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Abstract I 

   

Abstract 

 

 

 Molybdenum (Mo) is an essential trace element for human health, although a high 

intake can be detrimental to humans. The risk of an increased Mo intake from drinking water 

is generally low. Still, interactions of groundwater with sediments enriched in naturally 

occurring (geogenic) Mo can result in Mo concentrations that exceed recommendations for 

drinking water. Such interactions are triggered primarily by anthropogenic disturbances of the 

naturally prevailing physicochemical conditions in the aquifer. An intensive release of Mo in 

carbonate aquifers is particularly problematic as large proportions of the world's population 

depend on carbonate aquifers as a drinking water resource. For example, the population of 

Florida derives most of its drinking water from the Floridan Aquifer System (FAS), the principal 

karstic carbonate aquifer in Florida and one of the most productive aquifers in the world. 

However, the cyclic injection, storage and recovery of oxygenated water in the anoxic FAS 

during the operation of Aquifer Storage and Recovery (ASR), which is the most commonly 

applied technique of managed aquifer recharge (MAR), caused the release of Mo in 

groundwater at several locations in Florida. Exceptionally high concentrations were observed 

during the operation of ASR in the Eocene Avon Park Formation (APF) as part of the FAS, 

with concentrations of Mo exceeding the recommendations for drinking water several times. 

Since ASR operations are important for drinking water supplies in Florida and many other parts 

of the world, this study investigated the occurrence and main source of Mo in the carbonate 

aquifer matrix and the processes that affect the mobility of Mo in groundwater to improve the 

risk assessment of Mo release during MAR. The findings are based on laboratory-scale 

geochemical analyses and reactive transport modeling on carbonate aquifers covering the 

APF but are also transferable to similar carbonate aquifers worldwide. 

 Investigations of the mineralogy and chemistry of carbonate samples, with Mo 

concentrations ranging from 12 to 3474 mg/kg and a mean of 61 mg/kg, indicated the 

occurrence of pyrite framboids in small gaps of the rock matrix. Pyrite was excluded as the 

main source of Mo in groundwater, as less than 4 % of total Mo was found in that mineral. 

Instead, sulfurized organic matter was identified in the samples based on energy-dispersive 

X-ray spectroscopy measurements and a linear correlation of total organic carbon and total 

sulfur with contents ranging from 0.2 to 28 % and 0.1 to 8 %, respectively. The sulfurized 

organic matter was concluded to be the main source of Mo and occurred heterogeneously 

distributed within the carbonate matrix. It was likely formed under euxinic conditions during 

sometimes restricted seawater circulation. A close association of the sulfurized organic matter 
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with the minerals powellite (CaMoO4) and celestine (SrSO4) in two special samples was 

proposed as an indicator for intermittent oxic conditions during diagenesis of the APF. 

Oxidation probably altered the distribution of Mo in some horizons of the APF from its primary 

source in the sulfurized organic matter to the mineral powellite. The penetration of oxygenated 

water through cracks and fissures in the carbonate matrix likely resulted in the oxidation of 

sulfurized organic matter and the release of sulfate and molybdate. The sulfate subsequently 

formed celestine with strontium; afterward, powellite was formed by molybdate and calcium. 

However, investigations of the APF underneath the ASR facility in Orange County (Florida) 

indicated a generally low abundance of powellite in the dolomite aquifer matrix. The 

incorporation of powellite as an equilibrium phase in a reactive transport model simulating 

several ASR cycles at the investigated site indicated a significant difference between the model 

results and field observations for Mo. Thus, powellite was excluded as a relevant source of Mo 

in groundwater during the ASR operation. Instead, the mobilization of Mo together with 

dissolved organic carbon and sulfur during a batch experiment indicated the rapid and easy 

solubility of the sulfurized organic matter. The character and time of contact of the sulfurized 

organic matter with drinking water affected the release, which became evident as intermittently 

hand-shaken samples showed up to 36 % lower Mo concentrations than constantly shaken 

samples. The location in intercrystalline spaces or incorporated in the crystal structure of the 

dolomite matrix was assumed to prevent direct contact of the sulfurized organic matter with 

water. Based on the laboratory-scale experiments, a conceptual model for the release of Mo 

during the operation of ASR was formulated, where (i) the injection of oxygenated water 

resulted in the oxidation of pyrite framboids in the aquifer matrix, (ii) the associated release of 

acidity (H+) induced the dissolution of dolomite as a buffering reaction, (iii) enhanced the 

access of the injectant to sulfurized organic matter and triggered the release of Mo. Reactive 

transport modeling validated the conceptual model as hydrochemical field data collected 

during the ASR operations in Orange County (Florida) agreed with the model-simulated Mo 

behavior. Besides the dissolution of dolomite, the intrinsic buffering capacity of the injectant 

was found to be an additional factor in balancing the pH in the aquifer. After the release of Mo 

from dolomite dissolution, the adsorption on mineral surfaces and the capture by iron sulfides 

(FeS) affected its mobility in groundwater. The results of this study indicated that the effect of 

acidity produced by pyrite oxidation should be generally eliminated or minimized during ASR 

operations to reduce the risk of Mo release from carbonate dissolution. This could be achieved 

by deoxygenating the injectant or by a sufficient intrinsic buffer capacity in the injectant. 

 Overall, this study contributed to a deeper understanding of the behavior of Mo 

during MAR operations in carbonate aquifers and provided a basis for developing preventive 

strategies for the release of Mo. Besides the operation of MAR, other disturbances of the 
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natural geochemical conditions in carbonate aquifers might lead to the release of Mo in 

groundwater. Especially the influence of climate change and groundwater overuse by 

decreasing groundwater levels might lead to similar redox shifts and should be considered in 

future research. 
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Zusammenfassung 

 

 

Molybdän (Mo) ist ein essentielles Spurenelement für den menschlichen Körper, obwohl eine 

zu hohe Aufnahme auch schädlich für den Menschen sein kann. Das Risiko einer erhöhten 

Mo-Aufnahme mit dem Trinkwasser ist generell gering. Wechselwirkungen des Grundwassers 

mit Sedimenten, die mit natürlich vorkommendem (geogenem) Mo angereichert sind, können 

aber zu Mo-Konzentrationen im Grundwasser führen, die die Empfehlungen für Trinkwasser 

überschreiten. Solche Wechselwirkungen werden vor allem durch anthropogene Störungen 

der natürlich vorherrschenden physikalisch-chemischen Bedingungen im Grundwasserleiter 

ausgelöst. Eine intensive Freisetzung von Mo in Karbonat-Aquiferen ist besonders 

problematisch, da große Teile der Weltbevölkerung von dieser Trinkwasserressource 

abhängig sind. Zum Beispiel bezieht die Bevölkerung Floridas den Großteil ihres Trinkwassers 

aus dem Floridan Aquifer System (FAS), das den wichtigsten Karst-Aquifer in Florida und 

einen der produktivsten Aquifere der Welt darstellt. Die zyklische Injektion, Speicherung und 

Rückgewinnung von sauerstoffhaltigem Wasser im anoxischen FAS während des Betriebes 

von Aquifer Storage and Recovery (ASR), der am häufigsten angewandten Technik von 

Managed Aquifer Recharge (MAR), führte jedoch an mehreren Lokationen in Florida zur 

Freisetzung von Mo in das Grundwasser. Besonders hohe Konzentrationen wurden während 

des ASR-Betriebes in der eozänen Avon Park Formation (APF) als Teil des FAS beobachtet, 

wobei die Mo-Konzentrationen die Empfehlungen für Trinkwasser mehrfach überstiegen. 

Aufgrund der Bedeutung des ASR-Betriebes für die Trinkwasserversorgung in Florida und 

vielen anderen Teilen der Welt, wurden in dieser Studie das Vorkommen und die Hauptquelle 

von Mo in Karbonat-Grundwasserleitern untersucht und Prozesse analysiert, die die Mobilität 

von Mo im Grundwasser beeinflussen, um die Risikoabschätzung einer Mo-Freisetzung 

während der Anwendung von MAR zu verbessern. Die Ergebnisse basieren auf 

geochemischen Analysen im Labormaßstab und auf reaktiver Transportmodellierung an 

Karbonat-Aquiferen, die die APF abdecken, sind aber auch auf ähnliche Karbonat-Aquifere 

weltweit übertragbar. 

 Untersuchungen der Mineralogie und Chemie von Karbonatproben mit Mo-

Konzentrationen zwischen 12 und 3474 mg/kg und einem Mittelwert von 61 mg/kg deuteten 

auf das Vorkommen von Pyrit-Framboiden in kleinen Rissen in der Gesteinsmatrix hin. Pyrit 

wurde als Hauptquelle für Mo im Grundwasser ausgeschlossen, da weniger als 4 % des 

gesamten Mo in diesem Mineral gefunden wurde. Stattdessen wurde schwefelreiche 

organische Materie auf Grundlage von energiedispersiver Röntgenspektroskopie und einer 
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linearen Korrelation des gesamten organischen Kohlenstoffs und des Gesamtschwefels mit 

Gehalten von jeweils 0,2 bis 28 % bzw. 0,1 bis 8 % identifiziert. Die schwefelreiche organische 

Materie wurde als Hauptquelle für Mo angesehen und kam in der Karbonatmatrix heterogen 

verteilt vor. Sie wurde wahrscheinlich unter euxinischen Bedingungen während einer zeitweise 

eingeschränkten Meerwasserzirkulation gebildet. Eine enge Verbindung der schwefelreichen 

organischen Materie mit den Mineralen Powellit (CaMoO4) und Coelestin (SrSO4), die in zwei 

speziellen Proben auftrat, wurde als Indikator für zeitweise oxische Bedingungen während der 

Diagenese der APF angesehen. Oxidationsprozesse veränderten wahrscheinlich die 

Verteilung von Mo in einigen Horizonten der APF von seiner primären Quelle in der 

schwefelreichen organischen Materie in das Mineral Powellit. Das Eindringen von 

sauerstoffhaltigem Wasser durch Risse und Spalten in der Karbonatmatrix führte 

wahrscheinlich zur Oxidation der schwefelreichen organischen Materie und zur Freisetzung 

von Sulfat und Molybdat. Das Sulfat bildete schließlich mit Strontium Coelestin, während das 

Molybdat und Calcium im Anschluss daran Powellit bildeten. Untersuchungen der APF 

unterhalb der ASR-Anlage in Orange County (Florida) zeigten ein eher geringes Vorkommen 

von Powellit in der Dolomitmatrix. Der Einbau von Powellit in ein reaktives Transportmodell, 

das mehrere ASR-Zyklen am untersuchten Standort simulierte, zeigte einen signifikanten 

Unterschied zwischen den Modellergebnissen und den Feldbeobachtungen für Mo. Daher 

wurde Powellit als relevante Quelle für Mo im Grundwasser während des ASR-Betriebes 

ausgeschlossen. Stattdessen deutete die gemeinsame Mobilisierung von Mo, gelöstem 

organischem Kohlenstoff und Schwefel während eines Schüttelversuches auf die schnelle und 

leichte Löslichkeit der schwefelreichen organischen Materie hin. Die Art und der Zeitpunkt des 

Kontakts der schwefelreichen organischen Materie mit Trinkwasser beeinflusste insgesamt die 

Freisetzung von Mo, da gelegentlich von Hand geschüttelte Proben bis zu 36 % niedrigere 

Mo-Konzentrationen aufwiesen als durchgehend geschüttelte Proben. Es wurde 

angenommen, dass die Lage in interkristallinen Räumen der Dolomitmatrix oder der Einbau in 

Dolomitkristalle den direkten Kontakt der schwefelreichen organischen Materie mit dem 

Wasser verhindert. Auf Grundlage der Experimente im Labormaßstab wurde ein 

konzeptionelles Modell für die Freisetzung von Mo während des Betriebes von ASR formuliert, 

wonach (i) die Injektion von sauerstoffhaltigem Wasser zur Oxidation von Pyrit-Framboiden in 

der Aquifermatrix führte, (ii) die damit verbundene Freisetzung von Säure (H+) die Auflösung 

von Dolomit als Pufferreaktion auslöste, (iii) was wiederum den Zugang des Injektionsmittels 

zu der schwefelreichen organischen Materie verbesserte und zur Freisetzung von Mo führte. 

Die reaktive Transportmodellierung bestätigte das konzeptionelle Modell durch die 

Übereinstimmung des modellsimulierten Verhaltens von Mo mit hydrochemischen Felddaten, 

die während des ASR-Betriebes in Orange County (Florida) gesammelt wurden. Neben der 
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Auflösung des Dolomits erwies sich die Pufferkapazität des Injektionsmittels als zusätzlicher 

Faktor für den Ausgleich des pH-Wertes im Grundwasserleiter. Nach der Freisetzung von Mo 

aus der Dolomitauflösung beeinflussten schließlich die Adsorption an Mineraloberflächen und 

die Ausfällung von Eisensulfiden (FeS) die Mobilität von Mo im Grundwasser. Die Ergebnisse 

dieser Studie zeigen auf, dass der Einfluss der durch die Pyritoxidation erzeugten Säure 

während des ASR-Betriebes unterdrückt werden sollte, um das Risiko der Freisetzung von Mo 

aus der Karbonatauflösung zu verringern. Dies könnte durch die Entfernung des Sauerstoffes 

im Injektionswasser oder durch eine ausreichende Pufferkapazität des Injektionswassers 

erreicht werden. 

 Insgesamt liefert diese Studie ein vertieftes Verständnis vom Verhalten von Mo 

während des Betriebes von MAR in Karbonat-Grundwasserleitern und eine Grundlage für die 

Entwicklung von Strategien zur Verhinderung der Freisetzung von Mo. Neben dem Betrieb von 

MAR können auch andere Störungen der natürlichen geochemischen Bedingungen in 

Karbonat-Aquiferen zur Freisetzung von Mo in das Grundwasser führen. Insbesondere der 

Einfluss des Klimawandels und der Grundwasserübernutzung könnte durch Absenkung des 

Grundwasserspiegels zu ähnlichen Redoxverschiebungen führen und sollte in der zukünftigen 

Forschung berücksichtigt werden. 
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1. Introduction 

1.1 Molybdenum in ground and drinking water 

 Molybdenum (Mo) is a chalcophile transition metal with the atomic number 42 and 

an atomic weight of 95.95 g/mol (e.g., Haynes, 2014). Due to its variable oxidation states from 

-II to VI, with IV, V and VI being the most abundant, it catalyzes redox reactions as a cofactor 

in many enzymes (Mendel, 2007; Mendel, 2013; Schwarz et al., 2009) and is an essential trace 

element for human, animal and plant health (Smedley and Kinniburgh, 2017). The daily 

requirement for humans ranges from 75 to 250 µg/day (National Research Council, 1989), 

while high concentrations of Mo can be detrimental to human health (e.g., Chappell et al., 

1979; WHO, 2003). Therefore, the tolerable upper intake level was set to 2000 μg/day (Food 

and Nutrition Board and Institute of Medicine, 2001). Exceeding this value over longer periods 

is assumed to cause, for example, gout-like diseases, anemia, liver dysfunctions and 

osteoporosis (e.g., Turnlund and Friberg, 2007; WHO, 2011). As a consequence, the World 

Health Organization (WHO) recommended that Mo should not exceed 70 μg/L in drinking water 

(WHO, 2011) and the United States Environmental Protection Agency further defined a 

"Lifetime Advisory Level" for drinking water of 40 µg/L Mo (U.S. Environmental Protection 

Agency, 2018).  

 The risk of an increased Mo intake from drinking water is generally low, with Mo 

concentrations below 10 µg/L in most freshwaters (Smedley and Kinniburgh, 2017). For 

example, investigations by Smedley et al. (2014) reported concentrations of Mo below 2 µg/L 

in groundwater from England and Wales. Mean concentrations of 0.45 and 0.46 µg/L Mo were 

observed in groundwater samples from the Aveiro Quaternary aquifer in Portugal and the 

Neogene Aquifer in Belgium, respectively (Coetsiers and Walraevens, 2008; Condesso de 

Melo and Marques da Silva, 2008). Machkova et al. (2008) found Mo concentrations in the 

range of 0.1 to 8 µg/L in groundwater from the Upper Thracian Plio-Quaternary aquifer in south 

Bulgaria. Nevertheless, higher concentrations in ground and surface water can be caused by 

anthropogenic activities. Especially coal ash landfills and mining areas are well-known 

anthropogenic sources of Mo in the environment (e.g., Harkness et al., 2016; Morin and Hutt, 

1999; Song et al., 2021). Exceptionally high concentrations of Mo can be found in mining areas 

with porphyry copper and porphyry molybdenum deposits (e.g., Smedley and Kinniburgh, 

2017). Thus, Mo concentrations of up to 10000 µg/L and 475 µg/L were observed in the water 

of Tenmile Creek downstream from the Climax molybdenum mine and the Spence Porphyry 

Copper Deposit in Chile, respectively (Kaback and Runnells, 1980; Leybourne and Cameron, 

2008). Possible Mo-containing minerals in those mining areas that may affect the groundwater 

concentration, include molybdenite (MoS2), jordisite (MoS2), wulfenite (PbMoO4), 
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ferrimolybdite (Fe2(MoO4)3·nH2O), powellite (CaMoO4), ilsemannite (Mo3O8·nH2O) and 

lindgrenite (Cu3(MoO4)2(OH)2) (e.g., Frascoli and Hudson-Edwards, 2018; King et al., 1973; 

Smedley and Kinniburgh, 2017).  

 Besides the direct anthropogenic input of Mo in groundwater, interactions of 

groundwater with sediments enriched in naturally occurring (geogenic) Mo can further lead to 

Mo concentrations exceeding the drinking water recommendations, as observed at several 

locations worldwide (Fig. 1.1).  

 

  

Figure 1.1: Examples of elevated molybdenum concentrations in groundwater at several locations 
worldwide (modified from Esri, 2022; Smedley and Kinniburgh, 2017). 

 

While the average concentration of Mo in the upper continental crust range from 0.6 to 

1.5 mg/kg (Hu and Gao, 2008; Taylor, 1964), concentrations of geogenic Mo can be enriched 

in marine sediments that were deposited under euxinic (anoxic and sulfidic) conditions as 

occurring in the Black Sea, Saanich Inlet, Cariaco Basin and Framvaren Fjord (Calvert and 

Pedersen, 1993; Crusius et al., 1996; Emerson and Huested, 1991; Jacobs et al., 1987; Lyons 

et al., 2003; Ravizza et al., 1991; Smedley and Kinniburgh, 2017). Thus, Mo concentrations of 

up to 232 and 663 mg/kg were found, for example, in black and organic-rich shales from 

Scotland and South China, respectively (Kendall et al., 2015; Parnell et al., 2015). The contents 
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of Mo in carbonates are, on the other hand, generally below 1 mg/kg (Smedley and Kinniburgh, 

2017), although there are some observations of higher concentrations. For example, 

Romaniello et al. (2016) observed concentrations of up to 28 mg/kg in organic-rich carbonate 

muds from the Bahamas carbonate platform. Al Kuisi et al. (2015) reported concentrations of 

up to 34.7 mg/kg Mo in Upper Cretaceous limestones from northern Jordan. Pichler and 

Mozaffari (2015) found 880 mg/kg Mo in carbonate samples of the Floridan Aquifer System in 

Lithia (Florida). Interactions of those Mo-bearing carbonates with groundwater can result in the 

mobilization of Mo, and thus, concentrations of up to 650 and 5050 µg/L Mo were found in 

groundwater from the carbonate aquifers in northern Jordan and Lithia, respectively (Al Kuisi 

et al., 2015; Pichler et al., 2017). Anthropogenic perturbations of the physicochemical 

equilibrium between the aquifer matrix and groundwater can thereby trigger the release of Mo, 

as was the case in Lithia, where the high density of private drinking water wells resulted in 

intensive mixing of oxygen-rich surface and deeper anoxic groundwater (Pichler and Mozaffari, 

2015; Pichler et al., 2017). 

 An intensive release of Mo in carbonate aquifers can be particularly problematic 

as roughly 20 to 25 % of the world's population obtain their drinking water from those aquifers 

(Ford and Williams, 2007; Goldscheider et al., 2020). Additionally, karstification can cause the 

transport of contaminants like Mo over large distances and can be a potential risk for public 

and private water supplies over large areas (e.g., Katz, 2004; McMahon et al., 2008). To 

ensure the quality of drinking water produced from carbonate aquifers, it is essential to 

investigate (i) the occurrence and main source of Mo in the carbonate aquifer matrix and (ii) 

the processes that affect the release and fate of Mo in groundwater. The prerequisites for those 

investigations are a deep understanding of the initial accumulation of Mo in marine sediments 

and a comprehensive understanding of the processes that may affect the mobility of Mo in 

groundwater, which will be prepared in the following sections. 

 

1.2 Molybdenum accumulation in marine sediments 

 Molybdenum is the most abundant transition metal in modern seawater, with 

salinity normalized concentrations of ~107 nM and an average residence time of ~0.44 Ma 

(Collier, 1985; Miller et al., 2011; Smedley and Kinniburgh, 2017). Under oxygenated 

conditions, it is mainly present as molybdate (MoO4
2-), which is assumed to behave rather 

conservatively (e.g., Collier, 1985; Emerson and Huested, 1991; Helz et al., 1996). 

Nevertheless, marine sediments, especially in euxinic (anoxic and sulfidic) environments, can 

be enriched in Mo compared to average concentrations in crustal rocks (e.g., Crusius et al., 

1996; Lyons et al., 2003). Under oxic conditions, the enrichments are generally associated 
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with the adsorption of Mo on manganese and iron (oxyhydr)oxides, which can serve as shuttles 

to the sediment-water interface (e.g., Adelson et al., 2001; Algeo and Lyons, 2006; Berrang 

and Grill, 1974; Bertine and Turekian, 1973; Chappaz et al., 2008; Goldberg et al., 2009; 

Hlohowskyj et al., 2021; Scott and Lyons, 2012). The subsequent reduction of these phases 

under anoxic/euxinic conditions is assumed to result in the release of Mo and its accumulation 

near the sediment surface and in the pore water (Crusius et al., 1996; Tribovillard et al., 2004). 

The dissolved manganese (Mn2+) and iron (Fe2+) diffuse back to the oxic zone, where they can 

be reoxidized, completing a redox cycle (Adelson et al., 2001; Tribovillard et al., 2004). This 

redox cycle is particularly assumed in intermittently euxinic basins, like the Cariaco Basin, 

Saanich Inlet, Gotland Deep and the Chesapeake Bay, where contrasting redox conditions 

with spatially variable boundaries between oxic and anoxic/euxinic environments exist 

(Adelson et al., 2001; Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; Crusius et al., 

1996; Scholz et al., 2018; Scholz et al., 2013). Besides manganese and iron (oxyhydr)oxides, 

organic matter is further proposed as a possible shuttle for Mo (e.g., Phillips and Xu, 2021; 

Wagner et al., 2017). Associations of Mo with particulate organic matter point to a mechanism 

in which microbial biomass acts as the carrier of Mo to the sediment-water interface (Dahl et 

al., 2016; Phillips and Xu, 2021).  

 The final fixation of Mo in the sediment is assumed to be a result of a geochemical 

switch, when strongly sulfidic conditions with hydrogen sulfide (H2S) cause the progressive 

replacement of oxygen in MoO4
2- by sulfur, forming tetrathiomolybdates via intermediate forms 

(MoOxS4-x
2-, x = 1 - 4) (Erickson and Helz, 2000; Helz et al., 1996). Each sulfidation reaction is 

supposed to be about one order of magnitude slower than the previous one and changes the 

conservative behavior of MoO4
2- to particle-reactive thiomolybdates (Dahl et al., 2010; Erickson 

and Helz, 2000). The thiomolybdates are known to concentrate in solid phases via reactive 

pathways involving sulfide mineral phases and organic matter (e.g., Bertine, 1972; Bostick et 

al., 2003; Chappaz et al., 2014; Helz et al., 2011; Tribovillard et al., 2004; Vorlicek et al., 2004), 

which might require a reduction step in the sediment or water column (e.g., Dahl et al., 2016; 

Helz et al., 1996; Vorlicek et al., 2018; Wang et al., 2011). However, many possible pathways 

of trapping Mo, especially the balance between the inorganic and organic pathways, are still 

much debated (Smedley and Kinniburgh, 2017). While some studies assume iron sulfides as 

the general host phases of Mo (e.g., Bostick et al., 2003; Helz et al., 2011; Helz and Vorlicek, 

2019; Huerta-Diaz and Morse, 1992; Vorlicek et al., 2004), other studies emphasize the role 

of organic matter (e.g., Dahl et al., 2016; Tribovillard et al., 2004; Wagner et al., 2017). Figure 

1.2 illustrates the assumptions of some recent studies on both pathways. 
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Figure 1.2: Generalized pathways for the fixation of Mo in marine sediments (OM = organic matter) 
(modified from Adelson et al., 2001; Hlohowskyj et al., 2021; Phillips and Xu, 2021). 

 

 Investigations on the inorganic pathway indicated a possible coprecipitation of 

tetrathiomolybdate with iron and sulfide, forming distinct colloidal Fe-Mo-S precipitates 

(Vorlicek et al., 2018). A model on the behavior of Mo removal in euxinic waters also proposed 

the precipitation of a Fe-Mo-S mineral with the approximate formula Fe5Mo3S14 (Helz et al., 

2011). Other studies observed the direct adsorption of Mo on pyrite (e.g., Bostick et al., 2003; 

Freund et al., 2016). Miller et al. (2020) proposed the initial adsorption of Mo to the pyrite 

precursors mackinawite and greigite without diagenetic loss of Mo during the transformation 

to pyrite. However, the role of pyrite as the main host phase has been questioned by Chappaz 

et al. (2014), who found 80 to 100 % of Mo associated with the non-pyritic matrix of euxinic 

muds and shales. Instead, many studies observed a relation between Mo and organic matter 

and assumed an organic pathway leading to the fixation of Mo in sediments (Algeo and Lyons, 

2006; Ardakani et al., 2020; Dahl et al., 2016; Tribovillard et al., 2004). For example, studies 

by Tribovillard et al. (2004) on Mesozoic geological formations indicated a positive correlation 

of Mo with sulfurized organic matter. This would require the sulfurization of organic matter 

under euxinic conditions with larger amounts of reduced sulfur species and may be limited by 

the occurrence of reactive iron (Sinninghe Damsté and de Leeuw, 1990; Tribovillard et al., 

2004; Werne et al., 2004). Wagner et al. (2017) assumed that some Mo is initially buried as a 

complex with organic matter and Dahl et al. (2016) proposed Mo removal in natural sulfidic 

waters via particulate organic matter. However, due to the complexity of the organic matter, 
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the exact mechanisms that lead to its relation with Mo are still unknown and may depend on 

the type of organic matter and the prevailing redox conditions (Hlohowskyj et al., 2021). It is 

also questioned whether organically fixed Mo remains immobilized during diageneses (e.g., 

Adelson et al., 2001; Tribovillard et al., 2004). Helz and Vorlicek (2019) stated that the relation 

of Mo with organic matter might be causal and a result of the oxidation of organic matter by 

sulfate leading to the precipitation of sulfides with Mo. The debate about the predominant 

pathways for the fixation of Mo indicates the need for further investigations of the occurrence 

and main source of Mo to explain better the fate of Mo in the sedimentary record and its release 

to groundwater. In addition to improving the risk assessment for the release of Mo into the 

groundwater, a comprehensive understanding of the fixation of Mo in sediments is crucial as 

the different behavior of Mo under oxic and anoxic/euxinic conditions is used as a paleo redox 

proxy. Possible applications of this proxy include, for example, the detection of strongly 

reducing conditions during the formation of modern sediments and in the geological record 

(e.g., Calvert and Pedersen, 1993; Chappaz et al., 2016; Crusius et al., 1996; Lyons et al., 

2009; Wirth et al., 2013; Zheng et al., 2000) and the identification of oxidative processes (e.g., 

Anbar et al., 2007; Lyons et al., 2014). 

 

1.3 Processes affecting the mobility of molybdenum in groundwater 

 The controlling processes for the mobilization and immobilization of Mo in 

groundwater are less investigated than the behavior of Mo in marine environments. However, 

several geochemical conditions were observed to increase the risk of elevated concentrations 

of Mo in groundwater (e.g., Smedley and Kinniburgh, 2017). The mobilization and fate of Mo 

are thereby strongly controlled by the redox and pH conditions in the aquifer. For example, 

changes in the redox conditions from anoxic to oxic are assumed to trigger the release of Mo 

through the oxidation of pyrite (e.g., Prommer et al., 2018) or the mineralization of organic 

matter (e.g., Wallis and Pichler, 2018). Anoxic, reducing conditions can, on the other hand, 

lead to the release of Mo through the decomposition of organic matter and reductive dissolution 

of manganese and iron oxides (e.g., Bennett and Dudas, 2003; Schlieker et al., 2001). Once 

released to the aqueous phase, the speciation of Mo under oxic conditions is mainly controlled 

by the pH. While pH values above 5 to 6 favor molybdate (MoO4
2-) as the dominant species, 

lower pH values can also lead to the formation of the protonated forms HMoO4
- and H2MoO4 

(e.g., Cruywagen and Heyns, 1987; Oyerinde et al., 2008; Ozeki et al., 1988). Various 

polynuclear species of Mo with 6 to 8 Mo atoms are suggested at acidic conditions and high 

Mo concentrations above 10-4 mol/L (e.g., Cruywagen, 1999; Cruywagen et al., 2002; 

Cruywagen and Heyns, 1987). However, as most oxic natural waters have a pH above 6 and 

significantly lower Mo concentrations than necessary for polynuclear species, molybdate is 
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assumed to be the predominant mobile species in oxic groundwater (Smedley and Kinniburgh, 

2017). Strongly reducing, sulfidic conditions can further lead to the conversion of the molybdate 

ions to highly reactive thiomolybdates (see section 1.2). 

 The overall mobility of Mo in the groundwater can be significantly affected by 

mineral precipitation. Equilibrium solubility analysis by Essington (1990), together with batch 

and column experiments by Conlan et al. (2012), indicated that the precipitation of powellite 

(CaMoO4) could be a secondary mineral sink for Mo under neutral pH conditions and the 

presence of aqueous calcium from carbonates. Conlan et al. (2012) further emphasized a 

kinetic limitation of the precipitation process and a dependence on the availability of nucleation 

sites. The possible occurrence of powellite in carbonate aquifers was confirmed by studies in 

Lithia (Florida), where it occurred in void spaces and around mineral grains of the aquifer matrix 

(Pichler and Mozaffari, 2015). Here, powellite was assumed to be the last mineral that has 

been formed (Pichler and Mozaffari, 2015; Pichler et al., 2017). 

 Adsorption on mineral surfaces and organic matter can further affect the 

concentrations of Mo in groundwater and strongly depends on the pH. In general, neutral to 

alkaline pH values increase the mobility of Mo due to weak adsorption, whereas more acidic 

conditions lead to the immobilization of Mo (e.g., Carroll et al., 2006; Sun and Selim, 2020). 

Studies by Goldberg et al. (1996) on calcite and two calcareous arid-zone soils indicated that 

adsorption on carbonate minerals is rather weak and a less significant sink for Mo. Thus, 

adsorption in carbonate aquifers is likely controlled by other minerals in the aquifer matrix, 

including iron, manganese, titanium and aluminum (hydr)oxides, clay minerals and organic 

matter, which can provide surfaces for the adsorption of Mo under oxic conditions and have 

been investigated in various laboratory studies (e.g., Bibak and Borggaard, 1994; Goldberg et 

al., 1996; Gustafsson, 2003). Smedley and Kinniburgh (2017) and Xu et al. (2013) give a 

general overview of those studies. Adsorption on oxides like hematite (e.g., Goldberg et al., 

1996; Zhang et al., 2022), goethite (e.g., Bibak and Borggaard, 1994; Wang and Sherman, 

2021), ferrihydrite (e.g., Brinza et al., 2019; Gustafsson, 2003) and aluminum (hydr)oxide (e.g., 

Bibak and Borggaard, 1994; Manning and Goldberg, 1996) was observed to have a maximum 

at pH 4 to 5 and decrease rapidly from pH 5 to 8 with negligible adsorption above pH 8. The 

adsorption was generally higher for the materials having higher specific surface area and lower 

crystallinity (Goldberg et al., 1996). The adsorption by aluminum oxides was less effective and 

decreased more rapidly with increasing pH compared to iron oxides (Ferreiro et al., 1985; 

Goldberg et al., 1996; Jones, 1957). The adsorption of Mo on manganese oxides also 

decreases with increasing pH (e.g., Matern and Mansfeldt, 2015) but strongly depends on the 
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crystalline form of the oxides with different points of zero charge ranging from pH 1.5 to 7.3 

(Healy et al., 1966).  

 A general distinction for the adsorption of Mo on mineral surfaces has to be made 

between strong inner-sphere complexes, where Mo binds directly to the surface, and weaker 

outer-sphere complexes, with a layer of water molecules between the surface and Mo (e.g., 

Johnston and Tombácz, 2002; Xu et al., 2013). While inner-sphere complexes are assumed 

for the adsorption of Mo on hematite, goethite, ferrihydrite and gibbsite (γ-Al(OH)₃) (e.g., Arai, 

2010; Brinza et al., 2019; Goldberg, 2010; Wang and Sherman, 2021; Zhang et al., 2022), an 

outer-sphere complex was observed for the adsorption on aluminum oxides (Goldberg et al., 

2008). Goldberg et al. (2008) particularly emphasized the role of the pH leading to mainly inner-

sphere surface complexes on aluminum oxides at pH below 5 and outer-sphere complexes at 

higher pH. Similar behavior was proposed for the adsorption of Mo on ferrihydrite with the 

formation of outer-sphere complexes at pH above 8 (Brinza et al., 2019). Competition with 

other anions like phosphate, tungstate and arsenate can influence the adsorption of Mo on 

oxides and thus the retardation of Mo in the aquifer, whereas sulfate seems to have a negligible 

effect on Mo adsorption (e.g., Brinza et al., 2008; Goldberg, 2010; Gustafsson, 2003; 

Kashiwabara et al., 2013; Manning and Goldberg, 1996; Xu et al., 2013; Xu et al., 2006a; Xu 

et al., 2006b).  

 The relative adsorption of Mo on clay minerals is less compared to that on oxides 

and was found to decrease in order halloysite > nontronite > kaolinite (Jones, 1957) and 

montmorillonite > illite > kaolinite (Goldberg et al., 1996). The adsorption strongly depends on 

the pH, with a peak near pH 3 to 4 and a rapid decrease until almost no adsorption occurs 

under neutral to alkaline conditions often prevailing in carbonate aquifers (Goldberg et al., 

1996; Jones, 1957; Mikkonen and Tummavuori, 1993). Goldberg et al. (1996) assumed an 

inner-sphere adsorption mechanism on clay minerals. 

 Sorption on organic matter might also influence the fate of Mo in groundwater due 

to complexation with polyphenolic compounds in natural organic matter (Wichard et al., 2009) 

and humic substances (Albéric et al., 2000; Bibak and Borggaard, 1994; Gustafsson and 

Tiberg, 2015; Linnik and Ignatenko, 2015). Humic substances like humic and fulvic acids might 

be important for retaining Mo by natural organic matter due to their abundance and 

heterogeneity, although the mechanisms are still poorly understood (Smedley and Kinniburgh, 

2017). Bibak and Borggaard (1994) investigated the adsorption capacity of Mo on humic acid 

and observed a dependence on the pH with a maximum at pH 3.5 to 4 and a rapid reduction 

with increasing pH until 10 % of the initial capacity remained at pH ≥ 7. They assumed the 

formation of complexes with carboxyl and phenol groups on humic acid (Bibak and Borggaard, 
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1994). Gustafsson and Tiberg (2015) described the formation of a weak Mo-carboxylate 

complex with humic organic matter occurring below a pH of 5 to 6. Wichard et al. (2009) 

investigated the binding of Mo to natural organic matter in soil samples from Coronado National 

Forest (Arizona) and the Pine Barrens forest (New Jersey). They found complexes of Mo with 

plant-derived tannins and tannin-like compounds, which strongly depend on pH (Wichard et 

al., 2009). The strongest complexation was observed at pH 6.1, while only half of the Mo was 

complexed at alkaline conditions (pH 9) (Wichard et al., 2009).  

 The formation of pyrite (FeS2) and amorphous iron sulfides (FeS) under strongly 

reducing, sulfidic conditions can further lead to the immobilization of Mo by adsorption, 

although the exact reaction mechanisms are not fully understood (e.g., Bostick et al., 2003; 

Freund et al., 2016; Helz et al., 2004; Lian et al., 2021; Miller et al., 2020). Besides the 

adsorption of molybdate, a conversion to thiomolybdates may play an important role in that 

process (see section 1.2), as the adsorption of thiomolybdate on FeS was found to be more 

effective compared to the adsorption of molybdates (Bostick et al., 2003; Freund et al., 2016; 

Helz et al., 2004; Lian et al., 2021). Investigations on the adsorption on pyrite indicated that 

the adsorption of molybdate is strong between pH 4 and 7 with a maximum near pH 5 and 6 

and decreases rapidly as soon as the pH deviates from this maximum (Bostick et al., 2003; 

Freund et al., 2016). The adsorption behavior was found to be reversible and rather weak 

inner-sphere or outer-sphere surface complexes were assumed (Bostick et al., 2003). The 

adsorption of tetrathiomolybdate was also highest under moderately acidic conditions but was 

found to be less reversible due to the formation of strong inner-sphere complexes (Bostick et 

al., 2003). Freund et al. (2016) found that at pH 5.9 molybdate was more readily adsorbed by 

pyrite than tetrathiomolybdate. 

 Overall, several processes can affect the mobility and fate of Mo in aquifers, mainly 

depending on pH and redox conditions. Figure 1.3 summarizes the processes that can lead to 

the mobilization and immobilization of Mo in groundwater. In general, Mo mobilization can 

occur via the oxidation of pyrite, the degradation of organic matter, the reductive dissolution of 

oxides, the dissolution of powellite and by desorption from mineral surfaces and organic matter. 

On the other hand, the immobilization of Mo can occur through adsorption on various mineral 

surfaces and organic matter and the precipitation of powellite and iron sulfides. 
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Figure 1.3: Processes that can lead to the mobilization and immobilization of Mo in groundwater 
(OM = organic matter). 

 

1.4 Study area 

 The population of Florida derives the majority of its drinking water from karstic 

carbonate aquifers (e.g., Upchurch et al., 2019). The release of contaminants like Mo in 

groundwater, as observed in the municipality of Lithia (Pichler et al., 2017), can therefore pose 

a serious risk to the people living there and intensive investigations are necessary to 

understand the mobility of Mo in the groundwater. The groundwater system in Florida generally 

consists of three aquifer systems, the Surficial Aquifer System (SAS), the Intermediate Aquifer 

System (IAS) and the Floridan Aquifer System (FAS) (Miller, 1986). Figure 1.4 gives an 

overview of the hydrostratigraphic units, series, formations and lithologies of peninsula Florida, 

which will be described in the following.  

 

 

Figure 1.4: Hydrostratigraphy of the aquifer systems in peninsula Florida (modified from Hughes et al., 
2009; Johnston and Bush, 1988; Upchurch et al., 2019). This study focused on the Avon Park Formation 
of the Floridan Aquifer System.  
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 Additional hydrogeological, lithological and mineralogical details can be found 

elsewhere (e.g., Arthur et al., 2008b; Hughes et al., 2009; Katz et al., 2007; Miller, 1986; 

Upchurch et al., 2019). 

 The SAS is the uppermost hydrostratigraphic unit in which most groundwater is 

present under unconfined conditions (Arthur et al., 2008b; Miller, 1986). It mainly consists of 

Holocene to Pliocene, poorly consolidated to unconsolidated clastic rocks (Miller, 1986). 

Carbonate sediments with some zones of more clayey, less-permeable sediments can also be 

found (Miller, 1986; Upchurch et al., 2019). In southeastern Florida, interbedded carbonates 

and clastic rocks of the SAS form the Biscayne Aquifer, an important drinking water source 

(Miller, 1986; Upchurch et al., 2019). 

 The IAS includes all rocks between the overlying SAS and the underlying FAS and 

retains water between the systems to varying degrees (Arthur et al., 2008b; Miller, 1986). It is 

mainly composed of interbedded carbonates, sands and clays of the middle to late Miocene 

Hawthorn Group (e.g., Scott, 1988). While deposition of clays created a relatively impermeable 

sequence of confining beds, permeable carbonate and siliciclastic sediments can create 

regionally limited, water-producing zones used for public water supply in parts of Florida (Miller, 

1986; Miller, 1997; Upchurch et al., 2019). Depending on the productivity of the sediments, the 

term "intermediate confining unit" (ICU) is used for areas dominated by poorly yielding to non-

yielding aquifers (Southeastern Geological Society, 1986). In some areas of west-central 

peninsula Florida, carbonate rocks of the lower Hawthorn Group, like the Tampa Member of 

the Arcadia Formation, are hydraulically connected to the underlying carbonate rocks of the 

FAS and are considered to be part of the FAS (Miller, 1986; Upchurch et al., 2019).  

 The FAS is a highly permeable and productive karstic aquifer comprised of 

carbonate rocks mainly of the Eocene to early Miocene age and is the subject of this study 

(Miller, 1986; Upchurch et al., 2019). It is the main karstic, limestone and dolostone aquifer in 

Florida, which covers nearly 57 % of Florida's groundwater supply and is one of the most 

productive aquifers in the world (Marella, 2020; Miller, 1986; Upchurch et al., 2019). The FAS 

can be divided into the higher permeable Upper Floridan Aquifer (UFA) and the Lower Floridan 

Aquifer (LFA), which are separated by the Middle Confining Unit (MCU) that may be more or 

less permeable depending on the lithology of the rocks (Arthur et al., 2008b; Miller, 1986). The 

UFA is mainly composed of highly permeable carbonates. It can cover the Miocene Tampa 

Member of the Arcadia Formation, the Oligocene Suwannee Limestone, the upper Eocene 

Ocala Limestone and the upper part of the middle Eocene Avon Park Formation (APF) (Fig. 

1.4). The MCU is defined based on permeability contrast within the FAS and is comprised of 

seven, sometimes overlapping, semi-confining units (Miller, 1986; Upchurch et al., 2019). It 
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mainly consists of the middle Eocene APF, with interbedded or intergranular gypsum and 

anhydrite in low permeable carbonates (e.g., Arthur et al., 2008b; Upchurch et al., 2019). In 

some areas where the MCU is absent, the FAS consists entirely of the UFA (Miller, 1986). The 

LFA is defined by the occurrence of the MCU above the aquifer and comprises dolostones of 

the lower part of the Eocene APF, the early Eocene Oldsmar Formation and the upper part of 

the Paleocene Cedar Keys Formation (Miller, 1997). While the uppermost part of the LFA is 

used as a source of drinking water in some areas, highly saline water occurs in the deeper part 

(Arthur et al., 2008b; Upchurch et al., 2019). Dolomitized carbonates with bedded and 

intergranular gypsum and anhydrite of the Cedar Keys Formation form the confining unit at the 

base of the FAS (Arthur et al., 2008b; Miller, 1997).  

 Due to its partly high permeability, the FAS is used as a storage zone for aquifer 

storage and recovery (ASR), which is the most commonly applied technique of managed 

aquifer recharge (MAR) (e.g., Fakhreddine et al., 2021). More than 50 ASR facilities are now 

operating in Florida or have permission for construction (e.g., Bloetscher et al., 2015). The 

basic principle of ASR is the cyclic injection of treated excess water during wet periods into an 

aquifer, which can be recovered in times of increased demand (e.g., Fakhreddine et al., 2021). 

This involves, for example, the injection of water that meets Florida's drinking water quality 

standards into potable aquifers (Upchurch et al., 2019). Important factors for the operation of 

ASR are the degree of confinement in the aquifer and assurance that the injectate will not 

migrate away from the recovery well, and thus, the ASR wells are often located deep in the 

FAS (Upchurch et al., 2019). However, the injection of oxic water into the anoxic FAS during 

the operation of ASR can generally disturb the natural physicochemical conditions in the 

aquifer, which can lead to the release of contaminants. Besides the well-known problems with 

arsenic (e.g., Jin et al., 2016; Mirecki et al., 2012), the release of Mo was also observed at 

several ASR sites in Florida (Fischler et al., 2015). Elevated concentrations of Mo were 

observed during the injection of oxygenated water in the APF. For example, maximum Mo 

concentrations of 487 µg/L, 289 μg/L and 284 μg/L were measured at the Sanford, Peace 

River and Seminole-Markham ASR facilities, respectively, where the injection wells are located 

in the APF (Fischler et al., 2015). At an ASR facility in Orange County, a maximum 

concentration of 853 µg/L Mo was observed and more than 1/3 of 307 samples taken at the 

injection and monitoring wells had Mo concentrations above the recommended value of 

70 µg/L (Fischler et al., 2015; WHO, 2011). The elevated Mo concentrations make the APF a 

suitable formation for the study of Mo mobility in the FAS. 

 The Eocene APF is the oldest lithostratigraphic unit exposed to the land surface in 

Florida and was deposited under cyclic shallow open marine to tidal-flat conditions with an arid 
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climate and sometimes restricted seawater circulation (e.g., Arthur et al., 2008b; Cander, 1994; 

Randazzo and Saroop, 1976; Tihansky, 2005; Upchurch et al., 2019; Ward et al., 2003). It is 

characterized by interbedded limestone and dolostone in the upper part and continuous 

dolomite beds with gypsum and anhydrite as interbeds and fillings at the base (Arthur et al., 

2008b; Arthur et al., 2001; Miller, 1986; Tihansky, 2005). The limestone of the APF is generally 

a cream to light brown colored, fine- to coarse-grained, recrystallized packstone with minor 

clay beds and organic-rich laminations (Arthur et al., 2008b; Arthur et al., 2001; Green et al., 

1995; Tihansky, 2005). Layers of salt marsh and swamp deposits of peat and carbonaceous 

material can be found (Chen, 1965; Gilboy, 1985). The dolostones are hard, brown-colored, 

fine-grained to coarsely recrystallized (sucrosic), vuggy, fossiliferous and highly fractured and 

were dolomitized by normal to hypersaline seawater during the middle Eocene (Arthur et al., 

2008b; Arthur et al., 2001; Cander, 1991; Cander, 1994; Chen, 1965; Green et al., 1995; 

Tihansky, 2005). Arthur et al. (2008b) found chert, pyrite, celestine, gypsum and quartz within 

the carbonates of the APF. 

 

1.5 Motivation and objectives 

 The release of Mo from the carbonate aquifer matrix of the FAS during ASR 

operations is problematic for water quality, since concentrations can be above the health-

based threshold value defined by the WHO (Fischler et al., 2015; WHO, 2011). While Mo is 

particularly enriched in marine sediments deposited under euxinic conditions (see section 1.2) 

and carbonate aquifers provide up to 1/4 of the worlds water supply (Ford and Williams, 2007; 

Goldscheider et al., 2020), a similar release of Mo through perturbations of the 

physicochemical conditions is also conceivable in other carbonate aquifers worldwide. Thus, 

it is essential to understand the processes that affect the release of Mo to ensure the quality 

of drinking water produced from carbonate aquifers. However, these processes are still not 

fully understood and uncertainties about the mineralogical association of Mo make a 

comprehensive risk assessment prior to the operation of ASR difficult. The major problem is 

that the primary source of Mo in sediments is still controversial (see section 1.2), with iron 

sulfides and organic matter as possible Mo-bearing phases (e.g., Bostick et al., 2003; Dahl et 

al., 2016; Helz et al., 2011; Helz and Vorlicek, 2019; Tribovillard et al., 2004; Vorlicek et al., 

2004; Wagner et al., 2017). However, as redox changes during anthropogenic activities can 

influence both phases, the injection of oxygenated water in an anoxic aquifer was observed to 

cause the release of Mo in groundwater at several locations in Florida (e.g., Fischler et al., 

2015; Wallis and Pichler, 2018). Given that ASR operations are important for the seasonal 

storage of excess water for drinking water supplies in Florida and many other parts of the 
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world, it is necessary to develop a process understanding of what controls elevated Mo 

concentrations and their fate in the aquifer. 

 Previous studies by Pichler and Mozaffari (2015) on the aquifer material of the FAS 

underneath Lithia (Florida) excluded pyrite as a significant source of Mo since it was absent in 

pyrite during electron probe microanalyses. Instead, Mo was loosely bound to mineral surfaces 

and organic matter, as the extraction with 1 M sodium acetate at a pH of 8.1 could remove 

more than 70 % of Mo in 8 of 10 samples (Pichler and Mozaffari, 2015). The easy solubility at 

alkaline pH could imply that perturbations of the ambient groundwater pH might play an 

essential role in releasing Mo in the FAS. However, to date, no detailed investigation of the 

mineralogical association and the rapid solubilization of Mo has been undertaken. During 

transmitted light and scanning electron microscopy, the occurrence of powellite was further 

observed in some samples (Pichler and Mozaffari, 2015). It was excluded as a primary mineral 

based on its crystal habit with growth banding and was assumed to be a sink of Mo (Pichler 

and Mozaffari, 2015). Thermodynamic modeling indicated the supersaturation of powellite in 

the FAS at concentrations above 2000 to 3000 µg/L (Pichler and Mozaffari, 2015). 

Nevertheless, details about the processes leading to powellite formation in the FAS are still 

uncertain.  

 Many factors like oxidation of organic matter, desorption from mineral surfaces and 

dissolution of powellite can influence the mobility of Mo in groundwater (see section 1.3). A 

model-based analysis of field data after well installations in Lithia (Florida) suggested that the 

mineralization of organic matter by oxygen could trigger the release of Mo in the FAS (Wallis 

and Pichler, 2018). However, the mobilization and fate of Mo in carbonate aquifers are likely 

more complex than the simple oxidation of organic matter or pyrite, especially during the cyclic 

injection of oxygenated water during the operation of ASR. Nevertheless, the processes that 

influence the mobilization and immobilization of Mo during ASR in carbonate aquifers have 

been so far not investigated. However, those sites are well suited for developing a fundamental 

process understanding as the induced groundwater flow rates and the injection, and ambient 

groundwater compositions are much better constrained than in other field-scale settings. 

 This study investigated the occurrence, release and fate of Mo in carbonate 

aquifers, covering geochemical analyses and reactive transport modeling. It was designed to 

develop a comprehensive understanding of the mineralogy, main source, mobilization and 

immobilization processes of Mo in carbonate aquifers to improve the risk assessment for ASR 

operations as part of MAR. The studies are being conducted on carbonates of the APF in the 

FAS representative of similar aquifer systems worldwide, and the overarching goals of this 

study were to: 
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- Ensure a deeper look into the occurrence of Mo in the aquifer matrix  
 

- Investigate the role of powellite in the aquifer matrix. 
 

- Contribute to a better understanding of the easy solubility of Mo from the aquifer matrix. 
 

- Determine the processes that lead to the release of Mo during the operation of ASR 

and formulate a conceptual model based on laboratory-scale experiments. 
 

- Validate the conceptual model as part of field-scale reactive transport modeling and 

identify the processes that affect the mobility of Mo after the release. 

 

1.6 Thesis structure 

 This thesis is a cumulative study. It includes a collection of one viewpoint and four 

research manuscripts, which have been or will be submitted to international peer-reviewed 

journals. The thesis is divided into 5 chapters. Chapter 1 starts with a general introduction to 

the occurrence of elevated Mo concentrations in ground and drinking water and further 

provides a comprehensive understanding of the initial accumulation of Mo in marine sediments 

and the processes that influence the mobility of Mo in groundwater. Finally, an overview of the 

study area with the motivation and objectives of this study are presented. 

 Chapter 2 deals with the mineralogy and chemistry of the carbonate aquifer matrix 

in the FAS, focusing on the occurrence and mineralogy of Mo in the APF. It was published in 

the journal Applied Geochemistry (Koopmann and Pichler, 2022) and includes a detailed look 

at the possible source of Mo in carbonate aquifers, the role of powellite in the aquifer matrix 

and the processes that led to the formation of that mineral. 

 Chapter 3 focuses on the processes that trigger the release of Mo from the 

carbonate aquifer matrix during the operation of ASR as part of MAR. Detailed investigations 

of the rapid solubilization of Mo from the aquifer matrix and its controlling factors are provided. 

Furthermore, a conceptual model for the release of Mo is formulated based on laboratory-scale 

experiments. The chapter was published in Environmental Science & Technology (Koopmann 

et al., 2022).  

 Chapter 4 provides a field-scale reactive transport model to validate the formulated 

conceptual model and to identify the processes that affect the mobility of Mo after its release. 

This manuscript will be submitted to the journal Environmental Science & Technology. 
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 In Chapter 5, a summary of the main conclusions of this thesis is given with an 

outlook on potential future investigations.  

 The appendix is divided into three parts. Appendix A includes a viewpoint 

published in Environmental Science & Technology (Pichler and Koopmann, 2019). It deals with 

the need for more frequent measurements of Mo in groundwater and a comprehensive risk 

assessment for the release of Mo before the operation of ASR. It is attached to the appendix 

as it reflects a scientific opinion. Appendix B includes a research manuscript that was published 

in Environmental Monitoring and Assessment (Scheplitz et al., 2021). SK is one of the co-

authors of the manuscript. It provides the basis for the sequential extractions described in 

Chapters 2 and 3. Appendix C comprises the supplementary information of the research 

manuscripts in Chapters 2 to 4. 

 

1.7 Declaration of co-author contributions 

 This thesis includes four research articles and one viewpoint. The chapters were 

prepared following the requirements of the journals to which they have been or will be 

submitted. The style was partially adapted to the dissertation, figures and tables are numbered 

consecutively throughout the thesis, and a complete bibliography is provided at the end. The 

manuscripts' supplementary information (SI) can be found in Appendix C. Below is a detailed 

overview of the authors' contributions to each chapter. 

 

Chapter 2: Celestine and powellite as redox indicators during diagenesis of molybdenum-

bearing carbonate aquifers 

Authors:  Sarah Koopmann, Thomas Pichler 

Status:  published in Applied Geochemistry (2022) 

Reference: Koopmann, S., Pichler, T., 2022. Celestine and powellite as redox indicators during 

diagenesis of molybdenum-bearing carbonate aquifers. Applied Geochemistry, 144: 105399. 

The rock sampling, sample preparation, laboratory work and interpretation of the data were 

performed by SK. Furthermore, SK wrote the first version of the manuscript and prepared the 

figures and tables. TP planned the research project, contributed content to the discussion of 

the data, provided a first version of one figure and reviewed the manuscript before submission. 
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Chapter 3: Molybdenum release triggered by dolomite dissolution: experimental evidence and 

conceptual model 

Authors:  Sarah Koopmann, Henning Prommer, Thomas Pichler 

Status:  published in Environmental Science & Technology (2022) 

Reference: Koopmann, S., Prommer, H., Pichler, T., 2022. Molybdenum Release Triggered by 

Dolomite Dissolution: Experimental Evidence and Conceptual Model. Environmental Science 

& Technology, 56(17): 12325-12335. 

SK performed the rock sampling, sample preparation and laboratory work. She also interpreted 

the results and prepared the first version of the manuscript with all figures and tables. TP 

supported SK during the planning of the experimental setup and the interpretation of the data, 

while HP contributed to the introduction of the manuscript and the formulation of the conceptual 

model. Both co-authors reviewed the manuscript before submission. 

 

Chapter 4: Molybdenum mobility during managed aquifer recharge in carbonate aquifers 

Authors:  Sarah Koopmann, Henning Prommer, Adam Siade, Thomas Pichler 

Status:  to be submitted to Environmental Science & Technology 

SK developed the reactive transport model, interpreted the results and prepared the first 

version of the manuscript with all figures and tables. HP and TP supported SK during the model 

development, the interpretation and the discussion of the data. HP also helped SK during the 

planning of the figures and contributed content to the introduction and method section. AS 

supported SK during the inverse model procedure, contributed to the method section of the 

manuscript regarding the inverse model procedure and helped to improve the figures. TP 

provided the idea for the study, contributed to the implications and reviewed the manuscript 

with the other co-authors. 
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Appendix A: Should monitoring of molybdenum (Mo) in groundwater, drinking water and well 

permitting made mandatory? 

Authors:  Thomas Pichler, Sarah Koopmann 

Status:  published in Environmental Science & Technology (2019) 

Reference: Pichler, T., Koopmann, S., 2019. Should Monitoring of Molybdenum (Mo) in 

Groundwater, Drinking Water and Well Permitting Made Mandatory? Environmental Science 

& Technology, 54(1): 1-2. 

TP developed the idea for the viewpoint and wrote the viewpoint based on an earlier version 

of SK. SK further reviewed the new version of the viewpoint and prepared the figure. 

 

Appendix B: Optimization and assessment of a sequential extraction procedure for calcium 

carbonate rocks 

Authors:  Janin Scheplitz, Sarah Koopmann, Henning Fröllje, Thomas Pichler 

Status:  published in Environmental Monitoring and Assessment (2021) 

Reference: Scheplitz, J., Koopmann, S., Fröllje, H., Pichler, T., 2021. Optimization and 

assessment of a sequential extraction procedure for calcium carbonate rocks. Environmental 

Monitoring and Assessment, 193(9): 577. 

The first author JS did the lab work and wrote the manuscript based on her master thesis. SK 

assisted JS with TP and HF in planning the methodology, wrote the first version of the 

introduction, created initial versions of the figures and assisted JS with HF in writing the 

methodology, results and discussion. TP planned and supervised the master thesis. He also 

reviewed the paper before submission. 
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Highlights 

- Association of sulfurized organic matter, powellite and celestine in a carbonate aquifer. 

 

- Sulfurized organic matter as the main source of molybdenum. 

 

- Oxygenated water released sulfate and molybdate and triggered the precipitation of 

celestine and powellite. 

 

- Co-occurrence of celestine and powellite as an indicator for intermittent oxic conditions 

during diagenesis. 

 

Abstract 

 The mineralogy and chemistry of a molybdenum-bearing carbonate aquifer matrix 

of Eocene age from Central Florida were investigated. Out of 286 samples analyzed for 

molybdenum (Mo), 12 samples had Mo concentrations above 150 mg/kg. The concentrations 

ranged from 12 mg/kg to 3474 mg/kg, with a mean of 61 mg/kg. Calcium and magnesium 

concentrations from 7913 mg/kg to 437850 mg/kg and from 2045 mg/kg to 132412 mg/kg were 

observed with mean concentrations of 287064 mg/kg and 66457 mg/kg, respectively. Four 

samples with elevated Mo concentrations were selected for detailed mineralogical analyses. 

The mineral powellite (CaMoO4) was the main Mo phase in two samples, with 80 % and 44 % 

of the total Mo present in powellite. The mineral occurred in close association with the mineral 

celestine (SrSO4). Scanning electron microscope analyses indicated the late formation of 

powellite even after the celestine, which excluded powellite as the primary source of Mo. 
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Instead, the occurrence of sulfurized organic matter was inferred based on energy-dispersive 

X-ray spectroscopy measurements and a linear correlation of total organic carbon and total 

sulfur in 24 samples from the aquifer matrix. The contents of total organic carbon and total 

sulfur ranged from 0.2 to 28 % and from 0.1 to 8 %, respectively. Comparing the total amount 

of Mo in a given sample to the total amount of Mo in pyrite indicated that less than 4 % of the 

total Mo were present in pyrite. Hence, pyrite was excluded as a significant source of Mo. This 

left sulfurized organic matter as the main Mo phase before the incorporation into powellite. A 

close association of powellite, celestine and sulfurized organic matter was assumed to result 

from the percolation of oxygenated water through abundant cracks and fissures in the 

carbonate matrix during diagenesis. The reaction of oxygen with Mo-containing sulfurized 

organic matter likely resulted in the release of sulfate and molybdate and hence the 

supersaturation of celestine and powellite. Thus, the co-occurrence of celestine and powellite 

seems to be an indicator of intermittent oxic conditions during diagenesis. 

 

Keywords 
molybdenum, redox, powellite, celestine, carbonate, mineralogy 
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2.1 Introduction 

 Molybdenum (Mo) is a transition metal known to accumulate together with iron 

sulfides and organic matter in marine sediments under anoxic, sulfidic conditions (e.g., 

Adelson et al., 2001; Bostick et al., 2003; Chappaz et al., 2014; Helz et al., 2011; Helz et al., 

1996; Tribovillard et al., 2004). The enrichment of Mo is widely used as a paleo redox proxy to 

identify strongly reducing episodes in modern sediments and the geological record (e.g., 

Chappaz et al., 2016; Hlohowskyj et al., 2021; Smedley and Kinniburgh, 2017; Wirth et al., 

2013). However, the redox dependence of Mo can also lead to its release into groundwater if 

ambient redox conditions in aquifers of marine origin are disturbed (e.g., Pichler et al., 2017).  

 Uncertainties about the mineralogical association of Mo are problematic for both 

its use as a paleo proxy (e.g., Chappaz et al., 2014) and the risk assessment for Mo release 

in groundwater. Nevertheless, the importance of the inorganic vs. organic pathway of trapping 

Mo is still being debated (Smedley and Kinniburgh, 2017). While iron sulfides are generally 

thought to be the host of Mo (e.g., Bostick et al., 2003; Helz and Vorlicek, 2019; Vorlicek et al., 

2004), other studies emphasized the role of organic matter (e.g., Dahl et al., 2016; Tribovillard 

et al., 2004). Since redox changes can influence both phases, anthropogenic activities were 

observed to cause the release of Mo in groundwater at several locations in Florida (e.g., 

Fischler et al., 2015; Wallis and Pichler, 2018). For example, the injection of oxygenated water 

into an anoxic carbonate aquifer during aquifer storage and recovery (ASR) in Orange County 

and Punta Gorda resulted in more than 10 times higher concentrations of Mo than the 

recommendation by the World Health Organization of 70 µg/L (Fischler et al., 2015; Pichler 

and Koopmann, 2019; WHO, 2011). Extensive installations of private supply wells in the 

community of Lithia (Central Florida) led to a higher permeability of an anoxic aquifer resulting 

in the downward flow of oxygenated water and the release of Mo with concentrations up to 

5050 µg/L in groundwater (Pichler et al., 2017), prompting Pichler and Mozaffari (2015) to 

examine the aquifer material in greater detail. They found a relatively weak bonding of Mo to 

mineral surfaces and organic matter and identified the mineral powellite in some samples. 

Nevertheless, due to the lack of a comprehensive investigation, details about the mineralogical 

association of Mo are still uncertain (Pichler and Mozaffari, 2015). Thus, this study aimed to fill 

that gap and ensure a deeper look into the distribution of Mo in a carbonate aquifer matrix with 

a particular focus on mineralogy. 

 The study was carried out using samples from the Avon Park Formation of the 

Floridan Aquifer System. This formation was selected based on the high release of Mo during 

the operation of ASR (Fischler et al., 2015). The first step was to characterize the rocks based 

on aqua regia digestions and the determination of total carbon (TC), total organic carbon (TOC) 
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and total sulfur (TS). To get information about operational bonding (Filgueiras et al., 2002) and 

the distribution of Mo, sequential extractions were applied to four selected samples. The 

characterization of mineral associations was based on X-ray diffraction (XRD) analyses and 

elemental maps generated by X-ray fluorescence (µ-XRF) analyses. Energy-dispersive X-ray 

spectroscopy (EDX) in combination with scanning electron microscope (SEM) analyses and 

electron probe microanalyses (EPMA) finally provided information on elemental compositions. 

 

2.2 Geology and hydrogeology 

 The Eocene Avon Park Formation (APF) is part of the Floridan Aquifer System 

(FAS), which can be subdivided into the Upper Floridan Aquifer (UFA), middle semi-confining 

units (MCU) and Lower Floridan Aquifer (LFA) depending on the hydrologic properties of the 

lithologies (Miller, 1986; Upchurch et al., 2019). The APF occurs between the lower part of the 

UFA and the upper part of the LFA (Miller, 1997; Scott, 1992). It was deposited under cyclic 

shallow open marine to tidal-flat conditions influenced by the arid climate and sometimes 

restricted seawater circulation on the inner part of a flat carbonate ramp that sloped towards 

the Gulf of Mexico (e.g., Cander, 1994; Randazzo and Saroop, 1976; Tihansky, 2005; Ward 

et al., 2003).  

 The APF consists of interbedded limestone and dolomite in the upper part, followed 

by continuous dolomite beds and evaporites at the base (Arthur et al., 2001; Miller, 1986; 

Tihansky, 2005). The dolomitization occurred during the middle Eocene by normal to 

hypersaline seawater (Cander, 1991; Cander, 1994). The limestone of the APF is generally a 

cream to light brown colored, fine- to coarse-grained, recrystallized packstone with minor clay 

beds and organic-rich laminations (Arthur et al., 2008b; Arthur et al., 2001; Green et al., 1995; 

Tihansky, 2005). Thin peat layers indicate intermittent shallow, warm, lagoonal conditions 

(Chen, 1965). Gilboy (1985) described layers of salt marsh and swamp deposits of peat and 

carbonaceous material. The dolostones are hard, brown-colored, fine-grained to coarsely 

recrystallized (sucrosic), vuggy, fossiliferous and highly fractured (Arthur et al., 2008b; Arthur 

et al., 2001; Chen, 1965; Green et al., 1995; Tihansky, 2005). With increasing depth, 

evaporites in the form of gypsum and anhydrite occur as interbeds and fillings in dolomite 

(Arthur et al., 2001; Tihansky, 2005). Arthur et al. (2008b) described the occurrence of chert, 

pyrite, celestine, gypsum and quartz within the APF. Interactions of dolomite and limestone of 

the APF with the groundwater of the FAS have been minimal and restricted to zones with high 

groundwater flow like caverns (Cander, 1991; Cander, 1994). 
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2.3 Materials and methods 

2.3.1 Core samples 

 Samples of the APF were collected from cores stored at the Core and Cuttings 

Repository of the Florida Geological Survey in Tallahassee (Florida) (Fig. 2.1). The sites 

Orange County (OC; No. 1), Seminole-Markham (SM; No. 2), Sanford (San; No. 3) and Rome 

Avenue (RA; No. 4) were selected based on data indicating that the operation of ASR resulted 

in the release of Mo from the aquifer matrix (Fischler et al., 2015). Cores of the Regional 

Observation and Monitor Well Program (ROMP; No. 5 to 10) have already been studied for As 

(Pichler et al., 2011; Price and Pichler, 2006) but were also sampled to conduct detailed Mo 

investigations. Core W-19575 (APGM; No. 11) was drilled in the Suwannee River Water 

Management District, where the APF is near the surface. A total of 286 samples were taken 

from the cores. The sampling concentrated on areas with visible organic matter under the 

assumption that there the Mo concentrations were higher than in the bulk matrix. This strategy 

of sampling "targeted samples" was successfully applied in studies for As (e.g., Lazareva et 

al., 2015; Pichler et al., 2011).  

 

 

Figure 2.1: Table: Selected cores from OC (Orange County), SM (Seminole-Markham), San (Sanford), 
RA (Rome Avenue), ROMP (Regional Observation and Monitor Well Program) and APGM (Avon Park 
Formation near the surface). Map: Locations of the cores in Florida. The samples 24 SM, 3 ROMP, 
9 ROMP and 4 ROMP were taken from cores which are indicated with yellow dots and highlighted in 
the table. SFWMD: South Florida Water Management District, SWFWMD: Southwest Florida Water 
Management District, SJRWMD: St. Johns River Water Management District, SRWMD: Suwannee 
River Water Management District. Modified after SJRWMD (2016) and FDEP (2022). 



 

 
 

2. Celestine and powellite as redox indicators during diagenesis of 
molybdenum-bearing carbonate aquifers 24 

   

2.3.2 Aqua regia digestions 

 Following the procedure of Scheplitz et al. (2021), all 286 samples were dissolved 

in aqua regia for initial chemical characterization. The core material was freeze-dried, hand-

crushed in an agate mortar and powdered in a planetary micro mill (Fritsch Pulverisette 7). In 

addition to the powdered samples, procedural blanks and the certified reference material 

GBW-07120 (limestone, China National Analysis Center) were analyzed. The GBW-07120 

seemed to be the most suitable reference material with respect to carbonate content, and the 

certified value for Ca (365000 mg/kg) was used as a guide to assess the total dissolution of 

the carbonate matrix. For the digestions, 10 mL aqua regia was added to 0.5 g of sample. After 

being kept at room temperature overnight, the samples were heated in a hot block at 120 °C 

for 2 h under reflux, diluted with ultrapure water to 50 mL after cooling and subsequently filtered 

using Environmental Express Filter Mate filters with a 6 µm pore size.  

 Calcium, Mg and Mo were measured in all 286 samples by inductively coupled 

plasma-optical emission spectrometry (ICP-OES) using a Perkin Elmer Optima 7300 DV 

instrument. In preparation for the analysis, samples were diluted 20 times, corresponding to a 

final dilution of 1 to 2000. Based on their Mo concentration, 26 samples were selected for the 

additional analyses of As, Fe, Mn, S, Sr and once more Mo. Of this subset, 12 samples had a 

concentration of Mo above 150 mg/kg, 6 samples had concentrations between 100 and 

150 mg/kg, and 8 samples were below 100 mg/kg. Acid blanks were tested every 5 samples. 

The measurement of Ca and Mg in an internal standard and an artificial multi-element standard 
were used to check accuracy and precision, which both had an error of less than 7 %. The 

certified reference material SRM 1643e (Mo: 0.12 mg/L; Sr: 0.32 mg/L; Fe: 0.10 mg/L; Mn: 

0.04 mg/L; As: 0.06 mg/L; National Institute of Standards and Technology) was used to check 

the accuracy of the Mo, Sr, Fe, Mn and As measurements and showed errors of ≤ 5 % except 

for As with 12 %. The external certified reference material GBW-07120 was analyzed for Ca 

(n = 15) to check the total dissolution of the carbonate matrix. 

 

2.3.3 Determination of TC, TOC and TS 

 Total carbon and TS were determined in the 26 selected samples using a Leco CS 

744 instrument, where 100 mg of powdered sample material was combusted in a high-

frequency furnace. The same method was used to determine TOC after removing inorganic 

carbon with 12.5 % HCl. 
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2.3.4 Sequential extractions 

 The three samples with the highest Mo concentrations, 3 ROMP (core: W-17392; 

depth: 414.8 m), 24 SM (core: W-18494; depth: 297.3 m) and 9 ROMP (core: W-16783; depth: 

361.2 m), were selected for a sequential extraction procedure. Additionally, sample 4 ROMP 

(core: W-17392; depth: 452.0 m) was selected as a comparison to sample 3 ROMP because 

it had 23 times less Mo despite a similar content of TOC. The extractions were carried out in 

five steps using an extraction scheme tailored to samples with a high calcium carbonate 

content (Scheplitz et al., 2021). Deviating from the original method by Scheplitz et al. (2021), 

twice the amount of sediment (0.5 g) was used to reduce the possible effects of inhomogeneity 

within the samples (Tab. 2.1). Reagents were adjusted accordingly. One instead of two H2O 

rinses were done after each step, and the wash solution was added to the extract. 
 

Table 2.1: Optimized sequential extraction procedure after Scheplitz et al. (2021). The amount of solvent 
was adjusted to the sediment amount of 0.5 g. 

Step Phase Reagents Procedure 

1 Adsorbed/exchangeable 10 mL 1.0 M NH4CH3COO (reagent grade, Fisher Chemical, 

USA) with pH 8.2 
2 h leach, 1 x 5 mL 

H2O rinse 

2 Carbonates 40 mL 1.0 M NH4CH3COO (reagent grade, Fisher Chemical, 

USA) with pH 5.0 

2 h leach, 1 x 5 mL 

H2O rinse 

3 Hydrous iron oxides 10 mL 0.25 M NH2OH∙HCl (ReagentPlus® grade, Sigma-

Aldrich, Germany) in 0.25 M HCl (purified by sub-boiling from 

analytical grade acids of Merck, Germany) 

2 h bath at 60 °C, 1 x 

5 mL H2O rinse 

4 Crystalline iron oxides 15 mL 1.0 M NH2OH∙HCl (ReagentPlus® grade, Sigma-Aldrich, 

Germany) in 25 % CH3COOH (trace metal grade, Fisher 

Chemical, USA) 

3 h bath at 90 °C, 1 x 

5 ml H2O rinse 

5 Sulfides/organic material 10 mL aqua regia (7.5 mL HCl, 2.5 mL HNO3; both purified by 

sub-boiling from analytical grade acids of Merck, Germany) 

~ 12 h bath (2 h at 

120 °C) 

 

 Each sample was analyzed in triplicate together with three procedural blanks, and 

the average concentration was reported. The certified reference material GBW-07120 was 

used in triplicate to monitor the extraction of the carbonate fraction. Furthermore, the sum of 

concentrations from the extraction steps was compared to the results of the aqua regia digests. 

The extracts were analyzed by ICP-OES for the same analytes as the aqua regia digests (see 

section 2.3.2). Following Scheplitz et al. (2021), calibration standards were matrix-matched for 

each extraction step. Acid blanks were inserted every 5 samples. The error of precision, 

calculated with an artificial multi-element standard, was below 7 % for all analytes and all 

extraction steps. 
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2.3.5 XRD, SEM, µ-XRF, EPMA 

 The mineralogical composition of samples 24 SM, 3 ROMP, 9 ROMP and 4 ROMP 

was assessed using a Philips X'Pert Pro MD X-ray diffractometer with a Cu tube (Kα, λ 1.541) 

following Vogt (2009). The preparation of the powdered sample mounts was performed with 

the standardized Philips/Panalytical backloading system to achieve random particle 

distribution, and the measurements were made from 3° to 85° 2θ with a step size of 0.017° 2θ 

and a step time of 100 s. 

 Polished thin sections were made from samples 24 SM, 3 ROMP and 9 ROMP to 

analyze discrete mineral phases and organic matter by optical microscopy and scanning 

electron microscopy (SEM) using a Zeiss Supra 40 instrument equipped with a Bruker EDX 

detector. Elemental mapping of the polished thin sections and a rock sample of 4 ROMP was 

performed under vacuum (20 mbar) on a µ-XRF system (M4 Tornado, Bruker Nano Analytics) 

with a micro-focused Rhodium source (50 kV, 600 µA) and a poly-capillary optic (20 µm spot 

size). A resolution of 50 µm was chosen with a scan time of 20 ms per pixel for the thin sections 

and 10 ms per pixel for sample 4 ROMP.  

 The chemical composition of powellite, pyrite and celestine crystals was 

determined in the thin sections using a CAMECA SX100 Electron Probe Microanalyzer. 

 

2.4 Results 

 Results of the aqua regia digestions and the determination of TC, TOC and TS are 

listed in Table C1.1 (SI). Except for samples 3 ROMP and 4 ROMP, the concentrations of TOC 

and TS in the remaining 24 samples were linearly correlated (Fig. 2.2).  

 

 

Figure 2.2: Total organic carbon (TOC) and total sulfur (TS) for 26 samples of Avon Park Formation. A 
linear correlation (R² = 0.98) was observed except for the samples 3 ROMP and 4 ROMP. 
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 The results of the sequential extraction procedure are compared to the results of 

the aqua regia digestions in Table C1.2 (SI). The concentration of Ca in the aqua regia 

digestion and the sum of Ca for each step of GBW-01720 were in good agreement with a 

relative standard deviation of 4 %. Both values differed by less than 5 % from the certified 

value of 365000 mg/kg Ca. Compared to the aqua regia digestions, the sums of As, Ca, Fe, 

Mg, Mn, Mo, S and Sr from steps 1 to 5 generally differed by less than 10 % (Tab. C1.2, SI). 

 The sequential extraction results for Mo, As, Fe and S are presented in Figure 2.3. 

In the samples, 3 ROMP, 4 ROMP and 9 ROMP, most Mo was extracted in step 3, while in the 

sample 24 SM, most Mo was extracted in steps 1 and 5. In all samples, As was generally 

extracted in steps 2 and 3, while Fe was mainly extracted in steps 3 and 5. The highest 

amounts of S were extracted in step 5 except for sample 9 ROMP, with nearly the identical 

amounts extracted in steps 1 and 5.  

 

 

Figure 2.3: Portions of Mo, As, Fe and S in steps 1 to 5 of the sequential extraction relative to the sum 
of concentrations written above the columns in mg/kg. All values are listed in Table C1.2 (SI). 

 

 The XRD analyses identified dolomite as the main mineral phase in sample 24 SM, 

while sample 9 ROMP contained calcite and dolomite in approximately the same portion. 

Samples 3 ROMP and 4 ROMP mainly consisted of calcite and celestine (SrSO4) with a 

semiquantitative abundance of 79 % and 88 % and 19 % and 12 %, respectively. The 
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presence of celestine was additionally confirmed by the µ-XRF analyses (Fig. 2.4). While the 

matrix was dominated by Ca, the joint appearance of Sr and S indicated the location of the 

celestine. The presence of the mineral powellite (CaMoO4) was implied in sample 4 ROMP by 

the co-occurrence of Mo and Ca during µ-XRF analyses (Fig. 2.4) and confirmed in sample 

3 ROMP by XRD (ref. code 01-085-0546; ICDD) with a semiquantitative abundance 

measurement of 1 %. 

 

 

Figure 2.4: Photomicrograph and elemental maps for Ca, S, Fe, Sr, Mo and As of samples 3 ROMP 
(top) and 4 ROMP (bottom) generated by X-ray fluorescence (µ-XRF) analyses. Sr and S correlated in 
both samples indicating the mineral celestine, while Ca and Sr were exclusive of each other. The 
correlation of Mo and Ca, particularly in sample 4 ROMP, indicated the occurrence of the mineral 
powellite. 
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 The chemical composition of powellite, pyrite and celestine in the samples 24 SM, 

3 ROMP and 9 ROMP are listed in Table 2.2. Pyrite often appeared as small framboids with 

sizes below 5 µm, which led to a total measurement below 95 %, while the measurement of a 

pyrite standard in triplicate had a total of 100 %.  

 

Table 2.2: Electron probe microanalyses of pyrite, powellite and celestine in thin sections of the samples 
24 SM, 3 ROMP and 9 ROMP. The values are average concentrations or single measurements with “n” 
as the number of measurements. The individual measurements and detection limits (dl) are listed in the 
SI (Tab. C1.3, C1.4, C1.5). 

Pyrite Powellite Celestine 

Sample 24 SM 3 ROMP 9 ROMP  24 SM 3 ROMP 9 ROMP  3 ROMP 9 ROMP 

Measurements n = 6 n = 1 n = 3  n = 5 n = 16 n = 7  n = 5 n = 3 

Fe [wt%] 42 38 40 Ca [wt%] 15 22 22 Sr [wt%] 48 48 

S [wt%] 47 44 44 Mo [wt%] 30 28 26 S [wt%] 18 17 

As [mg/kg] 3103 8640 7033 O [wt%] 27 26 25 O [wt%] 36 35 

Mo [mg/kg] 1657 4380 4187 As [mg/kg] <dl 6056 5180 Ca [mg/kg] 1777 935 

Mn [mg/kg] 1023 360 1317 Fe [mg/kg] 946 6763 2219 Ba [mg/kg] 2372 <dl 

Ni [mg/kg] 4240 9840 2773 S [mg/kg] 38036 19598 14399 Total [wt%] 102 100 

Cu [mg/kg] 18693 14200 5620 Mg [mg/kg] 4516 1328 2029    
Zn [mg/kg] <dl <dl 520 Mn [mg/kg] <dl <dl <dl    
Sb [mg/kg] <dl 5330 <dl Total [wt%] 76 79 75    
Total [wt%] 92 86 86        

 

 A change from calcite and organic matter to calcite and powellite was observed in 

sample 3 ROMP (Fig. 2.5 A). Calcite and powellite formed sharp boundaries to the celestine 

(Fig. 2.5 A, B), and powellite was partly found in organic matter and together with calcite (Fig. 

2.5 C, D). Some pyrite framboids were directly adjacent to powellite and calcite (Fig. 2.5 D). 

 EDX measurements of organic matter in the samples 24 SM and 3 ROMP gave a 

rough estimate of its elemental composition (Tab. C1.6, SI). While Fe was found in organic 

matter of sample 3 ROMP, it was absent in sample 24 SM. Sulfur was detected in both 

samples.  
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Figure 2.5: Backscatter electron images from sample 3 ROMP. A: Co-occurrence of celestine, powellite 
and calcite along a crack. Further away from the crack, a matrix of calcite and organic matter was 
observed. B: Calcite and powellite at the edge of the celestine. C: Powellite within organic matter. D: A 
pyrite framboid next to powellite and calcite. 

 

2.5 Discussion 

 The co-occurrence of celestine and powellite in the samples 3 ROMP and 4 ROMP 

(Tab. 2.2; Figs. 2.4 and 2.5) distinguished them from sample 24 SM, which had a high content 

of organic matter (28 % TOC). Sample 9 ROMP seemed to be a hybrid between the samples, 

characterized by celestine and powellite (Tab. 2.2), and an elevated content of organic matter 

(5 % TOC). Celestine is a relatively rare mineral commonly found in evaporites (West, 1973). 

It can precipitate due to the evaporation of seawater (Rosenberg et al., 2018) and occurs via 

the replacement of calcite and calcium sulfate by Sr-rich formation waters during diagenesis 

(Hanor, 2004). Based on 87Sr/86Sr ratios, Scholle et al. (1990) concluded that celestine 

precipitated from meteoric groundwater during karstification of the Karstryggen Formation, 

Greenland. However, the exact process remains not fully understood and likely involves 

microbes and the presence of syndepositional organic matter (Sanz-Montero et al., 2009). In 

the APF, the formation of powellite occurred even after celestine, since it grew on the edge of 

a celestine crystal (Fig. 2.5 B). Pichler and Mozaffari (2015) also concluded powellite to be the 

last mineral phase formed in the FAS. It was the main Mo phase in the samples 3 ROMP and 

4 ROMP, with 80 % and 44 % extracted in step 3 of the sequential extraction procedure (Fig. 

2.3) known to dissolve powellite (Mozaffari, 2016). However, due to its late formation, it is 

unlikely that powellite was the primary source of Mo.  
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 While the main source of Mo in sedimentary rocks and particularly the balance 

between iron sulfides and organic matter as host phases of Mo are still being discussed (e.g., 

Smedley and Kinniburgh, 2017), pyrite is not an essential source in the APF. Based on the 

total concentration of Fe in aqua regia digests, which is the limiting factor since S 

concentrations are substantially higher (Tab. C1.1, SI), it is possible to calculate the maximum 

amount of pyrite present in our samples. Assuming that pyrite is the sole source of Fe in a 

given sample, the Fe concentration can be multiplied by 1.143 (the molar weight ratio of S and 

Fe in pyrite) and added to the Fe concentration, which returns the abundance of pyrite in 

mg/kg. Multiplying this value with the average concentration of Mo in pyrite, determined by 

EPMA (Tab. 2.2), calculates the total amount of Mo present in pyrite in a given sample. Finally, 

by comparing this value to the total amount of Mo in the aqua regia digest (Tab. C1.1, SI), the 

percentage of Mo in pyrite is determined. Sufficient EPMA Mo data were available for samples 

24 SM, 3 ROMP and 9 ROMP (Tab. 2.2), which allowed the exclusion of pyrite as the host 

mineral for Mo (1.4 % in 24 SM, 0.3 % in 3 ROMP and 3.7 % in 9 ROMP). Thus, the portion of 

36 % Mo in extraction step 5 of sample 24 SM (Fig. 2.3), which targets sulfides and organic 

material, was mainly related to organic matter. This observation agrees with Chappaz et al. 

(2014), who excluded pyrite as the major phase of Mo for most euxinic shales and Pichler and 

Mozaffari (2015), who assumed Mo to be present in organic matter in the Hawthorn Formation 

and Suwannee Limestone of the FAS. Tribovillard et al. (2004) evaluated the occurrence of 

Mo in some organic-rich carbonate sediments. They found that Mo enrichment positively 

correlated with the amount of sulfurized organic matter but not with pyrite.  

 The occurrence of sulfurized organic matter in our samples was indicated by the 

linear correlation of TOC and TS with a correlation coefficient of 0.98 (Fig. 2.2) and by elevated 

concentrations of S in organic matter in the samples 24 SM and 3 ROMP (Tab. C1.6, SI). This 

agrees with Shawar et al. (2018), who found that organic-rich carbonate samples in the 

Tethyan Levant Basin were dominated by organic sulfur instead of pyrite. Sinninghe Damsté 

and de Leeuw (1990) stated that non-clastic deposits such as carbonates and evaporites favor 

the formation of sulfurized organic matter. While the specific chemical mechanisms for the 

formation of sulfurized organic matter are still debated (Kutuzov et al., 2019; Werne et al., 

2004), the process is assumed to involve the intermolecular and intramolecular incorporation 

of sulfur during early diagenesis (Brassell et al., 1986; de Leeuw and Sinninghe Damsté, 1990; 

Sinninghe Damsté and de Leeuw, 1990; Werne et al., 2004). This is favored by a high content 

of reactive organic matter, anoxic to euxinic conditions with larger amounts of reduced sulfur 

species and may be limited by reactive iron (Sinninghe Damsté and de Leeuw, 1990; Werne 

et al., 2004). Anoxic to euxinic conditions can be caused if the contact with atmospheric oxygen 

is inhibited or completely absent (Berner, 1985). Such anoxic to euxinic conditions were 
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sometimes present during the deposition of the APF due to restricted seawater circulations as 

part of cyclic changes from shallow open marine to tidal-flat conditions (e.g., Cander, 1994; 

Randazzo and Saroop, 1976; Tihansky, 2005; Ward et al., 2003). Hence, the presence of 

organic matter and restricted seawater circulations must have triggered the formation of 

sulfurized organic matter.  

 The close association of powellite, celestine and sulfurized organic matter in the 

APF (Figs. 2.4 and 2.5) implies that Mo was initially present in sulfurized organic matter. 

Temporary oxic conditions may have led to the re-crystallization (alteration) of the sulfurized 

organic matter that generated the necessary nucleation sites for celestine precipitation (Sanz-

Montero et al., 2009) and released sufficient Mo for the precipitation of powellite. This 

assumption was supported by the relatively high concentrations of TS compared to TOC in the 

samples 3 ROMP and 4 ROMP (Fig. 2.2). 

 Temporary changes in redox conditions during diagenesis were confirmed by the 

distribution of Fe in the sequential extractions (Fig. 2.3). The largest fraction of Fe in most 

samples was extracted in step 5, which targets sulfides and organic material, thus indicating 

reducing conditions. However, in sample 3 ROMP 48 % of Fe were extracted in step 3, which 

targets hydrous iron oxides, thus indicating oxic conditions. The dissolution of hydrous iron 

oxides during reducing conditions was likely prevented by the adsorption of organic matter 

onto their surfaces (Amstaetter et al., 2012; Kaiser and Guggenberger, 2003). This is 

corroborated by the presence of Fe in organic-rich layers (Fig. 2.4) and EDX measurements 

of Fe in organic matter in sample 3 ROMP (Tab. C1.6, SI). 

 Further evidence for redox changes to intermittent oxic conditions during 

diagenesis was provided by the co-occurrence of celestine and powellite along a crack in 

sample 3 ROMP (Fig. 2.5 A). A stepwise reconstruction of the processes leading to the 

formation of celestine and powellite is shown in Figure 2.6. Based on the previous discussion, 

the formation of celestine occurred first and required a Sr source, while sulfurized organic 

matter seemed to be the main source of Mo. Strontium was probably provided by the 

diagenetic dolomitization of aragonite (Evans and Shearman, 1964) or via the conversion of 

aragonite to calcite (e.g., Helz and Holland, 1965) as assumed for the formation of celestine in 

the Steinsfjord Formation in Norway (Olaussen, 1981). The exact timing of celestine formation 

remains elusive and should require further investigation. However, since the dolomitization of 

the APF already started during the middle Eocene (Cander, 1991; Cander, 1994), a release of 

Sr via dolomitization of aragonite, for example, could have occurred from this time on. Cracks 

and fissures produced by karstification may have contributed to the formation of celestine since 

they are permeable conduits (Hanor, 2004; Scholle et al., 1990). We assume that Sr-rich, 
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oxygenated water entered the formation through these cracks and fissures and led to the 

oxidation of sulfurized organic matter and the release of sulfate and molybdate (Fig. 2.6, left). 

Then, the sulfate (SO4
2-) together with strontium (Sr2+) formed celestine (Fig. 2.6, middle) and 

finally, molybdate (MoO4
2-) and calcium (Ca2+) formed powellite (Fig. 2.6, right). 

Thermodynamic modeling by Pichler and Mozaffari (2015) indicated that Mo concentrations 

above 2000 to 3000 µg/L were necessary for the supersaturation of powellite in the FAS. The 

source of Ca2+ was presumably the partial dissolution of carbonate and thus, depending on the 

pH (Fig. 2.6, left). The formation of powellite along the crack (Fig. 2.5 A) shielded calcite and 

other minerals from further contact with reactants. Such shielding of carbonate surfaces from 

further reactions has been described more frequently in the form of iron oxide and gypsum 

coatings and was designated as armoring or passivation (Booth et al., 1997; Hammarstrom et 

al., 2003; Soler et al., 2008; Wilkins et al., 2001). Presumably, the armoring led to the limitation 

of the area affected by oxygen, resulting in a relatively sharp transition to the original rock 

matrix from a certain distance to the crack (Fig. 2.5 A).  

 

 

Figure 2.6: Reconstruction of the backscatter electron image of sample 3 ROMP (Fig. 2.5 A). Strontium-
rich, oxygenated water entered the original matrix with calcite and Mo containing sulfurized organic 
matter through a crack (left). The oxygen led to the oxidation of Mo containing sulfurized organic matter, 
releasing sulfate (SO42-) and molybdate (MoO42-). Sulfate reacted with strontium (Sr2+) to form celestine 
(SrSO4) (middle). This was followed by the formation of powellite (CaMoO4) with molybdate and calcium 
(Ca2+) (right). Calcium was presumably released from the carbonate matrix (left). 

 

 Adelson et al. (2001) questioned whether organically bound Mo remains 

immobilized during diagenesis, while Tribovillard et al. (2004) suggested that diagenesis does 

not remobilize organically bound Mo. However, this study indicated changes in the distribution 

of Mo during diagenesis of the APF. The source of oxygen that forced the processes remains 

unclear, but sea level changes during the cyclic formation of the APF (e.g., Ward et al., 2003) 

may have led to the return of oxygenated water to areas with previously restricted seawater 

circulation. Hence our results show that, besides reconstruction strategies based on the 

enrichment of Mo (e.g., Wirth et al., 2013), the co-occurrence of the minerals powellite and 

celestine may serve as an indicator for intermittent oxic conditions during diagenesis.  
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2.6 Conclusions 

 This study provided new information about the mineralogical association of Mo in a 

carbonate aquifer matrix. Powellite was found to be the main Mo phase in the samples 3 ROMP 

and 4 ROMP and occurred in close association with celestine. Its late formation, even after 

celestine, excluded powellite from being the primary source of Mo. Excluding pyrite as a host 

of Mo due to its abundance and Mo content, sulfurized organic matter was identified as the 

main Mo source. Based on a close association of powellite, celestine and sulfurized organic 

matter, temporary oxic conditions must have occurred during diagenesis. Presumably, the 

entry of oxygenated water through cracks and fissures in the rocks led to the oxidation of 

sulfurized organic matter and the formation of celestine and powellite. Hence, the co-

occurrence of celestine and powellite served as an indicator for intermittent oxic conditions 

during diagenesis of the APF. Oxygen led to the redistribution of Mo from its main source in 

sulfurized organic matter to the mineral powellite. This observation should aid future studies of 

molybdenum-bearing carbonate aquifers to investigate possible redox changes during 

diagenesis. 
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Abstract 

 The injection of oxygenated water into anoxic aquifers during managed aquifer 

recharge (MAR) can cause the mobilization of metal(loid)s. Here, we study the processes 

controlling MAR-induced molybdenum (Mo) release in dolomitic aquifers. Sequential chemical 

extractions and energy-dispersive X-ray spectroscopy combined with scanning electron 

microscopy point to an association of Mo with easily soluble sulfurized organic matter present 

in intercrystalline spaces of dolomites or directly incorporated within dolomite crystals. The 

easily soluble character was confirmed by a batch experiment that demonstrated the rapid 

mobilization of Mo, dissolved organic carbon and sulfur. The type and time of batch solution 

contact with the sulfurized organic matter impacted the release of Mo, as demonstrated by a 

36 % increase in Mo concentrations when shaking was intensified. Based on the experimental 

results, a conceptual model for the release of Mo was formulated, where (i) the injection of 

oxygenated water causes the oxidation of pyrite in the aquifer matrix and (ii) the associated 

release of protons (H+) induces the dissolution of dolomite as a buffering reaction, which (iii) 

enhances the accessibility of the injectant to intercrystalline and incorporated sulfurized 

organic matter within dolomite, causing the release of Mo.  

 

Keywords 

molybdenum, dolomite, sulfurized organic matter, aquifer storage and recovery 



 

 
 

3. Molybdenum release triggered by dolomite dissolution: experimental 
evidence and conceptual model 36 

   

Synopsis 
Little is known about the processes for releasing molybdenum as a contaminant in carbonate 

aquifers. This study fills this gap to improve the risk assessment. 

 

Graphical abstract 
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3.1 Introduction 

 The mobilization of metals and metalloids in groundwater environments due to 

anthropogenic disturbances of naturally prevailing aquifer conditions is a common occurrence 

(Antoniou et al., 2012; Harte et al., 2012; McNab et al., 2009; Okuhata et al., 2020; Pichler et 

al., 2017; Rathi et al., 2017; Riedel et al., 2022; Wallis and Pichler, 2018; Wallis et al., 2020; 

Wu et al., 2020). Among those, metal mobilization in conjunction with the redox shifts that 

occur during the injection of oxygenated or nitrate enriched water into anoxic aquifers during 

managed aquifer recharge (MAR) activities has been widely reported (Fakhreddine et al., 

2021). The current prediction is that at least 10 % of the world's drinking water supply will be 

provided through MAR applications in the near future (Dillon et al., 2018).  

 The release of arsenic (As) during aquifer storage and recovery (ASR) operations 

has been described for many sites in Europe (Wallis et al., 2011), North America (Mirecki et 

al., 2012) and Australia (Prommer et al., 2018; Vanderzalm et al., 2011). Similarly, MAR 

operations have been shown to cause Mo concentrations exceeding the WHO-recommended 

value for drinking water of 70 µg/L (Fischler et al., 2015; Pichler and Koopmann, 2019; WHO, 

2011), while Mo concentrations in most native freshwaters are significantly below 10 µg/L 

(Smedley and Kinniburgh, 2017). Compared to As, which is generally present in pyrite (Pichler 

et al., 2011; Price and Pichler, 2006), the primary source of Mo in sediments remains more 

controversial. Several studies described an association of Mo with iron sulfides (Bostick et al., 

2003; Helz et al., 2011; Helz and Vorlicek, 2019; Vorlicek et al., 2004). For example, Vorlicek 

et al. (2004) proposed a reaction pathway for the binding of Mo with pyrite. Bostick et al. (2003) 

observed strong adsorption of tetrathiomolybdate (MoS4
2-) on pyrite and attributed it to strong 

inner-sphere complexes that persisted even at alkaline pH ranges. Prommer et al. (2018) 

reported that the injection of highly treated excess water from coal seam gas extraction into a 

deep sandstone aquifer in Queensland (Australia) resulted in the joint release of Mo and As in 

conjunction with the oxidation of pyrite. On the other hand, Chappaz et al. (2014) found 80 to 

100 % of Mo associated with the non-pyritic matrix of euxinic muds and shales. They concluded 

that pyrite is a nontrivial sink for Mo but not the primary host phase in most euxinic shales. 

Instead, several studies observed correlations between Mo and total organic carbon (TOC) 

(Algeo and Lyons, 2006; Anbar et al., 2007; McManus et al., 2006). Parnell et al. (2015) 

observed Mo associated with organic-rich laminae in shales. Studies by Tribovillard et al. 

(2004) on Mesozoic geological formations indicated a positive correlation of sulfurized organic 

matter (OM) with Mo, and Dahl et al. (2016) proposed Mo removal in natural sulfidic waters via 

particulate OM. 
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 Data compiled by Fischler et al. (2015) indicated that 8 of 13 ASR facilities in 

Florida showed elevated Mo concentrations. Among those, exceptionally high Mo 

concentrations were reported for the ASR facility in Orange County (Florida), where the 

injection of oxygenated drinking water into an anoxic dolomite aquifer resulted in Mo 

concentrations of up to 853 µg/L (Fischler et al., 2015). Given the strategic importance of ASR 

operations for seasonally storing excess waters to enhance overall drinking water availability 

in Florida and many other parts of the world, it is essential to develop a process-based 

understanding of the factors controlling elevated Mo concentrations. This understanding is 

critical for determining the long-term risks and underpinning the development and application 

of effective, engineered mitigation strategies, such as modifying the injectant treatment 

process (Schafer et al., 2021). A model-based analysis of field data in Lithia (Florida) 

suggested that the mineralization of OM by oxygen could be the governing process for the 

release of Mo in the Floridan Aquifer System (Wallis and Pichler, 2018). However, studies by 

Pichler and Mozaffari (2015) that investigated the carbonates of the Floridan Aquifer System 

showed the extraction of more than 70 % Mo by sodium acetate at a pH of 8.1. They concluded 

that Mo might be weakly bound to mineral surfaces and OM (Pichler and Mozaffari, 2015). The 

latter could imply that besides oxidation processes, perturbations of the ambient groundwater 

pH play an essential role in the release of Mo in the Floridan Aquifer System. However, to date, 

no rigorous investigation of the rapid solubilization of Mo has been undertaken to support this 

hypothesis. 

 The objective of this study was, therefore, to determine the source of Mo and its 

influencing factors based on more detailed geochemical investigations and to formulate a 

conceptual model for its release from the aquifer matrix during ASR operations and for similar 

geochemical settings at other sites. The Orange County (Florida) ASR facility was selected for 

our investigations (i) based on the elevated Mo concentrations and (ii) the extensive long-term 

dataset documenting hydrochemical patterns, including Mo release, over several ASR cycles.  

 

3.2 Material and methods 

3.2.1 Study site  

 Our study site, an aquifer targeted by the Orange County ASR operations, is 

located in east-central Florida as part of the St. Johns River Water Management District 

(SJRWMD). It includes one ASR well for injection and two monitoring wells at a distance of 

30.5 and 152.4 m from the injection well (BFA, 2011). The storage zone extends between a 

depth of 318.5 and 362.7 m, therefore coinciding with the Eocene Avon Park Formation of the 

Lower Floridan Aquifer in the Floridan Aquifer System (BFA, 2011; Miller, 1986; Upchurch et 
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al., 2019). This formation was deposited under cyclic shallow open marine to tidal-flat 

conditions with sometimes restricted seawater circulation and arid climate (Randazzo and 

Saroop, 1976; Tihansky, 2005; Ward et al., 2003). In Orange County, the formation is 

dominated by dolomite and dolomitic wackestones that consist of dolomite, calcite, trace 

amounts of clay, natural OM and pyrite in the form of framboids and euhedral crystals (Arthur 

et al., 2008a; BFA, 2011). The dolomitization took place during the middle Eocene by normal 

to hypersaline seawater (Cander, 1991; Cander, 1994). Gilboy (1985) described the 

occurrence of salt marsh and swamp deposits of peat and carbonaceous material in the Avon 

Park Formation. Sediment samples were collected from core W-18722 at the Core and 

Cuttings Repository of the Florida Geological Survey in Tallahassee (Florida). This core was 

obtained during the drilling of the monitoring well at a distance of 152.4 m from the injection 

well. Three samples (43 OC, 55 OC, 63 OC) were selected for this study. The selection 

targeted samples showed concentrations of Mo above 150 mg/kg. While samples 43 OC 

(depth: 338.3 m) and 55 OC (depth: 354.6 m) were collected directly from the storage zone, 

sample 63 OC (depth: 365.9 m) was located below the storage zone.  

 

3.2.2 Mineralogical characterization 

 Samples 43 OC and 55 OC were freeze-dried and prepared for X-ray diffraction 

(XRD) analyses, according to Vogt (2009). The samples were measured from 3 to 85° 2θ with 

a step size of 0.017° 2θ and a step time of 100 s on a Philips X'Pert Pro MD X-ray diffractometer 

with a Cu tube (Kα, λ 1.541). Polished thin sections of the samples 43 OC, 55 OC and 63 OC 

were examined using an optical microscope. Individual mineral phases and OM were analyzed 

in thin sections selected from samples 55 OC and 63 OC using a Zeiss field emission scanning 

electron microscope Supra 40 with a Bruker energy-dispersive X-ray spectroscopy (EDX) 

detector. The compositions of powellite and pyrite crystals in thin sections from samples 43 OC 

and 55 OC were measured with a CAMECA SX100 Electron Probe Microanalyzer. 

 

3.2.3 Sequential extractions 

 The distribution of Mo in samples 43 OC and 55 OC was investigated using two 

sequential extraction procedures for carbonate samples, which were based on Scheplitz et al. 

(2021). In the first procedure (Tab. 3.1), the amount of powdered sediment was doubled to 

0.5 g, and equally, the reagents were doubled compared to the original method. Furthermore, 

one H2O rinse was applied after each step and the wash solutions were added to the extract. 

The second procedure was further modified to ascertain the complete dissolution of dolomite. 

Therefore, step 2 of the sequential extraction procedure (Tab. 3.1) was repeated 5 times before 

washing. This was deemed necessary because the procedure of Scheplitz et al. (2021) was 
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optimized for calcitic and aragonitic but not for dolomitic matrices. Triplicates of each sample 

were analyzed together with three procedural blanks. The concentration sums of each step 

were compared to the total concentrations determined by aqua regia digests that were carried 

out using an additional 0.5 g of each sample. 

 To investigate the influence of oxygen on the release of Mo, extraction step 1 (Tab. 

3.1) was repeated once again under oxic and anoxic conditions. To reach anoxic conditions, 

the reactant was degassed with argon for 30 min and the preparation for the extraction was 

done in a nitrogen-filled glovebox.  

 

Table 3.1: Sequential extraction procedure for carbonate samples, based on Scheplitz et al. (2021). 

step phase reagent reagent information procedure 

1 adsorbed/exchangeable 10 mL 1.0 M NH4CH3COO 

(pH 8.2) 

reagent grade (Fisher Chemical, USA) 2 h leach, 5 mL H2O 

rinse 

2 carbonates 40 mL 1.0 M NH4CH3COO 

(pH 5.0) 

reagent grade (Fisher Chemical, USA) 2 h leach, 5 mL H2O 

rinse 

3 hydrous iron oxides 10 mL 0.25 M NH2OH∙HCl* 

in 0.25 M HCl**  
*ReagentPlus grade (Sigma-Aldrich, Germany) 

**purified by sub-boiling from analytical grade 

acids (Merck, Germany) 

2 h bath at 60 °C, 

5 mL H2O rinse 

4 crystalline iron oxides 15 mL 1.0 M NH2OH∙HCl* in 

25 % CH3COOH**  

*ReagentPlus grade (Sigma-Aldrich, Germany) 

**trace metal grade (Fisher Chemical, USA) 

3 h bath at 90 °C, 

5 mL H2O rinse 

5 sulfides/organic material 10 mL aqua regia  7.5 mL HCl, 2.5 mL HNO3; purified by sub-boiling 

from analytical grade acids (Merck, Germany) 

~ 12 h bath (2 h at 

120 °C) 

 

 The easily soluble phase of Mo in extraction step 1 was further investigated for its 

dependence on pH and the presence of nanoparticles. This experiment was performed only 

with sample 55 OC because insufficient sediment material was available for sample 43 OC. 

To ascertain that the method was as close as possible to that applied by Pichler and Mozaffari 

(2015), the extraction was performed with 1 g sediment and 20 mL 1.0 M sodium acetate 

(NaCH3COO, ACS, reag. Ph Eur, Merck, Germany). Therefore, the influence of different 

reagents could also be tested. The effect of pH was assessed by adjusting the sodium acetate 

solution to pH 8.2, 7.5 and 7.0. One blank per pH value was included. The extracts were filtered 

with 0.2 and 0.015 µm membranes to check for the presence of nanoparticles. After each 

extraction, the remaining sample material was analyzed for total carbon (TC), TOC and total 

sulfur (TS) with a Leco CS 744 instrument. The inorganic carbon was removed with 12.5 % HCl 

to determine TOC. The contents of TC, TOC and TS were also determined on a fresh sediment 

sample. 
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 All extracts were analyzed for Mo, Ca, Mg, Fe, As, S and Sr using a PerkinElmer 

Optima 7300 DV inductively coupled plasma-optical emission spectrometer (ICP-OES). The 

calibration standards were matrix-matched for each extraction step following Scheplitz et al. 

(2021). An artificial multi-element standard indicated an error of precision below 10 % for all 

analytes. Triplicates generally deviated by less than 10 %. The average of the triplicates was 

used in the data interpretation.  

 

3.2.4 Batch experiment 

 The injection of oxygenated water into the aquifer was mimicked by a batch 

experiment with sediment material from sample 63 OC. Drinking water devoid of Mo and known 

concentrations of Ca, Mg, Na, K, HCO3
-, SO4

2- and Cl was selected for the experiment based 

on its similarity with the injection water employed at the ASR facility. Both waters were 

classified as "magnesium bicarbonate" type. The drinking water was equilibrated with 

atmospheric oxygen for 3 days and adjusted to pH 8.0, with the same pH as the injection water 

(FDEP, 2015), before a sample was taken to define the initial water composition.  

 A total of 14 batch vessels were filled with 1.5 g of freeze-dried, powdered sediment 

material and 15 mL of drinking water. Two vessels were filled only with drinking water for 

procedural control. Half of the samples were constantly shaken at 3 rounds per minute (rpm) 

in an overhead shaker. The other half was intermittently shaken by hand every 30 min for the 

first 5 h and then every 24 h, to ascertain the influence of surface contact between drinking 

water and sediments. Samples were taken after 30 min, 1 h, 2 h, 5 h, 24 h, 3 days and 7 days. 

The drinking water for procedural control was sampled after 24 h and after 7 days. The samples 

were measured for pH, dissolved oxygen (DO), electrical conductivity (γ) and temperature (T) 

with a Multi 3430 digital meter (WTW), centrifuged at 3000 rpm for 5 min, decanted and 

subsequently filtered with a 0.45 µm filter for further analyses. 

 Concentrations of Mo, Ca, Mg, Fe, As, S and Sr were measured by ICP-OES. The 

measurement was performed with a 2 % HNO3 matrix and a dilution of 1:3. The precision was 

checked with an artificial standard and showed errors below 3 % for all analytes. The accuracy 

for Mg, Ca and S was further checked with an internal standard and errors were below 4 %. 

Acid blanks showed no contamination during the analyses. The sulfate concentration was 

determined by ion chromatography (IC) using a Metrohm 883 Basic IC plus. The accuracy and 

precision of the measurement were checked with an internal standard and had errors below 

10 %. The concentration of bicarbonate (HCO3
-) was determined using the flow-injection 

method described by Hall and Aller (1992) and Lustwerk and Burdige (1995). The sample was 

injected into a carrier stream with 30 mM HCl, which that converted all inorganic carbon to 



 

 
 

3. Molybdenum release triggered by dolomite dissolution: experimental 
evidence and conceptual model 42 

   

carbon dioxide (CO2). Employing an exchange cell with a Teflon membrane, the CO2 finally 

entered the receiver stream with 5 mM NaOH, thereby converting it to carbonate ions. 

Quantification was performed by measuring the conductivity in comparison to prepared 

standards. The analysis of dissolved organic carbon (DOC) in the water samples, here 

operationally defined as the organic fraction smaller than 0.45 µm (Thurman, 1985), was 

performed using a Shimadzu TOC analyzer TOC-V CPN (Shimadzu Corporation). The 

accuracy and precision of the measurements were checked with a certified Total Organic 

Carbon Standard 50.0 mg/L (Aqua Solutions) and had errors ≤ 6 %. 

 

3.3 Results 

3.3.1 Characterization of the rock matrix 

 The XRD measurements identified dolomite as the dominant mineral in samples 

43 OC and 55 OC (Fig. C2.1 and C2.2, SI), with semiquantitative concentrations determined 

at 98 % and 96 %, respectively. Organic matter was heterogeneously distributed within the 

dolomite matrix (Fig. 3.1 A). Some larger OM inclusions were observed (Fig. 3.1 B), which 

contained up to 7 wt% sulfur (Tab. C2.1, SI).  

 

 

Figure 3.1: Backscatter images of the samples 55 OC and 63 OC. (A) Transition from dolomite to a 
mixture of dolomite and OM. (B) OM inclusion in the dolomite matrix. (C) Pyrite framboids. (D) Powellite 
next to OM. 

 

 Pyrite mainly occurred as framboids in small gaps of the dolomite (Fig. 3.1 C). The 

framboids were often smaller than 5 µm, which limited the electron probe microanalyses to 

larger pyrite crystals (Tab. C2.2, SI). The average concentrations are listed in Table 3.2. 

Arsenic made up the largest fraction among the minor components of pyrite, with average 

concentrations of 550 and 2518 mg/kg in samples 55 OC and 43 OC, respectively (Tab. 3.2) 

and a maximum concentration of 5130 mg/kg (Tab. C2.2, SI). While the Mo concentration was 
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below the detection limit of 16 mg/kg in almost all pyrite measurements, a maximum 

concentration of 110 mg/kg was measured in sample 43 OC (Tab. C2.2, SI). Powellite 

(CaMoO4) was identified by optical microscopy combined with EDX and occurred occasionally 

between dolomite crystals and sometimes next to OM (Fig. 3.1 D). The presence of powellite 

was corroborated by its unequivocal identification by XRD in similar samples from the Avon 

Park Formation (Koopmann and Pichler, 2022). Electron probe microanalyses indicated, 

among others, As, Fe and S as minor components (Tab. 3.2) with maximum concentrations of 

17780, 8890 and 37370 mg/kg, respectively (Tab. C2.3, SI). 

 

Table 3.2: Average concentrations or single measurements for pyrite and powellite in the samples 
55 OC and 43 OC.a 

pyrite Fe S As Mo Mn Co Ni  Cu Zn Ag Sb total 

  [wt%] [wt%] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [wt%] 

55 OC (n = 1) 45 52 550 <dl <dl <dl <dl <dl <dl <dl <dl 97 

43 OC (n = 4) 44 51 2518 110 410 <dl <dl <dl <dl <dl <dl 95 
             

powellite Ca Mo O As Fe S Mg Mn total    

  [wt%] [wt%] [wt%] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [wt%]    

55 OC (n = 7) 15 30 27 7798 2911 33199 9389 <dl 77    
43 OC (n = 4) 19 35 28 1075 1755 13073 17578 <dl 85    

aThe abbreviation “n” describes the number of measurements. The concentrations of Mo and Mn in 
pyrites of sample 43 OC correspond to the maximum concentration, because all other measurements 
were below the detection limit. The individual measurements, detection limits and standard deviations 
are listed in the SI (Tab. S2 and S3). 

 

3.3.2 Sequential extractions 

 The concentrations measured after the sequential extractions are shown in Figure 

3.2. The sums of concentrations from the extraction steps were in good agreement with those 

obtained by aqua regia digests, with deviations being generally below 10 %, except for S and 

Fe (Tab. C2.4 and C2.5, SI). The distribution of the analytes was similar for samples 43 OC 

and 55 OC (Fig. 3.2). During extraction step 1, more than 50 % of the originally sediment-

bound Mo and more than 40 % of the As were dissolved, together with 30 to 50 % of the 

sediment-bound sulfur. Ca, Mg and Sr were more or less completely dissolved when extraction 

step 2 was repeated 5 times (Fig. 3.2 A). In the cases where extraction step 2 was executed 

only once, Ca, Mg and Sr were still present in steps 3 and 4 (Fig. 3.2 B). Similarly, the 

dissolution of Mo, S and As was also shifted to extraction steps 3 and 4 (Fig. 3.2 B). In contrast, 

when extraction step 2 was repeated 5 times, Mo and As were already mostly dissolved after 

steps 1 and 2, from both samples (Fig. 3.2 A). Iron was mainly extracted in steps 3 and 5, while 
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S was extracted together with Mo and As in steps 1 and 2 and together with Fe in step 5 (Fig. 

3.2 A).  

 

 

Figure 3.2: Portions of Ca, Mg, Sr, Mo, As, S and Fe in steps 1 to 5 relative to the sum of all steps 
during the sequential extraction with the 5 times (A) and 1 time (B) execution of extraction step 2. 

 

 The results for extraction step 1 for different combinations of redox conditions, pH 

values, solvents and filter sizes are listed in Table C2.6 (SI). The extraction with sodium acetate 

at a pH of 7.0 and 7.5 resulted in 0.3 % less TC in the sediment residues than the extraction 

at pH 8.2. Both TOC and TS concentrations showed no significant differences between the pH 

values. The concentrations of Mo (Fig. 3.3) differed by less than 10 % compared to the 

conditions during the sequential extractions (oxic, NH4 acetate, pH 8.2, 0.45 µm). Similar 

results were observed for S with a maximum deviation of 4 % (Fig. 3.3).  
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Figure 3.3: Concentrations of S and Mo under different redox conditions, pH values, solvents and filter 
sizes determined in the repeated extraction step 1. The numbers above the columns indicate the relative 
standard deviation to the conditions during the initial sequential extractions (oxic, NH4 acetate, pH 8.2, 
0.45 µm filter size). 

 

3.3.3 Batch experiment 

 During the first 30 min of the batch experiment, the pH increased to 8.6 for both 

shaking procedures and decreased after 24 h, together with DO (Tab. C2.7, SI). Once the 

measured pH reached 8.2, there was a slight increase in both Ca and Mg concentrations. The 

Mo, DOC and S concentrations showed a similar release pattern during the first 24 h for both 

evaluated shaking procedures (Fig. 3.4 A). The highest release occurred for all of them during 

the first 30 min and the concentrations of released Mo were indeed linearly correlated with the 

concentrations of the released DOC and S, respectively (Fig. 3.4 B). The results obtained for 

samples that were intermittently hand-shaken showed up to 36 % lower Mo concentrations 

compared to the samples that were constantly shaken at 3 rpm (Tab. C2.7, SI).  
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Figure 3.4: (A) Concentration of dissolved organic carbon (DOC), sulfur (S) and molybdenum (Mo) 
during the first 24 h of the batch experiment when intermittently hand-shaken and constantly shaken at 
3 rpm. (B) Linear correlation of Mo with DOC and S in intermittently and constantly shaken samples 
during the first 24 h. 

 

3.4 Discussion 

3.4.1 Roles of iron sulfides, powellite and OM 

 Several previous studies suggested an association of Mo with iron sulfides (Bostick 

et al., 2003; Helz et al., 2011; Helz and Vorlicek, 2019; Vorlicek et al., 2004). However, Mo 

was not detected in step 5 of our sequential extractions, which was specifically designed to 

target sulfides (Fig. 3.2 A). The chemical composition of individual pyrite crystals indicated a 

maximum of 110 mg/kg Mo in sample 43 OC (Tab. C2.2, SI). Even if all the Fe extracted by 

the aqua regia digestion of sample 43 OC was exclusively associated with pyrite, a maximum 

of 19 µg/kg of the total 320 mg/kg Mo could have been released from pyrite (Tab. C2.4, SI). 

Instead, the results were more consistent with those obtained by Chappaz et al. (2014) for 

euxinic muds and shales, which also showed a low association of Mo (0 to 20 %) with pyrite. 
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Similarly, Tribovillard et al. (2004) did not find a significant Mo association with the abundance 

of pyrite for their Mesozoic formations but showed a correlation of Mo with sulfurized organic 

matter instead. The occurrence of powellite in the Avon Park Formation (Fig. 3.1 D; Tab. 3.2) 

was confirmed by XRD results provided by Koopmann and Pichler (2022). The mineral was 

discarded as a relevant source of dissolved Mo, because powellite was observed to dissolve 

in step 3 of the applied extraction procedure (Mozaffari, 2016), while no Mo was detected in 

that step during the sequential extractions (Fig. 3.2 A). The formation of powellite was assumed 

to be the result of intermittent oxic conditions during the diagenesis of the Avon Park Formation 

(Koopmann and Pichler, 2022). The release of Mo due to the oxidation of Mo-containing 

sulfurized OM was thought to cause the supersaturation of powellite (Koopmann and Pichler, 

2022). This was also observed and modeled for the occurrence of powellite in the Suwannee 

Limestone and Hawthorn Group of the Upper Floridan Aquifer (Pichler and Mozaffari, 2015). 

 The up to 7-times higher amount of S than Fe in extraction step 5 observed during 

the sequential extraction of sample 55 OC (Tab. C2.4, SI) and the measurement of up to 7 wt% 

S in the OM (Tab. C2.1, SI) pointed to the presence of sulfurized OM in the Orange County 

samples. Sulfurized OM probably formed during intermittently restricted seawater circulation 

(Tihansky, 2005; Ward et al., 2003) under anoxic to euxinic conditions with an increased supply 

of OM and reduced sulfur (Koopmann and Pichler, 2022; Sinninghe Damsté and de Leeuw, 

1990; Sinninghe Damsté et al., 1989; Werne et al., 2004). The release of 30 to 50 % S from 

samples 43 OC and 55 OC during extraction step 1 (Fig. 3.2 A, B), together with the observed 

co-dissolution of DOC and S during the batch experiment (Fig. 3.4 A), indicated the presence 

of highly soluble sulfurized OM within the aquifer matrix.  

 The occurrence of thin peat layers in the Avon Park Formation (Gilboy, 1985) 

points to the presence of humic substances in the samples. Humic substances, which typically 

constitute a significant fraction of OM in soils and sediments, can be operationally divided into 

fulvic acids, humic acids and humins, depending on their solubility (Aiken et al., 1985; Gaffney 

et al., 1996; Schnitzer, 1978). While sequential extractions separate phases based on their 

operational binding (Filgueiras et al., 2002), we hypothesize that our sequential extraction 

procedure similarly has separated the different types of humic substances. Fulvic acids, which 

are water-soluble at all pH values, and humic acids, which are water-insoluble at pH < 2 but 

soluble at high pH, were probably dissolved by extraction step 1, while humins, which are 

water-insoluble at all pH values, were likely dissolved in later steps (Aiken et al., 1985; Gaffney 

et al., 1996; Schnitzer, 1978). Thus, the water solubility of sulfurized OM under alkaline 

conditions in step 1 of the sequential extraction and during the batch experiment probably 

suggests the dissolution of humic and fulvic acids, which often represent a large fraction of the 
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OM in marine sediments (Nissenbaum and Kaplan, 1972). Incorporation of S into humic 

substances has previously been described for salt marsh sediments (Ferdelman et al., 1991), 

which also occur in the Avon Park Formation (Gilboy, 1985), estuarine sediments (Brüchert 

and Pratt, 1996) and marine sediments from the Jervis Inlet on the coast of British Columbia 

(Francois, 1987). The linear correlation of DOC and S with Mo observed during the first 24 h 

of the batch experiment (Fig. 3.4 B) and the release of more than 50 % Mo with S in extraction 

step 1 (Fig. 3.2 A, B) point to a joint release of Mo with sulfurized OM. Experiments by Helz et 

al. (1996) showed that sulfurization of humic acids makes them effective Mo scavengers, and 

Gustafsson and Tiberg (2015) described Mo binding by Suwannee River fulvic acid. 

Consequently, both operational groups of organic matter could be associated with the release 

of Mo in extraction step 1 and during the batch experiment.  

 

3.4.2 Controlling factors for the release of Mo 

 Similar results at different filter sizes during step 1 of sequential extraction indicated 

that Mo is not linked to nanoparticles > 0.015 µm (Fig. 3.3). However, studies on Suwannee 

River fulvic and humic acid showed organic components with hydrodynamic diameters below 

15 nm (Baalousha et al., 2006; Balnois et al., 1999; Lead et al., 2000a; Lead et al., 2000b). 

Because mechanisms linking Mo to OM are still debated, mainly due to the complexity of OM 

(Algeo and Lyons, 2006; Hlohowskyj et al., 2021), further investigations will be necessary to 

elucidate how the release and association of Mo and sulfurized OM operate at the molecular 

level. 

 Extraction step 1 with sodium acetate at different pH values led to a decrease of 

0.6 to 0.9 % TC in the remaining sample material compared to the initial value of the untreated 

sediment (Tab. 3.3). According to the concentrations of Ca and Mg in the extracts (Tab. C2.6, 

SI), only 0.1 to 0.2 % of the decrease in TC can be assigned to dolomite dissolution during the 

extraction. Thus, the remaining portion was likely related to the dissolution of TOC during the 

extraction. However, no significant differences in TOC were observed in the remaining sample 

material (Tab. 3.3). Froelich (1980) emphasized that acidification of carbonate-rich sediments 

can lead to a loss of organic carbon. According to the operational definition of fulvic acids and 

humic acids (see above), treatment with 12.5 % HCl before TOC analysis could have resulted 

in the dissolution of fulvic acids, whereas humic acids should have remained in the sediment. 

Consequently, the solution of humic acids during the extraction should have led to a decrease 

in TOC, while the solution of fulvic acids would not have been recognizable from the TOC 

value. Thus, the constant value of TOC after the extraction could be an indication of the 

dissolution of fulvic acids with Mo during the extraction. This was also supported by the 
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observation that the different pH values during the extractions with sodium acetate did not 

significantly affect the release of S and Mo (Fig. 3.3). While the dissolution of humic acids 

requires high pH values, fulvic acids are water-soluble at all pH values (Aiken et al., 1985; 

Gaffney et al., 1996; Schnitzer, 1978). Consequently, a release of humic acids together with 

Mo in extraction step 1 would have been inhibited at pH 7.0.  

 

Table 3.3: Concentrations of TC, TOC and TS of sample 55 OC after extraction step 1 with sodium 
acetate and different pH values compared to initial values of the untreated sediment. 

 pH 8.2 pH 7.5 pH 7.0 initial 

TC [%] 13.4 13.1 13.1 14.0 

TOC [%] 0.9 0.8 0.8 0.9 

TS [%] 0.1 0.1 0.1 0.2 

 

 The dissolution of Mo, S and DOC during the batch experiment occurred rapidly, 

with the highest increase during the first 30 min (Fig. 3.4 A). While no oxygen depletion was 

observed during the first 5 h for both the intermittently and constantly shaken samples, except 

for the hand-shaken sample after 30 min, an increase of up to 6.1 mg/L Mo was observed 

(Tab. C2.7, SI). Together with a maximum deviation of 7 % for extraction step 1 under oxic 

and anoxic conditions (Fig. 3.3), the oxidation of sulfurized OM was unlikely to be the principal 

process for the release of Mo. This was consistent with observations during leaching 

experiments of Arthur et al. (2008a) that also showed no response of Mo to changing 

concentrations of DO. Although Pichler and Mozaffari (2015) concluded the oxidation of OM 

as a possible process for the release of Mo, the proposed dissolution of Mo in conjunction with 

sulfurized OM seemed to be independent of that process for our studied sediments from 

Orange County. The different solvents also had no effect on the dissolution of Mo (Fig. 3.3), 

which was consistent with observations of Scheplitz et al. (2021) during the sequential 

extraction of carbonate samples. However, constantly shaking the samples at a speed of 3 rpm 

during the batch experiment resulted in up to 36 % higher Mo concentrations compared to the 

samples that were intermittently shaken by hand (Tab. C2.7, SI), suggesting that the character 

and increased exposure time of the sulfurized OM surface to the drinking water had an impact 

on the dissolution of Mo.  

 

3.4.3 Role of dolomite 

 Ingalls et al. (2004) described the preservation of organic material in intercrystalline 

spaces between mineral crystals of shallow-water carbonate sediments. This shields OM from 

any rapid dissolution until the surrounding crystalline matrix is dissolved. The process of 
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carbonate dissolution as a source of dissolved OM has been described by Zeller et al. (2020) 

for a seagrass meadow in southern Florida. For our samples, the location of OM as inclusions 

in the dolomite matrix (Fig. 3.1 A, B) may have had a protective effect by partially preventing 

the contact between water and sulfurized OM. Destruction of the initial rock matrix by dolomite 

dissolution in the aquifer or by grinding the samples for the experiments probably increased 

the accessibility of the intercrystalline sulfurized OM with Mo.  

 Besides its presence in intercrystalline spaces, OM can also be incorporated into 

the crystal structure of carbonates (Chalmin et al., 2013; Ingalls et al., 2004; Ingalls et al., 2003; 

Pearson et al., 2020). The possible association of the release of sulfurized OM and Mo together 

with dolomite dissolution became evident when extraction step 2 was repeated 5 times, which 

caused up to 30 % S and 50 % Mo to be dissolved (Fig. 3.2 A). If extraction step 2 was not 

repeated, the dissolution of dolomite shifted to extraction steps 3 and 4 (Fig. 3.2 B), and the 

same shift was observed for Mo and S (Fig. 3.2 B). Thus, in Orange County, the dissolution of 

dolomite seemed to affect both intercrystalline and incorporated OM and probably led to the 

joint release of sulfurized OM with Mo.  

 

3.4.4 Conceptual model 

 Overall, our experimental results indicated that the joint release of Mo and 

sulfurized OM was likely caused by dolomite dissolution during ASR at the Orange County 

facility. This was further supported by the linear correlation of TOC with Mg and Ca (Fig. 3.5) 

that occurred in parallel with an increase of 193 µg/L Mo during a storage phase of the ASR 

operations (FDEP, 2015). The field-observed decrease of oxygen and the pH decline from 7.7 

to 7.4 (FDEP, 2015) were consistent with the data collected in our batch experiment, where a 

decrease in oxygen and pH occurred after 24 h (Tab. C2.7, SI). 

 

 

Figure 3.5: Linear correlation of TOC and Mg (left) and TOC and Ca (right) between 387 and 415 days 
since the start of the ASR operation. Data from FDEP (2015). 

 

 The observation of pyrite framboids in sediment samples from Orange County by 

Arthur et al. (2008a), which was confirmed in this study (Fig. 3.1 C), suggests that pyrite 
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oxidation and the associated release of acidity (Fig. 3.6 A) most likely caused a dissolution of 

dolomite (Fig. 3.6 B). This is consistent with earlier studies (Herczeg et al., 2004) that found 

the oxidation of sulfide minerals, and the subsequently induced carbonate dissolution, 

impacted groundwater quality during ASR operations in karstic carbonate aquifers. In our 

study, the dissolution of dolomite likely resulted in an increased exposure of the injectant to 

intercrystalline and incorporated sulfurized OM, thus triggering the release of Mo (Fig. 3.6 B). 

Several studies assumed that sulfurized OM in the sedimentary record is well preserved under 

anoxic conditions (Abubakar et al., 2022; Kok et al., 2000; Raven et al., 2018). However, the 

results of this study indicate that oxygen introduced due to MAR can trigger the dissolution of 

sulfurized OM and the release of Mo. Oxidation of OM was suggested to cause elevated Mo 

concentrations in groundwater in Central Florida (Pichler et al., 2017; Wallis and Pichler, 2018). 

While the results suggest the initial release mechanism for Mo, the mobility could be further 

influenced by subsequent processes, which can and will be tested in a broader data analysis 

via reactive transport modeling. One possible process that needs to be investigated is the 

adsorption of the released Mo onto iron oxides like ferrihydrite (Gustafsson, 2003), which are 

formed during the oxidation of pyrite (Caldeira et al., 2003).  

 

 

Figure 3.6: Conceptual model for the release of Mo in Orange County. Pyrite oxidation led to a decrease 
in oxygen and pH (A). The reduction in pH was followed by the dissolution of dolomite and the release 
of intercrystalline and incorporated sulfurized OM and Mo (B). 

 

3.5 Implications 

 Carbonate aquifers provide approximately 20 to 25 % of the world's water supply 

(Ford and Williams, 2007; Goldscheider et al., 2020) and their often karstic nature can lead to 

rapid transport of dissolved contaminants over long distances (Katz, 2004; McMahon et al., 

2008). Disturbance of naturally stable geochemical conditions can lead to the release of Mo 

and increase the risk for groundwater quality deterioration, as observed in Florida. Because 

Mo is particularly enriched in marine sediments under euxinic conditions (Smedley and 
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Kinniburgh, 2017), a release from carbonates is also conceivable at other locations worldwide. 

Romaniello et al. (2016), for example, reported elevated Mo concentrations in organic-rich 

carbonate mud from the Bahamas carbonate platform. Molybdenum concentrations of up to 

34.7 mg/kg were observed in bituminous limestones from North Jordan, resulting in Mo 

concentrations of up to 650 µg/L in groundwater (Al Kuisi et al., 2015). The fact that Florida is 

one of the most prominent examples is likely because, in contrast to many other locations, Mo 

analysis was part of the monitoring program during ASR operation (Pichler and Koopmann, 

2019). Indeed, other than in paleo proxy studies, Mo is rarely measured in sedimentary rocks, 

at least partially due to the current lack of regulations for its monitoring and reporting (Pichler 

and Koopmann, 2019; Smedley and Kinniburgh, 2017). 

 Climate change and groundwater overuse can induce decreasing groundwater 

levels, as already observed for many aquifers worldwide (Gleeson et al., 2012; Wada et al., 

2010). These hydrological changes can lead to similar shifts of the redox conditions and thus 

cause an extensive Mo release. Thus, processes that lead to the release of Mo need to be well 

understood. 

 The results of our study indicate that not only the oxidation of OM or pyrite but also 

the dissolution of carbonates could trigger Mo mobilization (Pichler and Mozaffari, 2015; Wallis 

and Pichler, 2018). This has implications for developing suitable mitigation options, such as 

using deoxygenation as a pre-treatment for the injectant (Prommer et al., 2018). Other factors 

such as maintaining the natural pH in the aquifer need to be considered. The conceptual model 

of Mo release developed in this study will be the basis for field-scale reactive transport 

modeling (i) to validate further the conceptual model and the factors affecting Mo mobility in 

carbonate aquifers after its release and (ii) to develop the ability to systematically explore 

potential mitigation strategies (Schafer et al., 2021; Sun et al., 2020).  
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Abstract 

 Compared to other metal(loid)s, the mobility of molybdenum (Mo) in groundwater 

systems has received little attention, although a high intake of Mo is known to be detrimental 

to human health. Here, we used a comprehensive hydrochemical dataset that was collected 

during a multi-cycle aquifer storage and recovery test to study the mechanisms that control the 

mobility of Mo under spatially and temporally varying hydrochemical conditions. The model-

based interpretation of the data indicated that the initial mobilization of Mo occurs as a 

sequence of reactions, in which (i) the aerobic injectant induces pyrite oxidation, (ii) the 

released acidity is partially buffered by the dissolution of dolomite that (iii) leads to the release 

of Mo with easy soluble sulfurized organic matter prevailing in intercrystalline spaces of the 

dolomite matrix or incorporated in dolomite crystals. Once released, Mo mobility was primarily 

controlled by pH-dependent surface complexation reactions to the sediments and, to a lesser 

extent, the capture by iron sulfides (FeS). In the studied system, Mo mobilization could be 

effectively mitigated by reducing or eliminating pyrite oxidation, which decreases the likelihood 

of dolomite dissolution and associated Mo release.  
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Synopsis 
This study identifies and quantifies the processes controlling the mobility of Mo in carbonate 

aquifers. 

 

Graphical abstract 
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4.1 Introduction 

 Carbonate aquifers provide approximately 20 to 25 % of the world's water supply 

(Ford and Williams, 2007; Goldscheider et al., 2020). While their often karstic nature makes 

them highly transmissive and therefore productive, this can also lead to the rapid transport of 

dissolved contaminants like nitrate (Katz, 2004; McMahon et al., 2008) or pesticides (Ekmekci, 

2005; Huang et al., 2021) over large distances. Similarly, disturbances in naturally stable 

geochemical conditions in carbonate aquifers can lead to widespread groundwater quality 

deterioration (Pichler et al., 2017; Wallis and Pichler, 2018). In shallow aquifers, such 

disturbances are typically caused by point source pollutions (Cruz et al., 2012; Nemčić-Jurec 

and Jazbec, 2017), while deeper aquifers are generally better protected. However, steep 

gradients in redox and other geochemical conditions can still be caused by the injection of 

oxidizing waters, which can react with sulfide minerals and organic matter in the aquifer matrix, 

accompanied by the release of trace metals (Fakhreddine et al., 2021). Most prominent are 

the cases where arsenic was mobilized in conjunction with pyrite oxidation during the injection 

of oxidizing solutions (Fakhreddine et al., 2020; Fakhreddine et al., 2021; Price and Pichler, 

2006; Prommer et al., 2018; Rathi et al., 2017; Wallis et al., 2010). On the other hand, 

molybdenum (Mo) has received very little attention, although a high intake of Mo is known to 

impact human health (Smedley and Kinniburgh, 2017; WHO, 2003). It may be explained by 

the sparsity of larger-scale studies that investigated the chemical fate of Mo in groundwater 

systems, which results partially from the current lack of regulations defining its monitoring and 

reporting (Pichler and Koopmann, 2019; Smedley and Kinniburgh, 2017). Nevertheless, Al 

Kuisi et al. (2015) reported up to 34.7 mg/kg Mo in bituminous limestones from northern 

Jordan, accompanied by dissolved Mo concentrations of up to 650 µg/L, thus exceeding the 

recommended upper limit of 70 µg/L Mo in drinking water by more than 9 times (WHO, 2011). 

Molybdenum concentrations of up to 28 mg/kg were also observed in organic-rich carbonate 

mud from the Bahamas carbonate platform (Romaniello et al., 2016). In the Floridan Aquifer 

System, up to 880 mg/kg and 5050 µg/L were measured in the carbonates and groundwater, 

respectively (Pichler and Mozaffari, 2015; Pichler et al., 2017). Generally, the main sources 

that are thought to control the release of Mo from sediments are (i) iron sulfides (Bostick et al., 

2003; Helz et al., 2011; Helz and Vorlicek, 2019; Vorlicek et al., 2004) and (ii) organic matter 

(Chappaz et al., 2014; Dahl et al., 2016; Koopmann and Pichler, 2022; Tribovillard et al., 2004). 

Specifically, the correlation of Mo with total organic matter content in sediments (Algeo and 

Lyons, 2006; Anbar et al., 2007; McManus et al., 2006; Tribovillard et al., 2004) is still poorly 

understood. Therefore, further investigations are needed to better understand the source of 

Mo and its controlling processes in groundwater systems whose sediments contain high 

concentrations of Mo. 
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 Process-based reactive transport modeling often plays a pivotal role in integrating 

and interpreting laboratory and field observations to identify and quantify the mechanisms 

controlling the release and mobility of trace inorganic pollutants (Prommer et al., 2019; Siade 

et al., 2021). The combination of hydrogeological and geochemical heterogeneities and 

transient groundwater flows can cause complex concentration patterns that are otherwise not 

easily discernible. In the case of Mo, while sparsely performed, numerical modeling has mainly 

focused on the sorption equilibrium between Mo and various pure mineral phases (Smedley 

and Kinniburgh, 2017). However, some studies have also considered the transport of Mo. 

Stollenwerk (1998), for example, simulated the two-dimensional transport of Mo after its 

injection in an unconfined sand and gravel aquifer. Sun and Selim (2020) developed a 

numerical model for the retention and transport behavior of Mo in two different soils.  

 Managed aquifer recharge (MAR) sites in deeper, anoxic aquifers may be 

particularly vulnerable to mobilizing trace metals, including Mo. Nevertheless, studying these 

sites offers a distinct advantage in that the induced groundwater flow rates and the injection 

and ambient groundwater compositions are much better constrained than in other field-scale 

settings. The requirements for comprehensive groundwater monitoring campaigns and 

sediment characterization to accompany MAR operations make MAR sites well suited for 

developing a fundamental understanding of the processes controlling the release and transport 

of Mo in carbonate aquifers.  

 Here, we use reactive transport modeling to integrate and interpret the data 

collected at an aquifer storage and recovery (ASR) site in Orange County (Florida), where the 

cyclic injection of oxygenated water into an anoxic dolomite aquifer of the Floridan Aquifer 

System resulted in Mo concentrations of up to 853 µg/L (Fischler et al., 2015). Laboratory-

scale experiments with sediment material from the Floridan Aquifer System indicated that Mo 

release could be closely linked to dolomite dissolution because Mo was associated with easily 

soluble sulfurized organic matter in intercrystallite spaces or incorporated in dolomite crystals 

(Koopmann et al., 2022). In this study, we explore an additional line of evidence for the release 

of Mo by performing a detailed model-based interpretation of a comprehensive data set 

collected during the ASR operations that triggered highly dynamic and spatially varying flow, 

transport and geochemical reaction patterns.  
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4.2 Materials and methods 

4.2.1 Study site 

 The Orange County ASR facility was selected for the study site due to (i) the 

observed distinctly high Mo concentrations and (ii) detailed hydrogeochemical observations 

over 7 injection, storage and recovery cycles. The site is located in east central Florida and 

belongs to the St. Johns River Water Management District (SJRWMD). The ASR target zone 

(Fig. 4.1) extends from 318.5 m to 362.7 m depth (BFA, 2011). It is dominated by dolomite and 

dolomitic wackestones of the Eocene Avon Park Formation, a part of the Lower Floridan 

Aquifer (BFA, 2011). Arthur et al. (2008a) identified dolomite, calcite, trace amounts of clay, 

natural organic matter and pyrite framboids in the aquifer matrix. Additional geochemical 

analysis of the aquifer material indicated sulfurized organic matter and powellite (Koopmann 

et al., 2022). The Orange County ASR site includes one ASR well (ASR-1) and two monitoring 

wells, LFMW-1 and LFMW-2, at a distance of 30.5 m and 152.4 m from ASR-1, respectively 

(BFA, 2011).  

 

 

Figure 4.1: Structure in the subsurface of the Orange County ASR facility. All depths are referenced 
below land surface (bls), approximately 80 feet NGVD. Depths according to BFA (2011), BFA et al. 
(2006) and BFA (2009). 

 

While the screen of ASR-1 covers the entire depth of the storage zone (Fig. 4.1), LFMW-1 and 

LFMW-2 are screened from 318.5 m to 365.8 m and from 335.3 m to 365.8 m, respectively 

(BFA, 2011). Confinement above the storage zone is provided by a 168 m thick middle semi-

confining unit between the Upper and Lower Floridan Aquifer (BFA et al., 2006). Softer and 

significantly less porous carbonates at a depth of 362.7 m provide confinement below the 

storage zone (BFA, 2009). The base of this confinement, located at approximately 375.0 m, 
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was estimated from geophysical log data (spontaneous potential, long and short normal 

resistivity) at LFMW-2, as provided by BFA et al. (2006). The ASR storage zone is 

characterized by a combination of moldic porosity and small cavities (BFA, 2009). Geophysical 

log data at the injection and monitoring wells indicated the main flow zones to be approximately 

at depths of 341.4 m, 346.3 m, 353.6 m and 357.2 m, respectively (BFA, 2009; BFA et al., 

2006). While groundwater quality is brackish at a depth of 411.5 m and the 250 mg/L isochlor 

occurs at 387.1 m, chloride concentrations in water samples of reverse air discharge during 

the construction of the injection and monitor wells indicated freshwater with gradually 

increasing mineralization with depth in the storage zone (BFA, 2009; BFA et al., 2006). A sharp 

increase in chloride concentrations over a short vertical distance confirmed the significant 

confinement below the storage zone (BFA, 2009).  

 The geochemical and hydraulic data for our study were provided by the Florida 

Department of Environmental Protection (FDEP, 2015). The flow rates and cumulative injected 

volumes are shown in Figure C3.1 (SI). Before the start of the first ASR cycle, a pre-cycle 

injection of 0.68 × 106 m³ of potable water without recovery was included to create a target 

storage volume (TSV) as a buffer zone against the native groundwater (BFA, 2011; FDEP, 

2015; Fischler et al., 2015). The injectant consisted of treated drinking water provided by 

Orange County Utilities without prior degasification or dechlorination (Fischler et al., 2015).  

 

4.2.2 Flow and non-reactive transport 

 Groundwater flow during the ASR cycles was simulated through a radial-symmetric 

numerical flow model using MODFLOW (Harbaugh et al., 2000). Confined groundwater 

conditions were assumed. To avoid boundary effects, the model domain was extended to a 

radial extend of 1000 m. The lateral discretization increased successively from 2 m near the 

injection well to 60 m for the outermost grid cell. The vertical model was discretized into 15 

layers, and ranged from a depth of 318.5 m to 375.0 m, thus including both the storage zone 

and the underlying confinement (Fig. 4.1). The measured injection and extraction rates (Fig. 

C3.1, SI) were discretized into daily time steps. Since the ASR-induced fluxes locally 

dominated the hydraulic gradients, ambient groundwater flow was deemed negligible. Based 

on earlier estimates by Arthur et al. (2008a), the horizontal hydraulic conductivity of the storage 

zone was set to 0.02 m/day, while significantly higher values were assumed for the four main 

flow zones (Tab. 4.1). During model calibration, the values of the main flow zones were 

adjusted to match the heads recorded at ASR-1 (FDEP, 2015). The horizontal hydraulic 

conductivity of the confinement at the base was set to 0.001 m/day. The vertical hydraulic 
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conductivities were calculated according to the ratio of average values for horizontal and 

vertical hydraulic conductivity reported by Arthur et al. (2008a) (Tab. 4.1).  

 

Table 4.1: Values of adjustable model parameters defining solute and reactive transport behavior. 

Flow and physical transport Initial estimate Estimated by PEST 
Longitudinal dispersivity [m] 10 - 
Effective porosity – storage zone 0.2 0.2 
Effective porosity – confining carbonates 0.01 0.01 
Horizontal hydraulic conductivity – background storage zone [m/day] 0.02 0.02 
Horizontal hydraulic conductivity – confining carbonates [m/day] 0.001 0.001 
Horizontal hydraulic conductivity – 340.0 - 343.0 m [m/day] 500 - 
Horizontal hydraulic conductivity – 346.0 - 347.5 m [m/day] 200 - 
Horizontal hydraulic conductivity – 351.0 - 354.0 m [m/day] 400 - 
Horizontal hydraulic conductivity – 357.2 - 359.7 m [m/day] 400 - 
Vertical hydraulic conductivity – ratio to horizontal 0.757 - 
   
Reactive transport   
Pyrite – Apyr/V [dm-1 mol-1] 150 150 
Trapping (filtration) rate constant for injected gas bubbles – kt1 3.00 × 10-5 3.28 × 10-5 
Mass transfer rate constant for gas bubbles → dissolved oxygen – kt2  2.00 × 10-6 1.97 × 10-6 
Fe2+ – reaction rate constant kFe 1.33 × 1012 1.60 × 1012 
Dolomite – background saturation index 0.15 - 
Dolomite – reaction rate constant 1.00 × 10-10 1.04 × 10-10 
Mo in dolomite – stoichiometric ratio relative to dolomite dissolution 0.072 0.096 
Orgc – stoichiometric ratio relative to dolomite dissolution 0.003 - 
Fe(OH)3 – reaction rate constant k 1.00 × 10-13 9.65 × 10-14 
FeS – reaction rate constant k 1.00 × 10-9 9.16 × 10-10 
FeS – Mo stoichiometric incorporation ratio 0.20 0.19 

 

4.2.3 Conservative solute transport 

 Based on the calculated flow field, conservative transport simulations were 

performed with PHT3D (Prommer et al., 2003). Injection water analyses (FDEP, 2015) 

provided the composition of the injectant (Tab. 4.2). The background water concentrations 

(Tab. 4.2) based on background measurements at ASR-1, LFMW-1 and LFMW-2 (FDEP, 

2015) and concentrations measured for reverse air discharge water sampled during the drilling 

of ASR-1 and LFMW-1 (BFA, 2009) (see SI). The ASR-induced, strongly varying Cl and Na 

concentrations were used as the main observations to constrain the parameters controlling 

physical flow and transport behavior. Given that Knochenmus and Robinson (1996) observed 

effective porosities between 11 and 25 % in the Avon Park Formation, the initial estimate of 

the effective porosity in the storage zone was set to 0.2. The effective porosity of the confining, 

distinctly less porous carbonates (BFA, 2009) was set to 0.01. Both values were allowed to be 

adjusted moderately during the inverse modeling procedure. 
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Table 4.2: Ambient/injectant water compositions and initial mineral concentrations, as employed in the 
model. 

 Unit Background Z1 Background Z2 Background Z3 Background Z4 Injection water 

Depth  318.5 - 333.0 m 333.0 - 346.0 m 346.0 - 354.0 m 354.0 – 375.0 m - 

Temp  °C 24.8 24.8 24.8 24.8 23.5 

pH  8.0 8.0 8.0 8.0 8.0 

Amm mol/L 1.11 × 10-5 1.11 × 10-5 1.11 × 10-5 1.11 × 10-5 1.11 × 10-6 

As(+3) mol/L 5.34 × 10-8 5.34 × 10-8 5.34 × 10-8 5.34 × 10-8 1.26 × 10-9 

As(+5) mol/L 0 0 0 0 0 

C(+4) mol/L 2.05 × 10-3 2.05 × 10-3 2.05 × 10-3 2.05 × 10-3 2.48 × 10-3 

Ca mol/L 8.24 × 10-4 8.24 × 10-4 8.24 × 10-4 8.24 × 10-4 9.98 × 10-4 

Cl mol/L 1.10 × 10-3 1.19 × 10-3 1.62 × 10-3 7.11 × 10-3 9.08 × 10-4 

Fe(+2) mol/L 7.11 × 10-7 7.11 × 10-7 7.11 × 10-7 7.11 × 10-7 1.79 × 10-7 

Mg mol/L 4.11 × 10-4 4.11 × 10-4 4.11 × 10-4 4.11 × 10-4 3.25 × 10-4 

Mn(+2) mol/L 3.64 × 10-7 3.64 × 10-7 3.64 × 10-7 3.64 × 10-7 1.82 × 10-8 

Mo mol/L 7.72 × 10-7 7.72 × 10-7 7.72 × 10-7 7.72 × 10-7 9.38 × 10-9 

Na mol/L 1.00 × 10-3 1.09 × 10-3 1.52 × 10-3 7.01 × 10-3 8.27 × 10-4 

O(0) mol/L 0 0 0 0 3.50 × 10-4 

S(6) mol/L 1.67 × 10-4 1.67 × 10-4 1.67 × 10-4 1.67 × 10-4 4.58 × 10-5 
O(0) in entrapped air (ASR 
cycles 1-3 only) mol/L 0 0 0 0 5.00 × 10-5 

Pyrite mol/LVol 0.03 - 

Dolomite mol/LVol 0.10 - 

Mo in dolomite mol/LVol 4.80 × 10-5 - 

Ferrihydrite mol/LVol 0 - 
Surface site density of native 
sediments (strong sites) mol/LVol 1.68 × 10-5 - 
Surface site density of native 
sediments (weak sites) mol/LVol 6.72 × 10-4 - 

 

4.2.4 Reaction network 

 A site-specific reaction network for the geochemical reactions during the ASR 

cycles was initially defined and then successively refined. The latter was an integral part of the 

model development and calibration process, during which model simulation results were 

constantly compared against field observations. Here, our reaction network description is 

focused on the key components that were hypothesized to play a role for the mobility of Mo. 

The mechanism for the initial release of Mo follows the conceptual model proposed by 

Koopmann et al. (2022), where (i) pyrite oxidation is the primary driver for redox reactions that 

increase acidity, (ii) dolomite acts as a buffer in response to the release of acidity and (iii) 

triggers the release of Mo. Molybdenum was assumed to be associated with easy soluble 

sulfurized organic matter present in intercrystalline spaces in the dolomite matrix or directly 

incorporated in dolomite crystals (Koopmann et al., 2022). Hence, dolomite dissolution was 

proposed to facilitate the access of the injectant to the sulfurized organic matter and, therefore, 

Mo release occurred proportionally to dolomite dissolution. Surface complexation reactions of 
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Mo and other groundwater constituents were included in the model to consider their impact on 

Mo retention. The adjustable parameters in the reactive transport model are listed in Table 4.1. 

 The oxidative dissolution of pyrite (FeS2) was included in the model, similar to 

earlier model applications (Fakhreddine et al., 2020; Prommer and Stuyfzand, 2005; Prommer 

et al., 2018; Rathi et al., 2017). The pyrite oxidation rate rpyr by dissolved oxygen was modeled 

as 

=  . + . ∙ . ∙ 10 . ∙ ∙ .                                   (1) 

where ,  and  are the concentrations of dissolved oxygen, nitrate, and protons, 

Apyr/V is the ratio of the mineral surface area of pyrite to solution volume, and C/C0 is the ratio 

of pyrite concentration to initial concentration.  

 Preliminary modeling results indicated that the oxidation capacity provided by the 

measured dissolved oxygen concentration alone was insufficient to fully explain the observed 

release of sulfate during the first three injection cycles. In the absence of any other oxidants in 

the injectant, it was assumed that a small amount of additional oxidation capacity was provided 

by air bubbles accompanying the injectant and trapped in the vicinity of the ASR well, from 

where oxygen could transfer kinetically controlled into the aqueous phase. Numerically this 

was implemented through a simplistic surrogate modeling approach rather than through the 

detailed definition as a full multi-phase problem. The surrogate approach included the definition 

of a first-order rate representing the entrainment (or filtration) of air bubbles in the immediate 

vicinity of the injection well: =  ∙ ( , )                                                                           (2) 

where kt1 is a first-order trapping/filtration rate and CO2(g,m) is the concentration of oxygen 

trapped in the mobile gas bubbles accompanying the injectant. This process allows to 

temporarily accumulate oxidation capacity in the vicinity of the injection well in excess of that 

provided by dissolved oxygen alone. A second process defining the kinetically controlled mass 

transfer of oxygen into the aqueous phase is computed as a function of the oxygen 

concentration CO2(g,im) of oxygen entrained in immobilized gas bubbles: 

=  ∙  ( , )                                                                       (3) 

where kt2 is a mass transfer rate for oxygen, which, like kt1, was estimated during the inverse 

modeling procedure. While the occurrence of this combination of processes remains 

speculative, it was introduced to explain the increase of sulfate concentrations originating from 
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pyrite oxidation during the storage period at ASR-1 while dissolved oxygen was effectively 

depleted. While there is no direct evidence for the assumed air entrapment, the phenomenon 

has previously been reported to occur during MAR operations (Heilweil and Marston, 2013; 

Jeong et al., 2018).  

 Due to the simultaneous appearance of dissolved oxygen and Fe2+, dissolved 

ferrous iron was excluded from redox equilibrium and modeled as a kinetically controlled 

reaction, as described, for example by Wallis et al. (2010) 

− = ∙ ∙ +  ∙                                                  (4) 
with the rate constant kFe, the partial pressure of oxygen , the activity of hydroxyl ions  

and the concentrations of nitrate ( ) and ferrous iron ( ). 
 Dolomite (CaMg(CO3)2) was included in the model and allowed to dissolve and 

precipitate kinetically controlled. The background saturation index (SI) was set to 0.15, 

corresponding to the SI calculated for the ambient groundwater prior to the ASR operations. 

The rate constant for dolomite dissolution was estimated during the model inversion process, 

primarily constrained by observation data for Ca, Mg and pH at the injection and monitoring 

wells. During laboratory-scale experiments, Mo and sulfurized organic matter were released 

simultaneously (Koopmann et al., 2022). Thus, both organic matter and Mo were modelled to 

transfer into the aqueous phase at a rate proportional to dolomite dissolution and at specified 

stoichiometric ratios (Tab. 4.1). Due to the dynamically changing redox conditions during the 

ASR cycles, the potential precipitation of ferrihydrite (Fe(OH)3) under oxic conditions and iron 

sulfide (FeS) under anoxic conditions was included in the reaction network. The rate was 

computed from a generalized rate law (Lasaga, 1998), 

=  ∙  − 1                                                                     (5) 

where dC/dt is the change of concentration with time, k is a reaction rate constant, IAP is the 

ion activity product and K is the equilibrium constant for the precipitation reactions. To consider 

that Mo can be effectively captured by iron monosulfide (FeS) (Helz et al., 2004; Lian et al., 

2021), the removal of Mo was coupled to the formation of FeS at a ratio that was adjusted 

during the inverse modeling procedure (Tab. 4.1). The possible adsorption of Mo to the aquifer 

matrix was included through the incorporation of surface complexation reactions (see Tab. 

C3.1, SI for details). Although Koopmann et al. (2022) previously dismissed powellite as a 

significant source of Mo, the mineral was nevertheless included in the PHREEQC database, 

after Essington (1990), and used in some model variants to evaluate the potential role of 
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powellite as a source or sink for Mo during the ASR operation. Thermodynamic data for 

aqueous Mo speciation were retrieved from the compilation provided by Carroll et al. (2006), 

which were based on earlier laboratory experiments by Smith and Martell (1976), Kaback and 

Runnells (1980) and Essington (1990). 

 

4.2.5 Inverse modeling procedure 

 Inverse modeling was performed to estimate adjustable model parameters (Siade 

et al., 2021) in order to match field-based observations as closely as possible. A traditional 

nonlinear regression approach based on the Marquardt-Levenberg method was adopted for 

this study, which was developed in the PEST software suite (Doherty, 2010; Doherty, 2018). 

Due to the complex nonlinear behavior of the numerical models in this study, simulation run-

times were relatively long, ranging from about 2 to 5 hours on a standard computer laptop 

CPU. Parallel computing was employed to ease the overall computational burden associated 

with inverse modeling. This was accomplished via TCP/IP network communications using the 

PEST++ software suite and implemented on a 36-core computer (White et al., 2020).  

 All adjustable model parameters that were included in the inversion procedure are 

listed in Table 4.1. The observation data set consisted of measured water compositions for Cl, 

Na, pH, Ca, Mg, Mo, SO4
2-, Fe, HCO3

- at the injection and monitoring wells (FDEP, 2015). 

Observation weights were established based firstly on the magnitudes of their respective 

measurement noise and then subsequently adjusted slightly based on (i) the number of 

observations in each data type and (ii) potential sources of model structural noise, such that 

each observation type's contribution to the overall least-squares objective function exhibited a 

commensurate impact on the overall inverse modeling procedure (Sun et al., 2018). 

 

4.3 Results and discussion 

4.3.1 ASR-induced flow and solute transport behavior 

 The 7 ASR cycles created a highly dynamic flow field and strong temporal and 

spatial variations in solute concentrations (Fig. 4.2). After the start of the ASR operations, the 

ambient water, which initially showed large vertical salinity variations within the ASR target 

zone (Tab. 4.2), was rapidly displaced by the injectant (CCl ~32 mg/L). The injectant migrated 

at different rates radially away from the ASR well due to vertical variations in the hydraulic 

conductivity. The heterogeneous spreading of the injectant and the associated displacement 

of the ambient water was illustrated by concentration snapshots for a synthetic tracer and Cl 

at 385 days after the start of the ASR operation (Fig. 4.2 A, B). As a pre-cycle injection phase 
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was explicitly designed to create a low salinity 'buffer' surrounding the ASR well (BFA, 2011; 

Fischler et al., 2015), the salinity never returned to its original levels, as illustrated by the Cl 

snapshot for day 566 (Fig. 4.2 C) at the end of the period that recovered the largest volume 

within a single ASR cycle (Fig. C3.1, SI). For the model development and calibration, the Cl 

concentrations measured at ASR-1, LFMW-1 and LFMW-2 were used to quantify how well the 

simulations describe the flow and conservative transport behavior during the ASR cycles (Fig. 

4.2 D). The simulated breakthrough behavior agreed over almost the entire simulation period 

(Fig. 4.2 D) after the conservative model calibration phase improved the initial hydraulic 

conductivity, porosity and dispersivity estimates.  

 

 

Figure 4.2: Concentration snapshots for a synthetic tracer (A) and chloride at 385 days (B) and 566 (C) 
days after the start of the ASR operation. The solid white lines indicate the injection and observation 
wells ASR-1, LFMW-1 and LFMW-2. The white dashed line indicates a part of LFMW-2 that was not 
considered in the transmissivity-weighted concentration calculations (see SI). Transmissivity-weighted 
chloride concentrations in the injection and monitoring wells during injection (blue background), storage 
(white background) and recovery (red background) (D). Observation data were provided by FDEP 
(2015). 

 

4.3.2 Pyrite oxidation and release of acidity 

 Consistent with the results from other studies that investigated MAR-induced 

geochemical reactions in unconfined aquifers (Fakhreddine et al., 2020; Seibert et al., 2016; 

Wallis et al., 2011), pyrite oxidation was the dominant driver for a cascade of secondary 
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reactions. Pyrite oxidation, for example, was clearly proven (i) by the decline in oxygen 

concentrations that occurred consistently during all injection phases between the ASR well and 

the monitoring well LFMW-1 and (ii) the corresponding increase in sulfate concentration during 

those periods (Fig. 4.3 A).  

 

 

Figure 4.3: Comparison of the reactive/non-reactive transport simulations and observation data at 
monitoring well LFMW-1 over all seven ASR cycles (A). Processes influencing the buffering of the pH 
value at LFMW-1 (B). The observed data were provided by FDEP (2015). 
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These observations were well captured by the reactive transport simulations, which showed a 

good agreement with the sulfate and oxygen concentrations while failing to match the 

comparative non-reactive model simulations that omitted pyrite oxidation (Fig. 4.3 A). Further 

evidence for pyrite oxidation was provided by comparing the amount of consumed oxygen to 

the formation of sulfate in cycle 2 at monitoring well LFMW-1 (Fig. 4.3 A). Assuming the total 

consumption of dissolved oxygen during injection (~1.8 × 10-4 mol/L) and relating this to the 

maximum increase in sulfate during the subsequent storage phase (~1.0 × 10-4 mol/L), a molar 

ratio of 1.8 was obtained, similar to the theoretical ratio of 1.875 assuming:  + 3.75 + 3.5  →  ( ) + 2 + 4 .                              (6) 

Figure 4.3 A illustrates the generally good agreement of the simulated pH values with the 

corresponding field observations. The differences between the results of the reactive (solid 

lines) and the conservative transport simulations (dashed lines) demonstrated how pyrite 

oxidation lowers the groundwater pH by up to 0.5 units. 

 

4.3.3 Identification of buffering mechanisms and the role of dolomite  

 Pyrite oxidation by oxygen leads to the release of sulfate and H+ at a molar ratio of 

1:2 (see Eqn. 6). In a completely unbuffered system, the associated release of acidity would 

have induced a significant decline in the groundwater pH as illustrated by the green dashed 

line in Figure 4.3 B, which shows a comparative 'unbuffered' model where pyrite oxidation was 

active. In this model, a NaCl solution with similar oxygen content replaced the actual injectant, 

and solid phase buffering was not included. The pH regularly decreased to about 4 during the 

storage periods, i.e., by the time oxygen was depleted and pyrite oxidation stopped (Fig. 4.3 

B). However, the observed pH values generally did not drop below about 7.5 (Fig. 4.3 B), 

although being affected by pyrite oxidation. This observation could only be correctly simulated 

by considering two additional processes. Firstly, most of the released acidity is initially buffered 

by the intrinsic buffering capacity of the injectant, i.e., mostly bicarbonate (Tab. 4.2). The extent 

to which the buffering capacity influences the pH is indicated by the blue dashed line in Figure 

4.3 B. It shows the results of a comparative model simulation that employed the measured 

injectant water composition but excluded any potential solid phase buffering reactions. The 

crucial influence of bicarbonate concentrations in the injectant to mitigate acidification 

corroborates findings from earlier MAR studies (e.g., Sun et al., 2020). However, the simulated 

pH remained at approximately 0.2 to 0.5 units below the observed pH values throughout the 

study period (Fig. 4.3 B). Dolomite dissolution was identified as the second process to buffer 

the acidity from pyrite oxidation. The model simulations that included kinetically controlled 

dolomite dissolution showed the best agreement with observed pH values (grey solid and red 
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dashed line in Fig. 4.3 B). Further evidence for the role of dolomite dissolution is provided by 

the much-improved agreement of simulated Mg and Ca concentrations compared to 

simulations that excluded dolomite dissolution (see Fig. 4.3 A for results at LFMW-1 and Figs. 

C3.2 - C3.4, SI). This process happened mainly during injection and to a lesser extent during 

the early storage periods, where residual oxygen was depleted by pyrite oxidation. In another 

comparative model simulation, for which complete equilibrium of the groundwater with dolomite 

was assumed (turquoise dashed line in Fig. 4.3 B), the simulated pH rather overestimated the 

observed pH, which illustrates the kinetic control on dolomite dissolution. Finally, the simulated 

surface complexation reactions showed to only have a minor influence on the pH (Fig. 4.3 B). 

 

4.3.4 Mo release and mobility controls 

 The analysis of the field data collected during the Orange County ASR operations, 

combined with a good agreement of the model-simulated Mo behavior with observed 

concentrations (Fig. 4.3 A), supports the hypothesized conceptual model of Koopmann et al. 

(2022). They suggested that dolomite dissolution in response to pyrite oxidation provides 

enhanced accessibility of the injectant to sulfurized organic matter and leads to the initial 

mobilization of Mo. Supporting evidence for this hypothesis was firstly provided by the linear 

increase of Mo with both, Ca and Mg (Fig. 4.4), as observed in monitoring data collected for 

the storage period of ASR cycle 3, when groundwater flow was absent, but dolomite dissolution 

occurred. 

 

 

Figure 4.4: Correlation of Mo with Ca and Mg at ASR-1 and LFMW-1 during the storage phase of ASR 
cycle 3 (386 - 430 days). The data were provided by FDEP (2015). 

 

 The conceptual model was further confirmed by comparing field observations with 

the results of a model variant that included the full suite of geochemical processes affecting 

Mo behavior (solid grey line in Fig. 4.5). However, the comparative model simulation that only 

considered (i) the release of Mo in conjunction with dolomite dissolution and (ii) physical 
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transport, failed to match the observed Mo concentrations at LFMW-1 (green dashed line in 

Fig. 4.5). The two additional processes that were identified to impact Mo behavior were (i) 

adsorption of Mo and (ii) capture of Mo by FeS precipitation (Fig. 4.5).  

 

 

Figure 4.5: Influences of dolomite dissolution and the addition of adsorption on mineral surfaces, the 
incorporation into FeS and the occurrence of powellite on the mobility of Mo. The observed data were 
provided by FDEP (2015). 

 

 The impact of adsorption is particularly notable during the first three ASR cycles 

(red dashed line in Fig. 4.5). Compared to the model variant in which Mo was released in 

conjunction with dolomite dissolution but not attenuated (green dashed line in Fig. 4.5), for 

example at ASR-1, adsorption decreased the Mo peak concentration during cycle 3 by 

460 µg/L. The impact of Mo adsorption is exaggerated by the decrease in pH that occurs during 

pyrite oxidation, especially at ASR-1 and LFMW-1 (Figs. C3.2 and C3.3, SI), given that 

adsorption of Mo increases with declining pH. The latter is considered by the employed surface 

complexation model and consistent with earlier studies (Bibak and Borggaard, 1994; 

Gustafsson, 2003).  

 In addition to adsorption, the mobility of Mo was likely affected by capture during 

the formation of FeS. The model-simulated impact on Mo is illustrated in Figure 4.5 by the 

comparison between the solid grey line and the red dashed line. At ASR-1 and LFMW-1, the 

effect on Mo is most notable during the storage and recovery phases. In the model, Mo capture 

occurs proportionally with FeS precipitation and the stoichiometry was estimated through 
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inverse modeling. This remains speculative, however, given that the exact reactions leading 

to the capture of Mo by FeS remain poorly understood (Lian et al., 2021). However, the 

precipitation of the monosulfide mineral mackinawite (FeS) has previously shown to affect the 

mobility of several analytes such as Mo, As, Mn, Co and Ni (Farquhar et al., 2002; Miller et al., 

2020; Morse and Arakaki, 1993). On the other hand, the inclusion of powellite in the model 

had an adverse effect on the results (blue dashed line in Fig. 4.5). While the Mo concentration 

was steadily declining during the recovery phases of each cycle, the incorporation of powellite 

as an equilibrium phase had the opposite effect. This observation supports the findings of 

Koopmann et al. (2022), who excluded powellite as a significant source in the Floridan Aquifer 

System based on its low occurrence in the aquifer matrix and Pichler and Mozaffari (2015), 

who concluded that powellite is a sink for Mo in the FAS. 

 

4.4 Environmental implications 

 We developed a conceptual and numerical model to determine and quantify the 

fate of Mo in carbonate aquifers under spatially and temporally highly variable hydrochemical 

conditions. Despite the complexity introduced by transient flow conditions, the ASR operation, 

with its cyclic forcing via well-defined flow rates and (oxidized) injectant compositions, in 

conjunction with a comprehensive monitoring program, provided the means to elucidate the 

connection between a hierarchy of geochemical processes. The field observations, together 

with a model-based data interpretation via reactive transport modeling, validated the 

laboratory-derived conceptual model that linked Mo release to dolomite dissolution (Koopmann 

et al., 2022). However, the conceptual model had to be expanded and include Mo attenuation 

processes to match field observations. Particularly, the adsorption of Mo on mineral surfaces 

and its capture during the formation of FeS seemingly affected the mobility of Mo during ASR 

operation.  

 The discovered linkages between pyrite oxidation and partial acid buffering via 

dolomite dissolution point to an increased risk of Mo mobilization during MAR if oxygenated 

and weakly buffered solutions are injected into sulfidic aquifers. Where recycled and reverse 

osmosis-treated wastewater of low salinity and therefore low alkalinity serve as an injectant, 

buffering of the acidity released by pyrite oxidation would entirely rely on dolomite dissolution 

and thus increase the risk of Mo mobilization. Hence, the key to preventing Mo release should 

be to maintain the pH of the native groundwater (Koopmann et al., 2022) by eliminating pyrite 

oxidation and thus, minimize the risk of dolomite dissolution. This could be achieved, albeit at 

a high cost, by deoxygenating the injectant (Prommer et al., 2018) and, where needed, by 

additionally reducing nitrate concentrations in the injectant. The potential impact of 
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deoxygenation was demonstrated for Orange County using a comparative model variant where 

dissolved oxygen was omitted from the injectant. This eliminated pyrite oxidation and thus the 

requirement for dolomite to act as a buffer, which prevented Mo concentrations to be elevated 

(Fig. C3.5, SI). 

 If deoxygenation is unachievable or uneconomic it would be essential to guarantee 

sufficient intrinsic buffer capacity in the injectant to minimize the risk of Mo release. However, 

for the Orange County ASR site, increasing the bicarbonate concentrations in the injectant is 

less viable since dolomite and calcite are already slightly oversaturated. The importance of the 

relatively high levels of dissolved inorganic carbon in the injectant (2.48 × 10-3 mol/L), with 

bicarbonate dominating speciation, was demonstrated in a comparative simulation where the 

dissolved inorganic carbon concentrations were reduced to 8.20 × 10-4 mol/L (Fig. C3.5, SI). 

In that case, peak Mo concentrations during the first three ASR cycles increased by up to 

502 µg/L compared to the model with higher bicarbonate concentrations. 

 Beyond the direct implications of our findings for safeguarding water quality under 

MAR conditions in carbonate aquifers, the mechanisms that were shown here to trigger the 

release of Mo can also play a role in other subsurface environments, where acidification and 

carbonate buffering reactions either occur naturally or anthropogenically induced. The 

developed model will be directly transferable to simulate Mo mobility at other locations 

worldwide, for example, the Wadi Al Arab area in Jordan, where Mo groundwater 

concentrations of up to 650 µg/L were found in a limestone aquifer used for drinking and 

irrigation water purposes (Al Kuisi et al., 2015). Our model should be equally applicable to the 

Palaeogene sedimentary aquifers in Qatar that consist mostly of limestone and gypsum, where 

Mo concentrations of up to 103 µg/L were recorded (Kuiper et al., 2015). The median of 205 

samples was 24.3 µg/L and the elevated concentrations of Mo were attributed to oxic and 

neutral to alkaline conditions (Kuiper et al., 2015).  
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5. Conclusions and outlook 

 This work aimed to provide an understanding of the occurrence and mobility of 

molybdenum (Mo) in carbonate aquifers to improve the risk assessment of managed aquifer 

recharge (MAR). The primary research objectives were (i) the characterization of the 

mineralogy and possible sources of Mo in carbonate aquifers and (ii) the investigation of the 

processes leading to the mobilization and immobilization of Mo. Although carbonate aquifers 

supply drinking water to large portions of the world population and the MAR technique aquifer 

storage and recovery (ASR) is increasingly used to meet drinking water demand, the 

monitoring and risk assessment for the release of Mo during ASR in carbonate aquifers has 

received little attention (Appendix A). One reason might be the lack of larger-scale studies and 

regulations defining the monitoring and reporting of Mo in groundwater (Smedley and 

Kinniburgh, 2017). However, a comprehensive understanding of the occurrence and mobility 

of Mo in carbonate aquifers is crucial in areas like Florida, where ASR is used frequently. 

Beyond the risk of Mo being released during the operation of ASR, the release of Mo from 

carbonate aquifers is also conceivable in other environments where anthropogenic activities 

disturb the natural geochemical conditions. The laboratory analyses and reactive transport 

modeling in this work focused on the Avon Park Formation (APF) of the Floridan Aquifer 

System (FAS), a carbonaceous/dolomitic aquifer. The findings should be directly transferable 

to similar locations worldwide. 

 

(1) Occurrence of Mo in the carbonate aquifer matrix 

 The mineralogy and chemistry of the APF with concentrations of Mo ranging from 

12 to 3474 mg/kg were investigated (Chapters 2 and 3). While the balance between iron 

sulfides and organic matter as the main source of Mo in sedimentary rocks is still being 

discussed (e.g., Smedley and Kinniburgh, 2017), both phases were found. Pyrite occurred in 

the form of framboids in small gaps of the carbonate matrix with sizes often below 5 μm. Due 

to its low abundance and low Mo content, pyrite was excluded as a prominent source of Mo. 

Organic matter was heterogeneously distributed within the carbonate matrix. It was identified 

as sulfurized organic matter according to energy-dispersive X-ray spectroscopy 

measurements and a linear correlation of total organic carbon and total sulfur. It likely formed 

under euxinic conditions during intermittently restricted seawater circulation (e.g., Tihansky, 

2005; Ward et al., 2003). A close association of sulfurized organic matter with the minerals 

powellite (CaMoO4) and celestine (SrSO4) was observed. Powellite was excluded as a primary 

source of Mo because of its late formation, even after celestine. Thus, sulfurized organic matter 

was considered the main Mo phase in the aquifer matrix.  
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 (2) Role of powellite in the carbonate aquifer matrix 

 The close association of sulfurized organic matter, powellite and celestine in the 

APF indicated temporary oxic conditions during diagenesis that likely altered the distribution 

of Mo from its primary source in the sulfurized organic matter to the mineral powellite (Chapter 

2). Presumably, penetration of oxygenated water through cracks and fissures in the carbonate 

matrix resulted in the oxidation of the Mo-containing sulfurized organic matter and the release 

of sulfate and molybdate. The sulfate subsequently formed celestine with strontium, which was 

probably provided by diagenetic dolomitization of aragonite or by conversion of aragonite to 

calcite (e.g., Evans and Shearman, 1964; Helz and Holland, 1965). After the formation of the 

celestine, powellite was formed by molybdate and calcium. Sea-level changes during the cyclic 

formation of the APF may have led to the influence of oxygen in areas with previously restricted 

seawater circulation (e.g., Tihansky, 2005; Ward et al., 2003). Generally, the co-occurrence of 

powellite and celestine was assumed as an indicator of intermittent oxic conditions during the 

diagenesis of molybdenum-bearing carbonate aquifers.  

 During the sequential chemical extractions of carbonate samples from the ASR 

site in Orange County (Florida), Mo was absent in the extraction step that generally attacks 

powellite, indicating a low abundance of powellite in the aquifer matrix (Chapter 3). 

Furthermore, the incorporation of powellite as an equilibrium phase in the reactive transport 

model for the ASR operation in Orange County (Florida) led to significant deviations in the 

model results from field observations of Mo (Chapter 4). Therefore, powellite was excluded as 

a relevant source of Mo in groundwater during the operation of ASR. 

 

(3) Release of Mo from the aquifer matrix 

 The results of sequential extractions indicated an association of Mo with easily 

soluble sulfurized organic matter (Chapter 3). The easily soluble character was confirmed by 

the linear correlation of Mo, dissolved organic carbon and sulfur concentrations during a batch 

experiment using samples from the APF and drinking water. The easy solubility of sulfurized 

organic matter under alkaline conditions during the sequential extractions and the batch 

experiment suggested the dissolution of humic and fulvic acids. However, as the extraction of 

Mo and S was unaffected by changes in the pH values and the solubility of humic acids 

decreases with decreasing pH (e.g., Aiken et al., 1985; Gaffney et al., 1996; Schnitzer, 1978), 

the dissolution of Mo with pH-independent fulvic acids was assumed to be more likely.  
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(4) Processes leading to the release of Mo during ASR 

 Besides the characterization of the occurrence and the solubility of Mo, the study 

aimed to determine the processes controlling the MAR-induced Mo release in carbonate 

aquifers (Chapters 3 and 4). While organic matter can be located in intercrystalline spaces or 

incorporated in the crystal structure of carbonate sediments (Ingalls et al., 2004; Ingalls et al., 

2003), both locations were assumed to prevent contact between water and Mo-containing 

sulfurized organic matter in the investigated carbonate aquifer underneath the ASR facility in 

Orange County (Florida). A sequence of reactions for the release of Mo was formulated in a 

conceptual model for the release of Mo during the operation of ASR, where (i) the injection of 

oxygenated water resulted in the oxidation of pyrite framboids in the aquifer matrix, (ii) the 

associated release of acidity (H+) induced the dissolution of dolomite as a buffering reaction, 

which (iii) enhanced the accessibility of the injectant to intercrystalline and incorporated 

sulfurized organic matter and triggered the release of Mo. Reactive transport modeling was 

used to validate the conceptual model by performing a detailed model-based interpretation of 

a comprehensive hydrochemical data set collected during the ASR operations in Orange 

County (Florida). The agreement of the model-simulated Mo behavior with field data supported 

the hypothesized conceptual model. The released acidity during pyrite oxidation was 

subsequently buffered by (i) the intrinsic buffering capacity of the injectant and (ii) by dolomite 

dissolution, which led to the release of Mo.  

 

(5) Processes affecting the mobility of Mo after the release 

 The hydrochemical dataset from the ASR facility in Orange County (Florida) was 

further used to study the mechanisms that control the mobility of Mo after its release (Chapter 

4). As stated in the previous section, the field observations, together with a model-based data 

interpretation via reactive transport modeling, validated the laboratory-derived conceptual 

model. However, the conceptual model had to be further expanded by Mo attenuation 

processes. The two processes that were identified to impact Mo behavior after its release were 

(i) the adsorption of Mo on mineral surfaces and, to a lesser extent, (ii) the capture of Mo during 

the precipitation of iron sulfides (FeS). Given that the adsorption of Mo increases with 

decreasing pH (e.g., Carroll et al., 2006; Gustafsson, 2003; Sun and Selim, 2020), the process 

was likely enhanced by acidity produced during pyrite oxidation.  

 Overall, the results of this study suggest several future research questions and 

opportunities for further investigations. For example, a detailed characterization of the easily 

soluble sulfurized organic matter, which dissolve together with Mo, is still required. A possible 

methodological approach would be to repeat the batch experiment, separate the dissolved 
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organic matter in the drinking water by size-exclusion chromatography (SEC) (e.g., Persson 

et al., 2000; Pfeifer et al., 2001) and analyze sulfur and molybdenum in the individual size 

fractions with mass spectrometry. This approach will allow conclusions about whether Mo is 

released with a specific size of sulfurized organic matter or if different size fractions are 

involved. Furthermore, the sulfurized organic matter in the carbonate matrix should be 

analyzed by synchrotron X-ray absorption spectroscopy (XAS) (e.g., Zimmermann et al., 2020) 

to allow further conclusions about Mo binding.  

 The capture of Mo during the formation of FeS can affect the fate of Mo in 

groundwater during the operation of MAR, as observed at the ASR site in Orange County 

(Florida). However, the exact reactions leading to the capture of Mo by FeS are poorly 

understood and require further investigation (Lian et al., 2021). Rock sampling after the 

operation of MAR would be conceivable to analyze the formed FeS minerals using, for 

example, energy-dispersive X-ray spectroscopy (EDX) in combination with scanning electron 

microscope (SEM) analyses, electron probe microanalyses (EPMA) and XAS. 

 Results of laboratory experiments and reactive transport modeling indicated that 

the influence of powellite is negligible for the release of Mo during the operation of ASR in 

Orange County (Florida). However, in samples from other locations in Florida, up to 80 % of 

Mo was found in powellite (Chapter 2). Therefore, a potential release of Mo in regions with 

higher contents of powellite in the carbonate matrix needs to be investigated. A better 

understanding of the formation of powellite will allow a delimitation of areas with a higher 

occurrence of powellite in the FAS based on their geological history. Generally, little is known 

about the processes leading to the precipitation of powellite in the FAS. This study provided 

the first step to explain the formation of powellite during diagenesis, but more investigations of 

the exact timing and process of powellite formation will be necessary to unravel the diagenetic 

history. Improving the understanding of the diagenetic history might also identify additional 

carbonate aquifers worldwide with elevated Mo concentrations.  

 Implementation of preventive strategies for the release of Mo during MAR in 

carbonate aquifers should be considered based on the process understanding of Mo release 

provided here. For example, the results of reactive transport modeling have shown that 

reducing or eliminating pyrite oxidation by deoxygenation and a sufficient intrinsic buffer 

capacity of the injectant can prevent carbonate dissolution and thus, the release of Mo. 

Laboratory studies such as column experiments should investigate the most effective pathway 

to prevent Mo release. In addition, the transfer of the processes to other carbonate aquifers 

worldwide with elevated Mo concentrations, such as in North Jordan (Al Kuisi et al., 2015) or 

Qatar (Kuiper et al., 2015), should be examined. 
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 This work provided a deeper understanding of the behavior of Mo in carbonate 

aquifers during MAR operations. However, it can be assumed that besides the operation of 

MAR, other disturbances of the natural geochemical conditions in carbonate aquifers can lead 

to the release of Mo from the aquifer matrix. Expressly the influence of climate change and 

groundwater overuse by decreasing groundwater levels (e.g., Gleeson et al., 2012; Wada et 

al., 2010) might lead to similar redox shifts, as stated in Chapter 3. Therefore, a comprehensive 

investigation of the influence of these and other risk factors for the increased release of Mo 

into groundwater should be essential for future research. 
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M olybdenum (Mo) is considered an essential element,
whose daily requirement for humans is up to 300 μg,

although high doses are considered detrimental to human
health.1 The tolerable upper intake level by the Food and
Nutrition Board (FNB) of the U.S was set to 2000 μg per day.
With regard to drinking water, the United States Environ-
mental Protection Agency determined that the “Lifetime
Advisory Level” for Mo is 40 μg/L, and the World Health
Organization published a recommendation that Mo should not
exceed 70 μg/L. Molybdenum intake from drinking water
should be of no concern considering that its concentration in
natural water is generally 1 to 2 μg/L.2 Anthropogenic
activities, however, can have a detrimental effect on ground
and surface water Mo concentrations. Particularly in mining
areas and near coal ash landfills, Mo is a well-known
contaminant of environmental concern.1 Another process
detrimental to groundwater quality is the mobilization of
naturally occurring (geogenic) toxic elements from the aquifer
matrix due to anthropogenic perturbations. In particular, the
ongoing catastrophic problems with arsenic (As) in Bangladesh
and West Bengal are front-page stories in newspapers and
scientific journals. Thus, geogenic contamination is critical to
water quality and particularly in poor urban and rural settings,
the risk of geogenic contamination can be high. Drinking water
is often not supplied centrally and rarely tested, if at all. Recent
observations point to Mo as another potential candidate for
anthropogenic-induced geogenic contamination. During the
random survey of a newly installed irrigation well in rural

central Florida, more than 300 μg/L Mo were measured by the
Florida Department of Environmental Protection (FDEP).
Following this discovery, 93 nearby domestic supply wells
(DSW) were sampled and analyzed. Of those, 34 wells had Mo
concentrations above 40 μg/L with a maximum value of 4740
μg/L.3 Such concentrations correspond to a Mo intake greater
than the tolerable upper intake level set by the FNB.
The mean concentration of Mo in the Earth’s crust is

between 1 mg/kg and 2 mg/kg,2 although concentrations can
be significantly higher in marine sediments deposited under
oxygen-depleted conditions, where Mo is trapped in organic
matter and pyrite. Among many other recent reports, Pichler
and Mozaffari4 for example, reported up to 880 mg/kg for the
aquifer matrix in central Florida, which is a marine limestone of
Eocene to Miocene age. However, the Mo concentration in the
aquifer matrix is not necessarily the controlling factor for
elevated Mo in the corresponding groundwater. As seen in the
studies by Pichler and Mozaffari4 and Pichler, Renshaw and
Sültenfuß3 Mo concentration in the aquifer matrix and in
groundwater were not related. In their study three monitoring
wells (DEP-1, DEP-2, and DEP-3) were chosen for the analysis
of aquifer matrix and groundwater. Well DEP-1 had 880
mg/kg Mo in the aquifer matrix and 700 μg/L in groundwater,
well DEP-2 had 123 mg/kg and 5050 μg/L and the control site
DEP-5 had 225 mg/kg and 1 μg/L, which suggests
anthropogenic disturbance as the controlling factor and not
its natural abundance in the aquifer matrix. The release of Mo
was ascribed to the rapid introduction of oxygen into the
aquifer, followed by Mo release due to the oxidation of pyrite
and organic matter. The abundance of DSW effectively
increased the local scale permeability of the aquifer, causing
the mixing of oxygen-rich surface and deeper anoxic ground-
water across a confining unit.
The rapid introduction of oxygenated water into a reducing

aquifer also occurs during aquifer storage and recovery (ASR)
operations. The basic principle of ASR is to inject treated
excess water into an aquifer to be recovered during times of
increased demand. One well-studied example is from Florida,
where 55 ASR facilities are currently in operation or have
permission for construction, which cyclically inject oxygenated
water into the anoxic upper Floridan Aquifer System, whose
aquifer matrix is a marine limestone of Eocene to Miocene age.
In Orange County the FDEP took 307 water samples from the
injection and several monitoring wells during several ASR
cycles (Figure 1). Of those, 113 had As concentrations above
the U.S. Environmental Protection Agency (EPA) drinking
water standard and 199 Mo concentrations above the U.S. EPA
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recommended maximum of 40 μg/L. In total 202 samples had
either too much As or Mo (Figure 1). Observations of elevated
Mo as a result of ASR operation, however, were not limited to
the Orange County facility. For example, the maximum Mo
concentrations measured at the Peace River and Punta Gorda
ASR facilities were 289 μg/L and 675 μg/L, respectively.5

Thus, it becomes clear that besides the well-known issues of As
release, the release of Mo from the aquifer matrix also had a
negative impact on groundwater quality during ASR operation,
with concentrations in excess of health-based threshold values
by more than 10 times as observed at ASR sites in Florida.5

Yet, despite those observations, Mo is not a standardized
parameter in monitoring programs during ASR.
In summary, it seems that in marine sediments deposited

under reducing conditions, including limestone, the release of
Mo is catalyzed by a change from reducing to oxidizing. This
phenomenon was documented for groundwater in the Floridan
Aquifer System, whose aquifer matrix consists mainly of
limestone of Eocene to Miocene age that was deposited under
reducing conditions. Hence, it is conceivable that elsewhere
groundwater extracted from aquifers of marine origin could
have equally high Mo concentrations, if the physicochemical
equilibrium between aquifer matrix and groundwater would be
perturbed. This type of geogenic contamination can occur on
such small scales that it remains unnoticed in regional or
national groundwater monitoring networks, as seen in the
study by Pichler, Renshaw, and Sültenfuß.3 We would
therefore recommend:

(1) more routine measurements of Mo in groundwater on a
reconnaissance scale,

(2) mandatory testing of groundwater from aquifers
suspected to contain elevated Mo concentrations, such
as those described above,

(3) that during water rights licensing for ASR as part of a
drinking water supply, Mo should be part of the risk
study to evaluate its potential mobilization.
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allowed the complete extraction of oxide and sulfide 

phases in the following extraction steps. Furthermore, 

the study demonstrated the benefit of replacing Na-

acetate with  NH4-acetate to extract exchangeable 

ions and carbonates. We observed increased intensi-

ties for several analytes, i.e., trace metals such as Mo 

and As, due to less suppression of the analyte signal 

by  NH4-acetate than by Na-acetate during analysis by 

inductively coupled plasma optical emission spec-

trometry (ICP-OES).

Keywords Sequential extraction analysis · 

Carbonate · Contaminant · Karst aquifer · 

Molybdenum · Arsenic

Introduction

Carbonate aquifers supply approximately 20 to 25 % 

of the world’s population with water (Ford & Wil-

liams,  2007; Goldscheider et  al.,  2020). While they are 

generally great for water quantity, they can be problematic 

with respect to water quality. Already at minute degrees of 

karstification, rapid flow through larger voids can negate 

the purification properties that generally make ground-

water a safe source of drinking water (e.g., Katz, 2004; 

McMahon et al., 2008). Hence, understanding water-rock 

interaction and the associated release of contaminants 

in carbonate aquifers is essential to evaluate and fore-

cast possible contamination scenarios. The importance 

of investigations into carbonate aquifers concerning the 

Abstract Sequential extraction analyses are widely 

used for the determination of element speciation 

in sediments and soils. Typical sequential extrac-

tion protocols were developed to extract from low-

carbonate samples and therefore are not necessarily 

suitable for high-carbonate samples. In this study, we 

tested increased reagent to sample ratios to adjust an 

existing sequential extraction procedure to analyze 

high-CaCO3 samples with concentrations ranging 

from 70 to above 90 %. Complete dissolution of the 

 CaCO3 phase, and a higher extraction efficiency of 

manganese associated with the carbonate phase, was 

achieved when using four times the original reagent to 

sample ratio in the 2nd extraction step. This increase 

of reagent did not compromise the extraction of sub-

sequent phases as shown by unaffected Fe concentra-

tions in a low-carbonate sample. Hence, an essential 

outcome was that increasing the solution to sample 

ratio did not lead to the dissolution of other sedi-

mentary phases, such as hydrous and crystalline iron 

oxides or sulfides. Thus, compared to other extrac-

tion protocols that use a lower reagent to sample ratio 

in the carbonate dissolution step, the new protocol 
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contains supplementary material available at https:// doi. 

org/ 10. 1007/ s10661- 021- 09300-x.
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release of pollutants, such as molybdenum (Mo) or arse-

nic (As), has been demonstrated (Jones & Pichler, 2007; 

Katz et al., 2009; Lazareva et al., 2015; Pichler & Mozaf-

fari, 2015). Anthropogenic influences can play a critical 

role in this context, as shown in central Florida, where 

drilling activities led to the injection of oxygen-rich 

water into a deep, anoxic carbonate aquifer (Wallis & 

Pichler, 2018). Consequently, through the induced oxida-

tion of organic matter, large amounts of up to 4740 μg/L 

Mo and 371  μg/L As were released; both exceeding 

the World Health Organization mandated health-based 

threshold values for drinking water of 70 μg/L for Mo and 

10 μg/L for As (Pichler et al., 2017; WHO, 2011).

An integral approach to understanding the mobility 

of trace metals in the shallow subsurface is sequen-

tial extraction analysis, which allows conclusions 

about the chemical bonding of elements in the aquifer 

matrix (e.g., Filgueiras et al., 2002). Combined with 

complementary methods such as batch experiments, 

mobilization processes of contaminants to ambient 

water can be estimated (e.g., Koopmann et al., 2019). 

The basic principle of the sequential extraction pro-

cedure of sediments or soils is the differentiation of 

the analytes’ chemical bonding by step-wise extrac-

tion using different reagents. The choice of reagent 

depends on the particular research questions and 

the type of material under investigation. Based on 

the classic sequential extraction method of Tessier 

et  al. (1979), some well-established extraction pro-

tocols were developed (e.g., Gleyzes et  al.,  2002; 

Quevauviller et  al.,  1994; Rauret et  al.,  1999; 

Sutherland & Tack,  2002; Ure et  al., 1993a). There 

have been approaches to extract metals from high-

carbonate samples (Gleyzes et  al.,  2001; Orsini & 

Bermond, 1993), but none was optimized for extrac-

tion from a dominantly calcium carbonate  (CaCO3) 

matrix. While the focus was often the extraction of 

As from different soils and sediments (e.g., Gleyzes 

et al., 2001; Keon et al., 2001; Price & Pichler, 2005; 

Pichler & Veizer,  2004; Romero et  al.,  2003; Van 

Herreweghe et  al.,  2003; Wenzel et  al.,  2001), only 

a few were optimized for the extraction of Mo 

(Aydin et al., 2012; Liang & Zhu, 2016; Zemberyova 

et al., 2010).

Sequential extraction procedures were developed 

to extract from heterogeneous sediments and soils 

(e.g., Quevauviller et al., 1994; Tessier et al., 1979), 

generally consisting of carbonate, hydroxide, oxide, 

silicate, sulfate, and sulfide minerals. The difficulty of 

performing sequential extraction analyses of carbon-

ate sediments is that they are relatively homogenous, 

consisting of mainly  CaCO3 minerals, such as calcite 

and aragonite. Thus, although present at concen-

trations above 80 %, it is crucial that the carbonate 

phase is extracted in a discrete step and not as part 

of the following steps. Here, we present a modifica-

tion of an established sequential extraction procedure 

originally developed by Hall et al. (1996) and Pichler 

et  al. (2001) for the application to heterogeneous 

soils and sediments. The main objective of our study 

was to develop a sequential extraction procedure for 

carbonate-rich samples that guarantees the quanti-

tative dissolution of calcium carbonate in a discrete 

carbonate-removal step. This is crucial for the extrac-

tion of potential contaminants (e.g., As, Mo) together 

with their associated host phases, since incomplete 

dissolution of carbonates has the potential to buffer 

the extraction of the target phases in the following 

extraction steps. Similarly, excess extraction solution 

may unintentionally attack oxide or sulfide phases. 

Hence, besides aiming for the complete dissolution 

of carbonates in a discrete step, an additional focus 

was to avoid compromising the subsequent extraction 

steps, particularly those of hydrous and crystalline 

iron oxides.

Experimental

Sample material

The optimization of the sequential extraction proce-

dure was carried out using four  CaCO3 sediment sam-

ples (C-90, C-68, C-78, C-74, Table 1) from two cores 

(DEP-1 and DEP-2) drilled in the municipality of Lithia 

in central Florida (Pichler & Mozaffari,  2015; Pichler 

et al., 2017). The samples cover the Hawthorn Group, a 

lithostratigraphic unit of the Intermediate Aquifer Sys-

tem, which was deposited in a shallow marine to non-

marine fluvial depositional environment mainly during 

the Miocene. Detailed descriptions of the lithostratig-

raphy and hydrostratigraphy of the area can be found 

elsewhere (Katz et  al.,  2009; Miller,  1986; Pichler & 

Mozaffari,  2015; Pichler et  al.,  2011). The samples 

were primarily chosen based on their  CaCO3 contents, 

which were determined with a calcium carbometer 

and ranged from 68 to 90 % (Table 1). In addition to 

the Floridian samples, a certified reference material 
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GBW-07120 (China National Analysis Center) and a 

shale sample with approximately 14 %  CaCO3 (PS-14) 

were analyzed as well (Table 1).

All samples were crushed in an agate mortar and 

subsequently ground to a fine powder in a planetary 

micro mill (Fritsch Pulverisette 7).

Reagents

All solutions were prepared using ultrapure water 

(18.2 MΩ, Milli-Q). Analytical-grade Na-acetate 

 (NaCH3COO; AppliChem, Germany), reagent-grade 

 NH4-acetate  (NH4CH3COO; Fisher Chemical, USA), 

ReagentPlus®-grade hydroxylamine hydrochlo-

ride  (NH2OH∙HCl; Sigma-Aldrich, Germany), and 

trace metal-grade acetic acid  (CH3COOH; Fisher 

Chemical, USA) were used for the preparation of the 

extractants. Hydrochloric acid (HCl) and nitric acid 

 (HNO3) were purified by sub-boiling from analyti-

cal-grade acids (Merck, Germany). Adjustment of 

pH was done using sub-boiled  HNO3 and trace anal-

ysis supra-grade ammonia solution  (NH4OH; Bernd 

Kraft, Germany).

Aqua regia digestion

To determine the total extractable element content in the 

samples, we followed a procedure based on the modi-

fied BCR method (Rauret et  al.,  1999; Sutherland & 

Tack, 2002), where 10 mL aqua regia was added to 0.5 

g of powdered sample and digested in a hot block. After 

being kept at room temperature overnight, the samples 

were heated to 120 °C for 2 h under reflux, diluted with 

ultrapure water to 50 mL after cooling and subsequently 

filtered using in-vial filters (Environmental Express 

Filter Mate, 6 µm pore size). Before the measurements, 

the samples were further diluted 1:1 with ultrapure 

water to achieve a 10 % acid matrix. Aqua regia diges-

tion was done in triplicate for each sample. All samples 

were stored at room temperature until analysis.

Sequential extraction procedure

Original method

The first set of sequential extraction procedures were 

performed using a slightly modified version of the 

extraction procedure published by Hall et  al. (1996) 

and Pichler et  al. (2001) (Table  2). That procedure 

was considered the base for the adjustments for the 

high and variable carbonate contents of the samples. 

Other than in the original procedure, the multi-acid 

digestion to dissolve silicates and residuals was not 

considered necessary for this study. The sequential 

extraction was done in triplicate for each sample.

The extraction sequence was carried out using 

0.5 g of sediment, which was weighed directly into 

centrifuge tubes, which also served as the reac-

tion vessels. After each extraction, the samples were 

centrifuged for 15 min, the extract decanted into a 

50-mL polypropylene tube, filtered through a 0.45 

µm pore size nylon filter, and acidified to 2 %  HNO3. 

Before adding the next reagent, the residual sedi-

ment was washed and subsequently centrifuged twice 

with 5  mL ultrapure water. The fifth extraction step 

(sulfides/organic material) was done, as described 

in section “Aqua regia digestion.” All samples were 

done in triplicate to control potential uncertainties in 

the extraction efficiency.

Table 1  Samples used for the optimization of the sequential extraction procedure

a S. Koopmann, unpublished data, samples provided by Wintershall Dea GmbH, Germany

Sample Material Origin/core Lithology Depth

(m)

CaCO3

(%)

C-90 Limestone DEP-1 Miocene, Hawthorn Group 136 90

C-68 Limestone DEP-1 Miocene, Hawthorn Group 152 68

C-78 Limestone DEP-2 Miocene, Hawthorn Group 105 78

C-74 Limestone DEP-2 Miocene, Hawthorn Group 112 74

PS-14a Posidonia Shale Rheden 6 Core 19 Lower Jurassic, Toarcian 1603 -1605 14

GBW-07120 Limestone GBW-07120 Certified Reference Material - 92
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In preparation for chemical analysis, the extracts 

from steps 1 and 2 were diluted 1:2 with 2 %  HNO3, 

and those of extraction step 4 were diluted 1:1 with 2 

%  HNO3 to circumvent stability problems during the 

ICP-OES measurements that arise from high acetic 

acid/acetate matrix loads, as observed in preliminary 

measurements. All samples were stored at room tem-

perature until analysis.

Adjustments to the sequential extraction procedure

The original sequential extraction procedure was 

modified to optimize the method for samples with 

high  CaCO3 contents. We increased the reagent to 

sample ratio in the carbonate extraction step (step 

2) to dissolve carbonates quantitatively while keep-

ing the reagent to sample ratio constant in step 1 as 

well as in steps 3–5. As part of this adjustment, we 

lowered the sediment amount to 0.25 g to be able to 

increase the reagent to sample ratio with the avail-

able equipment (limitation to 20 mL solution). The 

adjustment of reagent to sample ratio was done using 

Na-acetate and  NH4-acetate in extraction step 2 (see 

below). Due to the excellent reproducibility in our 

first set of analyses, we refrained from performing 

those extractions in triplicate. Simultaneously, we 

replaced Na-acetate by  NH4-acetate in steps 1 and 2 

and compared the extraction efficiencies to avoid high 

sodium loadings during ICP-OES measurements. For 

both extraction solutions, the pH was kept at the orig-

inal value of pH = 8.2 for step 1 and pH = 5.0 for 

step 2 (Tables 2 and 3). The changes to the sequen-

tial extraction procedure are summarized in Table 3. 

All the samples were stored at room temperature until 

analysis.

ICP-OES analysis

Elemental concentrations of Ca (analytical wave-

length: 317.933 nm), Mg (285.213 nm), Sr (407.771 

nm), Fe (238.204 nm), Mn (257.610 nm), As (188.979 

nm), and Mo (202.031 nm) were determined using the 

Optima 7300 DV inductively coupled plasma opti-

cal emission spectrometer (ICP-OES; Perkin Elmer). 

Instrumental setup and operational conditions are 

listed in Table 4. Calibration standards were prepared 

from 1000 mg/L single-element stock solutions (Inor-

ganic Ventures, USA, and SPEX Certiprep, USA) and 

matrix-matched with the particular extraction step 

samples. Instrument blanks and procedural blanks 

were analyzed in addition to quality control standards. 

In-house tap-water and an artificial multi-element 

Table 2  Slightly modified sequential extraction scheme based on Hall et al. (1996) and Pichler et al. (2001) (see section “Original 

method”) adjusted to 0.5 g of sediment material

Step Phase Reagents Procedure

1 Adsorbed/exchangeable 10 mL 1.0 M  NaCH3COO (pH 8.2) 2 h leach, 2 × 5 mL  H2O rinse

2 Carbonates 10 mL 1.0 M  NaCH3COO (pH 5.0) 2 h leach, 2 × 5 mL  H2O rinse

3 Hydrous iron oxides 10 mL 0.25 M  NH2OH∙HCl in 0.25 M HCl 2 h bath at 60 °C, 2 × 5 mL  H2O rinse

4 Crystalline iron oxides 15 mL 1.0 M  NH2OH∙HCl in 25 %  CH3COOH 3 h bath at 90 °C, 2 × 5 mL  H2O rinse

5 Sulfides/organic material 10 mL aqua regia (7.5 mL HCl, 2.5 mL  HNO3) ~ 12 h bath (2 h at 120 °C)

Table 3  Modifications to the sequential extraction scheme shown in Table 2 and adjusted to 0.25 g of sediment material

Step Phase Reagents Procedure

1 Adsorbed/exchangeable 5 mL 1.0 M  NaCH3COO (pH 8.2) or 1.0 M 

 NH4CH3COO (pH 8.2)

2 h leach, 2 × 5 mL  H2O rinse

2 Carbonates 10 mL, 15 mL, or 20 mL 1.0 M  NaCH3COO (pH 5.0)

or 1.0 M  NH4CH3COO (pH 5.0)

2 h leach, 2 × 5 mL  H2O rinse

3 Hydrous iron oxides 5 mL 0.25 M  NH2OH∙HCl in 0.25 M HCl 2 h bath at 60 °C, 2 × 5 mL  H2O rinse

4 Crystalline iron oxides 7.5 mL 1.0 M  NH2OH∙HCl in 25 %  CH3COOH 3 h bath at 90 °C, 2 × 5 mL  H2O rinse

5 Sulfides/organic material 5 mL aqua regia (3.75 mL HCl, 1.25 mL  HNO3) ~ 12 h bath (2 h at 120 °C)
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standard independently prepared from single-element 

stock solutions were used to check for accuracy, pre-

cision, and instrument drift during measurements. For 

analysis of the samples and standards, 5 mL of each 

solution was transferred to 10-mL PE vials and ana-

lyzed without further dilution using a standard sample 

introduction system (Table 4). All analyzed data were 

within the linear calibration range.

Instrument and procedural blanks were neg-

ligible for the analyzed elements in all extracted 

phases, and no instrument drift was observed dur-

ing a daily run. Reproducibility of the analysis was 

checked by measurement of three replicates per 

sample having a deviation of generally < 2 %. Qual-

ity control standards agreed with the nominal values 

within an error of < 10 %. To assure the quality of 

the presented data, we do not report data for those 

measurements where the reproducibility (as relative 

standard deviation of signal intensities) of the ICP-

OES replicate analysis (n = 3; Table 4) had an error 

of > 10 % (indicated as not determined (n.d.) in SI 

tables A2 to A5). This is typically the case for ele-

ments analyzed at very low signal intensities close 

to the blank intensity, i.e., elements with very low 

concentrations in the measurement solutions.

Results

Aqua regia digestions

The triplicate analyses were in good agreement, 

with an RSD of generally less than 5 % for those 

elements with concentrations above the detection 

limit (Table  A.1, Supplementary Information (SI)). 

The carbonate content calculated from the Ca con-

centration, assuming that all Ca was from  CaCO3, 

agreed with the concentration determined with the 

carbometer (Tables 1 and A.1, SI). Furthermore, the 

carbonate content of the reference material GBW-

07120 calculated from the Ca analysis (91 %) agreed 

with the carbonate content determined with the car-

bometer (91 %) and carbonate content calculated 

from published CaO (51.1 %) and  CO2 (39.8 %) val-

ues (China National Analysis Center). Overall, the 

results demonstrated that most Ca in the samples was 

from  CaCO3 and thus allowed the use of the Ca con-

centration as a proxy.

Quality control

Calcium contents in those samples for which trip-

licates existed (original method) were generally in 

excellent agreement, demonstrating the reproducibil-

ity of  CaCO3 extraction (Table A.2, SI). Furthermore, 

calcium contents in the aqua regia digest compared to 

the sum of the five extractions steps were generally 

below 10 % (Tables A.2 and A.3, S1). Those results 

confirmed the suitability to extract the entire  CaCO3 

from the sediments in step 2.

Assessment of reagent volumes

To optimize the sequential extraction procedure for 

high  CaCO3 samples, it was necessary to extract the 

 CaCO3 entirely in extraction step 2. Results obtained 

with the original extraction procedure showed sub-

stantial amounts of Ca present in fractions 2, 3, and 

4 (Fig. 1A–F, 5 mL). A closer look revealed that the 

sample with the lowest amount of Ca (C-68, Fig. 1D, 

5 mL) had only little Ca left in fraction 4, whereas the 

samples higher in  CaCO3 still had larger amounts of 

Ca in step 4.

Increasing the amount of reagent in extraction step 

2 increased the amount of dissolved Ca in this step 

(Fig.  1A–F). A reagent volume of 20 mL caused a 

more or less complete extraction of Ca in step 2 and 

nearly no more Ca in steps 3 and 4. That observa-

tion was identical for both reagents, Na-acetate and 

 NH4-acetate.

Calcium contents in the extractions made with Na- and 

 NH4-acetate in extraction steps 1 and 2 were comparable 

Table 4  Instrument setup and operational parameters of the 

ICP-OES analyses

Nebulizer MiraMist PEEK

Spray chamber Cyclonic glass

View mode Radial and axial

RF power (W) 1500

Plasma gas flow (L/min) 15.0

Torch position −2

Auxiliary gas flow (L/min) 1.0

Nebulizer gas flow (L/min) 0.8

Pump rate (mL/min) 1.5

Rinse time (s) 30

Delay time (s) 60

Replicates per sample 3
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for the same reagent volume (Fig. 1A–F; Table A.3, SI), 

although the amount of Ca in step 1 was slightly higher 

when using  NH4-acetate (Table A.3, SI). A similar obser-

vation was made for Mg. However, during ICP-OES anal-

yses, intensities were by up to 50 % higher when using 

 NH4-acetate instead of Na-acetate in steps 1 and 2 (see 

“Discussion”).

Substantial amounts of Mn were found in steps 3 

to 5 when the original extraction procedure was used 

(Fig. 2A–F). Similar to Ca, Mn was dissolved in extrac-

tion step 2 when increasing Na-acetate and  NH4-acetate. 

In contrast to Ca, some samples (C-90, GBW) had some 

Mn left in step 3 in the adjusted protocol, while others 

showed complete removal of Mn in step 2 after increas-

ing the reagent volume to 15 or 20 mL (C-78, C-74). 

For the Posidonia shale, we observed a slight increase 

of Mn in step 2 with the adjusted extraction procedure; 

however, there was no difference whether 10 mL, 15 

mL, or 20 mL of reagent was used.

Iron (Fe) was used to assess if the dissolution of 

hydrous and crystalline iron oxides happened due 

to the increased reagent to sample ratio in extrac-

tion step 2. However, Fe proved to be of limited use 

because its concentration in the samples was often 

below the detection limit in some of the extraction 

steps (Tables A.2–A.5, SI).

Fig. 1  Ca (%) in extraction steps 1 to 5 for the original (5 mL NaOAc) and modified sequential extraction procedures (10, 15, and 20 

mL, both NaOAc and  NH4OAc)
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The Posidonia shale sample (PS-14, Fig.  3F) had 

enough Fe extracted in steps 3 and 4 to allow detec-

tion and showed no Fe increase in extraction step 2 

when increasing the reagent volume (Tables A.3–A.5, 

SI).

Molybdenum (Mo) was almost entirely dissolved 

in extraction step 1 (Tables A.2 and A.3, SI). In con-

trast, the As content in most samples was too low to 

be determined, except for sample C-68 (61 mg/kg), 

where As was detected mostly in extraction step 

1 and to some smaller extent in extraction step 2 

(Tables A.2 and A.3, SI). Furthermore, we observed 

no difference in Mo and As contents with respect 

to the reactant to sample ratio. The Posidonia shale 

(PS-14) had no measurable As, and the Mo content 

was 32 mg/kg, most of which was found in extrac-

tion step 4. For Mo and As, we did not observe any 

difference between extractions done with Na-acetate 

and  NH4-acetate (Table A.3, SI).

Discussion

Adjustment of the reagent to sample ratio for 

carbonate extraction in  CaCO3-rich samples

Calcium carbonate  (CaCO3) calculated from Ca 

contents of the aqua regia digest agreed well with 

Fig. 2  Mn (%) in extraction steps 1 to 5 for the original (5 mL NaOAc) and modified sequential extraction procedures (10, 15, and 

20 mL, both NaOAc and  NH4OAc)
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carbometer results and published values. Therefore, 

it was permissible to interpret Ca concentrations 

extracted in the individual extractions steps as rep-

resentative for  CaCO3. In sample C-74 (Fig.  1B), 

the  CaCO3 concentration calculated from Ca was 

slightly higher (81 %) than the carbometer result 

(74 %), potentially resulting from the presence of 

Ca in mineral phases other than  CaCO3. Since we 

observed complete removal of Ca in extraction 

step 2 in the optimized method (Table A.3, SI), the 

excess Ca had to be present in a carbonate mineral, 

such as dolomite, which was not detectable with the 

calcium carbometer. While the dissolution of calcite 

occurs very fast in the carbometer, the dissolution 

of dolomite is slower and takes approximately 15 

min (De Blasio et al., 2013; Stumm, 1990). Accord-

ing to Loring (1976), the complete dissolution of 

 CaCO3 is based on several factors such as the grain 

size, total carbonate content, and carbonate type. 

Since the samples in this study had the same grain 

size and similar carbonate content, only the carbon-

ate type should have made a difference. In PS-14 

(Fig. 1F), Ca extracted in extraction step 2 (result-

ing in 13 %  CaCO3) agreed with the carbometer 

results (14 %), whereas the aqua regia-based bulk 

Ca overestimated the carbonate content (23 %). 

Actual extraction of Ca in step 1 suggested the pres-

ence of adsorbed Ca in addition to carbonate-bound 

Ca.

As seen in Fig.  1A–F, the extraction using the 

original sequential extraction procedure (Hall 

et al., 1996; Pichler et al., 2001) caused incomplete 

extraction of Ca in step 2 and substantial amounts 

of Ca in extraction steps 3 and 4. Similar results 

were observed by Davidson et  al. (2006) during 

sequential extraction analyses of urban soils using 

the optimized BCR method (Rauret et  al.,  1999). 

They showed that in high-carbonate samples (> 30 

%  CaCO3),  CaCO3 was not entirely dissolved by 

0.11 mol  L-1 acetic acid, resulting in a pH increase 

in the next extraction step, and thus impeding the 

extraction in the next step (Davidson et al., 2006).

Interestingly, in our study, the amount of Ca 

extracted in extraction step 2 was roughly the same 

(~ 100,000 mg/kg) for all  CaCO3 samples (Table A.2, 

SI). Assuming the Ca in this to be entirely derived 

from  CaCO3 resulted in approximately 26 to 27 

weight-%  CaCO3 extracted. In relatively low  CaCO3 

samples, such as sample C-68, this resulted in the 

dissolution of nearly half of the  CaCO3 in extraction 

step 2. In contrast, in those samples with a higher 

 CaCO3 content (> 80 %), only approximately one-

third was extracted. That confirmed the limitation 

of the method and the need to optimize the original 

sequential extraction procedure to remove the entire 

 CaCO3 in extraction step 2.

To improve extraction in step 2, we modified 

the reagent to sample ratio but kept the other steps 

(including step 1) unchanged. Based on the results 

from the original sequential extraction procedure, it 

was assumed that increasing the reagent would cause 

a more complete extraction of  CaCO3 in step 2. While 

there was already a significant increase in extraction 

efficiency for Ca in step 2 using 10 mL and 15 mL 

of Na-acetate and  NH4-acetate solution, we observed 

nearly complete removal of Ca in step 2 when add-

ing 20 mL of the extracting reagent (Fig. 1A–F). This 

is supported by complete dissolution of pure calcium 

carbonate (Carl Roth, Germany) when using 20 mL 

extraction solution (not shown). Our results indicated 

that increasing the reagent to sample ratio by a fac-

tor of 4 compared to what has been suggested for 

standard samples was a good starting point for inves-

tigating the correct amount of reagent needed. Nev-

ertheless, it seemed appropriate to carefully deter-

mine the proper amount of reagent required for the 

sample matrix under investigation. Another possible 

approach would have been a repetition of the carbon-

ate removal step to dissolve all carbonates, as was 

done in a previous study (Sulkowski & Hirner, 2006). 

While this would have had the advantage of using 

more sediment with the available equipment (see sec-

tion “Adjustments to the sequential extraction proce-

dure”), we omitted this procedure to avoid possible 

sediment loss while decanting the extracting solution 

between the individual steps.

Manganese (Mn) was expected to be present 

as a minor element in  CaCO3 or as rhodochrosite 

 (MnCO3). Fig. 2A–F show that the extraction of Mn 

was not as systematic as the extraction of Ca. We 

observed a clear trend of increasing Ca concentration 

in step 2 when increasing the reagent volume, result-

ing in a complete carbonate removal in step 2 with 20 

mL reagent. In contrast, some Mn was present in the 

extracts from step 3, particularly those with carbonate 

contents > 80 % (C-90, GBW). One reason might be 

the incomplete dissolution of Mn-carbonates in these 

samples. Another possibility could have been the 
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presence of a small amount of other Mn phases, e.g., 

Mn oxides. Because in those two samples, the amount 

of Mn in step 3 decreased with an increasing amount 

of reagent, we rejected the latter and assumed incom-

plete removal of Mn carbonates. The results suggest 

that further increasing the reagent to samples ratio 

would result in complete Mn carbonate dissolution in 

these samples.

An important observation was that increasing the 

volume of reagent in step 2 did not compromise the 

subsequent extraction steps by attacking hydrous and 

crystalline Fe oxides or sulfides already in step 2. 

While most samples used in this study had relatively 

low Fe concentrations, the Posidonia shale sample 

(PS-14) demonstrated that a large reagent volume in 

step 2 did not cause larger amounts of Fe in extraction 

step 2 (Tables A.3–A.5, S1). In particular, the detailed 

study of sample PS-14, in which all reagent to sample 

ratios were covered, clearly showed no effect of the 

increased reagent to sample ratios on Fe concentra-

tions (Fig. 3F). For Fe and Mg in the carbonate sam-

ples, it was noticeable that the sum did not match the 

aqua regia digestions exactly. We suspected that this 

was due to the relatively small amount of material 

used for the extractions (0.25 g), which likely caused 

sample inhomogeneity and an increased risk of sedi-

ment loss due to the transfer between extraction steps. 

We, therefore, recommend choosing a larger amount 

Fig. 3  Fe (%) in extraction steps 1–5 for original (5 mL, NaOAc) and modified sequential extraction procedure (10, 15, and 20 mL, 

both NaOAc and  NH4OAc) in all samples
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of sediment material and corresponding solvent 

amount if possible. However, a critical result from 

this study was that due to incomplete carbonate dis-

solution in step 2 using the original procedure, the 

extraction of hydrous and crystalline iron was inhib-

ited, as seen in low Fe in steps 3 and 4 (Fig. 3A–E). 

The modified extraction procedure, which fully dis-

solved carbonates in step 2, allows the extraction of 

these phases in designated steps 3 and 4.

Na-acetate vs.  NH4-acetate extraction

Both reagents, Na- and  NH4-acetate, delivered a similar 

extraction efficiency for Ca and Mn in step 2. While Na-

acetate, as well as  NH4-acetate, was used extensively for 

the extraction of adsorbed/exchangeable and carbonate 

phases (e.g., Gleyzes et  al., 2001; Tessier et  al., 1979), 

the typical extractant for the carbonate phase was Na-

acetate buffered to a pH of 5 (e.g., Gleyzes et al., 2001; 

Pickering,  1986). Because dissolution of carbonate is 

achieved by reaction with  H+ (Gleyzes et  al.,  2002), it 

is not surprising that Na-acetate and  NH4-acetate, both 

adjusted to a pH of 5, dissolve the same amounts of Ca 

(i.e., carbonate) in extraction step 2. Concerning extrac-

tion step 1, several studies showed that an  NH4-acetate 

solution at a pH of 7.0 is a suitable solvent for releas-

ing the adsorbed/exchangeable fraction, although it was 

suspected to react with the carbonate fraction (Chap-

man, 1965; Jackson, 1958; Tessier et al., 1979 & refer-

ences therein; Wagemann et al., 1977). While this may 

explain higher Ca values in the first extraction step using 

 NH4-acetate compared to Na-acetate, absolute concentra-

tions of Ca in extraction step 1 and differences between 

Na- and  NH4-acetate are too low to compromise the 

results for the high-carbonate samples used in this study 

(Table A.3, SI). However, to lower the potential for dis-

solution of  CaCO3, we did not use  NH4-acetate at a pH 

of 7, as discussed in Tessier et  al. (1979), but adjusted 

the pH to 8.2 (as for Na-acetate). It was reported that the 

extraction of Ca from limestone starts at pH < 8.1 (Car-

row & Duncan, 2011), which supported the use of a pH 

of 8.2. In summary, even if it was not possible to exclude 

any attack of carbonates by  NH4-acetate entirely, there 

was no significant effect, which could compromise inter-

pretations. Nevertheless, the use of  NH4-acetate as a rea-

gent in the first extraction step should be considered care-

fully for the sequential extraction of materials with less 

carbonate content. Monitoring the pH in pure  CaCO3 

(Carl Roth, Germany) during extraction steps 1 and 2 

showed that the pH in the  NH4-acetate solution increased 

only slightly in step 1. In contrast, it increased from 8.20 

to 8.95 in Na-acetate (Fig. 4). That indicated that the sys-

tem was buffered less in the Na-acetate solution in step 1.

While there was no advantage of  NH4- over Na-

acetate as a reagent during the extraction, the real 

benefit of using  NH4-acetate became apparent dur-

ing the chemical analyses of the extracts. It is well-

known that in ICP-OES analyses, the presence of 

Na ions can suppress the analyte intensities of sev-

eral elements (e.g., Brenner et  al.,  1999; Brenner 

et al., 1997; Ivaldi & Tyson, 1995). Accordingly, dur-

ing our preliminary tests for the analysis of Mo and 

As, we observed approximately 20 % (As) and 35 % 

(Mo) higher intensities using 0.33 M  NH4-acetate 

compared to 0.33 M Na-acetate (Fig.  5). Hence, 

the use of  NH4-acetate in extractions steps 1 and 2 
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Fig. 4  Changes in pH values in extraction steps 1 and 2 for 

pure  CaCO3. The pH value was adjusted to 8.2 and 5.0, respec-

tively, in the extraction solutions (0 min) measured after the 

addition to the extracts (2 min) and at the end of the reaction 

(120 min). Note that the x-axis is not on a linear scale
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prevented signal suppression by Na. While signal 

intensities were not an issue for major elements such 

as Ca, Mg, and sometimes Fe or Mn, trace metals 

released during sequential extraction steps often had 

concentrations close to or below the limit of detection 

by ICP-OES. For these elements, signal enhancement 

by 20 to 35 % can be decisively important.

Extraction efficiency for Mo and As

Most samples used in this study were from the Flori-

dan Aquifer System where As and Mo are known 

contaminants (e.g., Lazareva & Pichler,  2007; 

Pichler & Mozaffari,  2015); and thus, both were 

included in the suite of analytes. Molybdenum and 

As were almost wholly extracted in step 1. While this 

was a systematic observation for Mo in the carbon-

ate samples, we had only one sample with sufficient 

As, C-68. While the results were comparable, the use 

of  NH4-acetate compared to Na-acetate produced sta-

ble concentrations for the complete extraction proce-

dure regardless of the amount of reagent used in step 

2 (Fig.  6). The larger variations for the extractions 

of As with Na-acetate in steps 2 and 3 were in part 

owed to the low concentrations, which favored the 
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Fig. 6  Portions of Mo and As removed in extraction steps 1–5 for the original (5 mL NaOAc) and modified sequential extraction 

procedure in sample C-68. As shows higher fluctuations than Mo due to low concentrations in steps 2–5



 Environ Monit Assess         (2021) 193:577 

1 3

  577  Page 12 of 15

 NH4-acetate extracts due to their analytical advan-

tage (see above).

Molybdenum adsorbs as molybdate  (MoO4
2-) or 

thiomolybdate  (MoOnS4-n
2-) onto oxides (Fe, Mn, 

Al, Ti), pyrite, organic matter, and clay minerals, 

depending on the geochemical conditions (Bibak & 

Borggaard, 1994; Goldberg et al., 1996; Smedley & 

Kinniburgh, 2017; Xu et al., 2013). Arsenic adsorbs 

as arsenite  (As3+) and arsenate  (As5+) onto oxides 

(Fe, Mn, Al), clay minerals, and the surface of cal-

cite (Smedley & Kinniburgh,  2002). The fact that 

both elements were observed to be mostly extracted 

in step 1 in the original extraction procedure sug-

gested that the low reagent to sample ratio used in 

this approach was enough to release the adsorbed/

exchangeable Mo and As from the solid phase. Those 

results agreed with what was found by Pichler and 

Mozaffari (2015).

In sample PS-14, which was not a carbonate sediment 

but had a  CaCO3 of 14 %, Mo was mainly bound in the 

sulfide/organic matter fraction (Table A.3, SI; Fig. 7) as 

expected for TOC and pyrite-rich samples (e.g., Brum-

sack,  1991; Chappaz et  al.,  2014). An increase in the 

amount of reagent in step 2 did not affect the extrac-

tion of Mo contents in the following steps, an observa-

tion similar to what was seen for Fe (Fig. 3F). Thus, we 

concluded that the higher reagent to sample ratio did not 

affect Mo extraction, even in samples with low  CaCO3 

contents. That observation is of particular importance 

for using the same extraction procedure for extraction 

studies concerning samples with a wide range of  CaCO3 

concentrations.

Conclusions

Our study demonstrated the need to adjust sequential 

extraction procedures to the research objectives and 

matrix requirements.

High-CaCO3 samples need more volume of rea-

gent in the 2nd extraction step. Even with lower 

amounts of  CaCO3 (see PS-14), the method is appli-

cable. There is no need to adjust the method for sam-

ples with lower  CaCO3 contents within a set of sam-

ples with different  CaCO3 contents. An incomplete 

dissolution of  CaCO3 in step 2 causes leftover  CaCO3 

in the subsequent steps, which prevents the disso-

lution of designated phases in these steps, namely 

hydrous and crystalline oxides. The adjusted proto-

col thus improves the extraction of oxide phases in 

the later extraction steps. A larger amount of extrac-

tion reagent in step 2 does not compromise follow-

ing extractions steps, i.e., we observed no enhanced 

dissolution of Fe or Mo in step 2.  NH4-Acetate can 

replace Na-acetate in extraction steps 1 and 2 to 

reduce Na interference in the plasma during ICP-

OES measurements, which can be of particular 

importance for studying trace metals, such as As and 

Mo.
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C.1 Celestine and powellite as redox indicators during diagenesis of molybdenum-
bearing carbonate aquifers 

Table C1.1: Results of the aqua regia digestions and the determination of total carbon (TC), total organic 
carbon (TOC) and total sulfur (TS) in order of descending Mo content. Measurements with a relative 
standard deviation above 10 % for the triple measurement of signal intensities were classified as “not 
detected” (n.d.). Measurements of molybdenum (Mo) below the detection limit of 0.006 mg/L were 
indicated as “<dl”. 

Sample Core Depth Mo Ca Mg As Fe Mn S Sr TC TOC TS 

    [m] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [%] [%] [%] 

3 ROMP W-17392 414.8 3474 247019 2516 363 1051 3 25277 62534 7.6 0.8 8.4 
24 SM W-18494 297.3 1198 112219 59480 100 4601 21 34132 1373 33.7 27.7 4.8 
9 ROMP W-16783 361.2 1085 271760 50789 112 4428 22 12061 1883 14.9 5.2 1.2 
27 SM W-18494 302.3 270 205446 109119 37 597 13 4473 138 15.6 3.1 0.6 
11 SM W-18494 282.5 237 171113 88853 13 3147 18 11598 167 19.6 9.7 1.5 
23 APGM W-19575 13.5 193 7913 10602 16 10188 27 31597 132 26.2 26.2 3.7 
23 San W-19684 178.1 189 235883 114425 n.d. 343 13 4000 249 14.9 2.4 0.4 
7 ROMP W-17087 406.3 181 372461 4768 24 261 10 2126 402 13.4 1.1 0.3 
63 OC W-18722 365.9 164 183757 106527 16 1329 18 4581 103 15.6 3.6 0.6 
30 APGM W-19575 15.5 164 148549 7221 n.d. 4587 24 26366 590 26.8 22.7 3.3 
30 San W-19684 185.7 163 236494 115589 31 551 5 2801 247 13.5 0.8 0.3 
4 ROMP W-17392 452.0 151 353785 4626 n.d. 280 7 20609 58924 11.4 0.8 2.5 
11 ROMP W-16740 305.1 142 238976 114235         
29 RA W-18591 68.9 140 369117 4414         
27 APGM W-19575 14.3 132 108484 11519         
28 RA W-18591 68.6 124 382803 4461 22 1467 23 2401 511 12.2 0.2 0.2 
26 APGM W-19575 14.2 124 36024 13536 16 13067 39 22913 270 17.6 17.2 2.6 
56 OC W-18722 354.8 121 219172 124601 18 83 8 1082 1227 13.5 0.2 0.1 
31 OC W-18722 319.7 120 191634 109997 n.d. 1644 12 7021 151 17.2 5.2 0.9 
44 OC W-18722 339.9 113 202188 118766 n.d. 1141 10 4036 108 15.3 2.6 0.5 
1 RA W-18175 102.6 101 303181 9485 26 2855 26 6774 875 12.4 3.6 0.7 
13 OC W-18722 298.1 100 207874 121263         
26 SM W-18494 299.0 96 205582 109372         
10 ROMP W-17000 374.3 95 407609 5087         
38 APGM W-19575 17.8 95 176240 18856 16 9317 32 7554 509 5.6 0.6 0.7 
20 APGM W-19575 13.0 94 268684 8028         
37 OC W-18722 329.4 93 202993 118536 18 720 8 2252 94 14.5 1.3 0.3 
29 San W-19684 185.4 91 239926 117456         
13 ROMP W-17392 425.2 88 268773 4983         
27 RA W-18591 68.1 87 364242 3703         
40 OC W-18722 335.4 86 210575 121435         
2 SM W-18494 275.4 85 237922 118755         
45 OC W-18722 340.1 84 211716 121997 n.d. 696 9 2772 103 15.1 2.2 0.4 
14 OC W-18722 298.9 82 199881 117205         
26 RA W-18591 67.1 81 378829 4613         
23 OC W-18722 305.0 79 176389 105262         
33 OC W-18722 323.2 79 190399 115164 n.d. 789 10 2788 91 15.0 2.3 0.4 
20 SM W-18494 293.5 77 208768 112709         
9 San W-18564 175.3 75 25842 45038         
22 San W-19684 177.9 73 229872 109636         
19 OC W-18722 302.4 73 220618 125101         
53 OC W-18722 353.3 73 234429 109377 n.d. 413 7 3086 234 13.2 1.4 0.2 
22 APGM W-19575 13.4 72 189649 8735         
54 OC W-18722 354.2 71 243106 112383 n.d. 295 7 3275 192 14.3 1.9 0.3 
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55 RA W-18591 119.8 71 377860 4527         
34 OC W-18722 324.9 70 219356 128251 n.d. 77 7 747 92 13.9 0.5 0.1 
10 SM W-18494 280.9 68 213860 116966         
21 San W-19684 177.5 66 217784 104748         
27 San W-19684 180.6 66 225226 116513         
14 SM W-18494 286.3 65 210548 121561         
14 San W-19684 165.7 64 231380 117082         
22 RA W-18591 62.2 63 357246 4507         
46 OC W-18722 341.0 63 212657 122029         
62 OC W-18722 364.2 63 222931 124817         
58 RA W-18172 75.9 63 383726 4853         
25 APGM W-19575 14.0 62 109200 12053         
48 OC W-18722 343.8 62 207548 117627         
19 APGM W-19575 12.8 59 220182 7330         
23 RA W-18591 63.1 58 357572 4552         
33 RA W-18591 77.7 56 375381 4118         
18 OC W-18722 301.0 55 213191 122674         
25 RA W-18591 66.4 55 372342 4823         
24 RA W-18591 65.2 54 350688 4577         
22 SM W-18494 295.8 50 203059 116758         
1 SM W-18494 273.4 50 213335 104549         
30 OC W-18722 315.0 48 218649 124128         
57 OC W-18722 356.0 48 222521 106993 4 748 11 3658 182 14.5 2.6 0.3 
25 San W-19684 178.2 48 233021 110315         
26 San W-19684 179.4 47 234669 111809         
7 SM W-18494 278.4 47 233230 110690         
12 SM W-18494 282.9 46 235212 112489         
18 SM W-18494 291.5 45 223737 125253         
61 RA W-18172 77.7 45 366763 4491         
31 RA W-18591 74.1 44 395284 4483         
7 OC W-18722 290.8 44 201582 117123         
6 San W-18564 170.7 43 293596 45274         
13 SM W-18494 285.3 42 211546 121149         
7 San W-18564 171.3 42 328294 27499         
20 San W-19684 177.4 42 226688 115207         
18 San W-19684 174.9 41 244444 118927         
23 SM W-18494 297.0 40 217000 118692         
11 San W-18564 179.1 40 232543 114148         
33 San W-19684 189.3 40 251899 117332         
31 APGM W-19575 15.6 40 324168 5868         
6 SM W-18494 278.3 40 218549 106648         
36 OC W-18722 328.3 40 206712 119845         
32 OC W-18722 322.1 39 223866 127318         
53 RA W-18591 116.7 39 396463 4668         
17 OC W-18722 299.8 39 214611 122850         
16 SM W-18494 288.5 39 231786 129252         
29 OC W-18722 314.1 38 233405 112894         
43 RA W-18591 100.6 38 391260 4452         
19 San W-19684 175.2 38 237169 115211         
14 APGM W-19575 11.3 38 220581 107494         
24 San W-19684 178.2 38 222070 109056         
21 OC W-18722 303.7 37 225367 130132         
31 San W-19684 185.8 37 219152 104142         
16 OC W-18722 299.6 37 214533 121003         
19 SM W-18494 292.2 37 220986 114214         
21 SM W-18494 295.7 37 201374 115450         
38 OC W-18722 331.9 36 205874 119900         
2 OC W-18722 287.0 35 219885 125873         
4 OC W-18722 287.9 35 207047 120387         
9 SM W-18494 279.3 35 240480 115876         
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4 SM W-18494 275.7 35 233689 112062         
59 RA W-18172 76.5 35 383167 4096         
62 RA W-18172 78.0 34 385567 4567         
42 OC W-18722 337.4 34 210869 122595         
1 ROMP W-17392 380.2 33 405624 5463         
1 San W-18564 168.2 33 253913 118659         
5 SM W-18494 276.1 33 237638 113154         
28 OC W-18722 313.8 32 189548 95938         
39 OC W-18722 332.9 32 226226 127534         
28 SM W-18494 303.4 31 234097 116911         
45 RA W-18591 106.1 31 375068 4216         
15 SM W-18494 286.5 31 226718 126602         
61 OC W-18722 360.8 31 222891 125481         
24 APGM W-19575 13.7 30 385457 5056         
12 San W-19684 162.0 29 293240 88660         
8 ROMP W-17087 408.4 29 382782 4870         
69 RA W-18173 93.9 28 399344 4341         
51 OC W-18722 350.5 28 213164 122005         
8 San W-18564 173.3 28 234522 113925         
57 APGM W-19575 30.5 28 394747 5324         
25 SM W-18494 298.8 28 237459 125189         
3 SM W-18494 275.5 28 219427 107218         
15 APGM W-19575 11.4 28 324759 27784         
47 RA W-18591 109.7 28 380701 4206         
16 RA W-18591 57.6 28 394187 2914         
41 OC W-18722 336.7 27 222990 127856         
8 SM W-18494 279.2 27 232192 112611         
5 RA W-18175 109.0 27 389059 4801         
54 RA W-18591 118.6 27 395713 4894         
66 RA W-18173 92.7 27 396560 4698         
39 RA W-18591 92.4 26 376781 4330         
8 OC W-18722 291.8 26 216239 123343         
2 San W-18564 168.4 26 281457 70201         
63 RA W-18172 78.3 26 406690 4996         
12 RA W-18591 48.8 26 375742 2097         
32 RA W-18591 76.5 26 409313 3820         
27 OC W-18722 311.2 26 209745 123070         
21 APGM W-19575 13.3 26 369527 4780         
16 APGM W-19575 11.6 25 233113 111309         
35 OC W-18722 325.8 25 217405 126481         
16 San W-19684 169.9 25 234036 113028         
40 RA W-18591 96.0 25 380438 4366         
50 OC W-18722 348.7 25 232019 110423         
35 RA W-18591 85.6 24 382108 4112         
68 RA W-18173 93.6 24 406673 4334         
5 San W-18564 170.1 24 237987 113186         
11 APGM W-19575 9.8 24 255918 114400         
49 OC W-18722 346.6 24 232005 128686         
50 RA W-18591 114.3 24 410873 4964         
34 RA W-18591 83.8 24 388767 4291         
36 RA W-18591 86.3 24 374088 3325         
55 APGM W-19575 29.3 23 409139 5889         
2 RA W-18175 103.3 23 395375 4467         
12 OC W-18722 296.3 23 228810 131075         
64 OC W-18722 370.0 23 206741 119431         
60 RA W-18172 76.8 23 383395 4700         
7 RA W-18175 110.3 23 395014 4611         
20 RA W-18591 61.6 23 360433 4711         
58 APGM W-19575 31.1 23 393642 5329         
37 APGM W-19575 17.7 23 366113 4882         
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35 APGM W-19575 17.1 23 363626 5049         
46 APGM W-19575 22.3 23 405854 4831         
17 SM W-18494 291.2 23 238087 123651         
29 SM W-18494 305.4 23 237160 111309         
48 RA W-18591 108.5 23 397668 4029         
66 OC W-18722 373.7 22 231864 112560         
1 OC W-18722 286.4 22 222334 127253         
15 OC W-18722 299.2 22 217665 126353         
17 APGM W-19575 11.7 22 249013 95398         
56 APGM W-19575 29.9 22 386987 5745         
5 OC W-18722 288.8 22 203372 118190         
30 RA W-18591 71.6 22 407407 4865         
32 San W-19684 186.8 21 239004 112831         
44 RA W-18591 105.2 21 413641 3524         
45 APGM W-19575 21.9 21 370519 7905         
44 APGM W-19575 21.2 21 408292 5454         
10 San W-18564 177.7 21 234008 117103         
10 OC W-18722 293.1 21 219443 126007         
49 APGM W-19575 24.4 21 373385 5372         
36 APGM W-19575 17.5 21 389582 4517         
67 RA W-18173 93.3 20 377917 4260         
20 OC W-18722 302.7 20 216921 124707         
64 APGM W-19575 35.4 20 243864 114121         
38 RA W-18591 91.4 20 396118 4506         
3 San W-18564 167.8 20 376007 11593         
51 RA W-18591 115.5 20 387257 4393         
5 ROMP W-17392 452.9 20 378446 4312         
15 San W-19684 169.8 20 237193 115723         
18 APGM W-19575 12.2 20 394368 5031         
34 APGM W-19575 16.6 20 383869 4730         
17 RA W-18591 59.4 20 390006 3529         
13 RA W-18591 50.3 19 347314 2045         
52 OC W-18722 350.5 19 207733 118143         
4 San W-18564 168.6 19 241295 113030         
14 RA W-18591 50.9 19 365529 2224         
67 OC W-18722 375.4 19 221313 108816         
33 APGM W-19575 16.5 19 396361 5637         
28 San W-19684 183.7 19 215915 106998         
29 APGM W-19575 15.1 19 407791 5189         
15 RA W-18591 54.9 19 338260 2498         
28 APGM W-19575 14.8 19 374121 4684         
50 APGM W-19575 25.1 19 389751 6079         
61 APGM W-19575 32.8 19 238847 114331         
78 OC W-18722 409.5 19 242417 111475         
47 OC W-18722 342.3 19 213878 122251         
8 RA W-18175 113.7 19 395248 4004         
13 APGM W-19575 11.1 19 232403 111241         
25 OC W-18722 308.9 18 208375 122127         
12 ROMP W-16618 235.6 18 321154 45987         
7 APGM W-19575 7.0 18 226894 113396         
70 RA W-18173 94.2 18 395099 4770         
40 APGM W-19575 18.6 18 386575 6063         
53 APGM W-19575 27.4 18 384746 5574         
71 OC W-18722 383.1 18 268775 118800         
42 RA W-18591 99.4 18 396503 4686         
24 OC W-18722 306.5 18 213255 123795         
54 APGM W-19575 27.8 18 418712 5345         
52 RA W-18591 116.1 18 394309 4653         
59 OC W-18722 359.1 18 246830 112830         
41 APGM W-19575 19.3 18 370233 6150         
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65 OC W-18722 371.6 18 218729 126990         
69 OC W-18722 379.8 17 226504 121897         
8 APGM W-19575 7.8 17 232773 109356         
6 OC W-18722 290.6 17 232521 132412         
65 RA W-18173 92.2 17 388715 4183         
32 APGM W-19575 16.0 17 376003 4782         
73 OC W-18722 387.1 17 254000 123131         
39 APGM W-19575 18.3 17 392924 5257         
9 OC W-18722 292.8 17 211075 122037         
6 RA W-18175 111.6 17 406247 4898         
3 RA W-18175 105.8 17 437850 5192         
22 OC W-18722 304.8 17 217657 124525         
3 OC W-18722 287.4 17 215644 123517         
1 APGM W-19575 4.0 17 231660 115743         
43 APGM W-19575 20.7 17 392596 5521         
2 APGM W-19575 4.4 17 238261 114756         
64 RA W-18173 92.0 17 404162 4495         
59 APGM W-19575 31.4 17 388999 5228         
62 APGM W-19575 33.8 17 245785 115623         
12 APGM W-19575 10.8 16 248125 114733         
6 ROMP W-17087 375.8 16 377343 3979         
2 ROMP W-17392 403.6 16 395637 4729         
10 RA W-18171 123.7 16 402199 4460         
4 RA W-18175 106.2 16 400055 4621         
60 APGM W-19575 32.3 16 389734 5004         
46 RA W-18591 108.2 16 432385 3890         
11 RA W-18591 46.9 16 395060 3251         
42 APGM W-19575 20.1 15 377172 21058         
51 APGM W-19575 25.3 15 412662 5915         
26 OC W-18722 310.1 15 211982 123323         
52 APGM W-19575 26.1 15 392957 5595         
58 OC W-18722 359.0 15 228952 117206         
56 RA W-18591 120.7 15 396895 4620         
21 RA W-18591 61.9 15 353450 4395         
13 San W-19684 163.2 15 242549 115952         
57 RA W-18591 121.6 15 388056 4556         
70 OC W-18722 381.6 14 237276 110732         
72 OC W-18722 385.4 14 234888 114185         
9 RA W-18171 122.2 14 382134 4530         
5 APGM W-19575 6.4 14 267540 116113         
6 APGM W-19575 6.9 14 226063 110075         
3 APGM W-19575 4.6 14 232968 112732         
47 APGM W-19575 22.8 14 418586 6007         
48 APGM W-19575 23.3 14 377894 5367         
18 RA W-18591 61.0 14 357788 4274         
60 OC W-18722 359.4 14 235797 126505         
49 RA W-18591 112.5 14 411487 4288         
19 RA W-18591 61.9 13 351022 4417         
37 RA W-18591 87.5 13 378232 4090         
11 OC W-18722 293.5 13 214799 123329         
4 APGM W-19575 5.2 13 244139 117974         
77 OC W-18722 401.2 13 252737 115420         
68 OC W-18722 376.1 12 219449 124421         
41 RA W-18591 99.1 <dl 431340 4661         
74 OC W-18722 389.0 <dl 232058 124661         
75 OC W-18722 395.9 <dl 244673 106210         
76 OC W-18722 399.0 <dl 248956 111834         
79 OC W-18722 411.3 <dl 224494 116031         
10 APGM W-19575 9.1 <dl 227172 106988         
63 APGM W-19575 34.6 <dl 248782 115834         
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9 APGM W-19575 8.5 <dl 254020 116982         
17 San W-19684 174.0 <dl 248220 118555         
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Table C1.2: Results of the sequential extractions. Samples with a relative standard deviation above 
10 % for the triple measurement of signal intensities were classified as “not detected” (n.d.). 
Measurements of arsenic (As) below the detection limit were indicated as “<dl”. Detection limits for As: 
0.010 mg/L (step 1), 0.016 mg/L (step 2), 0.011 mg/L (step 3), 0.033 mg/L (step 4), 0.007 mg/L (step 
5). The column “deviation” shows the relative standard deviation of the sum of steps 1 to 5 compared to 
the aqua regia digestions. 

Sample Analyte Step 1  Step 2  Step 3  Step 4  Step 5  Sum Aqua regia digestion  Deviation  

  [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [%] 

24 SM As 12 34 44 4 4 98 100 2 

 Ca 5848 83627 18485 498 73 108531 112219 3 

 Fe 0.1 12 902 172 3599 4685 4601 2 

 Mg 2524 54669 7048 275 586 65102 59480 9 

 Mn 0.3 3 1 2 10 16 21 24 

 Mo 504 132 29 63 406 1134 1198 5 

 S 2273 538 205 334 19781 23131 34132 32 

 Sr 43 128 15 2 n.d. 188 1373 86 

        
 

 
3 ROMP As 41 101 229 6 3 380 363 5 

 Ca 6383 219290 2717 39 214 228643 247019 7 

 Fe n.d. 73 551 20 494 1138 1051 8 

 Mg 157 1593 43 22 177 1992 2516 21 

 Mn 0.1 2 n.d. 0.1 1 3 3 0 

 Mo 167 117 2929 310 157 3680 3474 6 

 S 3622 7343 3209 2264 11388 27826 25277 10 

 Sr 3878 14959 9483 5107 30428 63855 62534 2 

          
4 ROMP As 3 5 4 <dl 2 14 n.d. - 

 Ca 5205 317801 3822 29 116 326973 353785 8 

 Fe n.d. 11 64 8 182 265 280 5 

 Mg 138 3645 72 6 14 3875 4626 16 

 Mn 0.1 1 n.d. 0.1 1 2 7 71 

 Mo 46 18 67 14 8 153 151 1 

 S 2092 3719 3119 1201 9008 19139 20609 7 

 Sr 3500 6989 6924 2592 22860 42865 58924 27 

          
9 ROMP As 4 17 74 10 4 109 112 3 

 Ca 8555 158051 42307 40608 664 250185 271760 8 

 Fe n.d. 9 1449 192 2506 4156 4428 6 

 Mg 526 4651 17286 16333 1350 40146 50789 21 

 Mn 0.3 4 3 3 7 17 22 23 

 Mo 186 179 349 215 128 1057 1085 3 

 S 4061 596 252 238 3807 8954 12061 26 

 Sr 288 1330 317 140 43 2118 1883 12 

          
GBW-07120 Ca 4834 346184 818 n.d. 43 351879 367072 4 
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Table C1.3: Chemical composition of pyrite in the samples 24 SM, 3 ROMP and 9 ROMP. 

Pyrite Fe S  As Mo Mn Ni Cu Zn Sb Total 
  [wt%] [wt%] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [wt%] 

24 SM 44 52 1240 <dl <dl 5980 2840 <dl <dl 97 
 39 44 1250 1260 1440 4860 47250 <dl <dl 89 
 43 46 5200 1690 950 <dl <dl <dl <dl 90 
 44 48 3820 <dl <dl 940 <dl <dl <dl 92 
 41 47 2150 <dl 1260 <dl <dl <dl <dl 88 
 42 47 4960 2020 440 5180 5990 <dl <dl 91 
           
3 ROMP 38 44 8640 4380 360 9840 14200 <dl 5330 86 
           
9 ROMP 38 45 9250 5540 930 5950 5620 <dl <dl 86 
 43 45 4450 2180 1730 1440 <dl 520 <dl 89 

 39 42 7400 4840 1290 930 <dl <dl <dl 82 
           

Detection limit (dl) - - 477 489 316 366 436 501 725 - 

 

Table C1.4: Chemical composition of powellite in the samples 24 SM, 3 ROMP and 9 ROMP. 

Powellite Ca Mo O  As Fe S  Mg Mn Total 
 [wt%] [wt%] [wt%] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [wt%] 

24 SM 15 32 28 <dl 650 39520 5360 <dl 80 
 15 32 28 <dl 2070 36570 3090 <dl 79 
 14 25 24 <dl 740 35900 8860 <dl 68 
 15 32 27 <dl 410 36590 2570 <dl 78 
 14 30 27 <dl 860 41600 2700 <dl 76 
          
3 ROMP 22 32 28 6450 6450 18690 <dl <dl 85 
 19 32 30 5950 7920 40190 <dl <dl 86 
 20 35 31 9660 9580 30510 <dl <dl 91 
 15 38 26 9190 <dl 6220 <dl <dl 81 
 22 26 27 9860 14540 30800 660 <dl 81 
 20 37 29 4820 4010 18150 <dl <dl 89 
 28 18 22 2770 3600 9350 2390 <dl 70 
 25 26 26 3620 3700 14790 1830 <dl 79 
 24 24 24 4650 5740 13540 1530 <dl 75 
 25 29 27 2530 2180 18970 680 <dl 83 
 21 25 25 8110 8800 21660 900 <dl 75 
 27 22 24 3630 3780 10250 1520 <dl 75 
 26 20 23 5960 9170 12840 1820 <dl 72 
 22 28 26 2360 2640 17240 990 <dl 78 
 24 24 26 6280 6790 25210 960 <dl 78 
 18 33 28 11050 12550 25150 <dl <dl 84 
          
9 ROMP 20 31 27 <dl 1440 22460 1560 <dl 81 
 17 31 26 <dl 3060 23640 1580 <dl 77 
 21 27 24 5180 5080 11010 1030 <dl 74 

 22 25 24 <dl 2070 14080 3560 <dl 73 
 24 25 24 <dl 1040 11370 1570 <dl 74 
 27 25 25 <dl 1020 11190 1710 <dl 78 
 26 21 22 <dl 1820 7040 3190 <dl 70 
          

Detection limit (dl) - - - 746 305 516 580 321 - 
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Table C1.5: Chemical composition of celestine in the samples 3 ROMP and 9 ROMP. 

Celestine Sr S  O  Ca Ba Total 
  [wt%] [wt%] [wt%] [mg/kg] [mg/kg] [wt%] 

3 ROMP 48 18 36 1050 <dl 102 
 47 18 36 3160 <dl 101 
 48 17 35 1120 2700 100 
 48 18 36 <dl 4800 102 
 48 18 35 <dl <dl 101 
       
9 ROMP 48 17 35 <dl <dl 100 
 47 17 35 1130 <dl 99 

 48 17 35 740 <dl 100 
       

Detection limit (dl) - - - 632 1837 - 
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Table C1.6: Energy-dispersive X-ray spectroscopy measurements of organic matter in samples 24 SM 
and 3 ROMP. The carbon measurements are only a rough estimate, as they could have been influenced 
by residues of a previous carbon coating on the thin sections that may not have been completely 
removed by polishing. 

Sample Element Composition [wt%] 

3 ROMP C 49.2 
 O 23.6 
 Mg 0.4 
 Al 1.2 
 Si 2.7 
 S 6.7 
 K 0.6 
 Ca 4.2 

 Fe 1.6 

3 ROMP C 60.6 
 O 42.3 
 Mg 0.7 
 Al 2.1 
 Si 4.5 
 S 6.3 
 K 0.8 
 Ca 6.4 

 Fe 0.7 

3 ROMP C 37.2 
 O 23.7 
 Al 0.3 
 Si 1.0 
 S 9.5 
 Ca 7.9 
 V 0.3 
 Fe 3.0 
 Ni 0.4 

 As 2.4 

3 ROMP C 36.5 
 O 24.0 
 Al 0.5 
 Si 0.8 
 S 13.6 
 K 0.2 
 Ca 4.2 
 Fe 5.1 
 Ni 0.5 

 As 2.0 

3 ROMP C 38.9 
 O 23.8 
 Si 0.6 
 S 14.7 
 Ca 2.8 
 V 0.3 
 Fe 5.4 
 Ni 0.6 
 As 2.5 

 

  

Sample Element Composition [wt%] 

24 SM C  76.7 
 O 19.2 
 S 13.2 

 Ca 0.8 

24 SM C 70.1 
 O 19.3 
 Mg 0.2 
 S 11.6 

 Ca 1.5 

24 SM C 56.7 
 O 19.7 
 Mg 0.9 
 Al 0.5 
 Si 1.0 
 S 8.0 

 Ca 3.0 

24 SM C 67.7 
 O 16.9 
 Mg 0.2 
 Al 0.3 
 Si 0.7 
 S 10.0 
 K 0.4 

 Ca 1.7 

3 ROMP C 55.5 
 O 25.1 
 S 8.0 
 Ca 4.9 
 Fe 1.1 
 Ni 0.3 
 As 0.6 

 Sr 0.2 

3 ROMP C 58.0 
 O 26.7 
 S 8.9 
 Ca 5.1 
 Fe 0.6 
 Ni 0.4 
 As 0.2 

 Sr 0.6 

3 ROMP C 68.0 
 O 17.5 
 Si 0.2 
 S 10.6 
 Ca 1.9 

 As 0.2 

3 ROMP C 65.4 
 O 16.7 

 S 10.9 
 Ca 1.6 
 As 0.2 
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C.2 Molybdenum release triggered by dolomite dissolution: experimental evidence and 
conceptual model 

Table C2.1: Energy-dispersive X-ray spectroscopy measurements of organic matter in samples 55 OC 
and 63 OC. 

Sample Element Composition [wt%]  Sample Element Composition [wt%] 
55 OC C 59.9  63 OC C 44.8 

 O 25.6   O 25.3 
 Mg 0.7   Mg 1.0 
 S 7.4   Si 0.1 
 Ca 1.9   S 5.8 
     Ca 4.5 

55 OC C 54.4   Ti 0.3 
 O 28.4   Cr 0.1 
 Mg 0.7     
 Al 0.2  63 OC C 45.8 
 Si 0.3   O 29.1 
 S 7.4   Mg 0.8 
 Ca 2.6   S 6.3 
     Ca 5.4 

 

Table C2.2: Composition of pyrites in samples 55 OC and 43 OC. The abbreviation SD means standard deviation. 

Pyrite Fe S As Mo Mn Co Ni  Cu Zn Ag Sb Total 

  [wt%] [wt%] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [wt%] 

55 OC 45 52 550 <dl <dl <dl <dl <dl <dl <dl <dl 96 

             
43 OC 44 53 1120 <dl 410 <dl <dl <dl <dl <dl <dl 98 

 45 52 1960 <dl <dl <dl <dl <dl <dl <dl <dl 97 

 45 51 1860 110 <dl <dl <dl <dl <dl <dl <dl 97 

 42 47 5130 <dl <dl <dl <dl <dl <dl <dl <dl 90 

Detection limit (dl) - - 470 16 314 371 364 427 496 1128 716 - 

SD 43 OC 1 2 1543 - - - - - - - - 3 
 

Table C2.3: Composition of powellites in samples 55 OC and 43 OC. The abbreviation SD means 
standard deviation. 

Powellite Ca Mo O As Fe S Mg Mn Total 

  [wt%] [wt%] [wt%] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [wt%] 

55 OC 18 39 31 15210 4210 28670 4470 <dl 93 

 17 37 31 17780 8890 34080 4210 <dl 91 

 15 29 26 5170 620 28860 15640 <dl 75 

 14 29 26 <dl 760 36370 7410 <dl 73 

 12 22 23 2020 2160 37370 14030 <dl 63 

 14 30 26 3650 1490 33100 6820 <dl 74 

 15 27 26 2960 2250 33940 13140 <dl 73 

          
43 OC  18 25 25 <dl 5490 20860 37850 <dl 74 

 20 34 28 <dl 300 9020 25600 <dl 86 

 19 40 30 1180 500 13130 2680 <dl 90 

 19 41 30 970 730 9280 4180 <dl 92 

Detection limit (dl) - - - 955 299 501 718 333 - 

SD 55 OC 2 5 3 6265 2681 3120 4411 - 10 

SD 43 OC 1 6 2 105 2162 4782 14805 - 7 
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Table C2.4: Results of the sequential extractions with the 5-times execution of extraction step 2. The 
deviation is the relative standard deviation of the sum of the steps to the results of aqua regia digestions 
on a fresh sediment sample. Triple measurements of signal intensities with a relative standard deviation 
above 10 % and concentrations below 1 mg/kg were indicated as “not detected” (n.d.). 

Sample Analyte Step 1 Step 2 Step 3 Step 4 Step 5 Sum Aqua Regia Deviation 

    [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [%] 

43 OC Ca 3019 190770 26731 106 24 220650 214463 -3 

 Mg 1733 111459 11970 35 6 125203 124371 -1 

 Sr 3 67 9 n.d. n.d. 79 103 23 

 Mo 156 151 n.d. n.d. n.d. 307 320 4 

 As 8 6 n.d. n.d. n.d. 14 15 8 

 S 266 158 16 n.d. 65 505 764 34 

 Fe n.d. 13 15 8 22 58 80 28 

          
55 OC Ca 4183 196670 14074 114 3 215044 223618 4 

 Mg 2332 113044 6039 40 19 121474 128399 5 

 Sr 30 75 5 n.d. n.d. 110 104 -6 

 Mo 372 198 n.d. n.d. 8 578 595 3 

 As 39 33 1 n.d. n.d. 73 76 4 

 S 689 233 10 19 654 1605 2164 26 

 Fe n.d. 33 65 7 161 266 294 10 
 

Table C2.5: Results of the sequential extractions with the 1-time execution of extraction step 2. The 
deviation is the relative standard deviation of the sum of the steps to the results of aqua regia digestions 
on a fresh sediment sample. Triple measurements of signal intensities with a relative standard deviation 
above 10 % and concentrations below 1 mg/kg were indicated as “not detected” (n.d.). 

Sample Analyte Step 1 Step 2 Step 3 Step 4 Step 5 Sum Aqua Regia Deviation 

    [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [%] 

43 OC Ca 2682 81322 59111 57315 202 200632 214463 6 

 Mg 1624 60542 24075 25500 93 111834 124371 10 

 Sr 2 38 19 26 n.d. 85 103 17 

 Mo 164 58 39 31 11 303 320 5 

 As 8 7 1 n.d. n.d. 16 15 6 

 S 281 119 55 75 178 708 764 7 

 Fe n.d. 17 14 5 60 96 80 20 

          
55 OC Ca 3434 67531 58817 71073 495 201350 223618 10 

 Mg 1964 48005 23480 27646 273 101368 128399 21 

 Sr 4 31 20 35 n.d. 90 104 13 

 Mo 295 109 49 96 32 581 595 2 

 As 30 31 9 n.d. n.d. 70 76 8 

 S 635 114 66 102 1015 1932 2164 11 

 Fe n.d. 25 42 16 300 383 294 30 
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Table C2.6: Results for extraction step 1 under oxic and anoxic conditions, different reagents, pH values 
and filter sizes. Triple measurements of signal intensities below the calibration blank or with a relative 
standard deviation above 10 % were indicated as “not detected” (n.d.). The initial concentrations of total 
carbon (TC), total organic carbon (TOC) and total sulfur (TS) of sample 55 OC are also shown. 

 55 OC 43 OC 

Reagent NH4CH3COO NaCH3COO NaCH3COO NaCH3COO NH4CH3COO 
pH 8.2 8.2 7.5 7.0 8.2 
Condition oxic anoxic oxic oxic oxic oxic anoxic 
Filter [µm] 0.45 0.2 0.015 0.2 0.015 0.2 0.015 0.45 
Ca [mg/kg] 3128 3299 1456 1494 2065 2040 2879 2878 2556 2605 
Mg [mg/kg] 1780 1855 918 929 1180 1195 1692 1639 1529 1526 
Sr [mg/kg] 3 3 3 3 4 4 4 4 1 1 
Fe [mg/kg] n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
S [mg/kg] 601 575 595 613 618 610 628 620 254 261 
Mo [mg/kg] 284 284 266 269 276 275 289 286 153 142 
As [mg/kg] 27 27 29 30 27 28 28 28 7 7 
TC [%] - - 13.4 13.1 13.1 - - 
TOC [%] - - 0.9 0.8 0.8 - - 
TS [%] - - 0.1 0.1 0.1 - - 
TC initial [%] 14.0 - 
TOC initial [%] 0.9 - 
TS initial [%] 0.2 - 

 

Table C2.7: Results of the batch experiment. Triple measurements of signal intensities below the 
calibration blank or with a relative standard deviation above 10 % were indicated as “not detected” (n.d.). 

Sample Time pH DO ϒ T Ca Mg Sr HCO3 Mo As DOC S SO4 Fe 
 [min]  [mg/L] [µS/cm] [°C] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 

initial water 0 8.0 8.3 349 22.9 46 4 0.18 187 n.d. n.d. 2 4 12 n.d. 
                

63 OC, hand-
shaken 

30 8.6 6.4 582 24.7 46 31 0.30 209 3.6 n.d. 42 26 70 n.d. 

60 8.6 8.3 578 24.0 47 36 0.32 213 4.4 n.d. 44 29 79 n.d. 

 120 8.6 8.4 613 24.7 45 38 0.32 215 4.9 n.d. 46 31 80 n.d. 

 300 8.6 8.2 532 24.7 45 31 0.30 212 3.9 n.d. 37 23 62 n.d. 

 1440 8.5 7.0 613 26.0 45 38 0.33 218 5.6 n.d. 51 31 82 n.d. 

 4320 8.3 6.0 676 24.1 46 43 0.36 264 7.1 n.d. 48 35 90 n.d. 

 10080 8.2 6.3 678 21.8 54 47 0.39 277 7.8 n.d. 40 36 93 n.d. 

                

63 OC, 3 rpm 30 8.6 8.4 585 23.8 46 38 0.32 212 4.3 n.d. 40 29 79 n.d. 
 

60 8.6 8.3 598 24.5 47 40 0.34 218 5.2 0.03 44 32 86 n.d. 
 

120 8.5 8.3 598 24.9 47 40 0.34 215 5.3 n.d. 42 32 84 n.d. 
 

300 8.5 8.2 613 24.9 49 44 0.36 218 6.1 0.03 46 33 90 n.d. 
 

1440 8.4 6.7 634 25.8 48 44 0.37 228 7.2 n.d. 51 35 87 n.d. 
 

4320 8.2 4.6 678 23.8 54 47 0.38 275 7.7 0.08 46 35 89 n.d. 
 

10080 8.1 4.9 749 21.9 71 56 0.46 322 8.7 0.09 42 39 101 n.d. 

                

drinking 
water, 3 rpm 

1440 8.2 8.0 348 24.4 45 4 0.18 183 n.d. n.d. 4 4 20 n.d. 

10080 8.1 8.3 350 22.0 46 4 0.18 185 n.d. n.d. 4 4 19 n.d. 
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Figure C2.1: Results of X-ray diffraction analyses on sample 55 OC. 
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Figure C2.2: Results of X-ray diffraction analyses on sample 43 OC. 
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C.3: Molybdenum mobility during managed aquifer recharge in carbonate aquifers  

Conceptual/numerical model of salinity distribution 

The storage zone at the Orange County Aquifer Storage and Recovery (ASR) site was 

characterized by freshwater at the top and gradually increasing mineralization with depth (BFA, 

2009). Background measurements of Na and Cl from the long-screened injection and 

monitoring wells were thus unsuitable to resolve the variations in salinity over the depth of the 

aquifer. Therefore, the Cl concentrations that were measured for reverse air discharge water 

sampled during drilling of ASR-1 and LFMW-1 (BFA, 2009) were used to define the initial Cl 

concentrations in the model domain. In the numerical model, the depth-variations were 

considered through four discrete zones of uniform water composition. The variations in Na 

concentrations were determined by assuming a Cl/Na ratio of 1:1. 

 

Effective screen length assumed for LFMW-2 

The more mineralized water near the bottom of the storage zone, including the deepest main 

flow zone at 357.2 to 359.7 m, was not captured by the monitoring well LFMW-2. This became 

evident from the concentration patterns of Cl and Na that evolved during the recovery phases 

and from the pumping flow log data from that particular well (BFA et al., 2006; FDEP, 2015). 

Therefore, the well screen considered in the model simulations was limited to a depth of 356 m, 

which resulted in an improved agreement between simulated and observed breakthrough 

curves at that well. 

 

Surface complexation reactions with the native sediment material 

The adsorption of Mo with the native sediment material was included in the model by 

incorporating the surface complexation reactions after Dzombak and Morel (1990), as defined 

in the original PHREEQC database, and amended by the sorption reactions for Mo (Tab. C3.1). 

The surface complexation model was integrated as a non-electrostatic model, whereby no 

surface charge was considered during the formation of surface complexes.  
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Table C3.1: Surface complexation parameters and reactions for Mo. 

Parameter Value  

Surface site density of native sediments (strong sites) [mol/LVol] 1.68 × 10-5 
 

Surface site density of native sediments (weak sites) [mol/LVol] 6.72 × 10-4  

Reaction log K Reference 

+ + 2 + ↔ ( )  17.96  Gustafsson (2003)  + ↔  3.14  Gustafsson (2003)  

 

 

 

 

Figure C3.1: Flow rate and injected volume during 7 cycles at the Orange County ASR facility (FDEP, 
2015). The blue dashed lines indicate the start of each cycle. The green dashed lines indicate the times 
of the snapshots in Figure 4.2 A-C. Before the start of cycle 1, a pre-cycle injection of 0.68 × 106 m³ of 
potable water with no recovery was performed to create a target storage volume (TSV). 
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Figure C3.2: Reactive transport simulations including the full suite of geochemical processes affecting 
the aquifer (grey line) compared to observation data measured during monitoring at the injection well 
ASR-1 (yellow dots). The observed data were provided by FDEP (2015). 
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Figure C3.3: Reactive transport simulations including the full suite of geochemical processes affecting 
the aquifer (grey line) compared to observation data measured during monitoring at the monitoring well 
LFMW-1 (yellow dots). The observed data were provided by FDEP (2015). 
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Figure C3.4: Reactive transport simulations including the full suite of geochemical processes affecting 
the aquifer (grey line) compared to observation data measured during monitoring at the monitoring well 
LFMW-2 (yellow dots). The observed data were provided by FDEP (2015). 
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Figure C3.5: Reactive transport simulations including the full suite of geochemical processes affecting 
the aquifer (grey line) compared to model variants with a deoxygenated injectant (red dashed line) and 
with reduced concentrations of dissolved inorganic carbon (8.20 × 10-4 mol/L) in the injectant (blue 
dashed line). The observed data were provided by FDEP (2015). 
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