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A B S T R A C T   

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 concentra-
tions 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. 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 re-
action 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.   

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 prob-
lematic 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 lo-
cations 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 
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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 car-
bonate aquifer matrix with a particular focus on mineralogy. 

The study was carried out using samples from the Avon Park For-
mation 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) 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 disperse X-ray spectroscopy (EDX) in combination with scanning 
electron microscope (SEM) analyses and electron probe microanalyses 
(EPMA) finally provided information on elemental compositions. 

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 condi-
tions 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, 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., 2001, 
2008; 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., 2001, 2008; 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. (2008) 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, 1994). 

3. Materials and methods 

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. 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 success-
fully applied in studies for As (e.g., Lazareva et al., 2015; Pichler et al., 
2011). 

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 

Fig. 1. Table: Selected cores from OC (Orange County), SM (Seminole-Mark-
ham), 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 Manage-
ment District. Modified after SJRWMD (2016) and FDEP (2022). (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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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 sam-
ples 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 induc-
tively coupled plasma-optical emission spectrometry (ICP-OES) using a 
PerkinElmer Optima 7300 DV instrument. In preparation for the anal-
ysis, samples were diluted 20 times, corresponding to a final dilution of 
1:2000. 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 ma-
terial 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 Tech-
nology) 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. 

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. 

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 (Table 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. 

Each sample was analyzed in triplicate together with three proce-
dural 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 concen-
trations 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 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. 

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 diffrac-
tometer 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 op-
tical 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. 

4. Results 

Results of the aqua regia digestions and the determination of TC, 
TOC and TS are listed in Table A1 (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). 

The results of the sequential extraction procedure are compared to 
the results of the aqua regia digestions in Table A2 (SI). The concen-
tration 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 devi-
ation 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 

Table 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 × 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)  

Fig. 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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differed by less than 10 % (Tab. A2, SI). 
The sequential extraction results for Mo, As, Fe and S are presented in 

Fig. 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. 

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 
presence of celestine was additionally confirmed by the μ-XRF analyses 
(Fig. 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. 4) and confirmed 
in sample 3 ROMP by XRD (ref. code 01-085-0546; ICDD) with a 
semiquantitative abundance measurement of 1 %. 

The chemical composition of powellite, pyrite and celestine in the 
samples 24 SM, 3 ROMP and 9 ROMP are listed in Table 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 %. 

A change from calcite and organic matter to calcite and powellite 
was observed in sample 3 ROMP (Fig. 5 A). Calcite and powellite formed 
sharp boundaries to the celestine (Fig. 5 A + B), and powellite was partly 
found in organic matter and together with calcite (Fig. 5 C + D). Some 
pyrite framboids were directly adjacent to powellite and calcite (Fig. 5 
D). 

EDX measurements of organic matter in the samples 24 SM and 3 
ROMP gave a rough estimate of its elemental composition (Tab. A6, 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. 

5. Discussion 

The co-occurrence of celestine and powellite in the samples 3 ROMP 
and 4 ROMP (Table 2; Figs. 4 and 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 (Table 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 diagen-
esis (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 cel-
estine, since it grew on the edge of a celestine crystal (Fig. 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. 3) known to dissolve powellite 
(Mozaffari, 2016). However, due to its late formation, it is unlikely that 
powellite was the primary source of Mo. 

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 concentra-
tions are substantially higher (Tab. A1, 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 (Table 2), calculates the total amount of Mo 
present in pyrite in a given sample. Finally, by comparing this value to 

Fig. 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 A2 (SI). 
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the total amount of Mo in the aqua regia digest (Tab. A1, SI), the per-
centage of Mo in pyrite is determined. Sufficient EPMA Mo data were 
available for samples 24 SM, 3 ROMP and 9 ROMP (Table 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. 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 Haw-
thorn 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) and by elevated concentrations of S in organic 
matter in the samples 24 SM and 3 ROMP (Tab. A6, 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 sul-
furized 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 inter-
molecular 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 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. 4 and 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 precipi-
tation 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). 

Temporary changes in redox conditions during diagenesis were 
confirmed by the distribution of Fe in the sequential extractions (Fig. 3). 

Fig. 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 min-
eral powellite. 

Table 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. A3, A4, A5).  

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         
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The largest fraction of Fe in most samples was extracted in step 5, which 
targets sulfides and organic material, thus indicating reducing condi-
tions. 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. 4) and 
EDX measurements of Fe in organic matter in sample 3 ROMP (Tab. A6, 
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. 5 A). A stepwise 
reconstruction of the processes leading to the formation of celestine and 
powellite is shown in Fig. 6. Based on the previous discussion, the for-
mation 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 (e. 
g., 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, 1994), a 
release of Sr via dolomitization of aragonite, for example, could have 
occurred from this time on. Cracks and fissures produced by kar-
stification may have contributed to the formation of celestine since they 
are permeable conduits (Hanor, 2004; Scholle et al., 1990). We assume 
that Sr-rich, 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. 6, left). Then, the sulfate 
(SO4

2− ) together with strontium (Sr2+) formed celestine (Fig. 6, middle) 

Fig. 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. 

Fig. 6. Reconstruction of the backscatter electron image of sample 3 ROMP (Fig. 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 (SO4

2− ) 
and molybdate (MoO4

2− ). 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). 
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and finally, molybdate (MoO4
2− ) and calcium (Ca2+) formed powellite 

(Fig. 6, right). Thermodynamic modeling by Pichler and Mozaffari 
(2015) indicated that Mo concentrations above 2000 – 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. 6, left). The formation of powellite along the 
crack (Fig. 5 A) shielded calcite and other minerals from further contact 
with reactants. Such shielding of carbonate surfaces from further re-
actions 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. 5 A). 

Adelson et al. (2001) questioned whether organically bound Mo re-
mains 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 inter-
mittent oxic conditions during diagenesis. 

6. Conclusions 

This study provided new information about the mineralogical asso-
ciation 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, tem-
porary oxic conditions must have occurred during diagenesis. Presum-
ably, 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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biogeochemistry: Recent advances and future research directions. In: Amend, J.P., 
Edwards, K.J., Lyons, T.W. (Eds.), Sulfur Biogeochemistry - Past and Present, 379. 
The Geological Society of America, Boulder, Colorado, pp. 135–150. 

West, I., 1973. Vanished evaporites - significance of strontium minerals. J. Sediment. 
Petrol. 43, 278–279. 

WHO, 2011. Guidelines for Drinking-water Quality, 4 ed. World Health Organization, 
Geneva.  

Wilkins, S.J., Compton, R.G., Taylor, M.A., Viles, H.A., 2001. Channel Flow Cell Studies 
of the Inhibiting Action of Gypsum on the Dissolution Kinetics of Calcite: A 
Laboratory Approach with Implications for Field Monitoring. J. Colloid Interface Sci. 
236, 354–361. 

Wirth, S.B., Gilli, A., Niemann, H., Dahl, T.W., Ravasi, D., Sax, N., Hamann, Y., 
Peduzzi, R., Peduzzi, S., Tonolla, M., Lehmann, M.F., Anselmetti, F.S., 2013. 
Combining sedimentological, trace metal (Mn, Mo) and molecular evidence for 
reconstructing past water-column redox conditions: The example of meromictic Lake 
Cadagno (Swiss Alps). Geochem. Cosmochim. Acta 120, 220–238. 

S. Koopmann and T. Pichler                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0883-2927(22)00203-7/sref27
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref27
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref28
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref28
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref29
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref29
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref30
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref30
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref30
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref30
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref31
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref31
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref31
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref32
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref32
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref32
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref33
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref33
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref33
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref34
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref34
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref35
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref35
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref36
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref36
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref36
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref37
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref37
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref38
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref38
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref38
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref39
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref39
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref39
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref40
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref40
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref40
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref41
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref41
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref41
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref42
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref42
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref42
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref43
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref43
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref43
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref43
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref44
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref44
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref44
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref45
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref45
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref45
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref46
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref46
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref47
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref47
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref47
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref48
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref48
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref48
https://data-floridaswater.opendata.arcgis.com/datasets/1fe947e33f484d7fabd7d2293083eb96_8/explore?location=27.437190%2C-82.097485%2C7.00
https://data-floridaswater.opendata.arcgis.com/datasets/1fe947e33f484d7fabd7d2293083eb96_8/explore?location=27.437190%2C-82.097485%2C7.00
https://data-floridaswater.opendata.arcgis.com/datasets/1fe947e33f484d7fabd7d2293083eb96_8/explore?location=27.437190%2C-82.097485%2C7.00
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref50
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref50
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref51
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref51
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref51
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref52
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref52
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref52
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref52
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref53
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref53
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref53
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref54
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref54
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref54
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref55
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref55
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref55
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref55
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref55
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref56
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref56
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref56
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref57
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref57
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref57
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref58
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref58
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref58
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref58
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref58
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref59
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref59
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref59
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref59
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref60
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref60
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref61
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref61
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref62
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref62
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref62
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref62
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref63
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref63
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref63
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref63
http://refhub.elsevier.com/S0883-2927(22)00203-7/sref63

	Celestine and powellite as redox indicators during diagenesis of molybdenum-bearing carbonate aquifers
	1 Introduction
	2 Geology and hydrogeology
	3 Materials and methods
	3.1 Core samples
	3.2 Aqua regia digestions
	3.3 Determination of TC, TOC and TS
	3.4 Sequential extractions
	3.5 XRD, SEM, μ-XRF, EPMA

	4 Results
	5 Discussion
	6 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


