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1. Introduction

Molybdenum (Mo) is considered an essential element, whose
daily requirement for humans is approximately 0.3 mg (WHO,
2011), while at the same time high doses of Mo could be detri-
mental to human health. The recommendation by theWorld Health
).
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Organization (WHO) for drinking water is that Mo should not
exceed 70 mg/L (WHO, 2011). Currently only anthropogenic Mo
contamination seems to be of environmental interest and partic-
ularly in mining areas it is a well-known contaminant (Davies et al.,
2005; Heijerick et al., 2012; Smedley et al., 2014; Zhai et al., 2013)
where it is released during mining operations and due to weath-
ering of mine tailings (Price et al., 1999). The deterioration of
groundwater, however, is not exclusively due to the direct input of
anthropogenic contaminants, such as the discharge of Pb due to
battery recycling (e.g., Pichler, 2005). Another process leading to
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Fig. 1. Location of the study area showing domestic supply wells and their approxi-
mate As concentrations and the locations of the three cores, which were sampled for
this study (DEP-1, DEP-2 and DEP-5).
groundwater deterioration can be the mobilization of naturally
occurring (geogenic) elements induced by anthropogenic pertur-
bations of the physicochemical conditions in the aquifer (e.g., Amini
et al., 2008; Ferguson and Gavis, 1972; Korte and Fernando, 1991;
McNeill et al., 2002; Peters and Blum, 2003). This type of
anthropogenic-induced contamination is a public health issue
worldwide. In particular the ongoing catastrophic problems with
arsenic (As) in Bangladesh and West Bengal are front-page stories
in newspapers and scientific journals (e.g., Ahmed et al., 2006).
There is the potential that geogenic Mo could be candidate for
anthropogenic-inducedwidespread groundwater contamination as
well. Marine sediments are known to accumulate Mo in organic
matter (e.g., Tribovillard et al., 2004) and in pyrite (e.g., Helz et al.,
2011, 1996). Since As is known to accumulate in the same two
phases the physicochemical conditions that cause the release of As
from the aquifer matrix should also release Mo.

Elevated arsenic (As) is a well-known problem in Floridan
groundwater, whenever the physicochemical conditions in the
aquifer are perturbed due to anthropogenic activities (Arthur et al.,
2007; Jones and Pichler, 2007; Katz et al., 2009; Wallis et al., 2011).
Thus As is routinely analyzed after completion of new wells, which
led to the discovery of elevated As and Mo concentrations in
groundwater in a rural area in central Florida (Pichler and
Sültenfuß, 2010). There As concentrations of up to 350 mg/L and
Mo concentrations of up to 5000 mg/L were measured. The value of
5000 mg/L is substantially above what could be considered
“normal” for Mo concentrations in groundwater. Smedley et al.
(2014) who studied Mo in Great Britain found a 10 to 90th
percentile range of 0.08e2.44 mg/L with a median of 0.57 mg/L and a
maximum observation of 230 mg/L in stream water samples
(n ¼ 11,600). In groundwater samples the 10 to 90th percentile
ranged from 0.035 to 1.80 mg/L with a median of 0.20 mg/L and a
maximum observation of 89 mg/L (n ¼ 1735).

While some information about the occurrence and distribution
of As in the Floridan aquifer matrix exists (e.g., Pichler et al., 2011),
next to nothing is known about Mo. In this study, we present a first
look at the distribution andmineralogical association of As together
with Mo in a limestone aquifer of marine origin. To estimate As and
Momobility, a modified extractionwas carried out according to the
procedure recommended by Pichler et al. (2001).

2. Study area

The study area is located in the municipality of Lithia southeast
of Tampa Bay in the United Sates (Fig. 1). There, a multilayered
aquifer system exists, which can be subdivided into three distinct
hydrostratigraphic units, which are, from the top down: the Surfi-
cial Aquifer System (SAS), the Intermediate Aquifer System (IAS),
and the Upper Floridan Aquifer System (UFA). Katz et al. (2007)
provided detailed mineralogical and lithological descriptions of
these units and their regional hydrogeology in central Florida,
which were recently reviewed (Hughes et al., 2009). Relevant
hydrogeological characteristics of these units are briefly summa-
rized here.

The unconfined SAS consists of unconsolidated to poorly indu-
rated clastic deposits with depths to the water table ranging from
about 3 m to 15 m below land surface (Katz et al., 2009). The upper
surface of the SAS is defined by the surface topography, which near
the wells with high As concentrations is generally about 30 m
above mean sea level (amsl) and ranges from about 65 m just to
east of the high-As wells to near zero where it intersects Hills-
borough Bay about 35 km to the west. Near the high-As concen-
tration wells, the base of the SAS is 10 m amsl and dips to the west
at a slope of approximately 0.001. The SAS generally is not used as a
2

major source of water supply because of relatively low yields (less
than 19 L/min), high Fe content, and the potential for contamina-
tion from the surface. Water table elevations in the SAS generally
are above the potentiometric surface of the UFA, indicating
downward groundwater flow through the IAS from the SAS to the
UFA (Katz et al., 2009).

The IAS consists of several water-bearing units separated by
confining units, which are composed mainly of the siliciclastic
Hawthorn Group with interlayered sequences of more and less
permeable carbonates, sands and clays (Scott, 1988, 1990). The
extent, thickness, and permeability of the IAS are variable, but
generally control the downward leakage between the SAS and the
UFA (Katz et al., 2009). Pyrite is found unevenly distributed
throughout the Hawthorn Group and occurs mainly in its fram-
boidal form (Lazareva and Pichler, 2007). Arsenic concentrations in
the Hawthorn Group are generally less than 5 mg/kg, but can reach
up to 69 mg/kg in samples with abundant pyrite (Lazareva and
Pichler, 2007; Pichler et al., 2011). Near the highest As concentra-
tions, the bottom of the IAS is about �30 m amsl and dips to the
west at a slope of approximately 0.001.

The UFA is the major source of water supply within the study
area and consists of permeable limestone and dolomite deposited
in a shallow marine environment (Green et al., 1995; Miller, 1986).
Carbonate deposition was interrupted at first periodically, and
finally completely, with the influx of the siliciclastic sediments
eroded from the Appalachian Mountains that form the IAS. Within
the region of high As concentrations, the bottom of the UFA is about
e 400 m amsl and dips to the west at a slope of approximately
0.001. Because of its high permeability, the Florida Geological Sur-
vey has been testing the UFA to serve as an underground reservoir
for aquifer storage and recovery (ASR) systems. Detailed litholog-
ical, mineralogical, and geochemical studies of the two uppermost
formations of the UFA, the Tampa Member and the Suwannee
Limestone, showed that As is generally present in low concentra-
tions (a few mg/kg), but is concentrated in minor minerals, such as
pyrite, which may contain up to 11,200 mg/kg As (Lazareva and
Pichler, 2007; Price and Pichler, 2006). The Tampa Member of the
Arcadia Formation hydrostratigraphically belongs to the UFA,
although it is the lowermost stratigraphic unit of the Hawthorn
Group (Miller, 1986).
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Fig. 2. Comparison of the median concentrations of Ca, Mg, Sr, Al, Si, P, Fe and S in
sediments samples from the three cores DEP-1, DEP-2 and DEP-5. *To allow for better
presentation Ca and Mg values were divided by 100 and 10, respectively.
3. Materials and methods

3.1. Core description

To assess the occurrence, distribution and mineralogical asso-
ciation of As and Mo in the aquifer matrix in the study area three
cores were analyzed (Fig. 1). Core DEP-1 was drilled inside the area
of contamination to a depth of 114 m below surface and sampled
between 44 m and 114 m. Core DEP-2 was drilled inside the area of
contamination to a depth of 103 m below surface and sampled
between 4 and 103 m. As a reference, core DEP-5 was drilled
outside the area of contamination to a depth of 103m below surface
and sampled between 27m and 103m. The cores were described in
detail, which included the chemical analyses for total organic car-
bon (TOC), Ca, Mg, Si, Al, P, Sr, As, Mo, Fe, and S content and the
preparation of thin sections. Each core was sampled at a spacing of
approximately 0.5 m to ensure representation of all stratigraphic
units. In addition to those interval samples, targeted samples were
taken along each core from sections with visible pyrite, hydrous
ferric oxide, clays, or organic material. These sections were sus-
pected to have higher As concentrations than the bulk carbonate or
clay matrix. This sampling approach was successfully applied to
assess the importance of pyrite as the source of As in the UFA
(Lazareva and Pichler, 2007; Pichler et al., 2011; Price and Pichler,
2006). The samples were dried at room temperature and subse-
quently powdered and dissolved using a digestion method modi-
fied from van der Veen et al. (1985). Once cooled, the digestates
were diluted to 50 mL with deionized water (DI) and allowed to
settle for at least 24 h before being passed through a 2.0 mm Teflon
filter. Two mL of the filtered samples were diluted with 8 mL of DI
for determination of Ca, Mg, Si, Al, P, Sr, Mo, Fe, and S on a Perkin
Elmer Optima 2000 DV inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES). A 10 mL aliquot of each sample was
prepared for As analysis by hydride generation-atomic fluorescence
spectrometry (HG-AFS) on a PSA 10.055 Millennium Excalibur in-
strument following (Price and Pichler, 2006). To assure quality
control, approximately 10% duplicate samples were randomly
selected. Sample blanks, which were added every 5e10 samples,
did not show detectable concentrations of As (<0.2 mg/L). To test
recovery, 2 samples from each batch were spiked in liquid form
with the equivalent 25 mg/kg As before digestion. Recovery of As
from the spiked samples was always between 90% and 110%.

Polished thin sections were made for 20 samples high in As and
Mo for further analyses of discrete mineral phases by optical mi-
croscopy, scanning electron microscopy (SEM) using a Zeiss Supra
40 instrument equipped with a Bruker EDX detector and electron
microprobe analysis (EMPA) using a JEOL JXA-8900R instrument.
Reference materials consisted of natural and synthetic sulfide,
sulfate, silicate, and oxide. Due to logistic limitations, only core
DEP-2 was analyzed top to bottom. The other two cores, DEP-1 and
DEP-5, were analyzed starting at a depth of approximately 45 m
(below surface) and had essentially the same stratigraphy, element
patterns and concentrations as DEP-2 (Appendix A and B).

Total carbon (TC), inorganic carbon (IC) and total organic carbon
(TOC) were determined as follows: (1) The samples were dried at
105 �C, (2) TC was determined by combusting a dried sample at
1350 �C in an oxygen atmosphere using a LECO CR-412 instrument,
(3) TOC was determined by the same combustion method after
removal of IC with phosphoric acid (1:1) and (4) IC was determined
by difference.

3.2. Mobilization test for weakly bound As and Mo

To assess the mobilization potential of As and Mo from the
aquifer matrix 10 samples were chosen for a chemical extraction
3

experiment based on the following criteria: (1) high total Mo
concentration, (2) high total As concentration and (3) geographic
representation of the study area (Fig. 1). The extraction experiment
was carried out on duplicate samples following step 1 of an
established sequential extraction procedure (Pichler et al., 2001;
Price and Pichler, 2005). All chemicals used were reactant grade
or better and solutions were prepared with double deionized water
(DDI) of at least 18 MU cm�1.

The purpose of this procedure was to assess the amount of
exchangeable (i.e., easily mobilized) As and Mo in the aquifer ma-
trix. To carry out the extraction 20 mL of 1.0 M sodium acetate
(NaOAc) adjusted to a pH of 8.1 were added to 1 g of powdered
sample in a 50 mL screw cap centrifuge tube and shaken for 2 h at
room temperature in a mechanical shaker operating at
250 motions min�1. The extract was separated from the solid res-
idue by centrifugation at 4000 RPM for 10 min. The supernatant
was decanted into a 50 mL tube, diluted to 50 mL and prepared for
chemical analyses (i.e., filtration, dilution if necessary). To wash the
residuals they were re-suspended in 5 mL of DI water then
centrifuged and the supernatant was discarded.

4. Results

4.1. Stratigraphy, mineralogy and chemical composition of the cores

The stratigraphy from top to bottom was approximately as fol-
lows: 0e18 m surficial sediments (SAS), 18e60 m Hawthorn Group
(IAS), 60e70 m Tampa Member (UFA) and below 70 m Suwannee
Limestone (UFA). Except in the uppermost segment, limestone was
the main lithology. Occasionally dolomite and clay minerals were
present. That lithology was also observed in the bulk chemical
composition, where Ca, Mg and Sr concentrations increased with
depth, while Si, Al and P decreased, indicating the decreasing sili-
ciclastic and clay content (Appendix A and B). Core lithology,
Arsenic and Mo concentrations in DEP-5, which was the reference
core from outside the area of contamination, did not differ from
those cores drilled inside the area of contamination (DEP-1 and
DEP-2). The minimum, maximum, median and standard deviations
for all analyzed elements, including As andMowere comparable for
all three cores (Figs. 2 and 3, Appendix B). Molybdenum, As, S and
Fe, however, varied significantly with depth and median As and Mo
values were above their respective crustal averages of approxi-
mately 1.1mg/kg and 1.5mg/kg (Li, 2000). Themedian values for As
were 3.4 mg/kg in DEP-1, 4.7 mg/kg in DEP-2 and 3 mg/kg in DEP-5
(Appendix A, Fig. 3). The median values for Mo were 4.4 mg/kg in
DEP-1, 6 mg/kg in DEP-2 and 3.1 mg/kg in DEP-5 (Appendix A,
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Fig. 3. Comparison of the minimum, maximum, median and standard deviations of As
and Mo concentrations in sediment samples from cores DEP-1, DEP-2 and DEP-3.
Although there are differences in minimum and maximum concentrations, the me-
dian values are more or less identical.
Fig. 3). However, these median values are heavily skewed due to
occasionally high values of up to 100 mg/kg for As and up to
880 mg/kg for Mo (Appendix A).

The concentrations were highest in the SAS and IAS and
returned to “normal”, i.e., expected values for crustal carbonate
rocks, in the UFA below a depth of 60e70 m below surface (Fig. 4).
The concentrations of Fe and S seemed to follow the same pattern,
being elevated in each of the cores at approximately the same
depth (Fig. 5). In core DEP-1 As was elevated at depths of approx-
imately 45m and 55m (Fig. 5). In core DEP-2 As varied significantly
between 5 m and 35 m and then had two pronounced high con-
centrations at 45 m and 60m (Fig. 5). In core DEP-5 As was elevated
at depths of approximately 50 m and 65 m (Fig. 5). In core DEP-1
Mo was elevated at depths of approximately 45 m and 70 m
(Fig. 5). In core DEP-2 Mo showed the same pattern as As. It varied
significantly between 5 m and 35 m and then had two pronounced
high concentrations at approximately 45 m and 70 m (Fig. 5). In
core DEP-5 was elevated at several depths, the highest values at
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Fig. 4. Comparison of the medians of As and Mo concentrations in each hydrostrati-
graphic section in sediment samples from cores DEP-1, DEP-2 and DEP-3. The median
values decrease with increasing depth. The dashed line approximately depicts the
average concentration of As and Mo in crustal rocks.
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approximately 50 m and 75 m (Fig. 5).
Euhedral and framboidal pyrite was identified as a minor min-

eral in the IAS and UFA sections (Fig. 6), where it generally filled
void spaces. Sometimes occurring together with hydrous ferric
oxide (HFO) (Fig. 6A) or with powellite (Fig. 6B). Electron micro-
probe analyses revealed variable concentrations of As in pyrite
ranging from approximately 300 to 9000 mg/kg (Table 1). The
molybdenum concentration in pyrite was consistently below the
detection limit of approximately 100 mg/kg and the highest values
for Zn and Sb were 806 mg/kg and 730 mg/kg, respectively. These
values were in the same range as those previously reported for the
IAS (Lazareva and Pichler, 2007) and Suwannee Limestone (Price
and Pichler, 2006). HFO was identified mainly in the upper sec-
tions of the cores.

In core DEP-1 the calcium molybdate powellite (CaMoO4) was
identified at a depth of approximately 45 m. It occurred as very
small grains of approximately 20 mm in diameter filling void spaces
and enclosing primary mineral grains of the aquifer matrix indi-
cating that powellite was the latest stage of mineral formation
(Fig. 6B). Based on the average of 5 EMPA measurements, its
chemical composition by mass was approximately 21% Ca, 42% Mo
and 1.76% As, while other elements were less than 0.2% (Table 2).
The elevated As concentration could also be observed by energy
dispersive X-ray spectroscopy (EDX) (Fig. 6D).

Organic carbon was present throughout the cores, ranging from
0.1 to 3.3% (Appendix C). Its occurrence in each of the three cores
was almost identical. Core DEP-1 had a maximum concentration of
2.6% and a median of 1.4% (n ¼ 22), core DEP-2 had a maximum
concentration of 3.0% and a median of 1.4% (n¼ 27) and core DEP-5
had a maximum concentration of 3.3% and a median of 1.4%
(n ¼ 26).

4.2. Mobilization experiment

The results for the mobilization of Mo and As are shown in
Table 3. Analytical quality was evaluated by including a replicate
and a blank in each analytical batch. The results showed high
precision for replicate samples (average standard deviation of
replicates were 2.8 for Mo and 0.86) for As and the blanks did not
contain detectable concentrations of either element.

During the experiment with NaOAc at a pH of 8.1, which had the
purpose to identify easily mobilized Mo in the aquifer matrix up to
97% were removed (Fig. 7). More than 80% Mo was removed from
samples 45e46, 46e47, 70e71, 31e32, 42e43 and 51e52 and
approximately 65%e70%Mowas removed from samples 18e19 and
75e76. Despite the high extraction from these samples, two sam-
ples 10e11 and 69e70 showedmuch lowerMo extraction of 5% and
21%, respectively. The percentages were calculated using the cor-
responding Mo concentrations from the total analyses (Appendix
A).

In contrast to Mo, As was mobilized to a lesser degree and the
samples could be divided into three groups. Between 21% and 50%
As were removed from samples 42e43, 45e46, 46e47, 70e71 and
31e32 and approximately 10%e24% As were removed from sam-
ples and 50e51, while little to nothing was removed from the
remaining samples, 10e11, 18e19 and 69e70 (Table 3). The per-
centages were calculated using the corresponding As concentra-
tions from the total analyses (Appendix A).

5. Discussion

5.1. Molybdenum

In the aquifer matrix below the town of Lithia in central Florida
cores, Mowas elevated in certain horizons, particularly at depths of



Fig. 5. Approximate stratigraphy and depth profiles for the concentration of iron (Fe), sulfur (S), arsenic (As) and molybdenum (Mo) in cores DEP-1, DEP-2 and DEP-5.
approximately 40e60 m below surface in all three cores (Fig. 5).
Values were comparable between the cores with maximum values
above 100 mg/kg and median values of around 3 mg/kg. These
values were higher than what was considered to be the mean
concentration of Mo in the Earth's crust of around 1e2 mg/kg (Li,
2000). However, Mo concentrations can be significantly higher in
sediments, which were deposited under oxygen-depleted condi-
tions. Hatch and Leventhal (1992) reported up to 850 mg/kg Mo for
the Stark Shale Member of the Dennis Limestone in Kansas and
Calvert and Pedersen (1993) reported a range from 21 to 160 mg/kg
Mo for sediments from several anoxic basins. In purely oxic sedi-
ments of marine origin Mo concentrations are generally much
lower (Bertine and Turekian, 1973; Crusius et al., 1996) and thus
changing redox conditions during deposition may cause the Mo
variation seen in the DEP cores (Fig. 4). According to Scott (1988)
the depositional environment of the Hawthorn Group changed
5

constantly from marine or peri-marine conditions that seemed to
have ranged from prodeltaic and shallow to sub-tidal marine, to
intertidal and supratidal with occasional deposition of terrestrial
sediments in the form of paleosoils and weathered residuum of the
Hawthorn sediments. In addition the existence of phosphorite
deposits in the Hawthorn Group points towards upwelling and the
associated changes in redox conditions (Riggs, 1984), as well as the
varying abundance of organic carbon in the sediments (Appendix
B).

The exact mineralogical association of Mo in the aquifer matrix
remains unclear, although the mineral powellite (CaMoO4) was
observed in the aquifer matrix (Fig. 6). Based on crystal habit it is
unlikely that powellite is a primary mineral that would have
precipitated during sediment deposition or early diagenesis. In
Fig. 6B powellite encloses primary calcite fragments indicating that
it was the latest or one of the latest mineral phases to precipitate in



Fig. 6. (A) Optical microscopy image of pyrite and HFO in core DEP-1 at a depth of 60 m. (B) Back scatter electron image of powellite and a framboidal pyrite from core DEP-1 (46 m
depth) of powellite in a clay/carbonate matrix. (C) Secondary electron microprobe image (polished thin section) of a powellite crystal showing fine growth banding. (D) EDX spectra
for the powellite in image B.
the aquifer matrix. Precipitation of powellite due to evaporative
concentration of Mo in the pore water during drying of the samples
could have happened. However, several powellites showed very
delicate banding, which appeared to be growth banding (Fig. 6C).
The fine scale of the bands and their uniformity precludes the type
of rapid deposition one would expect from evaporation during core
handling. Thus it is conceivable that powellite is a sink for Mo,
rather than a source. Thermodynamic modeling with the computer
code Geochemist's Workbench (GWB), using recent thermody-
namic data for aqueous Mo species, powellite and molybdenite,
showed that powellite was super-saturated in groundwater sam-
ples with Mo concentrations above 2000e3000 mg/L. Precipitation
of powellite from super-saturated groundwater was observed
elsewhere as well (e.g., Conlan et al., 2012). Thus, the likely primary
source for Mo is organic matter, which is sufficiently abundant in
Table 1
Average chemical compositions of pyrite (FeS2) in thin sections from cores DEP-1
and DEP-2.

Core Sample Fe S As Sb Zn Mo Ca Total

wt% wt% mg/kg mg/kg mg/kg mg/kg wt% wt%

DEP-1 45e46 42 52 8788 730 320 <0.5 0.19 95
DEP-1 45e46b 47 52 2113 0 48 <0.5 0.53 99
DEP-1 57e58 47 52 1281 18 40 <0.5 0.04 99
DEP-1 57e58 48 53 360 0 15 <0.5 0.03 101
DEP-1 64e65b 47 53 451 9 68 <0.5 0.15 100
DEP-1 64e65 46 52 1412 16 54 <0.5 0.24 98
DEP-2 17e18a 47 53 794 9 59 <0.5 0.22 99
DEP-2 17e18b 46 52 1164 11 806 <0.5 0.39 98
DEP-2 41e42 38 51 6597 57 19 <0.5 0.52 90
DEP-2 62e63d 47 53 1846 32 28 <0.5 0.03 100
DEP-2 62e63b 47 52 1713 25 98 <0.5 0.11 99
DEP-2 67e68 46 54 681 66 21 <0.5 0.76 101
DEP-2 68e69 48 53 285 13 6 <0.5 0.06 101

6

the aquifer matrix. Themean concentrationwas in each of the three
cores was 1.4%, which is significantly higher than 0.24%, which is
considered the mean concentration in limestone (Gehman, 1962).
Organic matter has a high adsorption potential for Mo (Jenne,1998)
and is known to incorporate and concentrate Mo (e.g., Tribovillard
et al., 2004).

Under reducing conditions at the time of sediment deposition,
Mn refluxing has the potential to concentrate dissolved MoO4

2� at
the sedimentewater interface. In cases where anoxia extends up-
ward into the water column, Mn2þ oxidizes to particulate MnOx
(solid) just above the chemocline. The particulate Mn settles into
the anoxic waters, and re-dissolved Mn2þ diffuses back through the
chemocline, thus completing a redox cycle (Adelson et al., 2002). In
this case Mo can be co-precipitated by Mn and Fe oxides. However,
no evidence was found to indicate that Mo was co-precipitated
with Mn and Fe oxides during time of sediment deposition. The
Mn concentrations were rather low and more or less uniformly
distributed throughout the study area with median values of 24, 37
and 34 for Cores DEP-1, DEP-2 and DEP-5, respectively. The possible
explanation is that the physicochemical conditions in the sedi-
mentary environment did not change sufficiently. On the other
hand, in sulfidic settings, pyrite and organic matter (OM) have a
greater capability to fix Mo from seawater and retain it during
diagenesis (Adelson et al., 2002; Helz et al., 2011, 1996; Tribovillard
Table 2
Average chemical compositions of powellite (CaMoO4) in thin sections from core
DEP-1.

Core Sample Fe S As Sb Zn Mo Ca Total

mg/kg mg/kg mg/kg mg/kg mg/kg wt% wt% wt%

DEP-1 45e46 5935 4690 15,050 <0.5 755 23 15 41
DEP-1 47e48 472 3216 17,640 34 1312 42 21 66



Table 3
Amounts of Mo and As mobilized from the aquifer matrix sediments by reaction
with NaOAc at pH 8.1 compared to total Mo and As.

Core Sample MoA MoA MoT AsA AsA AsT

mg/kg % mg/kg mg/kg % mg/kg

DEP-1 45e46 114 94 122 11 39 30
DEP-1 46e47 750 91 825 72 50 144
DEP-1 70e71 399 80 499 28 22 132
DEP-2 10e11 1 4 25 n.d. n.d. 29
DEP-2 18e19 21 55 38 n.d. n.d. 18
DEP-2 31e32 52 97 53 3 29 9
DEP-2 42e43 76 98 78 4 21 20
DEP-5 50e51 30 83 36 2 6 30
DEP-5 69e70 6 20 30 n.d. n.d. 60
DEP-5 75e76 85 62 136 2 3 52

Note: MoA is mobilized Mo and MoT is total Mo in the sample; the same for As;
n.d. ¼ not detected.
et al., 2008). Of the two possible sources OM is considered the
dominant source for Mo (Chappaz et al., 2014). A closer look at the
element distribution in core DEP-2 (Fig. 7) corroborates OM in the
sense that hydrous ferric oxide and pyrite are excluded as major
sources. If those two minerals were a source for Mo then either Fe
or S or both should have been elevated at depth of 40 mwhere Mo
has its maximum concentration. Pyrite was also ruled out because
no Mo was detected during the electron microprobe analyses of
pyrite.
5.2. Arsenic

In the aquifer matrix below the town of Lithia in central Florida
cores, As was elevated in certain horizons, particularly at depths of
approximately 10m, 45m, 60m and 70m below surface in all three
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Fig. 7. Percentage and absolute amount of Mo and As mobilized during the re
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cores (Fig. 4). Values were comparable for all three cores with
maximum values above 100 mg/kg and median values of around
3 mg/kg. These values are higher thanwhat is considered the mean
concentration of As in the Earth's crust of around 1e2 mg/kg (Li,
2000). The observed distribution and concentration values are
similar to previous studies of As occurrence in the Floridan Aquifer
System (FAS) (Lazareva and Pichler, 2007; Pichler et al., 2011). Ac-
cording to Taylor and McLennan (Taylor and McLennan, 1985) the
abundance of As in the upper continental crust is approximately
1.5 ppm. This value is somewhat controversial, because most of the
individual rock types that were analyzed for As have higher values.
The mean abundance in the common igneous rocks, basalt and
granite, are 8.3 and 7.6 ppm, respectively (Taylor,1964). The average
for shale and its related materials, such as loess and mud, is
approximately 10.6 ppm (Li, 2000). The average composition for
sandstone is too difficult to determine, but the value for the
commonly used geostandard GSR-4 is 9.1 ppm (Govindaraju, 1994).
The average value for limestone/dolomite is 2.6 ppm (Baur and
Onishi, 1969). Arsenic is considered a chalcophile element and
therefore often found in As-rich pyrite, although discrete As min-
erals, such as arsenopyrite and reaglar are common if As concen-
trations are sufficiently high (e.g., Borba et al., 2003; Price et al.,
2013; Price and Pichler, 2006). In oxic sediments As shows a high
affinity for adsorption or co-precipitation with hydrous ferric oxide
(HFO), such as ferrihydrite, goethite and hematite (Dixit and
Hering, 2003; Lenoble et al., 2002; Pierce and Moore, 1982).

In the subsurface As was found as a minor element in pyrite and
powellite (Tables 1 and 2), while in the SAS where the conditions
are more oxygenated, As was likely bound to HFO, hence the as-
sociation of As and Fe (Fig. 8). In the IAS, As occurs together with
powellite and in the UFA where Fe and S were elevated As should
predominantly occur in As-rich pyrite. This inferred As mineralogy
follows the expected redox gradient for groundwater from
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action with a NaOAc solution at pH 8.1. The data corresponds to Table 3.



Fig. 8. Stratigraphy and depth profiles for the concentration of arsenic (As), molyb-
denum (Mo), sulfur (S) and iron (Fe) in core DEP-2. The dashed lines are an aid to
correlate peaks across the graph and the minerals names on the right side indicate the
possible source.

Fig. 9. (A) Plot of Fe vs. S for the three monitoring well clusters DEP-1, DEP-2 and DEP-
5. The dashed line represents the “pyrite line”, i.e., if pyrite would be the single source
of Fe and S in a sample then all analyses would plot on this line. (B) Plot of As measured
vs. As calculated, based on As abundance in pyrite (see text for more explanation). The
dashed line represents the ideal case of As measured ¼ As calculated. Data points that
fall above this line contain more bulk As than expected, considering pyrite as the only
source of As, and are made up of mostly samples containing clay. Data points below the
line are due to high S contents in organic material and therefore have higher calculated
As values.
oxygenated near the surface to more reducing conditions at depth.
HFO is generally stable under oxygen-rich conditions (Jambor and
Dutrizac, 1998), while pyrite is stable under the reduced condi-
tions in the UFA (e.g., Jones and Pichler, 2007). The redox stability of
powellite is not well known, however, reducing (sulfidic) condi-
tions seem to have little influence on powellite stability, since
powellite and pyrite coexist in close proximity (Fig. 6B). Unfortu-
nately there is nothing known about abiotic molybdate reduction
but sulfate its structural analog is well studied and abiotic sulfate
reduction can only proceed at temperatures above 160 �C (Machel,
2001). It appears, however, that pyrite is the primary source of As in
the subsurface below Lithia, because only little powellite was pre-
sent in the aquifer matrix. This assumption can be verified with a
massbalance approach using the bulk concentrations of Fe, S, and
As combined with As concentrations in individual pyrites. Due to
the correlation between S and Fe (R2¼ 0.94), it can be assumed that
Fe and S concentrations were controlled largely by the presence of
pyrite (Fig. 9A). The pyrite line (Fe ¼ 2S) represents Fe/S ratios that
are exclusively controlled by the presence of pyrite (Fig. 9A). Thus,
using the values of S and Fe, the abundance of pyrite in each sample
was calculated and the calculated amount of pyrite was multiplied
by the mean arsenic concentration of pyrite obtained by electron
microprobe analyses (Table 1) and compared to the actual analyzed
bulk arsenic concentrations (Appendix A). Calculated and
measured arsenic are compared in Fig. 9B. Many samples show
good agreement between the measured and calculated As con-
centrations, i.e., they follow the dashed line in Fig. 9B. For those
samples that lie significantly above the equal concentration line,
calculated arsenic concentrations were lower than those measured
in the bulk sample. These results can be explained by existence of
other As sources such as, clays, organic material, hydrous ferrous
oxides and powellite or an underestimation of the amount of pyrite.
Samples that show a much higher calculated arsenic concentration
compared to a measured result probably due to overestimation of
pyrite abundance due to the presence of S from sources other than
pyrite, e.g., gypsum or anhydrite.

5.3. Mobilization of As and Mo

Until present, no effort was made to investigate the geogenic or
anthropogenic mobilization of Mo from sedimentary rocks and its
impact on groundwater quality. In anoxic/sulfidic sediments, Mo is
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mainly associated with iron sulfides and/or OM (Chappaz et al.,
2014; Dahl et al., 2013; Erickson and Helz, 2000; Glass et al.,
2013; Zheng et al., 2000). In normal seawater, Mo is stable as
MoO4

2� with a resident time of approximately 440 thousand years
(Miller et al., 2011). Its enrichment is much lower compared to
sulfidic sediments and it can be preserved inmarine oxic sediments
by adsorption onto Fe/Mn-oxyhydroxides (Goldberg et al., 2009;
Zheng et al., 2000).

Considering how As and Mo are bound in the aquifer matrix
below Lithia (i.e., organic matter, pyrite, powellite and HFO;
Fig. 8), changing the physicochemical conditions should cause the
mobilization of As and Mo in three ways: i) the introduction of
oxygen into the aquifer could result in the oxidation of pyrite and
organic matter (e.g., Alberic and Lepiller, 1998); ii) consumption of
oxygen by biotic and abiotic processes could result in the reduc-
tion of HFO (Amirbahman et al., 1997; Welch and Lico, 1998); and
iii) non-equilibrium saturation could eventually lead to the
aqueous dissolution of powellite (e.g., Conlan et al., 2012). On the
other hand, the same three scenarios could also cause the pre-
cipitation of As and Mo: i) the introduction of oxidative conditions
could result in the adsorption of As onto newly precipitated HFO
(e.g., Pichler et al., 1999); ii) the change to reducing conditions
could result in the incorporation of As into newly precipitated
pyrite (Bostick and Fendorf, 2003) or adsorption of As and Mo
onto pyrite (Bostick et al., 2003); and iii) non-equilibrium



saturation could result in the precipitation of powellite from
super-saturated groundwater (e.g., Conlan et al., 2012). Any of
these changes in the physicochemical conditions beneath Lithia
can be caused by mixing between shallow, oxygenated and deep,
oxygen-depleted groundwater. In Lithia each home has its own
water well, because the township is not connected to the public
water supply system. Thus there is the potential that the abun-
dance of private supply wells in this area may short-circuit the
hydraulic gradient across the confining layer in the Hawthorne
group (IAS), e.g., bringing oxygen-depleted water from the deep
aquifer into the shallow aquifer and vice versa. While there is
little known about Mo mobilization, there is abundant knowledge
about the release of geogenic As under oxidizing, as well as
reducing conditions. Since Mo can be present in similar solid
phases, such as HFO, pyrite and organic matter (e.g., Tribovillard
et al., 2004), the release mechanisms of As should be a good
analog. For example, Delemos et al. (2006) argued that leakage of
organic contaminants from a landfill in New England, USA
mobilized geogenic As by driving the reduction of As-bearing
oxides. At other sites, pumping-induced hydraulic gradient
changes can perturb physiochemical conditions in the aquifer,
mobilizing geogenic As. Harvey et al. (2006) argue that geogenic
As at their field site in Bangladesh is mobilized because pumping
for irrigation draws fresh organic carbon into the aquifer, which
subsequently drives the reduction of As-bearing oxides. The
introduction of oxygen-rich surface water into an anoxic aquifer
during aquifer storage and recovery (ASR) caused the dissolution
of As-rich pyrite and thus increased As concentration in recovered
water above the drinking water limit of 10 mg/L (e.g., Wallis et al.,
2011). Since in an anoxic aquifer the inferred association of Mo is
with organic matter (e.g., Tribovillard et al., 2004), the introduc-
tion of oxygen into an anoxic aquifer would oxidize the organic
matter and liberate Mo.

From the leaching experiment it becomes clear that Mo should
be easier mobilized from the aquifer matrix than As (Fig. 7). Up to
90% of Mo were removed during the reaction with 1.0 M sodium
acetate (NaOAc) adjusted to a pH of 8.1, while at the same time only
up to 50% As were mobilized. This indicates that the majority of Mo
in the aquifer matrix is adsorbed onto mineral surfaces and organic
matter, while As should be present as impurities in minerals, i.e., As
in pyrite and powellite and co-precipitated with HFO. Thus the
mobilization of Mo can proceed along several pathways, which are
oxidation of organic matter, desorption from mineral surfaces and
re-dissolution of powellite. However, only Mo mobilized through
oxidation of organic matter should be considered primary Mo.
There was evidence for redox disequilibrium in the IAS in the study
area, i.e., co-occurrence of pyrite and HFO and pyrite and powellite
in the aquifer matrix (Fig. 2). Thus, following the initial release from
the aquifer matrix Mo could be adsorbed by either pyrite or HFO
under uncertain redox conditions and later released from either.
Since its stability is mainly controlled by the ion activity product
(IAP) of Ca2þ and MoO4

2� dissolution of secondary powellite is
possible once the IAP of the groundwater is less than the Ksp (e.g.,
Conlan et al., 2012). Thus we propose that the release of Mo to
groundwater in the IAS intervals could be a combination of
changing redox conditions and changing ion activity product (IAP)
due to mixing between shallow and deep groundwater, as well as
the reversal from oxygenated to reducing conditions. Considering
the observed redox disequilibrium, which indicated at least a single
but most likely several redox changes, As should be mobilized
similarly. During the infiltration of oxygenated surface water pyrite
oxidation causes the release of As, while during periods of upward
flow of oxygen-depleted groundwater, HFO is reduced and co-
precipitated (sorbed) As is released.
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6. Summary and conclusions

Arsenic (As) and molybdenum (Mo) were found at elevated
levels in the aquifer matrix of the Surficial Aquifer System (SAS) and
the Intermediate Aquifer System (IAS). Median values for bothwere
approximately 3e6 times higher that their respective crustal av-
erages. In the upper part of the Upper Floridan Aquifer System
(UFA) median values were below their corresponding crustal av-
erages. Thus the distribution of As and Mo in the study area seems
to be controlled by the clastic and clay content of the aquifer matrix.
With depth the aquifer matrix changes from (1) poorly indurated
clastic deposits, to (2) interlayered sequences of carbonates, sands
and clays and to (3) limestone and dolomite. That lithological
change was also observed in the bulk sediment chemical compo-
sition, where Ca, Mg and Sr concentrations increased with depth,
while Si, Al and P concentrations decreased with depth.

In the SAS As mainly occurred adsorbed onto hydrous ferric
oxide (HFO) and in the IAS and UFA As was found as an impurity in
pyrite, with concentrations of up to 9000 mg/kg. Although Mo
generally has a high affinity for incorporation into pyrite, in the
study area pyrite was virtually Mo-free. Thus pyrite formed during
a period when Mo was either not present in the aquifer matrix or
when physic-chemical conditions were such that Mo was securely
bound by organic matter. In a few samples the mineral powellite
(CaMoO4) was discovered, which was not considered a source of
Mo, but rather a sink. Geochemical modeling indicated that in the
study area powellite was supersaturated and its crystal habit dis-
missed precipitation during sediment deposition or early diagen-
esis. Thus organic matter is the likely primary source of Mo in the
aquifer matrix. The difference of where and how Mo and As were
present in the aquifer matrix impacted their behavior during the
mobilization experiments. Molybdenum, which seemed to be
loosely bound to mineral and organic matter surfaces, was easily
removed from the aquifer matrix. Arsenic on the other hand was
much less mobile, because it occurred either tightly absorbed by
HFO or as an impurity in pyrite.

Currently this study stands alone and thus it remains ques-
tionable if Mo is of similar concern as As, nevertheless it would be
advisable to include Mo in the analytical program whenever
elevated As concentrations are encountered in aquifers of marine
origin.
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