e.g. Fe2+; Pedley, 2014; Chan et al., 2016).  

Considering the variable contribution of the northern drainage channel to the central-drainage 

and the variable coloring and layering (zonation) in some of the central-drainage scale deposits 

(RAB 4, 6 & 9; Figs. 2A-C & 3A-C), changing Fe concentrations - related to the ground- and 

subsequent drainage water coming from the northern drainage - can be reasonably assumed. In 

this regard, a relatively Fe-rich, but episodic water supply would facilitate variable nutrient 

input (e.g. Fe2+) and consequently a more unsteady microbial activity.  A complete vanishing 

of the microbial presence seems to be likely during complete desiccation of the northern and/or 

central-drainage. The major relevance of the spatiotemporally variable flow conditions in the 

drainages is further supported by observed variations in the carbonate content (coloring, and 

structure) as well as accessory mineralogy. The drainage deposits of type 3 are characterized 

by a porous scale fabric, a high aragonite content (up to 49 wt.%) and the occurrence of the 

rarely documented minerals dypingite and/or brucite (RAB 6, 18, and 25). In particular, a 

variable degree of prior CaCO3 precipitation in association with variable Mg/Ca content in the 

drainage solution explains this complex carbonate/hydroxide mineral association. The spatial 
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mineral arrangement, e.g. dypingite on top of aragonite needles, hints on variable 

hydrochemical and flow conditions, including temporary desiccation.  The slightly alkaline pH 

of the related aqueous solution of scale deposit type 3 ranges from 7.9 to 8.6 with a molar 

Mg/Ca ratio up to 1.1.  Type 4, including RAB 23 and 24, comprises scale deposits dominantly 

consisting of calcite with a compact and dense (low porosity) fabric and whitish colored 

appearance, i.e. a low iron and accessory mineral content. The type 4 related solutions show 

molar Mg/Ca ratios <0.6 and relatively low, but still supersaturated solutions in respect to 

calcite (SI <0.6; RAB 23 and 24; Fig.13). 

An advanced understanding on the reaction mechanisms and influencing factors for scale 

deposit formation from the tunnel Spital can be applied to other tunnel systems: Air/gas 

exchange between the drainage solution and the atmosphere and variable flow rates are essential 

for all drainage systems. In most cases, microorganisms have a significant impact in the 

formation and fabrics of scale deposits and thus have to be considered in tunnel drainage 

systems. In particular, in tunnels with little rock overburden, temporary desiccation of drainages 

may occur affecting microbial communities and related mineral deposits. 
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Figure 13: Schematic illustration of different chemical-sedimentary reaction mechanisms occurring in 

the drainage system of the Tunnel Spital as a case study for scale deposits in drainage pipes. Scales of 

type 1, represented by RAB 17, are characterized by porous, white precipitates precipiated from a 

solution with high pH at elevated Na+ and K+ concentrations due to enhanced shotcrete/concrete 

interaction of the locally percolatingground water and/or interstitial solutions entering the tunnel. Type 

2 is represented by reddish, thin layered and prominently compact sample RAB 9 involving the iron-

oxidizing bacteria Gallionella ferruginea (white arrow) and a solution with a moderate pH and higher 

HCO3
-, Ca2+ and Mg2+ concentration than the solution of type 1. Type 3 is reflected by the carbonate 

deposits RAB 6, 18, and 25. All of these precipitates revealed high aqueous molar Mg/Ca ratios, the 

occurrence of significant amounts of aragonite (Ar) and dypingyte (Dy) mainly located in the scale pore 

spaces, as well as overall porous and relatively soft material consistencies. One of the samples in this 

group (RAB 18) indicates microbial activities. The corresponding solutions exhibit a moderate pH value 

and  higher HCO3
-, Mg2+ and Ca2+ concentrations than the solution of type 1. Type 4 stands for the 

scale deposits RAB 23 and 24, which comprise of almost pure calcite (Cc) and a compact/dense fabric. 

The chemical composition of type 4 solutions is comparable to those of types 2 and 3. 
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3.8 Conclusions and outlook 

The present contribution on unwanted scale deposits in a tunnel drainage system gained an 

increased understanding of the scale formation dynamics and their variable environmental 

dependencies:  

- All investigated aqueous solutions show a relatively similar chemical composition, only 

the water related to scale deposit RAB 17 exhibited a different composition due to strong 

fluid-solid interaction with the concrete. In the related scale deposits, recurrent growth 

interruptions, partial replacement of aragonite by calcite, evidence of temporary water 

flow reduction and even complete desiccation support the critical role of variable flow 

rates and the influence of a (seasonally) variable air exchange (dynamic tunnel 

atmosphere). 

- Almost constant δ2HH2O and δ18OH2O values indicate a distinct and homogeneous local 

aquifer discharging regional meteoric water into the tunnel. A hydrochemical evolution 

occurs mainly across the flow paths in the tunnel drainage system. Aqueous δ13CDIC 

values and the calculated Rayleigh fractionation process indicate near stable carbon 

isotope equilibrium fractionation during calcium carbonate formation instead of 

pronounced degassing of CO2 or dominant CO2 absorption to be traced. δ18Oprec 

measurements across scale profiles indicate changes in the temperature of the tunnel 

water tracing seasonal temperature changes of the tunnel atmosphere.   

- The rarely documented mineral dypingite was detected in the scale deposits, indicating 

drainage solution evolution based on prior CaCO3 precipitation. Dypingite on top of 

aragonite needles hint on temporary desiccation.  

- Microbial activity (e.g. Gallionella ferruginea) has been detected in some of the scale 

deposits (RAB 9, 17 and 18). The microbes appear to significantly influence the variable 

scaling process and in particular its mineralogy (e.g. ferrihydrite formation), fabric (e.g. 

enhanced porosity) and overall scale material consistency.  

           

In conclusion, natural (geogenic) as well as operative (anthropogenic) physicochemical 

conditions control the chemical evolution of the drainage solutions and the related formation of 

variable scale deposits. Based on an advanced understanding on scale formation mechanisms 

and fabrics, the environmental conditions determining the scale deposits could be adapted and 

controlled by optimized operative versus natural conditions (e.g. prevailing physicochemical 

gradients, tunnel air ventilation, flow rate, drainage geometries and selected materials) to reduce 

and/or prevent unwanted scaling. More specifically, a suitable choice of the materials in contact 
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with the scale precipitating and/or transporting (detrital components) ground- and tunnel waters 

(e.g. pipes and concrete/shotcrete) is essential to reduce and/or prevent unwanted scale deposits 

or material alteration. In this context, a high durability concrete could be used and/or drainage 

pipe material avoiding crystal growth on its surface (e.g. PE instead of PVC plastics). A 

promising intervening technique may include adding of small dosages (ppm range) of tailored 

“green” inhibitors to the drainage solution in order to reduce or delay the unwanted nucleation 

and precipitation of calcium carbonate, i.e. long enough to drain the carbonate supersaturated 

solution out of the tunnel. Another strategy for reducing the evolution of scale deposits is to 

keep the CO2 and H2O gas/air exchange rates between the drainage solution and the tunnel 

atmosphere as low as possible, e.g. by adapting drainage construction designs. In tunnels with 

little overburden water draining concepts at the Earth ‘s surface could limit seasonally variable 

water draining into the tunnel. Thus, effective strategies to reduce or prevent the formation of 

scale deposits and related processes should be developed for the individual case.  

In future studies, seasonal and episodic (temporary) variations of the temperatures in the tunnel 

atmosphere and aqueous solutions, air pressure variations inside and outside the tunnel partially 

controlling air exchange, critical gradients (pCO2, humidity) of the water versus the tunnel 

atmosphere and the drainage water flow conditions (recharge vs. discharge, mixing) should be 

monitored at high spatial and temporal resolution, e.g. applying data loggers in critical sections 

to assess the changing environmental conditions for scale formation. 
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3.10 Supplementary material 
 

Figure A.1: XRD-pattern of sample RAB 4.  

 

 

Figure A.2: XRD-pattern of sample RAB 17. 
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Figure A.3: XRD-pattern of sample RAB 18. 

 

 

Figure A.4: XRD-pattern of sample RAB 23. 
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Figure A.5: XRD-pattern of sample RAB 24. 

 

 

 

 

 

 

Figur A.6: XRD-pattern of sample RAB 25. 
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Figure B.1: XRD-pattern of sample RAB 6. The top diffractogram shows the composition of the solid 

residuum after nitric acid digestion of the carbonate matrix. The lower diagram reveals the bulk 

composition of sample RAB 6.  
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Figure B.2: XRD-pattern of sample RAB 9. The top diffractogram shows the composition of the solid 

residuum after acid digestion of the carbonate matrix. The lower image reveals the bulk composition of 

sample RAB 9.  
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Figure C.1: δ2H and δ18O isotopic compositions of the investigated tunnel drainage solutions (tunnel 

Spital am Semmering) compared to the Global Meteoric Water Line (GMWL) according to Craig (1961) 

and the Austrian Meteoric Water Line (AMWL) according to Hager & Fölsche (2015). The investigated 

aqueous solutions show enriched stable isotope values (increased Deuterium-excess) compared to the 

GMWL and AMWL. 

 

Figure D.1: EDX spectrum of twisted stalks in sample RAB 9 which exhibits the occurrence of the iron 

oxidizing bacteria Gallionella ferruginea.  
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Figure D.2: EDX spectrum of the sample RAB 9 indicating the mineral ferrihydrite.  

 

 

 

Table A.1: Stable isotopic composition δ13C and δ18O of the analyzed carbonate precipitates (RAB 4, 9, 

17, 23, 24 and 25) based on selected (pointwise using handheld drill) sampling across transects.  
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4.1 Abstract 

Scale deposit formation in drainage systems of railway tunnels represents a major challenge for 

their functionality and maintenance. The removal of these scale deposits causes high costs and 

restrictions of system availability. Effective measures to reduce scale deposit formation range 

from specification of the composition and structure of building materials to the application of 

tailored prevention and cleaning strategies. This requires advanced knowledge of the origin and 

type of scale deposits. The aim of this study is a systematic compilation, characterization, 

classification, and evaluation of scale deposits in relation to their formation mechanisms and 

the influence of variable environmental factors. The scale deposits from the 16 investigated 

tunnels mainly consist of the minerals calcite, aragonite, brucite as well as iron (hydr)oxides 

and detrital components. Four major types of scale deposits are distinguished: (i) 

unconsolidated-particulate, (ii) shard-like, (iii) porous, and (iv) compact scales. Types ii to iv 

show clear indications of microbial activity affecting the formation and appearance of 

individual deposits by various metabolic processes. The determining factors for the formation 

of scales – in addition to the geogenic composition of the aqueous solutions in the drainage 

system (groundwater / surface water) – are the variable interaction of these waters with the 

binding agents of the building materials used and the tunnel atmosphere. Geogenic conditions 

and technical-operational specifications of a tunnel determine the type and character of scale 

deposits, which can be actively influenced based on the case-specific reaction mechanisms by 

individual adaptations of environmental conditions. 
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4.2 Introduction  

Scale deposits are formed in the drainage systems of many tunnels managed by the Austrian 

railway operator ÖBB-Infrastruktur AG, and usually have to be laboriously removed in the 

course of maintenance services for retaining their functionality [1-3]. The material consistency, 

mineralogical and chemical compositions, as well as the formation rates of scale deposits are 

highly variable in space and time. The removal of scale deposits and the sustainability of 

drainage systems thus represent an essential part of the overall maintenance demand [4, 5].  

With the aim of long-term optimisation of maintenance activities, the "Task Force Drainage" 

project has undertaken extensive testing of water and scale deposit compositions in the drainage 

systems of 16 tunnels managed by the ÖBB Infrastruktur AG in order to gain insights into the 

causes and specific formation mechanisms of the scale deposits and their formation potentials. 

For this purpose, tunnel structures with different construction characteristics and drainage 

systems and with distinct scaling potentials were selected. The aim of this work is to 

characterise and identify types of scale deposits and to clarify their formation conditions in 

order to derive practical strategies for prevention of scale deposit formation and to develop 

straightforward strategies for maintenance and cleaning of drainage systems. 

 

4.3 Methodology 

The selection of the sampling locations for scale deposits and drainage solutions in contact with 

each other was carried out due to frequent problems with scale deposit formation and where 

sufficient scale material and aqueous solution volume were available in the appropriate sections 

of the individual tunnels. Therefore, scale deposits were studied (2 to 7 per tunnel), where 

associated drainage solution could also be taken for analysis. The number of water samples 

exceeds that of the scale deposits as solids could not be taken for several sampled solutions in 

the drainage system due to the lack of scale deposits, recent cleaning works or inadequate spatial 

access. Consequently, in the Pottenbrunner, Kaponig, Zammerer, New Semmering, Lainzer 

Tunnels and the east section of the Wienerwald Tunnel solely drainage solutions were sampled. 

The investigated tunnels are designed for water pressure relief by a closed construction and side 

drainages. A special case, however, applies to the Pottenbrunner Tunnel and the St. Marx 

Tunnel. The Pottenbrunner Tunnel drains surface water from the carriageway, while the St. 

Marx Tunnel drains groundwater and surface water near an inner-city built-up area.  

The analysis of the drainage solution comprises on-site parameters (pH-value, electrical 

conductivity and temperature), as well as the chemical composition using ion chromatography, 
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potentiometric titration and optical emission spectrometry. Hydrochemical modelling was 

performed using the computer code PhreeqC [6]. The solids were mineralogically and 

petrographically characterised by X-ray diffraction and scanning electron microscopy.  

 

4.4 Characterisation of the scale deposits 

4.4.1. Mineralogical composition 

Most of the investigated scale deposits consist of the mineral calcite (trigonal CaCO3), whereas 

aragonite (orthorhombic CaCO3) is dominating in a few samples (Table 1). Minerals like brucite 

(Mg(OH)2), iron oxide/hydroxide (e.g. goethite (FeOOH) and hematite (Fe2O3)) and detrital 

minerals (e.g. silicate minerals) occur as accessory components (< 10 % by weight). The 

individual scale deposits can be categorised into the following four types depending on their 

macroscopic appearance and microstructures (cf. Table 1). 
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Table 1: Characterization of the analyzed scale deposits based on their material characteristics and the 

related drainage solutions. Data on microbial activity, pH, application of carbonate scale inhibitor and 

mineralogy. The blue/cursive numbers represent average and standard deviation of pH-values, except 

for drainage solutions of sinter type i, where the pH-range is given. n.a: not analyzed. 
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4.4.2. Macro- and microstructural types  

4.4.2.1 Unconsolidated-particulate scale deposits 

This type of scale deposit often occurs as a fine-grained, unconsolidated particulate material 

(e.g. lime sludge), which can also form clumps in places. Its material consistency is significantly 

influenced by high pH-values and/or addition of inhibitors, in the present case 

polysuccinimide/polyaspartic acid (cf. Table 1). These substances can influence the formation 

of aragonite instead of calcite as well as the microstructure and material consistency of the 

precipitates. The addition of proper inhibitors into the drainage solutions with already 

compactly formed scale deposits can cause a change in material consistency to the 

unconsolidated-particulate scale deposit type. The use of inhibitors, also known as hardness 

stabilisers, can significantly delay CaCO3 precipitation from drainage solutions [7]. The 

microstructures show fine-grained calcite crystals (micrite) with a size of 0.04 to 0.2 mm and 

mostly well-formed rhombohedral crystal surfaces. Some scale deposits contain associations of 

acicular and fascicular aragonites. The aragonites are often covered with a thin coating of 

brucite, the appearance of which reflects a high pH-value (Figure 1; cf. Table 1). The 

unconsolidated-particulate type of scale deposit shows no specific pH range for its formation, 

although it is promoted by high pH (elevated supersaturation and rapid precipitation of CaCO3). 

No influence of microbial activity could be detected in this type of scale deposit (cf. Table 1). 

Thus, the direct precipitation of tiny crystals out of the aqueous solution and its suspensive 

transport followed by sedimentation in the drainage system, e.g. at obstructions or at low flow 

rates, is the dominant process for the formation of the unconsolidated-particulate scale deposit 

type.  

Figure 1: Macroscopic appearance (A) and microstructures from scanning electron microscopy (B, C) 

of the unconsolidated-particulate scale deposits. The red arrows show thin coatings of brucite on calcite, 

while the white arrows indicate acicular and fascicular aragonite. The blue arrows point to 

rhombohedral calcite crystals. 
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4.4.2.2 Shard-like scale deposits 

Shard-like scale deposits consist of a mostly flat and compact base frequently covered by small 

rounded (spherical) structures on its surface (Figure 2). This type of scale deposit is formed at 

pH of about 8.4 ± 0.2. The microstructure of shard-like scale deposits show in most cases calcite 

crystals with - referring to the internal crystal structure - non-ideal external appearance (e.g. 

rounded edges), wherein the crystal size can vary significantly from 0.01 to 1 mm in the 

individual scale deposits. In a few scale deposits a clear indication of microbial activity is given 

by thin, fibrous components (likely EPS: extracellular polymeric substances), which interlink 

the individual particles within the scale material (cf. Figure 2). Typically, these scale deposits 

exhibit spherical surface structures, while shard-like scale deposits without indications of 

microbial activity do not show this surface structure. The latter scales are characterised by well 

defined (idiomorphic) calcite crystals and consequently rough surfaces in contact with the 

aqueous medium.  

Figure 2: Macroscopic appearance (A) and microstructures of the shard-like scale deposits by scanning 

electron microscopy (B, C). B shows spherical surface structures, while the red area in C encircles a 

fiber-like EPS-structure indicative of microbial activity. 

 

4.4.2.3 Porous scale deposits 

This type of scale deposit is characterised by an overall porous material consistency, especially 

at its interface toward the draining water (Figure 3). It mostly occurs in the pH range from 7.9 

to 8.7 (8.2 ± 0.3; cf. Table 1). The mineralogical composition mainly comprises calcite, wherein 

occasionally also high aragonite contents are present, which influence the microstructural 

formation and material consistency of the precipitates. Most of these scale deposits show 

indications of microbial activity obvious by fibrous components (EPS structures) within the 

carbonate matrix. The microstructures show columnar shaped and competitively growing 

calcite crystals (cf. Figure 3). In contrast, some of the scale deposits are characterised by 

branched growth structures (dendritic), rounded surfaces of the calcite crystals or an association 

of several different crystal forms. Aragonite occurs by forming acicular and fascicular crystals, 
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mainly in the pore spaces. This indicates a temporary desiccation of the present scale deposit 

structures in the tunnel drainage system and precipitation of aragonite from the remaining 

solution. Thus, a change of environmental conditions can strongly influence the formation of 

the porous scale deposit type [8]. 

Figure 3: Macroscopic appearance (A) and microstructures of the porous scale deposits using scanning 

electron microscopy (B, C). Green marked areas outline adjacent columnar shaped and competitively 

growing calcite crystals, while the red marked areas in C point to fiber-like EPS structures. 

 

4.4.2.4 Compact scale deposits 

Compact scale deposits occur as heavily consolidated material, i.e. dense and compact with a 

low porosity. Such scale deposit is predominantly found at a pH of about 8.6 ± 0.2. Calcite is 

the dominant newly formed mineral, with detrital minerals being of less significance. Compact 

scale deposits indeed show a uniform macroscopic material consistency but differ clearly from 

each other in respect to their microstructures (Figure 4). Several scale deposits of this type have 

well-formed, rhombohedral calcite crystals and most likely indicate microbial activity due to 

the occurrence of fibrous structures (EPS). The microscopic appearance of some compact scale 

deposits shows partial secondary dissolution features on the calcite crystal surface, which can 

be caused by weathering processes in the form of subsequent hydrochemical alteration 

(overprinting by highly diverse waters or from condensation of air moisture). 

Figure 4: Macroscopic appearance (A) and microstructures of the compact scale deposits shown by 

scanning electron microscopy (B, C). B shows densely packed idiomorphic calcite crystals. Red arrows: 

EPS structures as strong evidence of microbial activity. 
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 4.5 Characterisation of the drainage solutions 

Illustrating the solution composition in the Piper diagram shows the drainage solutions to be 

highly differentiated [9, 10] (Figure 5). These differences are essentially caused by local 

(hydro)geological, meteorological and climatic conditions (geogenic conditions) in the area of 

a tunnel, as well as by technical and operative factors (e.g. binding agent vs. water interaction). 

Pronounced interaction by leaching of alkaline constituents, e.g. from shotcrete and/or anchor 

mortar, leads to an increase of the Na+ and K+ concentrations. Such water samples are typical 

e.g. for the Hengsberg and Johannesberg Tunnels (cf. Figure 5, areas d, f and g). The 

Johannesberg Tunnel (built in the 1960s) is an excellent example to confirm binding agents-

water interaction lasting for several decades. However, most of the investigated drainage 

solutions are less affected by this interaction (a). In a few of the earth alkali-sulphate (c) and 

the earth alkali-alkali-sulphate waters (e), both geogenic factors, such as migration through 

sulphate-containing geological units, and the interaction with cement-bound construction 

materials have to be considered (cf. Figure 5).  

 

Figure 5: Classification of drainage solutions within a modified Piper diagram.  

 

Elevated values of the electric conductivity (measure of the total concentration of dissolved 

ions) and a pH in the highly alkaline range is a first indication of anthropogenically influenced 

solutions (e.g. Hengsberg and Johannesberg Tunnels). Also in the Birgl, Kaponig, Lainzer 
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Tunnels and section LT26 of the Wienerwald Tunnel, there are indications of strong interaction 

of individual solutions with the construction materials mentioned above, as the pH-values of 

individual measurement points are significantly above 9, confirming the hydrochemical 

classification of the solutions (Figure 5 and 6). pH values of drainage solutions from other 

tunnels range between 7 and 9, which is typical for most common groundwaters. Comparing 

the electric conductivity of the drainage solutions of the distinct tunnels shows highest electric 

conductivities to occur in younger tunnel constructions, like the St. Marx Tunnel, the east 

section and section LT26 of the Wienerwald Tunnel, the New Semmering Tunnel and the 

Lainzer Tunnel. In some cases, also the drainage waters of the Hengsberg Tunnel reach high 

electric conductivities. In contrast, the electric conductivities of the solutions from most other 

tunnels are below 1000 µS/cm (cf. Figure 6).  

Figure 6: Diagram to the left: pH ranges of drainage solutions. Diagram to the right: range of electric 

conductivities of drainage solutions. 

 

A further indicator of an intensive interaction with cement-bound construction materials is the 

magnesium concentration of the drainage solution in comparison with the geogenic 

groundwater. In particular, the drainage solutions of the Hengsberg and the Pottenbrunner 

Tunnel show very low magnesium concentrations. Very low magnesium concentrations are also 

measured in several solutions from the Birgl, Kaponig, Lainzer, Johannesberg Tunnels and 

section LT26 of the Wienerwald Tunnel. Plotting the magnesium concentration of the 

investigated solutions as a function of the pH indicates all solutions, with the exception of the 

Pottenbrunner Tunnel, to be low in magnesium concentration at elevated pH (Figure 7). This 

behaviour can be reasonably explained by the precipitation of magnesium - originated from the 
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groundwater - as magnesium hydroxide (brucite). In contrast, the low magnesium concentration 

of the drainage solutions from the Pottenbrunner Tunnel is not justified to be caused by the 

interaction with cement-bound construction materials. In this tunnel, the drainage solutions are 

generated by surface water / rainwater from the carriageway. Consequently, in these solutions 

the natural content of Mg is most likely very low as Mg ions are not received by leaching of 

local rocks.  

 

Figure 7: Magnesium content of the drainage solutions as a function of pH. The grey arrow illustrates 

the general trend of decreasing magnesium concentrations caused by precipitation of the mineral 

brucite (Mg[OH]2).  

 

In addition to the dissolved ions mentioned above, the internal CO2 partial pressure (pCO2) of 

the drainage solutions, determined by hydrochemical modelling, represents a significant 

parameter for scaling processes. If the pCO2 of a solution decreases due to degassing of CO2, 

the consequent distribution shift within the carbonate-CO2 equilibrium can trigger the 

precipitation of calcium carbonate. The CO2 concentrations of the tunnel atmosphere are close 

to the CO2 concentration of the Earth`s atmosphere (log pCO2 = – 3.4 atm, about 400 ppmv) 

when considering sufficient ventilation. Moreover, at adequate aeration (e.g. due to piston effect 

during the tunnel passage of a train) the atmosphere in the drainage system is most likely 

corresponding to the CO2 partial pressure of the tunnel atmosphere. In the investigated drainage 
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solutions, the median values of the internal CO2 partial pressure for most tunnels are 

considerably higher than those of the Earth`s atmosphere. Accordingly, for these drainage 

solutions the degassing of CO2 represents the dominant hydrochemical process to increase the 

scaling potential regarding calcium carbonate precipitation (Figure 8).  

 

Figure 8: The internal CO2-partial pressures (log pCO2 in atm) of the drainage solutions.  

 

In drainage solutions whose internal CO2 partial pressure is in the range of the atmospheric CO2 

partial pressure, such as the Pottenbrunner Tunnel, hardly any significant degassing of dissolved 

CO2 is possible and thus the scaling potential is not increasing. Drainage solutions whose 

internal CO2 partial pressure is lowered by the interaction with cement-bound construction 

materials far below the atmospheric CO2 partial pressure, can absorb CO2 from the tunnel 

atmosphere until the internal value reaches the atmospheric CO2 partial pressure. In practice, 
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however, a significant CO2 uptake is only occurring at pH > 9.5. From the drainage solutions, 

the median values of the Hengsberg, Johannesberg and Kaponig Tunnels are below the 

atmospheric CO2 partial pressure. Occasionally, internal CO2 partial pressures significantly 

below the atmospheric CO2 partial pressure can also be found in drainage solutions from the 

Birgl, Inntal, and Lainzer Tunnels and section LT 26 of the Wienerwald Tunnel. This 

observation confirms the drainage solutions from the Hengsberg and Johannesberg Tunnels as 

well as from some sections of the Birgl, Kaponig, Lainzer Tunnels and section LT 26 of the 

Wienerwald Tunnel to be strongly affected by binding agent vs. water interaction. In analogy 

to the scale deposit types described above, the drainage solutions show a systematic 

classification according to their chemical composition, although not inevitably reflecting the 

specific type of the scale deposits. At a given chemical composition of a drainage solution 

indeed various types of scale deposits can be induced. Here, both the spatial and temporal 

evolution of the drainage solutions, e.g. caused by the formation of scale deposits along a flow 

path as well as the technical-operational conditions can play a decisive role [8].  

 

4.6 Summary and conclusions 

Drainage solutions with high pH and low magnesium concentrations indicate an intensive 

interaction of local groundwaters with cement-bound construction materials. These drainage 

solutions have internal CO2 partial pressures below the atmospheric CO2 partial pressure, i.e. 

tending to absorb CO2 from the tunnel atmosphere, frequently associated with instantaneous 

CaCO3 precipitation. Most of scale deposits precipitating from these drainage solutions 

correspond to the unconsolidated-particulate type, favouring a high porosity of the scale 

deposits (rapid precipitation and scale deposit formation). However, most of the investigated 

tunnel solutions are hardly affected by construction materials. In the latter case, the dominant 

hydrochemical process of scaling potential to increase is the degassing of CO2 from the drainage 

solution into the atmosphere.  

The investigated scale deposits are essentially formed by mineral precipitation from the 

drainage solutions described above and can be classified into four types: (i) unconsolidated-

particulate, (ii) shard-like, (iii) porous, (iv) compact scale deposit. By comparison of the types 

of scale deposits and the respective drainage solutions, it is obvious that different types of scale 

deposits regarding mineralogy, microstructure and material consistency can form from similar 

compositions of drainage solutions. The formation of a certain type of scale deposit is mainly 

determined by the geogenic conditions (e.g. geological conditions, composition and flow 
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behaviour of local groundwater and surface water), the technical-operational conditions (e.g. 

binding agent vs. water interaction; drainage design; flow rate; air supply to the drainage), as 

well as the spatial and temporal evolution of the solution composition during its flowing through 

the drainage and in the course of progressive mineral precipitation (see also [3, 8]). Such spatial 

and temporal changes arise mainly due to different flow rates, mixing of solutions, individual 

degassing behaviour of CO2, microbial activity, leaching and precipitation sequences, as well 

as individual reaction rates. Highly distinct carbonate precipitation occurs depending on the 

respective and often variable environmental conditions. Therefore, it has to be highlighted that 

in a drainage system of a tunnel quite different types of scale deposits can be formed and an 

individual investigation and evaluation of a tunnel structure is necessary for the characterisation 

of scale deposits and the assessment of their formation. The parameters and characteristics 

mentioned above must be evaluated interactively in order to obtain reliable statements about 

past precipitation processes and current chemical reactions for scale deposit formation and to 

predict scale deposit formation and to develop guidelines for reducing or even preventing scale 

deposit formation. Based on the assessment of various types of scale deposit and the associated 

drainage solutions, targeted strategies for preventing/reducing of scale deposit formation can 

be developed for each individual tunnel building. Strategies comprise of, e.g. tailored additions 

of a proper inhibitor into a drainage solution, adaptation of the drainage design to minimise 

gas/air exchange between drainage solution and atmosphere, as well as using drainage materials 

with a surface structure inhibiting precipitation (see [8, 11] for detailed explanations).  
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Graphical Abstract  

 

 

5.1 Abstract 

Mineral scale deposits in water drainage and supply systems are a common and challenging 

issue, especially by clogging the water flow. The removal of such unwanted deposits is cost 

intensive arguing for case-specific and sustainable prevention strategies. In the present study, a 

novel on-site approach to prevent calcium carbonate (CaCO3) scale formation was assessed in 

two road tunnel drainages: Application of the eco-friendly green inhibitor polyaspartate (PASP) 

caused (i) a significant inhibition of CaCO3 precipitation, (ii) a more porous or even 

unconsolidated consistence of the deposits, and (iii) a shift from calcite to the metastable 

aragonite and vaterite polymorphs. Even relatively low PASP concentrations (1-33 mg/l) can 
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significantly decrease CaCO3 scale deposition, removing up to ~7 t CaCO3/year at an efficiency 

up to 84 %. Application of PASP for water conditioning should also consider case-specific 

microbial activity effects, where consumption of PASP, e.g. by Leptothrix ochracea, can limit 

inhibition effects. 

 

5.2 Introduction 

Green inhibitors are increasingly used in water treatment applications, as well as in industrial 

and man-made environments, to prevent the technical infrastructure from unwanted scale 

formation (i.e., mineral precipitation) owning to their high performance and economic and 

ecological benefits (Abdel-Aal and Sawada, 2003; Li et al., 2006; Quan et al., 2008; Liu et al., 

2012; Chhim et al., 2020). For example, Liu et al. (2012) have investigated the effects of 

polyepoxysuccinic acid (PESA) and polyaspartic acid (PASP) dosage, Ca2+ concentration and 

temperature on scale inhibition using static- and rapid-controlled precipitation experiments and 

concluded that PASP performed better than PESA in terms of CaSO4·2H2O (gypsum) and 

BaSO4 (barite) scale inhibition, whereas PESA performed superior in CaCO3 scale inhibition. 

Later, Peronno et al. (2015) showed that poly(acrylic acid-co-maleic acid) and PASP can 

exhibit a high inhibition efficiency for CaCO3 scales even at low concentration (4 mg/l) using 

a fast controlled precipitation (FCP) method and provided experimental evidence for a 

significant alteration of the CaCO3 crystal morphology upon inhibitor addition. More recently, 

Chhim et al. (2020) tested the performance of PESA and PASP against a homopolymer of 

acrylic acid (HA) in a controlled laboratory set-up reproducing industrial cooling circuits and 

reported that the adsorption of the polymer molecules on a growing CaCO3 crystal surface (i) 

suppresses the CaCO3 growth rate and (ii) shifts the precipitation mode from 

thermodynamically stable phases towards a metastable phase with PASP (i.e., vaterite). 

Wedenig et al. (2021) tested the performance of four PASP agents/products from different 

manufacturers, in addition to maleic and acrylic acid copolymers (MA-AA) and a hydrolyzed 

polymaleic anhydride agent (HPMA), on CaCO3 scale inhibition in the concentration range 

from 0.5 to 10 mg/l using a compact experimental test procedure coupled to a computer-based 

thermodynamic modeling approach. The authors concluded that PASP-based inhibitors 

performed superior among all inhibitors tested (efficiency: ∼70-100 %; retardation times: 

several hours to days), which provides a solid basis for potential application at distinct field 

sites (e.g. tunnel, wells). However, to the best of our knowledge, the performance of PASP in 

large-scale (geo)technical settings has not been investigated, yet. In this contribution, we fill 
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this knowledge gap by demonstrating the inhibition effect of PASP on CaCO3 scale deposits in 

two road tunnel drainage systems. 

Scale deposit formation (“scaling”) of especially CaCO3 minerals (calcite, aragonite or vaterite) 

in (geo)technical settings is a serious and challenging issue, e.g., affecting water supply or 

draining by reducing the inner diameter of water pipes, causing water to overflow driving lanes 

or railway tracks, or by reducing heat, energy and fluid transfer efficiencies in geothermal wells 

(e.g., Girmscheid et al., 2003; Ketrane et al., 2009; Hasson et al., 2011; Boch et al., 2017; Shen 

et al., 2017; Jamero et al., 2018; Chen et al., 2019; Eichinger et al., 2020a). These problems 

apply to road and railway tunnels (e.g., Eichinger et al., 2020b) and have been noticed around 

the world, i.e. in China, Korea, France and North America (Kukreja and Moran, 2004; 

Zhengshi, 2012; Jung et al., 2013; Jia et al., 2016; Chen et al., 2019). Maintenance efforts 

related to drainage systems, such as recurrent cleaning activities and associated tunnel closures, 

as well as traffic diversions can reach up to 20 % of the costs of the entire inspection and 

maintenance works. In highway tunnels, costs for maintenance works in drainage systems have 

been estimated to be ≥10,000 € per kilometer and year (Harer, 2017).  

A steadily increasing number of publications have appeared in recent years dealing with 

widespread CaCO3 scale deposit formation in tunnel drainage systems (e.g., Rinder et al., 2013; 

Jia et al., 2016; Xin et al., 2018; Chen et al., 2019; Eichinger et al., 2020a; Eichinger et al., 

2020b). Most of the scale deposits are dominated by calcite with less aragonite and/or vaterite. 

CaCO3 formation is often initiated by (i) the exchange of CO2 between the tunnel (or drainage 

system) atmosphere and the drained aqueous solution, (ii) mixing of solutions different in 

composition, (iii) microbial activity, and/or (iv) site-specific fluid-solid interactions (e.g., 

dissolution of carbonate host rocks and/or cementitious components, such as portlandite 

(Ca(OH)2; e.g., Rinder et al., 2013; Boch et al., 2015; Eichinger et al., 2020a). The geometry of 

a tunnel and the aqueous Ca2+ and CO3
2- concentration of the interacting groundwater or 

interstitial solution frequently determine the intensity of CaCO3 scale formation (Chen et al., 

2019; Eichinger et al. 2020a). Mechanisms for scale deposit formation can be assessed and 

quantified by hydrochemical modeling considering environmental aspects, operative 

conditions, anthropogenic influences etc. (Eichinger et al., 2020a). However, strategies to 

prevent from unwanted CaCO3 deposits using eco-friendly green scale inhibitors, such as 

PASP, have never been tested before in tunnel drainages.  

In the present study, the use of PASP is investigated by an on-site test track to inhibit CaCO3 

scale deposit formation in a tunnel drainage environment. PASP has so far been used in the oil 
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and gas production industry (e.g. Kumar et al., 2018), in the course of (sea)water desalination 

(Pervov and Andrianov, 2017), in heat-exchange and cooling systems (e.g. Nayunigari et al., 

2014; Guo et al., 2020). Compared to conventional inhibitors applied in different geotechnical 

sectors (e.g. phosph(on)ates; Spinthaki et al., 2021), PASP is eco-friendly, non-toxic, and easily 

biodegradable in natural aquatic environments, since it consists of polymers including specific 

functional chemical groups (e.g. carboxy group – COOH, amino group – NH2; Wu and Grant, 

2002; Gao et al., 2010; Hasson et al., 2011; Liu et al., 2011; Kumar, 2012; Chaussemier et al., 

2015). In the present study, the performance of PASP to suppress and/or alter the consistence 

of CaCO3 scale deposits in a tunnel drainage environment is evaluated; i.e. its function as a Ca-

carbonate scale inhibitor and/or modificator.  

 

5.3 Setting and sampling 

The effect of PASP as a CaCO3 scale inhibitor in tunnel drainage systems was investigated in 

drainage pipelines made of plastic in the road tunnels Spital and Steinhaus (2500 m and 1800 

m length, respectively). Both tunnels are located in the northeastern area of Styria (Austria). 

The tunnels were constructed between 1998 and 2001 and consist of an unidirectional northern 

and southern tunnel tube. Both tunnels traverse metamorphic rocks (greenschist facies), like 

graphite horizons and marble/mica phyllites of the Keuper formation, as well as central-alpine 

sediments (dolomite and calcite rauhwacke; Cornelius, 1952; Dissauer et al., 2002).  

 

Figure 1: Schematic setup of on-site rating of polyaspartate (PASP) solution to inhibit CaCO3 scale 

deposit formation in the drainages of tunnel Steinhaus and tunnel Spital, Austria, including the 

positioning of the dosage unit and the sampling point without (left: SW) and with addition of the inhibitor 

agent PASP (right: SW_I). The inhibitor dosage unit was installed in a niche ~50 m before the sampling 

point in flow direction. The tunnel construction, experimental set-up and in-situ monitoring was 

identical at the two localities. 
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Both tunnel drainages suffer from severe scaling problems (Fig. A.1; Appendix). The inhibition 

of unwanted mineral precipitates was studied in the right lateral-drainage of the southern tunnel 

tube. The liquid PASP product Baypure DS 100/40 % (Kurt Obermeier GmbH) was added 

directly into the drainage solutions. The inhibitor dosage ranged from 3 to 12 ml/h (Table 3), 

representing low to high dosages in order to account for the different flow rates observed in the 

two drainages of 0.03 to 0.5 l/s, respectively (i.e., to keep the PASP concentration in solution 

equal at the two localities). The scale deposits and corresponding solutions were sampled for 

analyses from different tunnel sections of the drainage channels (250 mm in diameter; diameter 

filled with drainage solution: ~16-18 cm; water height in pipe: ~1 cm) during two separate 

sampling campaigns. The first campaign took place in December 2019, where scale deposits 

and associated solutions (SW1 to SW5) were taken without inhibitor. The second sampling 

campaign was carried out in October 2020 with the addition of PASP for about 10 months 

(SW1_I to SW5_I). The inhibitor dosing units, consisting of a storage tank, a pump and a power 

supply, were installed ~50 m ahead of the sampling positions (Fig. 1). The sampling sites for 

solutions and precipitates were chosen according to the highest visual degree of scale formation. 

Two inhibitor units were located in the tunnel Spital (SW1_I and SW2_I) and three in the tunnel 

Steinhaus (SW3_I, SW4_I and SW5_I). Cleaning activities of the drainage systems were not 

conducted before or during the PASP addition.  

 

5.4 Analytics 

5.4.1 Scale deposits 

The scale deposits were photographed to document their macroscopic appearance (Fig. 2). Parts 

of the precipitates were dried and grinded for powder X-ray diffraction analysis (XRD) in order 

to determine their mineralogical composition using a PANalytical X`Pert Pro diffractometer 

equipped with a Co-Kα-radiation source (40 mA, 40 kV) applied at a 2θ range from 4° to 85°. 

Diffraction patterns were quantitatively evaluated by Rietveld refinement (PANalytical X`Pert 

HighScore Plus Software version 3.0.4 with PDF-4 database). Petrographic analyses were 

performed on gold/palladium coated subsamples using a Zeiss DSM 982 Gemini scanning 

electron microscope (SEM) operated at 2 kV. Aliquots of the solid samples were chemically 

digested in 6 % HNO3 solution, and the concentration of the dissolved components measured 

by ICP-OES (PerkinElmer Optima 8300) with an analytical uncertainty of < 5%.  

5.4.2 Drainage solutions 
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On-site measurements of the drainage solutions comprised pH, specific conductivity (SpC: 

µS/cm), expressed at a reference temperature of 25°C, and water temperature (°C) using a 

handheld WTW pH/Con 3320 instrument connected to a TetraCon 325 probe and a WTW 

SenTix 41 pH probe. Standard buffer solutions of pH 4, 7 and 10 (Merck) were applied for pH 

calibration yielding an uncertainty of ±0.05 pH units. The aqueous solutions sampled from the 

drainages were filtered through 0.45 µm cellulose acetate filters. Subsamples for major cations 

(Na+, K+, Mg2+, Ca2+) and anions (Cl-, NO3
-, and SO4

2-) analysis by ion chromatography 

(Dionex ICS-3000) were filled in gas-tight borosilicate vessels (analytical uncertainty of ±3 %). 

Samples for alkalinity were stored in gas-tight borosilicate vessels and measured in the 

laboratory at the day of sampling with a Schott TitroLine alpha plus titrator using a 0.01M HCl 

stock solution with an analytical uncertainty of ±2 %. Samples for minor and trace elements 

(SiO2, ΣAl, Ba2+, Sr2+ and ΣFe) analysis were filled in PE vessels (50 ml) preloaded with 1 ml 

suprapure HNO3 (69 %) and measured with a PerkinElmer Optima 8300 DV ICP-OES 

calibrated by NIST 1640a standards (analytical error ±5 %). Dissolved organic carbon (DOC) 

concentrations were determined using a Shimadzu TOC-V-CPH Total Organic Carbon 

Analyzer with an analytical uncertainty of ±0.1 mg/l of C. Hydrochemical modelling was 

performed using the computer code PHREEQC (version 3.1.7.9213; Parkhurst and Appelo, 

2013) with the database phreeqc.dat for calculating ion activities and specification, saturation 

indices for calcite (SIcalcite), vaterite (SIvaterite; solubility constant from Plummer and Busenberg, 

1982), aragonite (SIaragonite), amorphous CaCO3 (SIACC; solubility constant from Brečević and 

Nielsen, 1989), ikaite (SIikaite; solubility constant from Bischoff et al., 1993) and strontianite 

(SIstrontianite; SI= log(IAP/K); where IAP = ion activity product for Ca2+ or Sr2+ and CO3
2-, and 

K = solubility product), ion charge balance and the internal partial pressure of CO2 (pCO2 in 

atm.). Measured concentrations and on-site water temperature (cf. Table 3) were used as model 

input parameters. The phreeqc.dat code was used to obtain the aforementioned hydrochemical 

parameters, as this database adequately accounts for the generally low-mineralized drainage 

solutions (i.e., ionic strength, I = 0.001-0.01 mol/kgw; Parkhurst and Appelo, 2013). Analyses 

of PASP were performed in filtered subsamples by a Jasco FP-6500 fluorescence 

spectrophotometer using a standard quartz cell. All fluorescence measurements were conducted 

with the synchronous scan technique reported in Behrens (1971) and Lloyd (1971) in constant-

wavelength mode using a wavelength offset of 100 nm between light excitation and emission. 

Under these measurement conditions the indicative PASP peak appeared approximately at 409 

nm in the obtained synchronous fluorescence spectrum. Measurements of additional aqueous 

standard solutions of the PASP inhibitor were prepared and used to transform the measured 
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fluorescence intensity into concentration values. In the investigated concentration range (1.1 - 

32.8 mg/l) a linear relationship was obtained between fluorescence intensity and PASP 

concentration. The analytical uncertainty (1σ) is about ±0.25 mg/l of PASP. The flow regime 

in the tunnel drainages and related transport mechanism at the atmosphere-solution interface 

were characterized further by means of the Reynolds number (Re) using documented pipe 

geometries (d; 16-18 cm), measured water temperatures (T; 5-11 °C) and fluid velocities (u; 

0.001 up to 0.02 m/s), as well as corresponding fluid densities (ρ; 999-1000 kg/m3) and dynamic 

fluid viscosities (μ; 1.5-1.8 cP), according to the expression: Re = ρud/μ (Liu et al., 2020). The 

efficiency (ε in %) of the PASP inhibitor was calculated by the equation: ε = (ΔCa/Cainh)·100 

(adapted after Wedenig et al., 2021), where ΔCa is the difference between the Ca concentration 

in the drainage solution with PASP addition (Cainh) and without PASP addition. 

 

5.5 Results 

5.5.1 Scale deposits 

5.5.1.1 Morphology, mineralogy and chemical composition 

The scale deposits differed significantly in their morphology, texture, coloration, and 

consistence (Fig. 2). The PASP-untreated scale deposits (SW1, SW3 and SW5) and their 

counterparts (SW1_I, SW3_I and SW5_I) are visually characterized by white to beige colors, 

while the scale deposits SW2 and SW2_I are white-brownish and reddish-brown in color, 

respectively. As an exception, the scale deposit SW4 is brown, while SW4_I is white. All scale 

deposits without influence of PASP appear more compact, while deposits affected by PASP - 

except of scale deposit SW3_I - are rather porous and appear as powdery sand or mud with 

mushy consistence. Mineralogical investigations revealed low-Mg calcite (<4 mol% of MgCO3; 

Table 1) as the main component of all analyzed scale deposits in both tunnels, but SW2, SW4 

and SW5 exhibit additional aragonite (12 to 20 wt.%; Table 1). Scale deposits in the presence 

of PASP typically exhibit a smaller amount of calcite and a higher aragonite content (except for 

SW3_I) compared to PASP-untreated deposits. Samples SW2_I, SW4_I and SW5_I reveal 

elevated aragonite contents of 27, 49 and 52 wt.%, respectively (see Table 1), the latter two 

having about equal calcite contents (50 wt.%). Scale deposit SW1_I consists of small amounts 

of vaterite (3 wt.%) and SW4_I shows minor dolomite (4 wt.%). Note that the detected small 

amounts of quartz (SiO2) and dolomite (CaMg(CO3)2) are considered as detrital components 

(Figs. B.1 to 5; Appendix).  
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Figure 2: Macroscopic appearance of the scale deposits collected from tunnel Spital (SW1-2) and tunnel 

Steinhaus (SW3-5) without (left column) and with (right column) influence of the inhibitor agent PASP. 

PASP addition changes the consistency of the scale deposits from compact and dense (solid appearance) 

to soft and loose (mushy appearance). 
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Table 1: Mineralogical composition of the scale deposits from tunnel Spital (SW1-2) and tunnel 

Steinhaus (SW3-5) according to XRD analyses. The MgCO3 content in calcite was determined to be < 

4 mol% for all samples. Accessory minerals are quartz and dolomite.  Samples indicated with “I” are 

influenced by the inhibitor agent PASP. 

Chemical analyses of the CaCO3 dominated precipitates reveal no significant differences 

between scale deposits SW1-SW5 and SW1_I-SW5_I (Table 2). The measured Ca contents in 

the scales vary between 29.2 and 39.3 wt.%, corresponding to CaCO3 contents between 72.9 

and 98.2 wt.%. The prominently red colored sample SW2_I contains the lowest CaCO3 content 

(72.9 wt.%) and SW3 shows the highest CaCO3 content (98.2 wt.%), consistent with the almost 

pure calcite mineralogy. The concentrations of K and Na range from <50 to 503 mg/kg and 107 

to 1140 mg/kg. The concentrations of Sr and Ba lay between 810 and 3343 mg/kg and 153 to 

684 mg/kg for the analyzed scale deposits. The Al and Si concentrations are highly variable in 

the range from 385 to 16240 mg/kg and 62 to 6814 mg/kg, respectively. The Fe content differs 

strongly in the individual scale deposits, from 18 to 67726 mg/kg (up to ~10 wt.% Fe2O3). The 

reddish-brown and white-brownish colored scale deposits SW2, SW2_I and SW4 reveal the 

highest Fe and Mn contents, reflecting a calcite mineralogy with admixtures of Fe-

Mn(hydr)oxides.  

 

 

 

 

 

Sample ID Calcite Aragonite Vaterite Accessory 

  wt.% wt.% wt.% wt.% 

SW1 99 − − 1 

SW1_I 94 2 3 1 

SW2 87 12 − 1 

SW2_I 72 27 − 1 

SW3 100 − − − 

SW3_I 100 − − − 

SW4 85 14 − 1 

SW4_I 41 49 − 10 

SW5 79 20 − 1 

SW5_I 47 52 − 1 
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Table 2: Chemical composition of the scale deposits from tunnel Spital (SW1-2) and tunnel Steinhaus 

(SW3-5) determined by ICP-OES analysis. “I” indicates samples influenced by the inhibitor agent 

PASP.  

Sample ID Ca2+  Mg2+  K+  Na+  Sr2+ Ba2+ ∑Fe ∑Mn ∑Al SiO2 

  wt.% wt.% mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

SW1 37.1 0.5 137 325 1945 280 642 18 1960 320 

SW1_I 36.3 0.8 252 261 2313 281 357 < 10 385 446 

SW2 35.3 1.9 503 715 3343 369 5515 64 503 1182 

SW2_I 29.2 1.3 621 1140 3144 364 67726 830 4541 6814 

SW3 39.3 0.4 < 50 107 766 157 18 < 10 373 62 

SW3_I 38.3 0.4 80 140 810 153 53 11 502 138 

SW4 37.0 0.7 163 406 1464 282 3339 245 614 1048 

SW4_I 35.8 1.6 181 676 3095 493 153 32 1795 3304 

SW5 38.7 0.8 204 599 2253 684 29 13 1281 161 

SW5_I 35.1 0.5 178 733 2182 647 404 35 16240 2989 

 

5.5.1.2 Microstructural characterization  

Scanning electron microscopy imaging of the scale deposits confirms calcite to be the main 

component in both tunnels. Scale deposits without PASP are dominated by idiomorphic 

trigonal-rhombohedral calcite crystals (50 to 300 µm in size). Scale deposit SW1 reveals 

compact and columnar shaped calcite crystals (~300 µm; cf. Fig. 3A, B). Orthorhombic 

aragonite typically exhibits bundles of acicular to fascicular crystal shapes (70 to 120 µm size). 

In the presence of PASP smaller crystal sizes of calcite (1 to 10 µm) and aragonite (~20 µm) 

occur compared to the scale deposits without PASP (e.g. Figs. 3 to 7). The calcite formed in the 

presence of PASP typically shows skeletal shaped crystals often consisting of small stacked 

crystallites (Figs. 3 and 5). According to SEM images, the aragonite content increases in scale 

deposits influenced by PASP, which corroborates the mineralogical observations. Nearly all 

scale deposits, except of SW3 and SW3_I, show evidence of microbial activity, i.e. extracellular 

polymeric substances (EPS; red arrows in Figures 3D, 6 and 7) are interconnecting crystals. 

EPS are distributed over the entire scale deposits SW1, SW1_I, SW4, SW4_I, SW5 and SW5_I, 

but could not be attributed to a specific microbial species. Only scale deposits SW2 and SW2_I 

exhibit twisted stalks and hollow microtubes, which are characteristic for the Fe-oxidizing 

bacterial species Gallionella ferruginea and Leptothrix ochracea (e.g. Ehrenberg, 1836; 

Hallberg and Ferris, 2004; Chan et al 2016; Fig. 4). Nanometer-sized aggregates frequently 

intergrown with the bacteria and their remnants are most likely referred to Fe-(hydr)oxide 
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precipitates, e.g. ferrihydrite (Fe10O14(OH)2), which are difficult to detect by XRD due to low 

crystallinity degree (see Eichinger et al., 2020a).  

 

Figure 3: SEM images of scale deposit SW1 (without PASP; A and B) showing compact and columnar 

calcite (Cc) crystals, whereas scale deposit SW1_I (with PASP; C and D) reveals small skeletal and 

stacked calcite crystals (marked with white triangles and dotted lines) as well as fine discus-shaped 

vaterite (Va) particle aggregates. The red arrows indicate evidence of microbial activity (EPS 

structures).  
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Figure 4: SEM images of scale deposit SW2 (without PASP) showing rhombohedral calcite crystals 

(Cc; A), fascicular shaped aragonite (Ar; B) as well as widespread, nanometer-sized spherical particle 

aggregates (Fe; likely represented by the Fe-(hydr)oxide mineral ferrihydrite), which are often 

associated with twisted stalks of the Fe-oxidizing bacteria Gallionella ferruginea (red ellipse in B).  

Scale deposit SW2_I (with PASP) shows hollow microtubes of the Fe-oxidizing bacteria Leptothrix 

ochracea, which are partly coated with fine Fe-(hydr)oxides (red arrows in C and D).   
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Figure 5: SEM images of scale deposit SW3 (without PASP) shows relatively large, compact and 

rhombohedral calcite crystals (Cc in A and B), whereas scale deposit SW3_I (with PASP) shows 

dominantly smaller and more porous calcite crystals (Cc in C and D) along with skeletal shaped and 

stacked crystals (marked with white triangle in D). 
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Figure 6: SEM images of scale deposit SW4 (without PASP; A and B) showing aggregates of relatively 

large and compact calcite crystals (Cc), fascicular aragonite crystals (Ar) of variable size and evidence 

of microbial activity in the form of abundant EPS strands (red arrows). Scale deposit SW4_I (with 

PASP; C and D) exhibits much smaller and porous calcite (Cc) and aragonite (Ar) crystals, which are 

evenly distributed in microbial biofilm (red arrows).  
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Figure 7: SEM images of scale deposit SW5 (without PASP; A and B) showing rhombohedral calcite 

(Cc) and fascicular aragonite (Ar) along with remnants of microbial activity, such as EPS strands 

interconnecting crystals (red arrows). Scale deposit SW5_I (with PASP; C and D) is characterized by 

fine-grained calcite and abundant aragonite crystals (about equal to calcite content). 

 

5.5.2 Chemical composition and flow regime of drainage solutions 

All drainage solutions reveal pH values from 7.90 to 9.95, which are typical for local 

groundwater interacting with concrete (Boch et al., 2015). The SpC values range from 626 to 

835 µS/cm. In aqueous solutions without PASP the Ca2+ concentrations vary from 15 to 92 mg/l 

and alkalinity ranges from 161 to 395 mg/l (reported as HCO3
-). In samples with PASP the Ca2+ 

(69 to 94 mg/l) and HCO3
- concentrations (370 to 505 mg/l) are significantly higher. The 

difference in the Ca2+ concentration between the original drainage solution without PASP and 

after PASP treatment varies from 14 up to 77 mg/l (i.e., an increase of 119-613 %), 
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demonstrating the efficiency of PASP addition (ε = 16 up to 84 % for SW1 and SW3-5; ε =2 % 

for SW2). Accordingly, ionic strength of the drainage solutions increased upon PASP addition, 

however, it remained relatively low (I ≤ 0.01 mol/kgw), so that an inhibition effect on PASP 

performance is unlikely. The Mg2+ contents vary from 12 to 50 mg/l. The drainage solutions 

exhibit molar Mg2+/Ca2+ ratios from 0.6 to 3.2, with the lower ratios seen in solutions with 

PASP. K+ and Na+ concentrations range from 5 to 42 mg/l and 4 to 34 mg/l. SO4
2-, NO3

- and 

Cl- contents are strongly variable ranging from 8 to 117 mg/l, <0.1 to 10 mg/l, 3 to 54 mg/l, 

respectively. The Si concentrations are between 3 and 6 mg/l (given as SiO2). Minor and trace 

elements ΣAl, Ba2+, Sr2+ and ΣFe are highly variable, but inconspicuous among the different 

sampling sites (Table 3). The DOC concentrations increase by the addition of PASP (range: 0.8 

to 11.0 mg/l of C) and correlate well (R2 = 0.99) with the measured PASP concentrations (range: 

1.1 to 32.8 mg/l; Table 3; Fig. C.1; Appendix).  

Calculated charge balance errors (CBE; 100*[(Cat-An)/(Cat+An)]) are consistently <5 %. 

Saturation indices (SI) in respect to calcite, aragonite and vaterite reveal supersaturation of any 

CaCO3 polymorph in all solutions, for example, SIcalcite values range from 0.7 to 1.9. Ikaite 

(CaCO3 * 6H2O) and strontianite (SrCO3) are under- or supersaturated, while amorphous 

CaCO3 (ACC) is undersaturated or close to saturation in all solutions (SIACC ≤ -0.2). The 

calculated internal partial pressure of CO2 (pCO2 in atm; Table 3) lay between 10-4.95 and 10-

2.43 atm.  The Re for the two drainages was calculated to be 89 up to 2000, which is indicative 

of prevailing laminar flow conditions throughout (Liu et al., 2020).  

 

 

 

 

 

 

 

 

 

 

 

 



116 

 

Table 3: Hydrochemical in-situ parameters (pH, Temp: temperature, SpC: specific electric 

conductivity), alkalinity (reported as HCO3
−), concentrations of solutes (Si(OH)4 is reported as SiO2), 

and dissolved organic carbon (DOC), charge balance error (CBE), mineral saturation indices (SI) for 

calcite, aragonite, vaterite, amorphous CaCO3 (ACC), ikaite, strontianite, internal partial pressure of 

CO2 (PCO2), PASP dosage and concentration and flow rate (Q) at each sampling point. SW is the 

collected drainage solution without influence of the scale inhibitor PASP, while ”I” indicates a solution 

affected by PASP. Note that the seasonally induced temperature increase in “I” by ~5 °C has virtually 

no effect on the system`s behaviour, i.e. SpC and trace elements are randomly distributed between 

sampling sites.  

Sample ID Temp SpC pH HCO3
- Ca2+  Mg2+  K+  Na+  SiO2   

  °C µS/cm   mg/l mg/l mg/l mg/l mg/l mg/l   

SW1 6.0 626 8.93 263 50 39 12 11 4   

SW1_I 10.3 638 9.42 384 87 31 23 15 3   

SW2 7.8 805 8.04 395 92 50 6 4 4   

SW2_I 10.0 794 7.90 391 94 50 7 5 4   

SW3 5.1 641 8.23 350 72 38 5 5 4   

SW3_I 9.5 679 8.17 370 86 33 10 12 4   

SW4 5.8 681 9.01 161 31 12 15 9 6   

SW4_I 10.5 708 9.30 373 69 30 29 29 4   

SW5 5.7 671 9.95 268 15 29 42 34 3   

SW5_I 10.7 835 9.02 505 92 41 24 24 4   

Sample ID ∑Al Ba2+ Sr2+ ∑Fe SO4
2- Cl- NO3

- Mg2+/Ca2+ DOC CBE 

  µg/l µg/l µg/l µg/l mg/l mg/l mg/l (molar) mg/l % 

SW1 68 102 1203 26 84 10 1 1.3 1.1 0.9 

SW1_I 89 148 1003 6 73 6 3 0.6 0.8 0.0 

SW2 86 53 1582 302 108 3 0 0.9 0.9 1.5 

SW2_I 39 34 1460 63 117 3 1 0.9 0.8 2.0 

SW3 53 76 677 9 51 5 4 0.9 0.9 -0.7 

SW3_I 80 65 541 13 48 10 7 0.7 3.7 -0.5 

SW4 53 93 314 13 22 8 <0.1 0.7 1.0 0.3 

SW4_I 140 79 620 6 27 54 0 0.7 11.0 -1.9 

SW5 96 86 314 181 8 27 7 3.2 3.0 -0.9 

SW5_I 76 154 515 20 10 22 10 0.7 6.8 -1.3 

Sample ID SIcalcite SIaragonite SIvaterite SIACC SIikaite SIstrontianite logPCO2 dosage PASP Q 

              atm. (ml/h) (mg/l) l/sec 

SW1 1.2 1.0 0.6 -1.0 -0.2 0.2 -3.69 − − 
0.25 

SW1_I 1.9 1.8 1.4 -0.2 0.4 0.6 -4.13 10 1.4 

SW2 0.8 0.6 0.2 -1.3 -0.6 -0.4 -2.58 − − 
0.5 

SW2_I 0.7 0.5 0.1 -1.4 -0.8 -0.6 -2.43 12 1.1 

SW3 0.8 0.7 0.2 -1.3 -0.5 -0.6 -2.82 − − 
0.1-0.05 

SW3_I 0.9 0.8 0.3 -1.2 -0.5 -0.7 -2.73 8 10.4 

SW4 0.9 0.8 0.4 -1.2 -0.4 -0.5 -3.96 − − 
0.03 

SW4_I 1.8 1.6 1.2 -0.3 0.3 0.3 -3.97 4 32.8 

SW5 1.4 1.2 0.8 -0.8 -0.0 0.4 -4.95 − − 
0.05 

SW5_I 1.8 1.7 1.2 -0.3 0.3 0.1 -3.52 3 20.2 
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5.6 Discussion 

5.6.1 Mechanisms of scale deposit formation 

CaCO3 formation in drainage systems is frequently caused by site-specific fluid-solid 

interactions being impacted by the dissolution of host rocks and local building materials, mixing 

of solutions different in composition along the water flow path, and/or by CO2 exchange 

between the drainage solution and the tunnel atmosphere. The mechanisms and rate-limiting 

factors causing CaCO3 formation in the tunnels Spital and Steinhaus are detailed in Eichinger 

et al. (2020a). Briefly, in the tunnel Spital, CaCO3 scale formation is strongly related to the 

local geology, since the calcareous host rocks provide high Ca2+ and Mg2+ concentrations to the 

drained solutions (cf. Eichinger et al., 2020a). Contrary, in the tunnel Steinhaus, higher pCO2 

values (10-2.73 atm) than the Earth´s average atmosphere (~10-3.45 atm) and water mixing at high 

flow rates (0.1 – 0.05 l/s) suggest that CO2 degassing promoted scale deposit formation. 

However, we note that the flow regime is characterized by laminar flow, as indicated by Re < 

2000, which should prevent from extremely fast and excessive CO2 outgassing from solution 

into the tunnel atmosphere and associated disruptions of gas-liquid-solid interface processes 

within the drainage system (Eichinger et al., 2020a). In some cases (SW4 and SW5), elevated 

K+ and Na+ concentrations and pH values up to 10 indicate significant leaching of concrete 

(Table 3) has stimulated CaCO3 formation by shifting DIC towards CO3
2- species and adding 

Ca2+ ions to the reactive solution (Baldermann et al., 2019). Evidence for intensified water-

concrete interaction is given by very low flow rates (0.03 to 0.05 l/s) at tunnel Steinhaus. The 

scale growth rate in the two tunnels is approximately 0.5 to 1.0 cm over a 6 months period, 

however, we note that the CaCO3 growth kinetics remain undetermined as the water flow is not 

continuous between regular cleaning works from summer 2019 until PASP addition in January 

2020. 

Two types of primary scale deposits precipitated at the bottom of the drainage pipes. Deposits 

SW1 and SW3 (type 1) display calcite mineralogy forming compact and dense fabrics (Table 

2; Fig. 8). Deposits SW2, SW4 and SW5 (type 2) contain aragonite admixtures (Fig. 4B; Fig. 

6A, B and Fig. 7A, B) and they also show evidence of microbial activity and appear more 

porous (Fig. 2). The occurrence of aragonite in such scale deposits is explained by prior CaCO3 

precipitation (PCP), which is favored at low flow rates (0.05 l/s or less; Boch, 2019; Fairchild 

et al., 2000). PCP rises the aqueous Mg2+/Ca2+ ratio of the drainage solution by ongoing CaCO3 

removal, which progressively poisons calcite precipitation and promotes aragonite formation 

(molar Mg2+/Ca2+ > 1; Huang and Fairchild, 2001; Riechelmann et al., 2014; Baldermann et al., 

2020). At site SW2, which is characterized by a high flow rate (~0.5 l/s), the higher 
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concentration ratio of Mg2+ and SO4
2- vs. Ca2+ (Table 3) inhibited calcite and promoted 

aragonite formation (Busenberg and Plummer, 1985; Riechelmann et al., 2014; Götschl et al., 

2019). In both cases, aragonite formation yields in more porous microfabrics, which explains 

the observed overall increase of less dense scale material consistence. 

 

5.6.2 Effect of PASP on drainage solution composition 

The scale deposits with PASP (SW1_I to SW5_I) possess analogous formation mechanisms, 

since tunnel sections and fluid-rock interaction remained the same in the considered timeframe. 

However, the atmospheric conditions (e.g. T, humidity, CO2 content) in the tunnel are variable 

to a certain degree due to the specific timing of the sampling campaigns, which express in a 

seasonal variability of the elemental concentrations (Table 3). Apart from this, increased Ca2+, 

HCO3
- and DOC concentrations of solutions SW1_I to SW5_I document that PASP chemically 

modifies the groundwater and inhibits CaCO3 formation (Fig. 8; Path 1). Inhibition is caused 

by PASP covering the CaCO3 nuclei and crystallites, as well as chelate (complexation) with 

Ca2+ ions (Wierzbicki et al., 1994; Wada et al., 2001; Wu and Grant, 2002; Martinod et al., 

2009; Kirboga and Öner, 2012; Shen et al., 2017), which result in prominently high SIcalcite 

values up to 1.9, that is close to saturation with respect to ACC (Wedenig et al., 2021; see Table 

3). Liu et al. (2012) have experimentally shown that the effect of scaling inhibition decreases 

with increasing temperature, which could affect the PASP performance at distinct tunnel sites. 

However, at the present study sites the annual variation in temperature amounts only to ~5 °C, 

which is too low to have an anticipated effect on reducing the total CaCO3 nuclei and crystallites 

coverage or Ca2+ complexation by PASP. Moreover, Liu et al. (2012) and Chhim et al. (2020) 

have demonstrated that the efficiencies of PASP and polyepoxysuccinic acid (PESA) strongly 

depend on the Ca2+ concentration in solution, i.e., a decrease is seen at higher Ca2+-to-inhibitor 

concentration ratios. As for the present tunnel sites, where seasonal variations in the Ca2+ 

concentration at constant PASP dosage in the drainage solution are observable (Table 3), 

changes in the Ca2+-to-inhibitor concentration ratios could result in a temporal increase (i.e., 

scale deposits formation is reduced) or decrease (i.e., scale deposits formation is favored) of the 

PASP efficiency. Nevertheless, the observed increase in the Ca2+ concentration, the change in 

the consistence of the CaCO3 scale deposits and the significant reduction of the CaCO3 scale 

mass after PASP treatment demonstrate the high efficiency of PASP application (up to 84 %) 

in this dynamic system, which corroborates findings of Liu et al. (2012) and Quan et al. (2008) 
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who proposed a high efficiency (> 80%) of PASP at comparable dosage concentrations up to 

12 and 15 mg/l, respectively. 

Inhibitor dosage can be followed and adjusted by PASP and DOC analyses of the local 

groundwater to achieve a PASP concentration for optimal inhibitor performance. Solutions 

SW1_I and SW2_I indicate the highest flow rates and the lowest inhibitor concentrations, while 

SW4_I and SW5_I show lowest flow rates and higher PASP concentrations (1.1 versus 32.8 

mg/l of PASP; Table 3), explaining the systematically higher SIcalcite values of the latter 

solutions (see Table 3). Notwithstanding documented (seasonal) variations in the 

hydrochemical conditions within the drainages, the flow regime was always characterized by 

laminar flow at the two localities. Even though we cannot completely exclude minor temporal 

changes in water flow dynamics due to the restricted number of sampling campaigns we argue 

that fast CO2 degassing has had no anticipated impact on the gas-liquid-solid interface 

processes. Moreover, Wedenig et al. (2021) provided experimental evidence that the rates of 

CO2 degassing and CaCO3 precipitation are independent from the PASP performance, 

corroborating the changes in scale deposit mineralogy and material consistence described 

below. However, SW2_I and SW3_I behave different as the Ca2+ and HCO3
- concentrations 

remain nearly at the same level compared to the initial solutions without PASP (Table 3). In the 

case of SW3_I the selected inhibitor dosage of 8 ml/h was too low to significantly tune the 

inhibition performance (Fig. 2E, F), i.e., the height of the scale deposits was reduced only by 

~half. The measured concentrations of PASP in SW3_I and SW5_I were 10.4 and 20.2 mg/l at 

similar flow rates (Table 3). In the case of SW2_I, occurrences of small hollow microtubes 

indicate that bacterial activity has influenced the petrography of the scale deposit and the 

chemical composition of the solution (Fig. 4). This is supported by the lower Fe content and 

SIcalcite in SW2_I (cf. SW2 and SW2_I in Table 3), which is attributed to microbial activity of 

Leptothrix ochracea (cf. Hashimoto et al., 2007; Chan et al., 2016). An elevated Fe content in 

the scale deposit, a red coloration, and a modified consistence of SW2_I argue for the strong 

influence of Fe-oxidizing bacteria (Fig. 4), which is expressed by poorly crystallized Fe-

(hydr)oxides (Tuhela et al., 1997; Hashimoto et al., 2007).  

 

5.6.3 Influence of PASP on mineralogy, crystal morphology and material consistence 

The addition of PASP can either suppress ongoing CaCO3 crystal growth or even change the 

material`s consistence via the type of CaCO3 polymorph forming the scale deposits. This is 

expressed by a strong decrease in volume of the tunnel scale deposits by ~50 vol% up to ~90 
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vol%, where the primary calcite deposits were almost quantitatively removed after exposure to 

PASP-containing drainage water for 10 months (cf. Fig. 2A, B, E, F), which demonstrates the 

high efficiency of PASP application. Aragonite containing precipitates are typically more 

porous and even loose compared to dense and compact calcite scale deposits (Fig. 2; Kirboga 

and Öner, 2012; Kumar et al., 2012; Shen et al., 2017; Eichinger et al., 2020a). Chemical 

analyses reveal that scale deposits without PASP barely differ in the elemental composition 

compared to scale deposits affected by PASP (Table 2). Only SW2_I reveals much higher Fe 

and Mn concentrations and a lower Ca content compared to SW2, which is related to increased 

activity of Fe-oxidizing bacteria. The almost constant chemical composition is explained by 

PASP affecting the mineralogy of CaCO3 precipitates, such as calcite vs. aragonite and vaterite 

(Yang et al., 2001; Martinod et al., 2009; Niedermayr et al., 2013). Vaterite is the 

thermodynamically least stable anhydrous CaCO3 polymorph and recrystallizes rapidly toward 

thermodynamically stable calcite, which explains the scarcity of vaterite in the scale deposits 

(Kitamura, 2009; Rodriguez-Navarro and Benning, 2013; Jones, 2017; Konopacka-Łyskawa, 

2019). In solutions at low temperature (< 10°C), vaterite has a prolonged metastability (>20 h; 

Andreassen, 2005). The occurrence of PASP results in an effective retardation of calcite crystal 

growth giving rise to the formation of aragonite and vaterite nuclei at high supersaturation state 

and further inhibits the transformation of vaterite to calcite (e.g. Han et al., 2006; Njegić-

Džakula et al., 2010; Konopacka-Łyskawa, 2019). The suppression of calcite crystal growth 

and the competitive formation of the other CaCO3 polymorphs is documented by the change in 

consistence and volume (cf. Fig. 2C, D, G, H, I, J) and the high abundance of aragonite at 

sampling sites SW2, SW4 and SW5 (up to 12-52 wt.%; Table 1). Thus, the aragonite and 

vaterite contents increase upon PASP addition, which corresponds well to the high SI values of 

the drainage solutions, e.g. SW1_I (cf. Table 3; Yang et al., 2001). A lower Mg2+/Ca2+ ratio and 

high PASP concentration induce vaterite instead of calcite formation (Niedermayr et al. 2013). 

This matches our observations on scale deposit SW1_I, where the lowest Mg2+/Ca2+ ratio (0.6), 

a high dosage of PASP (10 ml/h) and the highest SI values (up to 2) of all three CaCO3 

polymorphs (Table 3) favored vaterite to form. Despite the above, we cannot fully exclude 

temporal ikaite precipitation (cf. Boch et al., 2015) from solutions SW1_I, SW4_I and SW5_I 

(SIikaite 0.3 to 0.4), but its lower metastability compared to vaterite and aragonite as well as 

experimental evidence (Niedermayr et al., 2013) argue against the formation of this mineral 

phase.  

Importantly, the presence of PASP also leads to a modification of CaCO3 crystallization, which 

significantly affects the morphologies and microfabric of the precipitates: PASP typically yields 
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in smaller calcite crystallites with smooth surfaces, truncated edges, skeletal and stacked shaped 

morphologies or rarely irregular shapes (cf. Fig. 8; Path 2). Aragonite crystals mostly retain 

fibrous crystal shapes, but with consistently reduced average particle sizes, whereas vaterite 

shows spherical crystal shapes (Fig. 3C). Such crystal morphologies indicate precipitation at 

high rates, which fits well with high SI values of e.g. SW1_I (Table 3; Jones et al., 2005; Jones, 

2017; Yang et al., 2011). In supersaturated solutions, PASP is preferentially sorbed towards the 

active crystal growth direction, inhibiting or retarding the further crystal growth, thereby 

modifying the CaCO3 scale mineralogy, crystal morphology and consistence (Liu et al., 2012). 

The latter may deteriorate the initial compact and dense microfabric of CaCO3 scale deposit 

towards more porous aragonite microfabrics or even unconsolidated (mushy) material 

consistence (Fig. 2).  

 

 

Figure 8: Schematic reaction model of the scale deposits and related aqueous solutions from tunnel 

Spital and tunnel Steinhaus. The addition of PASP rise Ca2+, HCO3
- as well as DOC concentrations in 

the related solutions (Path 1), changes mineralogy and modifies crystal shapes resulting in a 

modification of material consistence from compact to mushy CaCO3 scale deposits (Path 2). 

 

It is beyond the scope of the present paper to elucidate the apparent dissolution or 

transformation rates of primary calcite scale deposits upon PASP addition, because of poor 
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resolution in time and limited number of sampling sites in the two tunnel drainages. However, 

as a first-order approximation, we can calculate CaCO3 removal rates for two contrasting 

scenarios, reflecting the dominant calcite (type 1) vs. calcite-aragonite (type 2) mineralogy of 

the scale deposits after PASP addition. Using an estimated volume of the primary calcite scale 

deposit in the two drainage systems of 1225 ± 672 cm³ (height: 0.5-1.0 cm, coverage in pipe: 

15-17 cm in width), a scale density of 2.7 g/cm³ and a volume decrease of 50-90 % over a 10 

months period for type 1, the CaCO3 removal rate is 3.3 to 13.6 g CaCO3/day, averaging 7.6 ± 

3.1 g CaCO3/day (or 2.8 ± 1.1 kg CaCO3/year). As for type 2, calcite scale reduction amounts 

to ~60-85 %, which is equivalent to a CaCO3 removal rate of 4.0 to 12.8 g CaCO3/day, 

averaging 7.9 ± 1.9 g CaCO3/day (or 2.9 ± 0.7 kg CaCO3/year). Upscaling of CaCO3 scale 

reduction to the total tunnel lengths (2500 vs. 1800 m) yields a total CaCO3 loss of ~7.2 ± 1.8 t 

CaCO3/year and ~5.2 ± 1.3 t CaCO3/year for Spital and Steinhaus, respectively. 

 

5.6.4 Microbial effects on PASP and scale deposits  

The investigated scale deposits show clear evidence of microbial activity in the form of 

remnants of filamentous EPS structures (cf. Pedley, 2014; Jones, 2017). It is not possible to 

relate EPS to a species and to evaluate how this microbial activity could have been affected the 

scale deposits. But it is well known that various microorganisms can have a significant 

influence of the developing mineralogy, crystal shapes and precipitation rates (Pedley, 2014; 

Shiraishi et al., 2019; Westphal et al., 2019). In scale deposits SW2 and SW2_I extracellular 

twisted ribbon-like stalks (Fig. 4B) as well as prominent hollow microtubes (Fig. 4C and D) are 

indicative of neutrophilic Fe-oxidizing bacterial communities (FeOB), which are represented 

by Gallionella ferruginea and Leptothrix ochracea (Ehrenberg, 1836; Hallberg and Ferris, 

2004; Chan et al., 2011; Chan et al., 2016; Fleming et al., 2018). In the scale deposit SW2 

(without PASP) Gallionella ferruginea is detected, whereas scale deposit SW2_I mainly 

contains Leptothrix ochracea. Both FeOBs have different habitat requirements with respect to 

their metabolism: Gallionella ferruginea oxidizes Fe(II) and precipitates Fe(III)(hydr)oxides in 

environments poor in DOC by using DIC via chemolithoautotrophic processes, while 

Leptothrix ochracea is abundant in DOC-rich solutions assimilating DOC in combination with 

DIC by mixotrophic processes (Hallbeck and Pedersen, 1991; Fleming et al., 2014; Fleming et 

al., 2018). Thus, DOC from PASP addition leads to the dominance of Leptothrix ochracea over 

Gallionella ferruginea (Fleming et al., 2014; Fleming et al., 2018) as evidenced in the scale 

deposit SW2_I (Fig. 4B vs. Fig. 4C and D). It is known that the stalks (Gallionella) and sheaths 
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(Leptothrix) of such FeOBs are Fe(III)-rich, which is consistent with intergrowths and coatings 

of Fe-(hydr)oxides (Chan et al., 2011; Hashimoto et al., 2007; Eichinger et al., 2020a).  

For solutions SW2 and SW2_I sufficient amounts of dissolved bioavailable Fe are constantly 

delivered to maintain FeOBs metabolism, which in turn influences the water chemistry and 

results in the co-precipitation of Fe-(hydr)oxides and CaCO3 phases. This explains the red-

brownish coloration of the scale deposits and the high Fe and low Ca contents upon addition of 

PASP (Table 2). However, Leptothrix ochracea may reduce the inhibitor effect of PASP by 

consuming DOC as inferred from solution SW2_I, which contained the highest PASP content 

(12 ml/h), but the lowest concentration of PASP (1.1 mg/l) and DOC (0.8 mg/l). This 

observation is supported by PASP analyses pattern (Fig. D.1; Appendix), where the main peak 

of the red spectral curve of solution SW2_I is shifted towards lower wavelengths compared to 

solution SW1_I and the PASP standard. This shift most likely arises from the bacterial 

degradation of the long-chained PASP polymers in solution SW2_I (Stedmon and Markager, 

2005; Jalalvandi and Shavandi, 2018) as Leptothrix ochracea progressively consumes DOC 

provided by PASP. Accordingly, almost constant Ca2+ and HCO3
- concentrations of solutions 

SW2 and SW2_I indicate a less efficient inhibition effect, while in all other solutions the Ca2+ 

and HCO3
- concentrations increase significantly; indicative of a highly efficient inhibition 

effect supressing the precipitation of CaCO3. The above relationships demonstrate that the 

understanding of site-specific conditions for scale deposit formation is required to identify 

advanced prevention strategies at the field site and to optimize the applicability of inhibitors for 

water conditioning. Future studies can make use of the herein presented inhibition effects 

induced by PASP addition on CaCO3 scale formation in dynamic (i.e., underground) drainage 

systems. Ongoing research is required to evaluate the impact of specific on-site conditions, 

inhibitor type and dosage on the magnitude and rate of CaCO3 scale inhibition and green 

inhibitor efficiency. 

 

5.7 Summary and Conclusions 

The application of the green inhibitor polyaspartate (PASP) to reduce CaCO3 scale deposition 

and to alter the composition and (micro)structure of the unwanted precipitates was rated on-site 

in two tunnel drainages. Main conclusions are that the addition of PASP (i) results in elevated 

Ca2+, HCO3
- and DOC concentrations in solution and in SIcalcite values close to saturation with 

ACC, (ii) effectively retards CaCO3 nucleation even at low PASP concentrations, (iii) favours 

the formation of metastable vaterite and aragonite over calcite, (iv) changes the CaCO3 scale 
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consistence from compact to mushy material and (v) modifies bacterial dominance, which may 

limit PASP scaling inhibition effects. An advanced understanding of the formation mechanisms 

of unwanted CaCO3 scale deposits is required for an optimized use of proactive prevention 

strategies, such as the application of the green inhibitor PASP. An appropriate dosage can 

constitute a comparatively cost-effective measure to prevent scale deposit formation in a given 

drainage system.  
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5.9 Supplementary material 
 

 

 

Figure A.1: Photographs of clogged drainages from tunnel Spital (SW1-2) and tunnel Steinhaus (SW3-

5) before small amounts of the inhibitor PASP were added. The leverages on the images are autonomous 

data loggers recording in-situ parameters such as pH, specific conductivity and water-temperature. The 

diameter of the lateral drainage pipes (“Ulmen”) is 250 mm.  
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Figure B.1: XRD-pattern of scale deposits SW1 and SW1_I. The top diffractogram shows the 

composition of the scale deposit SW1 (without PASP), while the lower diagram reveals the bulk 

composition of scale deposit SW1_I (with PASP). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



127 

 

 

Figure B.2: XRD-pattern of scale deposits SW2 and SW2_I. The top diffractogram shows the 

composition of the scale deposit SW2 (without PASP), while the lower diagram reveals the bulk 

composition of scale deposit SW2_I (with PASP). Note the elevated background in SW2_I suggesting 

the possible presence of low crystallinity Fe-(hydr)oxides.  
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Figure B.3: XRD-pattern of scale deposits SW3 and SW3_I. The top diffractogram shows the 

composition of the scale deposit SW3 (without PASP), while the lower diagram reveals the bulk 

composition of scale deposit SW3_I (with PASP).  
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Figure B.4: XRD-pattern of scale deposits SW4 and SW4_I. The top diffractogram shows the 

composition of the scale deposit SW4 (without PASP), while the lower diagram reveals the bulk 

composition of scale deposit SW4_I (with PASP). 
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Figure B.5: XRD-pattern of scale deposits SW5 and SW5_I. The top diffractogram shows the 

composition of the scale deposit SW5 (without PASP), while the lower diagram reveals the bulk 

composition of scale deposit SW5_I (with PASP).  
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Figure C.1: Plot of the PASP concentration (mg/l) vs. the DOC concentration (mg/l) measured in the 

drainage solutions showing that the two methods used are accurate. 

Figure D.1: Synchronous fluorescence spectra obtained from an aqueous PASP standard solution 

(blue) and from the two drainage solutions SW1_I (green) and SW2_I (red). The main peak in SW2_I is 

shifted to a lower wavelength (red arrow), while the main peak of SW1_I corresponds to the PASP 

standard curve (green dotted line). This shift could indicate bacterial degradation of long-chained PASP 

polymers through the bacteria Leptothrix ochracea, which are predominant in SW2_I (e.g. Stedmon and 

Markager, 2005; Jalalvandi and Shavandi, 2018).  RFU: Intensity measured in relative fluorescent 

units. 
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6.1 Abstract 

The drainage system is a core element of tunnel construction and operation. Frequently, natural 

as well as technical boundary conditions lead to the deposition of scales (especially calcium 

carbonates) in the drainage system. As a preventive measure – in contrast to post-depositional 

cleaning procedures – the use of scale inhibitors to treat the drainage water (hardness 

stabilisation) is an option. ‘Green inhibitors’ are tailored green organic substances that delay or 

prevent scale formation when added in small concentrations. Moreover, green inhibitors can 

change the material consistency of scale deposits (soft sinter). An additional advantage of their 

use is the good environmental compatibility compared to conventional inhibitors. Suitable test 

procedures can be used to select a substance or product and evaluate or optimize its dosage. 

The application of polyaspartic acid or polysuccinimide products as ecologically harmless and 

readily biodegradable agents has proven advantageous in tunnel structures. The choice of liquid 

or depot stone conditioning essentially depends on the scaling mechanism, in addition to the 

technical considerations, flow rates and water chemistry. Regarding discharge to existing 

receiving water bodies, the inhibitor concentration in the water can be measured and controlled 

by DOC analysis and fluorescence spectroscopy. This article presents contemporary and tunnel-

specific case studies. 

 

6.2 Introduction 

The formation of solid, mainly carbonate deposits in the drainage systems of underground 

construction works – known as scaling – presents a major challenge to the operation and 
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maintenance of tunnel systems and can lead to substantial costs for the tunnel operator [1–5]. 

Essentially, there are two processes involved in the formation of carbonate scale deposits: 

– the interaction between the groundwater and the cement-bound building materials                        

– the precipitation of calcium carbonate due to the degassing of dissolved CO2 from the 

drainage water to the atmosphere. 

In the former process, the dissolution of alkaline materials within shotcrete, concrete drains, 

anchor mortar and cement grouting produces alkaline, mostly calcium-rich water. The 

corresponding increase in pH value and calcium concentration causes some of the dissolved 

calcium and carbonate to precipitate in the tunnel drainage system in the form of calcium 

carbonate. Very high pH levels (pH > 11) can further increase the rate of carbonate formation 

in the drainage system due to the additional absorption of atmospheric carbon dioxide by the 

calcium-rich, highly alkaline solutions, while weakly alkaline solutions can reduce it [6–8]. The 

second process responsible for the formation of carbonate scaling is the degassing of CO2 from 

the drainage water to the tunnel atmosphere, causing an increase in the pH level and a 

redistribution of the dissolved carbonate species [9]. The targeted use of hardness stabilisers 

(inhibitors) has proved effective in reducing scaling in tunnel drainage systems [2, 7, 10, 11]. 

The main advantage of using these inhibitors as a preventive measure is that they can suppress 

scaling effectively and inexpensively even in very low doses. In addition to inhibiting the 

crystal growth of carbonate deposits, inhibitors can favourably alter their material consistency, 

often resulting in the formation of unconsolidated or even substantially softer, porous deposits 

[12]. These modified deposits can be removed by means of hydraulic flushing, thereby avoiding 

adverse mechanical wear of the drainage system. 

 

6.3 Hardness stabilisation as a practical measure to reduce scaling 

6.3.1 Green inhibitors and prevention strategies 

Various options are available to the operators of tunnel construction works to minimise scaling. 

Some measures remove scale deposits retrospectively (post-sedimentary), while others are 

preventive (pre-depositional) and inhibit or reduce scaling. Hydraulic and mechanical methods 

are typically used to remove mineral deposits retrospectively. These are associated with high 

personnel costs and increased risk of damage to the drainage pipes due to the high mechanical 

stresses required to remove persistent deposits. Apart from optimising the design of the drainage 

system, hardness stabilisation is one of the most important preventive measures. The idea of 
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using hardness stabilisation for the targeted prevention of deposits in the drainage systems of 

construction works was patented in 1995 [13]. The advantage of hardness stabilisers is that they 

form specific bonds with seed crystals and carbonate mineral surfaces, thereby effectively 

inhibiting the precipitation (nucleation) of crystals and their further growth. The scale-

inhibiting effect of hardness stabilisers works at very low concentrations of active ingredient in 

the sub-stoichiometric range to prevent calcification, unlike inorganic acids such as dilute 

hydrochloric acid. Water legislation requirements and increased environmental awareness in 

recent decades have resulted in the wider use of environmentally friendly inhibitors. Unlike 

conventional hardness stabilisers such as polyphosphates, phosphate esters and phosphonates, 

these are based on eco-toxicologically safe, biodegradable organic compounds and are thus 

referred to as green inhibitors [14, 15]. Most green inhibitors are synthetic organic polymers 

whose chemical structure is derived from naturally occurring organic compounds such as amino 

and fruit acids. Certain green inhibitors such as chitosan are derived directly from biopolymers. 

Due to their special structural characteristics and functional groups, e.g. amino and carboxyl 

groups, green inhibitors can inhibit the formation of seed crystals and reduce the growth of 

calcium carbonate deposits (Figure 1). Furthermore, as complexing agents they can keep a 

proportion of the calcium (Ca2+) dissolved in the drainage water stably suspended in solution. 

Although this does not entirely prevent the precipitation process, it significantly inhibits it. 

Many green inhibitors are highly effective at preventing calcium carbonate scaling (CaCO3) 

even when added in very small quantities (concentrations of 2 to 10 mg/l).  

Figure 1: Schematic view of the mode of action of green inhibitors in hardness treatment as a practical 

measure for reducing scaling in tunnel drainage systems. The upper left image shows the formation of 

strong, solidified carbonate scale (grey cubes) without inhibitor. On the right the situation in the 

presence of an inhibitor is visualised. The inhibitor prevents the formation of crystallisation nuclei and 

thus leads to a reduction of scale deposition and a beneficial change in the consistency of the scale 

deposits (formation of soft deposits; white cubes). 
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In addition to various types of polyaspartic acid (PASP), the active ingredients currently used 

in green inhibitors also include polyepoxy succinic acid (PESA) and hydrolysed polymaleic 

anhydride (HPMA) as well as fruit acid derivatives obtained from ascetic, citric or lactic acid, 

and modified biopolymers such as carboxymethyl inulin (CMI) and the polysaccharide chitosan 

[14, 15]. Complexing agents such as tetrasodium N, N-bis(carboxylatomethyl)-L-glutamate 

(GLDA-Na4) and tetrasodium iminodisuccinate (IDS-Na4) are also used in some cases. Similar 

to IDS-Na4, the substance GLDA-Na4, which is derived from the amino acid glutamine, is used 

as a green substitute for the ecotoxic complexing agents EDTA and NTA. Polyacrylates such 

as polyacrylic acid (PAA), its sodium salt (PAAS) and the maleic acid-acrylic acid copolymer 

(MA-AA) are also widely used as substitutes for hardness stabilisers containing phosphorus, 

but due to the relatively poor degradability of these compounds, they are not strictly classed as 

green inhibitors. Current investigations using a new experimental test method in which the 

scale-inhibiting effect of four PASP products was compared with the performance of two other 

commercially available hardness stabilisers based on HPMA and MA-AA show that the PASP 

inhibitors are highly effective [16]. For this reason we will explore the characteristics and 

practical application of the polyaspartic acids and their derivates used as green inhibitors in 

tunnel drainage systems in more detail below. 

 

6.3.2 Polyaspartic acid and polysuccinimide 

6.3.2.1 Characteristics and use 

PASPs are organic polymer compounds which are chemically derived from the amino acid 

aspartic acid (ASP). The manufacture of PASPs was first described by Hugo Schiff in 1897 

[17]. Numerous methods of synthesizing PASP have been developed in the past few decades. 

As a result, it is apparent that the manufacturing process has a significant influence on the 

characteristics and structure of the polymers produced. This relates in particular to the 

molecular chain length, the degree of molecular crosslinking and the chemical purity [18]. The 

manufacture of PASP generally follows the same procedure. First a polysuccinimide (PSI) is 

produced by thermal condensation. This precursor is then converted to PASP by alkaline 

hydrolysis. Using the same principle, PSI can be formed into ‘solid tablets’ (PASP-release tabs) 

which are placed in tunnel drainage systems. These tablet-like stones release the scale-

inhibiting agent PASP by hydrolysis of PSI. We will briefly explain the practical aspects of 

liquid and tablet conditioning agents in the next section. 
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6.3.2.2 Liquid versus tablet conditioning agents 

Tablets stones release PASP by means of a chemical reaction (hydrolysis) in which the virtually 

insoluble polysuccinimide (PSI) in the stones is slowly converted to the highly water-soluble 

active substance PASP. The rate of PASP release depends on the conditions in the drainage 

system and increases as the pH value, flow rate and water temperature rise. The effectiveness 

of depot stones largely depends on the hydrogeological and hydrochemical boundary conditions 

and the technical design of the drainage system. In principle, the stones can be inserted in 

sections of the tunnel drainage that are at risk of scaling as a preventive measure. Although the 

relatively slow release of the active ingredient acts as a form of automated dosing, the amounts 

actually released in practice are virtually impossible to control and can occasionally increase 

significantly, leading to rapid depletion of the solid tablets. In addition, scale and detrital 

deposits can build up on the nets and netting tubes used to apply the PASP-release tabs, 

especially in areas where there is increased CO2 degassing. This inhibits or prevents the 

continuous release of the hardness stabiliser to the extent that the unimpeded flow of ground 

and drainage water can no longer be assured. This process has been documented in tunnel 

construction works in Germany (Saukopf Tunnel) [10] and France (Marseille Tunnel, SNCF) 

[5]. Furthermore, tabs used in areas with increased microbiological activity are prone to biofilm 

development (biofouling, e.g. fungal attack). Unlike release tabs, liquid dosing systems can be 

precisely controlled and are therefore more versatile, especially for hardness stabilisation in 

longer drainage sections with medium to large volumes of water. Since PASP-release tabs are 

significantly more expensive than liquid PASP products in terms of the amount of active 

ingredients, it makes sense to use them where liquid dosing is not an option. For example, areas 

where small to medium volumes of slow-flowing water occur or sections of the drainage system 

that periodically dry up. Tabs can also be used preventively in the primary drainage system, 

e.g. in seepage slits, percolation packing and drainage holes, provided these are accessible and 

have an adequate cross-sectional area (pipe diameter).  

6.3.2.3 Analytics and monitoring 

To ensure efficient and cost-effective hardness stabilisation, it is important to control the PASP 

concentration in tunnel sections that are susceptible to scaling so as to avoid under- or 

overdosing. If the background organic load is known, the PASP concentration can be 

approximated by measuring the dissolved organic carbon (DOC) (Figure 2A). The PASP 

concentration can be calculated from the difference between the measured DOC concentration 
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(DOCA) and the background DOC concentration (DOCB) via the stoichiometric factor of the 

carbon fraction (fC(PASP) = 0.3609) in PASP (C4H7NO4)n using the following equation: 

                                                                                             (1) 

This indirect calculation method is also suitable for determining the actual PASP concentration 

of commercially available products. Fluorescence spectroscopy is suitable for direct 

determination of the PASP concentration [18] as it is highly sensitive and permits the direct 

detection of PASP at very low concentrations. Measurement uncertainty (1σ) with this 

particularly sensitive synchronous scanning technology is around ±0.25 mg/l PASP [12]. The 

intensity of the measured fluorescence signal is proportional to the PASP concentration and can 

be calculated by calibration from a known concentration (Figure 2B). Due to its high level of 

accuracy, the measurement method can be used to optimise the dosage of liquid dosing systems 

or to check the actual PASP concentration of tab conditioning systems [17]. A combination of 

X-ray diffraction (XRD) and scanning electron microscopy (SEM) has proved an effective 

means of investigating the effect of green inhibitors on the composition and consistency of 

mineral deposits. While XRD investigations provide information about the mineralogical 

composition of the scale material, SEM images permit the visualisation of modified crystal 

growth caused by the use of green inhibitors in the micrometre range. This provides valuable 

additional information which improves our understanding of the mode of action of the inhibitor 

used [16] (Figure 2D and 2E). 

6.3.2.4 Environmental compatibility 

Green inhibitors are claimed to be ecologically and toxicologically safe. Unlike the 

conventional hardness stabilisers frequently used in geo-engineering, e.g. oil production and 

deep geothermics, PASP products are free from phosphorus (in the form of phosphate or 

phosphonate) and halogens (e.g. chlorine and bromine) and contain comparatively little 

nitrogen. Due to the very low dosage (usually < 20 mg/l), the use of PASP products does not 

cause any appreciable changes in pH, nor does it increase the organic load in the drainage water. 

Due to their special structure, PASP products are also highly biodegradable. Thus, it is virtually 

impossible for PASP to accumulate in the outfall drain as a result of hardness stabilisation 

within the tunnel. 
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Figure 2: A) Dilution series with the comparison of measured DOC concentration and DOC value 

calculated from molecular weight; B) fluorescence signal dependent on PASP/DOC concentration; C) 

rhombohedral calcite; D) skeletal calcite formed in the presence of PASP; E) vaterite formed in the 

presence of another PASP product. 

 

6.3.2.5 Test procedures and evaluation 

A range of test protocols are available for investigating the effectiveness of hardness stabilisers. 

Most of these were developed to assess high-saline water in the oil and gas industry [19, 20] or 

for seawater desalination [21], with little consideration of the kinetic aspects of hardness 

stabilisation. However, kinetic reaction effects play a major role in the formation of scale 

deposits in tunnel drainage systems and must therefore be taken into account when assessing 

the effect of an inhibitor [17]. The new compact test described by Wedenig et al. [16] is one 

such method which was developed for the rapid, quantitative assessment of different active 

ingredients and products (Figure 3). In this approach, the experimental results of an in-situ 
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measurement (Figure 3A) are combined with results of a hydrochemical simulation calculation 

(Figure 3B) and jointly evaluated. This enables the chronological sequence of the precipitation 

reaction in the presence of a green inhibitor to be numerically modelled and the performance 

of the inhibitor to be assessed under variable hydrochemical boundary conditions. Using this 

test method, the effectiveness of different green inhibitors can be tested and then the most 

suitable product(s) selected on a case-by-case basis and dosed according to requirements. 

 

Figure 3: A) Schematic plot of the experimental setup of the inhibitor compact test; B) Combined 

modelling approach where the experimental data are combined with the results of hydrochemical 

simulation calculations and jointly evaluated. 

 

6.4 Case studies for hardness stabilisation systems 

6.4.1 Planned hardness stabilisation units in the drainage system of the Koralm Tunnel 

The Koralm Tunnel drainage system is designed without conventional drainage pipes in the 

sidewalls. Instead, it relies on 40 mm thick dimpled membranes which is installed during the 

structural work, after which it is inaccessible. To maintain the integrity of the dimpled sheeting 

and to prevent scaling, the groundwater in areas with increased scaling potential is conditioned 

with hardness stabilisers. These inhibitors are dosed by hardness stabilisation plants installed 

in cross-passages that occur every 500 m. Water from the elevated tanks near the Leibenfeld 

and Paierdorf ventilation buildings is piped into the tunnel to supply these dosing units. Each 

hardness stabilisation unit treats a defined section (250 m) in one of the two tunnel tubes. The 

dosage mix comprising water and inhibitor is distributed within the corresponding treatment 
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zone by means of perforated hoses (DN32) with openings approximately every 10 m, which are 

laid behind the dimpled membranes (Figure 4). 

 

Figure 4: Path of the inhibitor from the container to the distribution in the perforated hose. 

 

6.4.1.1 Decentralised hardness stabilisation plant 

The decentralised hardness stabilisation units designed by the Swiss company F. Preisig AG 

during the planning phase and located in the cross-passages of the Koralm Tunnel consist of 

the following components: 

– Water connection to the water supply in the tunnel 

– Inhibitor storage tank and dosing pump 

– Mixing tank 

– Feed pump with dosing unit and hose connection. 

Figure 5 shows a schematic diagram of this type of hardness stabilisation unit. The water supply 

line in track 1 supplies the approximately 0.2 l/s of water required by each unit. The double-

walled tank has a usable volume of 250 l. The solenoid-diaphragm dosing pump mounted on 

the tank delivers up to 2 l of inhibitor solution per hour and is fitted with remote monitoring. 

Inside a mixing tank, the inhibitor solution is diluted with water to the target concentration. The 

mixing tank has a usable volume of 500 l. Once conditioned, the inhibitor solution is pumped 

into the distribution unit by a high-pressure pump at a rate of at least 1.5 l/s. The distribution 
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unit has a corresponding number of branches fitted with diaphragm valves, which supply the 

conditioned inhibitor solution to the individual hoses. 

 

Figure 5: Schematic drawing of the antiscalant dosing system in the Koralm Tunnel. 

 

6.4.1.2 Centralised hardness stabilisation plant 

Subject to the necessary water supply line, it is also possible to inject the inhibitor solution 

centrally in the Koralm Tunnel. This is envisaged as a further adaptation, since the location of 

the two elevated tanks near the Leibenfeld and Paierdorf ventilation buildings enable a pre-

conditioned inhibitor solution to be dosed from the surface. This option would simplify logistics 

(wheelbased, not dependent on the railway system) and optimise operation and maintenance. A 

centralised hardness stabilisation plant in the Koralm Tunnel is scheduled for construction from 

2023, in parallel with the installation of a water supply line. 
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6.4.2 Hardness stabilisation pilot unit in the drainage system of the Semmering Tunnel 

Chain 

Decentralised pilot plants for dosing the liquid PASP product Baypure DS 100 were installed 

in five recesses for maintenance work in the Spital and Steinhaus Tunnels which form part of 

the Semmering Tunnel Chain. The dosing units are located in areas where five monitoring 

stations (scale monitoring plants) have been installed to continuously monitor water 

temperature, electrical conductivity and pH value. Figure 6 shows a schematic diagram of the 

pilot plant and a photograph of the liquid dosing unit installed in a road tunnel recess. The 

precipitation behaviour of calcium carbonate deposits in the absence [12] and presence [11] of 

hardness stabilisation measures has been extensively investigated in drainage systems in recent 

years. These studies show that the use of PASP inhibitors can reduce precipitation by 60 to 85% 

[11]. 

 

Figure 6: Decentralised antiscalant dosing test unit in the tunnel chain Semmering: left) schematical 

drawing; right) installed unit. 

 

6.5 Conclusion and outlook 

The use of green inhibitors can significantly reduce scale formation in tunnel drainage systems 

and have a positive effect on their material consistency (softer deposits). Among the 

commercially available green inhibitors, PASP-based products have proved particularly 

effective. They are available both in liquid form and in the form of solid tablets (PSI-release 

tabs). The PASP release mechanism in the tabs involves a chemical reaction in which the 
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polysuccinimide (PSI) contained within them is converted to PASP. All PASP products have 

one thing in common; as green inhibitors they biodegrade easily and completely, which makes 

them particularly eco-friendly. Suitable analytical methods are available to determine PASP 

concentrations in the drainage system and to characterize scale materials. A new compact test 

has been developed which is particularly suitable for determining the effectiveness of green 

inhibitors and current concepts and case studies on liquid conditioning from the Koralm Tunnel 

(rail tunnel) and in the Semmering Tunnel Chain (road tunnels) are being presented. 
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Chapter 7 - Research on optimized polymer-pipe materials 

for use in tunnel drainage systems  
 

7.1 Optimized Polymer Pipe Materials for Efficient Drainage Systems in Tunnel 

Structures – PolyDrain I + II 
 

7.1.1 Abstract 

Keeping tunnel drainage systems operational requires to deploy less expensive and time-

consuming maintenance procedures. Therefore, the inter-disciplinary research project 

“PolyDrain” was initiated. Aim of this project was to develop modified polymers which can 

reduce the precipitation of scale deposits in tunnel drainage pipes. Based on this issue the 

chosen approach is based on modifying the polymer matrix of drainage pipes by adding active 

fillers to obtain a final composite material. Accordingly, the durability of pipes can be increased 

and/or the precipitation can be reduced in the drainage, including areas of drainage slits. Thus, 

7 different compounds, consisting of a polyethylene base polymer and active fillers were 

developed. However, before these findings can be applied in large scale reality, further long-

term evaluations—also in the lab—are necessary. Thus, the developed compounds were 

processed into specimens and exposed to drainage-waters both in laboratory as well as field 

tests in actual tunnels. Subsequently, CaCO3 precipitations on the materials were analysed using 

chemical and optical methods. Regarding the efficacy, especially the compounds with 

polyethyleneglycol and zeolite proved to be very promising. 

 

7.1.2 Introduction 

Drainage systems are used in pressure-relieved tunnel structures for the continuous drainage of 

the accumulating groundwater. Until the second half of the 20th century, brick invert channels 

were mostly used for water drainage. Since the 1990s, however, pipes made of thermoplastic 

materials have been used exclusively. In the Austrian road and railway network there are 

currently tunnels with a length of approximately 650km, whereby most tunnels are equipped 

with drainage systems. For the ÖBB alone, there are currently about 445km of drainage tunnels. 

In 2027, due to the current construction activity, there will be approximately 1081 km. Together 

with the tunnels of ASFINAG and the federal provinces, there are currently well over 1000 km 

of tunnel drainage systems in Austria. However, for geogenic reasons and/or due to building 

materials used during construction, mineral precipitations, called scale deposits, occur in the 
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drainage systems. To ensure the functionality of the structures, these drainages must therefore 

be regularly maintained and cleaned. Especially in the case of scale deposits that are difficult 

to remove, the effort of cleaning drainage pipes can increase exorbitantly, which not only leads 

to higher maintenance costs, but also to a limited availability of tunnel sections as well as 

possible damage to the drainage systems. The concrete aim of this work was therefore to modify 

plastics that could be used for future drainage pipes in tunnel structures in such a way that the 

tendency to form scale deposits is lower. Since the cleaning of drainage pipes by high-pressure 

flushing or other methods is very time-consuming and cost-intensive, the structures could be 

operated more efficiently overall in this way (Schachinger et al., 2018, 2019).  

 

7.1.3 Scale deposits in tunnel drainage systems 

7.1.3.1 Formation of scale deposits 

The formation of carbonate scale deposits is based on the one hand on the degassing or 

absorption of CO2 from or into the drainage solution, but on the other hand also on the 

mineralogical composition and alkaline property of the concrete in the tunnel structure, 

whereby here essentially the dissolution of the mineral portlandite (Ca(OH)2) in the shotcrete 

plays an important role (Dietzel et al., 2008a, b, 2013; Rinder et al., 2013). The intensive contact 

of water with cementitious materials significantly changes the properties and chemism of the 

drainage solution, generating alkaline, mostly calcium-rich drainage solutions, which can lead 

to an increased sintering potential in the tunnel drainage systems (Rinder et al., 2013). 

Furthermore, the geology and mineralogical composition of the surrounding rocks in the aquifer 

also have an impact on the groundwater chemistry and thus on the possible sintering potential 

in the tunnel, as well as mixed water formations and flow characteristics (turbulent vs. laminar 

flow vs. stagnant condition, Fig. 1; Dietzel et al., 2008a; Rinder et al., 2013; Wu et al., 2019).  

7.1.3.2 Cleaning procedures of drainage pipes 

In order to maintain the functionality of the tunnel structure, the drainages must be cleaned 

regularly according to the systematics in the guideline "Tunnel drainage" of the Austrian 

Association for Concrete and Civil Engineering (Österreichische Vereinigung für Beton- und 

Bautechnik, 2010). Depending on the material consistence of the scale deposits, either hydraulic 

(high-pressure flushing), hydromechanical (e.g. vibrating nozzle), or mechanical (chain 

spinner, milling cutter, percussion drill) cleaning processes can be used. In the case of very 

intensive cleaning processes, the surfaces of the installed drainage pipes may be attacked or 

even destroyed (Fig. 2). Drainage pipes in tunnel structures cannot simply be replaced due to 
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their location in the tunnel, which is why, in the event of damage, parts of the entire tunnel wall 

including the sealing and seepage packing must be removed, as there are currently no trenchless 

rehabilitation methods available. 

 Figure 1: Removal of scale deposits in a railway tunnel and the different visual appearance (e.g. 

chemical composition, coloring, consistency) of deposits in tunnel drainages. 

 

Figure 2: Camera inspection after intensive cleaning processes in the Sieberg tunnel - complete 

destruction of the pipe wall (a), or local destruction of the drainage layer after intensive mechanical 

cleaning (b). 

 

Due to the urgency of this topic, possibilities to reduce scale deposit formation in tunnel 

structures have been investigated for several years (Girmscheid et al., 2003; Wagner et al., 

2014; Schachinger et al., 2017, 2018; Zhou et al., 2018). Hardness stabilisers" are currently 

being used in various tunnels to support cleaning. These are low-dose additions of various 
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chemical agents in solid and liquid form to the drainage water which are intended to either 

reduce existing scale deposits, slow down, inhibit or prevent the precipitation of unwanted scale 

deposits (Galli, 2000; Girmscheid et al., 2003; Vollmann, 2005; Stur et al., 2015; Zhou et al., 

2018). A disadvantage of this method, however, is that the applicable environmental regulations 

require a great deal of effort in terms of control and documentation of the change in water 

chemistry. In addition, liquid hardness stabilisers currently only work in the bottom of the pipe 

and not in the area of the drainage slots. 

 

7.1.4. Project PolyDrain 

Based on the experiences described above, a research project supported by ÖBB Infrastruktur 

AG, ASFINAG and BMVIT was launched in 2017 to concern with the material of the drainage 

pipes. The primary goal of this "PolyDrain" project is to further develop the plastics used for 

the production of drainage pipes in order to achieve a reduced tendency to scale deposit 

formation. Experts from the fields of tunnel construction, geology and hydrogeology, 

hydrochemistry and mineralogy, material sciences and polymer chemistry were brought 

together to work on this complex and interdisciplinary issue. 

7.1.4.1 Material development 

There are two ways to optimize the properties of plastics used in drainage pipes. Either active 

fillers are incorporated into the plastic, or the surfaces of the pipes themselves are modified. 

Due to the mechanical cleaning methods currently used for tunnel drainage pipes, which have 

been proven to attack surfaces, the way of mixing in fillers is therefore considered to be 

advantageous. To test the effectiveness of the fillers in a plastic matrix, they were mixed into a 

commercially available material (polyethylene) and formed into compounds using a kneader 

and plate press. Cylindrical test specimens with a diameter of 10 mm were taken from these 

plates for further investigations. All 7 selected und tested plastics are formulated in Table 1. 
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Table 1: Material formulations investigated to test their effectiveness with regard to the tendency to 

form scale deposits.  

 

 

7.1.5 Experiments 

In order to test the effectiveness of the developed compounds under conditions that are as real 

as possible, different test methods, in which scale deposits should occur on the samples, were 

selected and carried out in the laboratory under controlled conditions as well as in real tunnel 

structures.  

7.1.5.1 Dynamic tests 

Dynamic tests include all experiments in which a continuous flow of water flows over the 

exposed compounds. This includes both the laboratory test described in the following, as well 

as deposits in real tunnel drainage systems. Figure 3 and 4 show the experimental test setup, 

which was developed at the TU-Graz. 
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Figure 3: Experimental setup for determining the variable sintering behaviour under dynamic 

conditions, including continuous measurement of electrical conductivity, temperature and pH value. 

 

 

 

 

Figure 4: Detailed image of the dynamic experimental setup including illustration of the different 

observation possibilities of scale deposit formation. 
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The test setup simulates the precipitation of calcium carbonate minerals from a solution 

supersaturated with these minerals on a laboratory scale. The focus of the investigations is on 

the crystallization of calcium carbonate minerals on the surface of individual plastics. The 

chemical composition, temperature and flow rate of the test solution are selected in such a way 

that carbonate precipitation occurs within minutes to several days. For this purpose, a test water 

(reaction solution) is continuously generated by mixing, for example, a 10 millimolar (mM) 

CaCl2 + 0.1 mM SrCl2 stock solution with a 10 mM NaHCO3
-containing stock solution and this 

mixed reaction solution is drained over a 2 m long flow section via laminar flow, whereby the 

flow rate is about 9 ml/min (see Fig. 3). The duration of the experiment in this approach was 10 

days at a constant water temperature of 20°C and an initial pH value of 8.0± 0.1. In this 

laboratory-designed test setup, the practice-relevant parameters, such as pH value, solution 

contents and temperature, as well as the spatiotemporal development of the composition of the 

solution and the carbonate deposits on the plastic surfaces along the flow section are 

investigated in-situ and via sampling and subsequent hydro- and material-chemical analyses. 

The plastics to be tested were introduced into the solution at the beginning and end of two 

parallel flow paths in specially made sample holders (Fig. 4). The latter allow a differentiation 

between mineral growth and mineral growth with mineral sedimentation (heterogeneous versus 

homogeneous crystal nucleation). While the precipitates on the upper side of the individual 

plastics in the solution could also have been formed by mineral sedimentation by crystals in 

suspension, the precipitates formed on the lower side of the individual plastics grew exclusively 

on the individual plastics. All results in this paper therefore always refer to the underside of the 

samples examined.  

 

Figure 5: Depositing the plastic samples at the drainage systems of the Steinhaus tunnel (a), Lainzer 

Tunnel (b) and Zentrum am Berg (c).  
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In comparison to these laboratory tests under controlled conditions, additional tests were carried 

out in three real tunnel structures. For this purpose, the 7 plastic compounds, as shown in Fig. 

5a-c, were exposed in the tunnels Steinhaus, Lainzer Tunnel and at the Zentrum am Berg and 

subsequently examined. 

7.1.5.2 Stationary tests 

In order to also investigate the influence of stagnant water and supersaturated with calcium 

carbonate, samples (rectangular geometry - 40 × 25 mm2 for larger surfaces for quantitative 

evaluation) were also exposed in a stationary reactor in a second test setup at the TU-Graz (Fig. 

6). The experimental setup was designed in the same chemical composition as in the dynamic 

experiments before to ensure comparability of the individual experiments. The tendency of the 

plastics to form scale deposits was investigated under stationary conditions (instead of dynamic 

conditions in the flow section). Under steady-state conditions, the rectangular plastics are fixed 

using Nie-Roster screws to prevent floating in the water column in a 1-litre reactor. 4 plastic 

samples were exposed per reactor. A magnetic stirrer with stir bars (400 rpm) ensured moderate 

but continuous water circulation in the reactor (Fig. 6). The duration of the experiment was 7 

days. 

  

Figure 6: Test reactors for the storage of larger test samples under stationary conditions at the TU 

Graz. 

 

7.1.5.3 Evaluation & Assessment 

Two different evaluation methods were used to assess the effectiveness of the developed 

compounds against scale deposit formation. On the one hand, a chemical analysis by means of 

acid digestion and on the other hand an optical analysis of the covered surface were carried out. 
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Acid digestion was carried out separately for each plastic in order to determine the amount of 

precipitates formed on the respective plastic surface (mg/cm2) via the calcium concentration, 

and to rank the plastics in terms of their efficiency against scale deposit formation. For this 

purpose, the calcium carbonate minerals formed during the tests were dissolved in 6% HNO3. 

Subsequently, the calcium concentration was determined, converted to the absolute amount and 

the plastic was evaluated. In addition, microscopy-based images of the plastic surfaces were 

taken and examined using an adapted image analysis procedure. In the image analysis, the 

cumulative areas of the calcite crystal particles were set in relation to the examined image 

section for each plastic. For a better comparability of the two methods, the results were 

normalized to the results of the pure polyethylene (matrix). This means that all values below 

100% indicate a reduction of the tendency to form scale deposits compared to polyethylene and 

values >100% indicate an increase of the tendency to form scale deposits of the respective 

plastic. In the result graphs, this was additionally highlighted in color, with a green coloring for 

a reduction and a red coloring for an increase in the sintering tendency compared to the pure 

matrix material.  

 

7.1.6 Results 

7.1.6.1 Dynamic Tests 

When the first dynamic tests were carried out in the laboratory test setup, it became apparent 

that both in the optical analysis and in the acid digestion, the best results (low tendency to form 

scale deposits) were achieved with the compounds consisting of PE+ PEG, PE+ zeolite, PE + 

ammonium phosphate and PE + Na-stearate (cf. Fig. 7). Additional analyses using a scanning 

electron microscope (SEM) showed nicely (idiomorphically) formed calcite crystals on all 

samples examined (see exemplary Fig. 3). 
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Figure 7: Comparison of the evaluation methodology using the example of the dynamic tests at the TU 

Graz (a), and the exposed compounds in the Lainzer Tunnel(b). 

 

Further samples for dynamic tests were exposed at the Zentrum am Berg in Eisenerz. The 

samples were placed in shafts of the STR North road tunnel and the EBT West railway tunnel 

and exposed for one and three weeks respectively. Remarkable is the difference or generally 

the high pH-values of the waters (North; pH= 11.5 and South pH= 8.5). At a very high pH value 

of 11.5, severe scale deposits occurred on the exposed test compounds after only one week. 

Interestingly, the non-modified matrix material (PE) made it into the top 3 of the ranking (Fig. 

10). This could be an indication that at such high pH values the selected modifications are not 

effective compared to more moderate environments. In contrast, the samples that were removed 

from the south junction and a moderate pH value of~8.5 primarily showed the usual order of 

the plastics again. In order to check whether the effects of the investigated compounds are only 

effective once or also several times, the same samples were exposed, evaluated and cleaned 

several times at the ZaB EBT West site. This process was repeated a total of five times, as 

shown in Fig. 8. With the exception of the second measurement, where the values are shifted 

upwards, all other measurements showed similar trends and especially the compounds with 

PEG and zeolite showed consistently good results. The analysis results of the second 

measurement can be explained by the introduction of mine water via additional pipelines, for 

which the shaft had to be drilled for pipes and a briefly increased mobilization of substances 
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can be assumed, which increased the tendency to form scale deposits. This can also explain the 

decreasing trend of the tendency to from scale deposits in deposits 2 to 4. 

 

Figure 8: Result of the repeated dynamic test at ZaB EBTWest. 

 

7.1.6.2 Stationary tests 

As mentioned at the beginning, stationary experiments were also carried out in addition to the 

dynamic ones. The primary difference here is that the solutions prepared in the reactor are not 

exchanged (renewed) as in flowing waters. Analogous to the repeat measurements in the ZaB 

EBT West, the samples of these tests were also cleaned after the first tests and exposed again. 

The results of the stationary tests are shown below in Fig. 9. It should be noted at this point that 

the compounds with silane and stearic acid were not investigated further in these additional 

tests, based on the less promising results of the previous tests. As can be seen, PE with PEG, 

zeolite and polyphosphate are again the most efficient materials in the stationary test. 
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Figure 9: Result of repeated exposing of the plastics in the stationary test reactor at the TU-Graz -

evaluation by means of acid digestion and optical analysis of the surface. 

 

7.1.6.3 Summary of the results 

For a clear presentation, the three most promising plastic compounds of all tests in terms of 

reduced tendency to form scale deposits were summarized in Fig. 10. This form of presentation 

makes it possible to make basic statements about the general effectiveness of the compounds 

relatively quickly. The colors only serve to simplify the perception of the same compounds, but 

have no significance in terms of effectiveness. Based on this table and the rankings, the PE 

compound with zeolite seems to be the most effective against scale deposit formation under the 

given test conditions. The compounds with polyethylene glycol and ammonium polyphosphate 

follow in second place with approximately the same efficiency. 

Bauwerk / 

Bezeichnung 

Auswerte- 

methode 
1. Platz 2. Platz 3. Platz pH 

dynamische Versuche 

Rinne 
Optisch PE+Amm.Phosphat PE+Na-Stearat PE+PEG 

7.8-8.1 
Säureaufschluss PE+Zeolith PE+Na-Stearat PE+Amm.Phosphat 

Lainzer Tunnel 
Optisch PE+Zeolith PE+Amm.Phosphat PE+PEG 

8.1-8.5 
Säureaufschluss PE+Mg(OH)2 PE+Na-Stearat PE+Zeolith 

ZaB Süd 
Optisch PE+Zeolith PE+PEG PE+Silan 

8.5 
Säureaufschluss PE+Zeolith PE+Amm.Phosphat PE 

ZaB Nord 
Optisch PE+PEG PE PE+Silan 

11.5 
Säureaufschluss PE PE+Zeolith PE+Na-Stearat 

statische Versuche 

Statischer Versuch 1 
Optisch PE+Amm.Phosphat PE+Mg(OH)2 PE+PEG 

7.7-8.1 
Säureaufschluss PE+PEG PE+Zeolith PE+Amm.Phosphat 

Statischer Versuch 2 
Optisch PE+Zeolith PE+PEG PE+Amm.Phosphat 

Säureaufschluss PE+Zeolith PE+Na-Stearat PE+Mg(OH)2 

Figure 10: Summary and evaluation of all investigations with regard to the tendency to form scale 

deposits of the PE plastics used with additives. 
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7.1.7 Conclusion 

Based on the results obtained in this study, the plastic compounds with zeolite, polyethylene 

glycol and ammonium phosphate seem to positively influence the scale deposit formation 

behaviour, in the sense of a lower tendency to scale deposit formation. However, at very high 

pH values (>>9), extremely high supersaturations of CaCO3 minerals lead to very rapid scale 

deposit formation on the exposed plastic surfaces, which can significantly limit the efficiency 

of the active substances. Therefore, the results found in structures with very high pH values 

should be considered with caution. Nevertheless, the logical next step is to "upscale" the 

compounds found to real pipe geometries, with a subsequent series of tests in tunnel structures. 

 

References 

Dietzel, M.; Rinder, T.; Niedermayr, A.; Mittermayr, F.; Leis, A.; Klammer, D. et al.: Ursachen 

und Mechanismen der Versinterung von Tunneldrainagen. BHM Berg- und Hüttenmännische 

Monatshefte 153 (2008a), H. 10, S. 369–372. 

Dietzel, M.; Rinder, T.; Leis, A.; Reichl, P.; Sellner, P.; Draschitz, C. et al.: Koralm Tunnel as 

a Case Study for Sinter Formation in Drainage Systems – Precipitation Mechanisms and 

Retaliatory Action. Geomechanik und Tunnelbau 1 (2008b), iss. 4, pp 271–278. https:// 

doi.org/10.1002/geot.200800024. 

Dietzel, M.; Purgstaller, B.; Leis, A.; Reichl, P.; Stadler, H.; Niedermayr, A. et al.: Current 

challenges for scaling of tunnel drainage systems – Modelling approaches, monitoring tools 

and prevention strategies / Aktuelle Herausforderungen bei der Versinterung von 

Tunneldränagen – Modellierungsansätze, Monitoringwerkzeuge und Präventionsstrategien. 

Geomechanik und Tunnelbau 6 (2013), iss. 6, pp 743–753. 

https://doi.org/10.1002/geot.201310014. 

Galli, M.: Härtestabilisierung in kalkführenden Entwässerungen: Verhinderung von 

Kalkablagerungen. Verlags-AG der akademischen technischen Vereine, Schweizer Ingenieur 

und Architekt, 118 (2000), H. 12, S. 249–253. 

Girmscheid, G.; Gamisch, T.; Meinlschmidt, A.: Versinterung von Tunneldrainagen – 

Empfehlungen für die Instandhaltung von Tunneln. Bauingenieur 78 (2003), H. 12, S. 571–580. 

Österreichische Vereinigung für Beton- und Bautechnik: Richtlinie Tunnelentwässerung. 

Wien, 2010. 

Rinder, T.; Dietzel, M.; Leis, A.: Calcium carbonate scaling under alkaline conditions—Case 

studies and hydrochemical modelling. Applied Geochemistry 35 (2013), pp132–41. 

https://doi.org/10.1016/j. apgeochem.2013.03.019. 



166 

 

Schachinger, T.; Sperger, L.; Heissenberger, R.; Wagner, O.K.: Task Force Drainage (TFD)—

The project for life after. Geomechanik und Tunnelbau 10 (2017), iss. 6, pp 779–787. 

https://doi.org/10.1002/geot. 201700045. 

Schachinger, T.; Zagar, B.; Schwab, C.; Saliger, F.; Stur, M.: Current research by ÖBB 

Infrastruktur AG on scale monitoring without track closures. Geomechanik Tunnelbau 11 

(2018), iss. 3, pp 277–285. https://doi.org/10.1002/geot.201800012 

Schachinger, T.; Arbeiter, F.J.; Eichinger, S.; Saliger, F.: Research on pipe materials for tunnel 

drainage by the ÖBB Task Force Drainage. Geomechanik und Tunnelbau 12 (2019), iss. 5, pp 

467–471. https:// doi.org/10.1002/geot.201900022. 

Stur, M.; Ottner, F.; Schachinger, T.; Wriessnig, K.: Lokale Beseitigung von Versinterungen in 

Bergwasserdrainagen. Tunnel 2015, https:// www.tunnel-

online.info/de/artikel/tunnel_Lokale_Beseitigung_von_Versinterungen_in_Bergwasserdraina

gen_2242030.html. 

Vollmann, G.: Zur Härtestabilisierung als versinterungsreduzierende Maßnahme für 

Tunneldränagesysteme, 1. Aufl., Göttingen: Cuvillier, 2005. 

Wagner, O.K.; Koch, D.; Lemmerer, J.; Druckfeuchter, H.; Petraschek, T.: Maintenance-

optimised drainage system for the New Semmering Base tunnel and Pummersdorf Tunnel / 

Instandhaltungsoptimiertes Entwässerungssystem für den Semmering-Basistunnel neu und 

Tunnel Pummersdorf. Geomechanik und Tunnelbau 7 (2014), iss. 5, pp 626–635. 

https://doi.org/10.1002/geot.201400032. 

Wu Z, Cui Y, Barrett AG, Moreno MM, Deng Y. Role of surrounding soils and pore water in 

calcium carbonate precipitation in railway tunnel drainage system. Transportation Geotechnics 

21 (2019): 21100257. https://doi.org/10.1016/j.trgeo.2019.100257. 

Zhou, Y.; Zhang, X.; Wei, L.; Liu, S.; Zhang, B.; Zhou, C.: Experimental Study on Prevention 

of Calcium Carbonate Crystallizing in Drainage Pipe of Tunnel Engineering. Advances in Civil 

Engineering, vol. 2018, Article ID 9430517, 11 p. https://doi.org/10.1155/2018/ 9430517. 

 

 

 

 

 

 

 

 



167 

 

7.2 Research on pipe materials for tunnel drainage by the ÖBB Task Force 

Drainage 

 

Tobias Schachinger1, Florian Arbeiter2, Stefanie Eichinger3, Florian Saliger1 

1Österreichische Bundesbahnen ÖBB Infrastruktur AG, Wien, Österreich 
2Lehrstuhl für Werkstoffkunde und Prüfung der Kunststoffe, Montanuniversität Leoben, Leoben, Österreich  

3Institut für Angewandte Geowissenschaften, Technische Universität Graz, Graz, Öster reich 

 

7.2.1 Abstract 

Due to the additional tunnels that are currently under design or construction, drainage 

maintenance costs are expected to rise significantly over the next few years. An increased 

amount of maintenance will also be necessary due to older drainage pipes damaged during 

intensive cleaning and flushing. To counter these problems, an internal task force for drainage 

pipes has been installed within the ÖBB. Together with research institutions from several fields 

of science, projects are being carried out to find ways to decrease the overall maintenance effort. 

Topics include screening of possible rehabilitation methods for damaged pipes, and 

investigation of currently used materials with regard to their mechanical suitability. A multi-

disciplinary research topic has also been initiated to investigate the potential of material 

modifications with the goal to decrease overall precipitation in drainage pipes and associated 

maintenance. First results on modified materials already show potential to decrease calcite 

precipitation.  

 

7.2.2 Introduction - Drainage pipes in tunnel drainage systems  

Austrian Railways ÖBB currently has to maintain about 420 km of drainage (drainage pipes 

and invert drainage channels) in tunnels, which are water pressure – relieved. On completion 

of the tunnel projects that are currently under construction (Semmering Base Tunnel, Koralm 

Tunnel, Brenner Base Tunnel), it is foreseeable that in 2026 a total of about 1,081 km of 

drainage pipes will be installed in Austrian railway tunnels, which will also have to be 

constantly maintained. The current costs for personnel, equipment for flushing drainage will 

therefore be multiplied. Since 2016 the ÖBB Task Force Drainage (TFD) has initiated projects 

[1] in order to reduce future maintenance measures for drainage as much as possible. One 

essential part of these projects was to investigate the material of tunnel drainage pipes. Since 

there were no uniform requirements for the material of drainage pipes in tunnels until 2003, 

thin-walled pipes of uPVC (unplasticized PVC) were mostly used. From 2003, the requirements 
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were specified in a guideline for the “detailing of tunnel drainage systems” [2], which was 

revised in 2010 [3]. According to this guideline, the use of drainage pipes of the materials 

uPVC, PE-HD and PP is possible as long as they comply with the normative requirements. 

Drainage pipes must however be subjected to additional testing of their resistance to high 

pressure jetting and to cleaning with chain scrapers [3]. Therefore, there are in principle two 

large groups of existing installed pipes: those installed before the issue of the guideline and 

those installed after. 

When maintenance is carried out on uPVC pipes installed in the past, intensive or wrong 

cleaning work can often lead to pipe breakages or hand­sized pieces being broken out (Figure 

1a), which on the one hand hinders current maintenance activity and also makes more extensive 

repair measures necessary. In a few cases, repairs have been attempted using “Cured in Place 

Pipes” (CIPP) since this can be undertaken without disturbing the inner lining and the 

waterproofing system. This type of repair is however very expensive in terms of time and 

money and remands extensive closures of the affected track or tunnel. In a few cases, 

“shortliner” repairs have been damaged during flushing work or even torn out completely 

(Figure 1b). 

 

Figure 1: Fractured pieces of a uPVC pipe (a) and a CIPP inliner (b), which were damaged during 

flushing of a tunnel drainage system.  

 

Due to this experience with uPVC pipes, drainage pipes of PP and PE­HD have been used since 

2013 for the construction of more recent ÖBB tunnels instead of the much cheaper PVC pipes. 

This results in the following problems to be addressed by investigations and research work: – 

For existing drainage pipes, which could be damaged or even destroyed during cleaning work 
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due to lacking or inadequate technical requirements, suitable methods of repairing have to be 

sought. This subject is heavily dependent on the situation, has not yet been investigated in detail 

and is not part of this article. 

– For drainage pipe materials regulated according to [2] and [3], which have already been 

installed or are currently being installed, it is necessary to investigate to what extent they can 

resist the exposure resulting from intensive cleaning in order to then be able to make estimates 

of the expected service life. 

– In line with international developments as described in [4] [5] [6], research will also be 

undertaken on future materials with reduced scaling potential in order to reduce the associated 

flushing work. For this purpose, expertise from several professions has to be unified in order to 

understand the complex interaction of pipe wall, water chemistry and tunnel structure. 

 

7.2.3 Mechanical properties of installed drainage pipes 

In the current view, there are two possible explanations for damage to existing tunnel drainage. 

Either the pipes belong to the first group mentioned above, which were installed without a clear 

specification, or failure occurs due to exceptionally high loading. Damage in the first case is 

often due to very thin pipe walls (sometimes corrugated pipes). For the second case, two 

hypotheses are being considered in more detail: is the resistance of the material against impact 

loading (i.e. mechanical cleaning) insufficient, or has the material aged? Four materials were 

tested for their impact toughness: a PE­HD, a PP, a uPVC from the wall of a new pipe in 

accordance with [3] and uPVC from broken out pieces (cf. Figure 1a). 

Due to existing drainage slits, stress concentrations can occur in the installed pipes in the slits 

themselves or at micro­cracks produced by the process of cutting the slits. Therefore, both the 

impact toughness and the notched impact toughness according to ISO 179¬1 are tested. As can 

be seen in Figure 2, all the materials show very high energies (>100 kJ/m2, no­break) in the 

impact toughness test without a notch and should therefore have no problems with impact 

loading. In the determination of the notched impact toughness, all the materials failed (values 

< 20 kJ/m2). The heaviest fall was determined for the uPVC materials. Broken pieces of the 

destroyed drainage pipe show nearly the same impact toughness and notched toughness as the 

new material. Thus it can be suspected that the uPVC material has not significantly aged. It is 

also clear that the notched toughness of PE and PP is better than that of uPVC under the present 

testing conditions. In combination with thicker walls (due to the lesser stiffness of PE and PP, 
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with constant specified SN class), PE and PP with drainage slits should have a higher overall 

resistance against impact loading than uPVC. 

 

Figure 2: Impact and notched impact strength of commercial pipe grade materials, as well as of the 

fractured pipe segment shown in Figure 1. 

 

7.2.4 Influence of pipe materials on the scaling behaviour: methodology and further 

development 

In addition to the potential damage to tunnel drainage, any cleaning activity represents a 

reduction of the availability of the tunnel. Therefore, it is of great interest to reduce the required 

amount of cleaning. Since the precipitation of calcite is a large factor influencing the necessary 

cleaning activities, investigations are being carried out to determine whether it is possible to 

influence the precipitation behaviour through appropriate choice or modification of materials. 

Since the process of scale formation is very complex, the processes have to be investigated in 

more detail before conclusions can be reached or material development can progress. In order 

to be able to understand the interaction of pipe surface, water chemistry, surrounding geology 
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and tunnel structure, it is necessary to clarify the problems from the viewpoint of various 

specialists. In the current FFG research project PolyDrain, an expert consortium consisting of 

geologists, mineralogists, Polymer scientists, tunnel engineers, (hydro)chemists, and 

tribologists is working on the further development of pipe materials. In addition to tests, a test 

rig has been developed (Figure 3a), with which it is possible to store plastic samples in open 

pipes. Using dosed dissolved compounds and the most modern sensor technology, the 

formation of scales can be controlled and evaluated with in­situ monitoring. 

With this set­up, it is possible to investigate the effectiveness of material modifications. In first 

studies, tests were carried out on classic pipe materials and investigated with an electron 

microscope (Figure 3b), with differences being determined between the materials regarding the 

resulting quantity and properties of the scale, which are currently being validated in further 

tests. 

 

Figure 3: Development of a test rig for controlled precipitation and analysis of calcite (a) and 

subsequent analysis of polymer surfaces and precipitation via scanning electron microscope (b). 
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In addition to the selection of the base material, the chemistry of calcite formation can also be 

influenced by the intentional use of additives. Building on the work of Siegmann et. al. 2013 

[6] with polyethylene glycol (PEG), various additives are currently being tested. It is important 

to find a suitable compromise for the application. While materials like PEG, which migrate to 

settle on the surface of the material, show high potential effectiveness, additives present in the 

entire volume of the material offer more safety in case cleaning processes remove material from 

the surface. It is important to note that plastics with a high content of fillers or active additives 

can become brittle. 

 

7.2.5 Summary and outlook 

From investigations that have been carried out, it is clear that thin­walled uPVC pipes tend to 

have a lower overall resistance against mechanical cleaning. Due to the survey of existing 

drainage pipe materials, it is therefore assumed that numerous tunnels have been built in the 

past – i.e. until about 2012 – in which the drainage will represent a weakness in the future. In 

the tunnels that are currently under construction by ÖBB, in which PP and PE drainage pipes 

with appropriate requirements are being used a long lifetime can be expected. Due to this, one 

aim for the future will be to discuss and agree suitable repair processes with requirements for 

pipes in ÖBB rail tunnels. The resulting findings should also be applicable for other 

infrastructure tunnel operators. 

 

7.2.6 Acknowledgement 

The works reported in this publication have partially been carried out in direct cooperation with 

the ÖBB­Infrastruk tur AG and as part of the VIF­2016 project PolyDrain (10549986) with the 

involvement of the ÖBB­Infrastruktur AG, the ASFINAG and the Federal Ministry for 

Transport, Innovation and Technology. Particular thanks are due to all the parties involved in 

the PolyDrain peoject: TU­Graz, BOKU Wien, Montanuniversität Leoben, Ingenieurbüro 

Strobl and Polymer Competence Center Leoben GmbH. 

 

 

 

 



173 

 

References 

[1] Schachinger, T., Sperger, L., Heissenberger, R., Wagner, O.K.: Task Force Drainage 

(TFD) – The project for life after. Task­Force Dränagen (TFD) – Das Projekt für das Leben 

danach. Geomechanics and Tunnelling 10 (2017), No. 6, pp. 779–787. 

https://doi.org/10.1002/geot.201700045. 

[2] ÖBV: Richtlinie Ausbildung von Tunnelentwässerung. Österreichische Vereinigung für 

Beton und Bautechnik, Wien, 2003. 

[3] ÖBV: Richtlinie Tunnelentwässerung. Österreichische Vereinigung für Beton und 

Bautechnik, Wien, 2010. 

[4] Yuanfu Zhou, Xuefu Zhang, Liangwen Wei, Shiyang Liu, Bin Zhang, Chao Zhou: 

Experimental Study on Prevention of Calcium Carbonate Crystallizing in Drainage Pipe of 

Tunnel Engineering. Advances in Civil Engineering (2018), S. 1–11. 

[5] Alimia, F., Tlilia, M., Amora, M., Gabriellib, C., Maurin, G.: Influence of magnetic field 

on calcium carbonate precipita­tion. Desalination 206 (2007), S. 163–168. 

[6] Siegmann, K., Sterchi, R., Widler, R., Hirayama, M.: Lime Repellent Polyethylene 

Additives. Journal of Applied Polymer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



174 

 

Chapter 8 – Perspectives 

 

The results of this PhD study clearly support a tunnel drainage to be a spatiotemporally highly 

variable and physicochemically complex system. Many individual (site-specific) influencing 

factors and environmental dependencies affect the distinct formation of scale deposits resulting 

in a variable macroscopic appearance, mineralogical composition and material consistency (see 

Chapters 2 to 7). No two tunnel drainages behave the same. Thus a tunnel drainage system has 

to be individually investigated and evaluated based on systematic documentation, sampling and 

monitoring campaigns.  

For a detailed investigation of a drainage system, additionally to the conventional 

mineralogical, petrographic and hydrochemical analysis of aqueous solutions and precipitates, 

in-situ monitoring of the ongoing carbonate scaling process in different sections of the drainage 

system including pH, temperature, and electric conductivity, as well as the partial pressure of 

CO2, humidity and air temperature are excellent compounds of a tool box and should be used 

as a kind of standard modules when assessing the variable formation processes in a tunnel 

drainage system in the future.  

After a detailed investigation and assessment of a drainage system the specified dosage of green 

inhibitors provides a promising prevention strategy against calcareous scale deposit formation. 

In this doctoral thesis, polyaspartate (PASP) is mainly tested in tunnel drainage systems and 

measured using a fluorescence spectrophotometer in the laboratory. A so-called fluorometer is 

well suited for the direct determination of the PASP concentration, as it is very sensitive and 

allows direct PASP detection even at very low PASP concentrations (1 mg/l and less). This is 

important for an individual adaptation of the dosage in a tunnel drainage system, as under- or 

overdosing can have a negative effect on the efficient prevention of scale deposits. In future 

studies, the PASP concentration should therefore be analysed and measured in-situ in the 

drainage solution using a mobile fluorometer and consequently tunnel-specific calibration. In a 

tunnel drainage system, it is not easy to measure the flow rate of the incoming drainage solution. 

In a next step, such flow rate determinations could be measured or even monitored with the use 

of a fluorometer to detect possible seasonal changes in the water income. In addition, the newly 

developed compact test procedure for determining the effectiveness of green inhibitors on liquid 

conditioning could also be used in existing tunnel structures. 

Four different types of calcareous scale deposits exist: (i) unconsolidated-particulate, (ii) shard-

like, (iii) porous, and (iv) compact scales. For future studies, it would be very helpful and 



175 

 

purposeful to develop a method or even a field method to determine and classify the strength 

and hardness of each of these individual scale types directly in tunnel drainage systems in order 

to evolve straightforward strategies for maintenance and cleaning procedures of drainage 

systems. 

Suitable building materials are also an important factor in preventing unwanted scale deposits. 

In the research project Polydrain, plastics containing polyethylene glycol copolymer and zeolite 

additives were found to be well suited materials for reducing scale deposit formation. Thus 

these specific plastics in the form of typical constructive compounds should be tested on a 

bigger scale in new and existing tunnel drainage systems.  

Another approach for future investigations could also be more detailed investigations and 

analyses with regard to the ubiquitous microbiology and their frequent effect on scale deposits, 

builing materials and on applications of various green inhibitors. Microbial activity, for 

example, consumes PASP in liquid form as a nutrient. In future approaches it would be very 

interesting to investigate how microbes react when PASP is used in the form of depot stones in 

tunnel drainage systems (liquid vs. solid). Fe-oxidizing bacteria are very common in scales and 

its influence on CaCO3 scale deposit formation is relatively well understood. However, it would 

also be interesting to figure out what possible role sulphur or sulphate bacteria play in the 

formation of scale deposits and wether they also influence the material consistency.  

With all these and further future approaches a better process understanding of scale desposit 

formation and possible prevention strategies could be achieved in order to develop an improved 

drainage management and conservation plan and more efficient maintenance and service 

concepts (cleaning sequences, intervals, hydropressurized and hydromechanic procedures, 

etc.).  
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