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ABSTRACT

Environmental contamination constrains microbial communities impacting diversity and total metabolic activity.
The former S-3 Ponds contamination site at Oak Ridge Reservation (ORR), TN, has elevated concentrations of
nitric acid and multiple metals from decades of processing nuclear material. To determine the nature of the metal
contamination in the sediment, a three-step sequential chemical extraction (BCR) was performed on sediment
segments from a core located upgradient (EB271, non-contaminated) and one downgradient (EB106, contami-
nated) of the S-3 Ponds. The resulting exchangeable, reducing, and oxidizing fractions were analyzed for 18
different elements. Comparison of the two cores revealed changes in operational speciation for several elements
caused by the contamination. Those present from the S-3 Ponds, including Al, U, Co, Cu, Ni, and Cd, were not
only elevated in concentration in the EB106 core but were also operationally more available with increased
mobility in the acidic environment. Other elements, including Mg, Ca, P, V, As, and Mo, were less operationally
available in EB106 having decreased concentrations in the exchangeable fraction. The bioavailability of essential
macro nutrients Mg, Ca, and P from the two types of sediment was determined using three metal-tolerant
bacteria previously isolated from ORR. Mg and Ca were available from both sediments for all three strains;
however, P was not bioavailable from either sediment for any strain. The decreased operational speciation of P in
contaminated ORR sediment may increase the dependence of the microbial community on other pools of P or
select for microorganisms with increased P scavenging capabilities. Hence, the microbial community at the
former S-3 Ponds contamination site may be constrained not only by increased toxic metal concentrations but
also by the availability of essential elements, including P.

1. Introduction

and Ndlovu, 2014). Depending on the other metal content of these
minerals, the impacted groundwater system becomes contaminated with

Mixed metal contamination of fresh water is often a secondary effect
of a larger pollution process that impacts the mobility of elements within
the surrounding sediment. In acid mine drainage, exposure of iron-
sulfide containing minerals to oxygen, water and iron-oxidizing micro-
organisms results in acidification and dissolution of the minerals (Simate
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a wide variety of secondary metals (Baker and Banfield, 2003). The use
of nitrate-containing fertilizers in agriculture also results in the mobi-
lization of metals that can co-contaminate groundwater used as drinking
supply by local populations thereby impacting human health (Ekemen
Keskin, 2010; Jarup, 2003; Nolan and Weber, 2015). Secondary metal
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contamination can also impact the composition and function of micro-
bial communities limiting natural bioremediation of contaminated sites
(Jiang et al., 2021; Li et al., 2021; Shuaib et al., 2021). Therefore, it is
important to understand how contamination sources are impacting the
mobility of secondary elements, and what impacts this could have on the
surrounding microbial community.

The S-3 Ponds contamination site located within Bear Creek Valley in
Oak Ridge, Tennessee, USA is a prime example of such a site where
contamination by nitrate and a mixture of metals is impacting the
groundwater system. From 1951 to 1983, mixed hazardous waste
generated from uranium-processing operations at the Y-12 National
Security Complex was disposed in four unlined clay reservoirs, known as
the S-3 Ponds, each with a capacity of 9.5 million liters. Acidic uranium
nitrate was among the primary wastes deposited at the S-3 Ponds, but
waste from remote sites including East Tennessee Technology Park and
X-10 sites at ORR, Savannah River site, and Idaho National Engineering
Lab was also placed within these reservoirs. In 1983, the waste in the S-3
Ponds was treated by neutralization and sludge was allowed to settle to
the bottom before the liquid was removed. The site has since been
capped and currently serves as a parking lot (Brooks, 2001). Various
groundwater surveys and direct current-resistivity tomography have
charted the dispersal of contaminants from the former S-3 Ponds into the
surrounding saprolite (Jones, 1998; Revil et al., 2013; Smith et al.).
Acidic nitrate contamination extends at least 1500 ft laterally and 45 ft
below ground surface (bgs) from the former S-3 Ponds (Jones, 1998)
forming 5 distinct plumes (Revil et al., 2013). In addition to the nitrate
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contamination, several elements are elevated within the contaminated
area groundwater, including Fe, Al, Mn, Zn, Ni, Cr, Cu, Co, Pb, As, U, and
Cd (Thorgersen et al., 2015). A groundwater survey of 93 wells,
including those surrounding the former S-3 Ponds, analyzed 26
geochemical features as well as community structure with 16S rRNA
gene sequencing. It was found that microbial communities can serve as
quantitative biomarkers for contamination levels, highlighting the
impact of the contamination in shaping microbial community compo-
sition (Smith et al., 2015).

To study the impact of nitrate and metal contamination on sediment,
two sediment boreholes were processed at ORR upgradient (non-
contaminated EB271) and downgradient (contaminated EB106) of the
former S-3 Ponds (Fig. 1) (Moon et al., 2020). Both cores were analyzed
throughout their depth (444 cm bgs for EB271 and 804 cm bgs for
EB106) for lithological content, pH, sediment minerology, conductivity,
anions, cations, organic acids, biomass, and total elements (Moon et al.,
2020). The pH of EB271 varied from 5.62 to 8.01 throughout its depth,
while that of EB106 varied from 3.18 to 12.62 with all values for seg-
ments deeper than 200 cm bgs being < pH 5.4. Nitrate was typically
elevated in EB106 relative to EB271, with maximum concentrations of
2800 mg/L (45 mM) and 83 mg/L (1.3 mM), respectively.

Herein, we expanded upon the previous elemental analysis of the
EB271 and EB106 sediment cores using the modified BCR method
(Rauret et al, 1999) to sequentially extract selected segments
throughout the depth of the two cores. We obtained elemental concen-
trations for exchangeable (water and acid soluble), reducible and

Fig. 1. Location of boreholes EB271 and EB106 in relation to the former S-3 ponds in Bear Creek Valley (Oak Ridge, TN, USA). Locations of boreholes EB271
and EB106 are marked with red pins along with the S-3 ponds that are also highlighted in yellow. The arrow indicates the direction of groundwater flow. Imagery:
©2023 Maxer Technologies/Map data: ©2023 U.S. Geological Survey Google. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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oxidizable fractions. By comparing the sequential extraction results
between the non-contaminated EB271 and contaminated EB106 cores,
we observed differential operational speciation for several elements that
are likely caused by the low pH, nitrate and mixed metal contamination
from the S-3 Ponds. Additionally, we investigated the bioavailability of
essential macronutrients, Mg, Ca, and P from the EB271 and EB106
sediment, to three metal-resistant bacteria previously isolated from
ORR. Potential impacts of changes caused by the contamination to both
toxic and essential element species on the microbial community are
discussed.

2. Materials and methods

Sediment Collection. Collection of sediment from cores upgradient
(EB271) and downgradient (EB106) of the S-3 Ponds contamination site
(Oak Ridge, Tennessee, USA) (Fig. 1) was previously described (Moon
et al., 2020). Boreholes were drilled using a dual tube (DT22)
direct-push Geoprobe drill rig. The resulting undisturbed sediment
encased in polyvinyl chloride liners was segmented into 23 cm seg-
ments. After portions of the undisturbed sediment were removed for
analyses unrelated to this study (Moon et al., 2020), the remainder of the
segments were homogenized and sampled for the extraction experi-
ments described below.

Sequential Extraction of Sediment. Sequential extraction of EB271
and EB106 sediment segments into exchangeable, reducible, and
oxidizable fractions was performed using a modified BCR method
described previously (Rauret et al., 1999). See supplemental materials
and methods for details.

Citrate Bicarbonate Dithionate (CBD) Extraction of Sediment.
Extraction of EB271 and EB106 sediment segments by CBD buffer was
performed as described previously (Richardson and King, 2018). See
supplemental methods for details.

Microwave Digestion. Microwave digestion of sediment samples
for total metal analysis was performed as previously described (Ge et al.,
2019). See supplemental methods for details.

Sediment Traps. The sediment traps containing non-contaminated
ORR sediment were placed in contaminated groundwater well FW106
(35.97729757, —84.2734838). After an 8-week incubation in the
groundwater wells, sediment traps were removed, and sediment samples
were collected for sequential extraction and microwave digestion as
described above.

Element Concentration Determination by ICP-MS. Quantitation
of 18 elements by ICP-MS was performed as previously described (Ge
et al., 2019). Elements were selected based on known presence in either
the native ORR sediment or the S-3 Ponds contamination source.

Strains and Growth Medium. Metal tolerant strains were previ-
ously enriched and isolated from the ORR environment in the presence
of metal concentrations mimicking the contaminated groundwater sur-
rounding the S-3 Ponds (Thorgersen et al., 2019). Pantoea strain sp.
MT58 was isolated from non-contaminated sediment (FWB306), while
Serratia strain sp. MT049 was isolated from a non-contaminated
groundwater well (GW066) and Castellaniella strain sp. MT123 was
isolated from a contaminated groundwater well (FW104).

Base growth medium contained 4.7 mM NH4Cl, 1.3 mM KCl, 2 mM
MgSO4, 0.2 mM NaCl, 1.2 mM NaHCOg, 5 mM NaH3POy4, 0.1 mM CaCls,
and 0.2 M MOPS buffer with 1X vitamins and 1X trace elements. For
anaerobic growth, 10 mM NaNOs was added as an electron acceptor.
The trace elements were prepared at 1000X concentration and con-
tained 12 mM HCl, 3.8 mM (NHa)2Fe(SOa)2-6H20, 0.5 mM ZnCly, 0.5 mM
MnCly-4H50, 1.5 mM CoCly-6H20, 0.01 mM CuCly-2H50, 0.2 mM
NiCly-6H20, and 0.2 mM NayMoOj4-2H20. The vitamin mix was pre-
pared at 1000X concentration and contained 0.08 mM b-biotin, 0.05 mM
folic acid, 0.49 mM pyridoxine HCl, 0.13 mM riboflavin, 0.19 mM
thiamine, 0.41 nicotinic acid, 0.23 mM pantothenic acid, 0.74 pM
vitamin B;5, 0.36 mM p-amino benzoic acid, and 0.24 mM thioctic acid.
For growth of Serratia sp. strain MT049 and Pantoea sp. strain MT58, 20
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mM glucose was used as a carbon source, while 20 mM fumarate was
used for Castellaniella sp. strain MT123. The pH of the medium was
adjusted to pH 7.0 using NaOH before filter sterilization for use. For Mg-,
P-, and Ca-limited growth medium, base growth medium was prepared
with deionized purified water, and MgSO4, NaH5;POy4, and CaCl, were
not added resulting in concentrations as low as 0.1 pM Mg, 0.6 uM P, and
1 pM Ca. Stock solutions of 1M MgSO4, NaH;POy4, and CaCl, were pre-
pared and diluted to add back Mg, P and Ca as indicated.

Growth Conditions. Growth was monitored in a Bioscreen C
(Thermo Labsystems, Milford, MA) by measuring the optical density at
600 nm (ODgpp). For anaerobic growth, the Bioscreen C was placed in an
anaerobic chamber (Plas Labs, Lansing, MI) with an atmospheric
composition of 95% Ar and 5% Hj. Growth curves were performed in
400 pL volumes at 25 °C with medium shaking speed in biological
triplicate with error bars representing the standard deviation. For
growth experiments with sediment samples, the sediment samples for
culture amendments were from the saturated zones of EB271 (399 cm
bgs) and EB106 (627 cm bgs). The sediment was dried for 24 h at 105 °C
before use. Where indicated, 0.2 g of sediment was added to the Mg-, P-,
and Ca-limited growth medium cultures (2 mL) in sealed 5 mL vials with
a headspace of 20% CO; and 80% Ny. Where indicated, Mg, P, and/or Ca
were added to the medium in the same concentrations as found in base
growth medium. These cultures were grown at 25 °C without shaking for
24 h. Uninoculated control cultures with sediment and concentrations of
added Mg, P, and Ca to base growth medium display no growth over the
24 h timespan of the experiment. After growth, 1 mL samples were
harvested, and the protein content was determined in pg/mL using the
Bradford reagent (Millipore Sigma, Burlington, MA). Experiments were
performed in biological triplicate with error bars representing the
standard deviation.

3. Results

3.1. Sequential chemical extraction of EB271 and EB106 sediment core
segments

Homogenized sediment from selected segments throughout the
depth of the EB271 and EB106 cores (upgradient and downgradient of
the former S-3 Ponds contamination source) (Fig. 1) was sequentially
extracted using the modified BCR method (Rauret et al., 1999). An
ICP-MS elemental analysis for 18 different elements was performed on
each of the extracted fractions for the core segments. The results are
shown in Fig. 2 by depth. Additionally, samples of the sediment seg-
ments were extracted with a second CBD reducing method previously
used for oxyanion forming elements including P, As, V and Mo
(Richardson and King, 2018). A comparison of reducible P, As, V and Mo
measured by depth in EB271 and EB106 between the two reducing
methods is reported (Fig. S1).

Several elements had concentration peaks at 353 cm bgs in upgra-
dient core EB271 including Mn, Fe, Ca, P, Co, Ni, As, Mo, and Cd (Fig. 2).
This depth represents the edge of the capillary fringe and saturated zone.
The sequential extraction analyses revealed that this 353 cm bgs peak is
predominantly localized to the reducing fraction for Mn, Fe, Co, Ni, As,
and Cd. However, similar sized peaks were observed in both the
extractable and reducing fractions for Ca and P. In contrast, the Mo peak
was primarily localized in the oxidizable fraction. In the total elemental
analysis of the EB106 core, a major peak was observed for several ele-
ments at 501 cm bgs in the saturated zone (Moon et al., 2020). This
saturated zone peak for 14 of the 18 measured elements was primarily
localized to the reducing fraction (Fig. 2). In contrast, the 501 bgs peaks
for U and Cu were distributed between all three sequentially extracted
fractions for EB106, while Al and Cr had peaks at this depth in the
reducible and oxidizable, but not, exchangeable fractions.

Comparing EB271 and EB106 sequential extraction fraction profiles,
several other observations stand out. The macronutrient elements Mg,
Ca, and to a lesser extent P are elevated at most depths in the
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Fig. 2. Sequential extraction of ORR sediment. ORR sediment from boreholes located upgradient (EB271 (blue)) and downgradient (EB106 (red)) of the S-3 Ponds
contamination source were subdivided into 23 cm segments before homogenization, sequential extraction and ICP-MS elemental analysis. The upper end of the X-axis
range is denoted in parentheses above the graphs for each element. The light blue area indicates the capillary fringe zone for EB271 while the light red area indicates
the capillary fringe zone for EB106. The grey dotted line at 353 cm bgs and the black dotted line at 501 cm bgs indicate peak locations for multiple metals in EB271
and EB106, respectively. Error bars show standard deviation for three independently analyzed samples. *The reducible data for these elements was obtained from the
citrate bicarbonate dithionite extraction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

exchangeable fraction of EB271 relative to EB106. This same trend also
holds true for Mg and Ca in the reducible fraction and for Mg in the
oxidizable fraction. Several toxic metals known to be present in the
contamination plume including Al, U, and Cu were observed at higher
concentrations throughout the depth of EB106 compared to what was
observed in EB271. Other toxic metals that are associated with the
contamination plume, including Pb and Cr, were only elevated in con-
centration in the EB106 peak at 501 cm bgs.

To further investigate changes in elemental distribution across the
sequential extraction fractions (i.e., operational speciation) between the
two cores, we compared the sequential chemical extraction data to
previously reported total metal extraction data obtained from micro-
wave digestion of the sediment in nitric acid (Moon et al., 2020)
(Table 1). Four sediment segments were selected, including EB271 353
cm bgs, EB106 501 cm bgs, EB271 444 cm bgs and EB106 627 cm bgs.
The former two samples contain the respective reducible fraction con-
centration peaks of both cores while the latter two samples represent
standard saturated zone segments for both cores. Metal oxide forming
elements, including Fe, Al, and Mn, were among the most abundant
elements by total element analysis in all four sediment segments. Fe is
the most abundant in all four segments; however, a large percentage of
this Fe (and similarly Al) is not extractable. Less than 1% of the total Fe
was detected in the exchangeable fraction of any individual segment.
Likewise, in all segments, only around 10% of the total Fe was detected
in the reducible and oxidizable fractions together. Mn was more
extractable than Fe, with around 10-20% in the exchangeable fractions
and high percentages (>40%) in the reducible fraction of all four
segments.

Macronutrient elements such as Mg, K, Ca, and P were also among
the most highly abundant in the sediment segments by total element
analysis. Total Ca was lower in EB106 than EB271 but was highly
abundant in the exchangeable fractions (>47%) of all four segments.
There was no exchangeable P detected for either EB106 segment. In
contrast, 6.6% and 13% of the total P was present in the exchangeable

fractions for the EB271 segments. At lower total element concentrations
than P in the sediment segments are several elements that are increased
in concentration in EB106 due to the contamination plume. These
included several micronutrient elements that can be toxic to microor-
ganisms at high concentrations (Co, Cu and V) as well as several non-
essential toxic metals (Cr, Pb, As, U and Cd). Of these metals, U had
the most dramatic increase in concentration from <2 mg/kg sediment in
EB271 segments to 560 mg/kg sediment in EB106 501 cm bgs. The
operational speciation of U in EB106 was also changed from that in
EB271, with a higher percentage (>35% vs. < 8.6%) in the exchange-
able fraction. Increased exchangeability in the EB106 segments is seen
for several elements to varying degrees, including K, Ca, Ni, Cr, Cu, Co
and Pb. In contrast, several oxyanion forming elements including P, V
and As are either undetectable in the exchangeable fraction of EB106
segments or at lower percentages than in the EB271 segments. In a few
cases, the percentage of extracted elements was greater than 100%. This
could be caused by variation in the homogenized sediment that was
sampled and/or indicates that the chemistry of the extraction step
released more of the element from the sediment than the total metal
determination that used nitric acid.

3.2. Sediment trap and groundwater metal measurements

Both exposure to the contamination plume and sediment lithology
(Moon et al., 2020) may contribute to the differences in elemental
operational speciation between the two cores. Therefore, we analyzed
the operational speciation of non-contaminated ORR sediment both
before and after incubation in a highly contaminated groundwater well
(FW106 within 2 m of EB106) for 8 weeks (while encased in a sediment
trap) (Fig. 3). Several elements known to be present in the former S-3
Ponds contamination source, including Al, K, Zn, Ni, Cr, U and Cd, were
elevated in one or more extraction fraction after incubation with the
contaminated groundwater. However, as was observed in the sequential
extraction data from the two sediment cores, several elements were
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Comparison of total and sequentially extracted sediment elements for select core segments. Total elements were measured by ICP-MS after microwave digestion
in concentrated nitric acid (Moon et al., 2020). The percent exchangeable, reducible, and oxidizable values for each element are in relation to the total microwave

digested metals. (Color).

Total (mg/kg sediment)

% Exchangeable

EB271 353 cm EB271 444 cm EB106 501 cm EB106 627 cm

EB271 353 cm EB271 444 cm EB106 501 cm EB106 627 cm

bgs bgs bgs bgs bgs bgs bgs bgs
Fe 56000 29000 140000 24000 0.0 0.2 0.0 0.026
Al 7300 18000 21000 16000 2.3 0.2 1.7 0.86
Mg 2200 9100 750 4600 11 2.8 6.6 0.77
K 870 3900 800 1800 8.5 5.0 21 8.2
Ca 1800 700 120 120 47 48 75 120
Mn 7300 410 5400 400 17 23 9.1 19
P 3700 210 2300 230 6.6 13 0 0
Zn 36 69 70 87 35 1.2 4.9 35
Ni 24 48 32 57 7.3 1.8 20 8.4
Cr 13 38 290 63 0.4 0.3 2.1 2.8
Cu 45 21 100 21 0.4 4.2 12 21
Co 27 19 40 14 4.7 6.9 16 11
\'A 5.4 16 62 16 0.0 0.4 0 0
Pb 8.2 11 150 13 2.8 0.9 3.4 9.5
As® 8.0 1.5 30 1.1 2.4 3.1 0.0053 0
U 1.3 0.35 560 34 1.0 8.6 35 62
Mo®  0.062 0.24 1.3 0.061 0.0 0.1 0.17 1.9
cd 0 0 0.18 0.013 NA NA 85 530

% Reducible

EB271 353 cm EB271 444 cm EB106 501 cm EB106 627 cm

% Oxidizable

EB271 353 cm EB271 444 cm EB106 501 cm EB106 627 cm

bgs bgs bgs bgs bgs bgs bgs bgs
Fe 9.7 4.7 5.8 5.2 0.5 6.7 0.76 2.4
Al 35 3.9 15 10 11 7.1 12 6.5
Mg 16 5.0 1.3 2.0 16 7.8 5.2 6.2
K 8.9 5.4 9.2 2.3 4.8 5.2 11 5.5
Ca 51 39 22 80 2.2 2.2 21 26
Mn 363 44 78 92 10 6.0 4.4 5.2
P 6.1 0 21 61 0.8 1.1 0 0.68
Zn 34 13 1.9 3.4 20 10 4.5 11
Ni 51 5.4 15 3.6 16 12 12 9.5
Cr 8.4 3.6 50 25 20 5.9 30 27
Cu 0.0 0.0 85 12 2.9 16 5.4 6.8
Co 143 15 69 24 7.3 16 8.3 7.6
\'A 15 0.4 30 15 16 5.6 3.2 9.2
Pb 80 28 82 77 12 6.4 5.4 6.0
As® 61 50 35 56 3.6 2.6 0.038 0.83
U 34 22 26 21 20 14 14 16
Mo® 236 0.9 83 0 1200 15 36 41
cd NA NA 17 100 NA NA 6.4 36

2 The % reducible data for these elements was obtained from the citrate bicarbonate dithionite extraction.

decreased in at least one sediment extraction fraction upon exposure to
the contaminated groundwater including Mg and Ca. In the case of P and
Mo which tend to form oxyanions in solutions of environmental rele-
vance, negative values were observed for the sediment both before and
after incubation in the contaminated groundwater. This indicates that
the trace amounts of these elements present in the sequential extraction
solutions were adsorbed or incorporated into the sediment in a fashion
that could not be extracted in the sequential extraction.

Groundwater from wells located within 2 m of non-contaminated
EB271 (GW271) and contaminated EB106 (FW106) had been previ-
ously measured for pH, nitrate, and elemental content by ICP-MS in an
ORR groundwater survey (Smith et al., 2015) (Table S1). This gives a
more homogenized view of the elemental content in the area compared
to the spatially resolved depth profiles obtained with the sediment cores.
Except for P and Mo (both oxyanion forming elements that had negative
values in the sediment trap experiment), all measured elements had
higher concentrations in the contaminated FW106 groundwater
compared to the non-contaminated GW271 groundwater. This includes
Mg and Ca, which were at lower concentrations in the exchangeable
fraction of the EB106 core compared to that of EB271. This indicates a
difference in the operational speciation changes caused by the
contamination for Mg and Ca compared to P and Mo.

3.3. Mg, P and Ca bioavailability for ORR metal tolerant strains

While several elements known to be present in the contamination
from the S-3 Ponds were increased in concentration in the exchangeable
fraction of contaminated EB106 compared to non-contaminated EB271
(Al, U, Co, Cu, Ni, and Cd). Several other elements, including Ca, Mg and
P, are lower in concentration in the exchangeable fraction of EB106
compared to EB271. We therefore examined the degree to which mi-
croorganisms from ORR were affected by changes in concentrations of
these elements, as reflected in the extraction data. Previously, several
metal-tolerant ORR microbes were isolated from ORR under conditions
that mimicked the toxic metal concentrations attributable to the former
S-3 Ponds contamination (Thorgersen et al., 2019). These strains were
previously tested for their resistance to toxic metals present in the
contamination, including Cu, Cd, Co, Ni, Mn, U, and Cr (Thorgersen
et al., 2019). We selected three of the metal-resistant strains and tested
their ability to grow at different concentrations of the macronutrients
Mg, P and Ca (Fig. 4). There was variation in the extent to which Mg and
P limitation impacted growth of the three strains. However, all three
strains did show improved growth in the presence of higher concen-
trations of Mg (>1 pM) and P (>1 pM). In contrast, Ca limitation did not
appear to significantly impact growth of two of the three strains, with
only minor increases of growth observed by increasing Ca
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Fig. 3. Impact of contaminated groundwater exposure on operational distribution of sediment elements. Non-contaminated sediment was analyzed using the
three-step sequential extraction method before and after an eight-week exposure to contaminated groundwater in well FW106 near borehole EB106 while encased
within a sediment-trap. Sediment was extracted to obtain the exchangeable (blue), reducible (orange), and oxidizable (grey) fractions, respectively. Error bars show
standard deviation for three independently analyzed samples. The negative values for P and Mo indicate that trace amounts of these elements present in the
sequential extraction solutions were adsorbed or incorporated into the sediment in a fashion that could not be extracted in the sequential extraction. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Growth of ORR metal resistant strains with increasing concentrations of Mg, P, or Ca. ORR metal-resistant strains Serratia sp. strain MT049 (blue
symbols), Pantoea sp. strain MT58 (red symbols) and Castellaniella sp. strain MT123 (grey symbols) were grown on media limited for either Mg (left), P (center) or Ca
(right, as noted in bold above each graph) with increasing added concentrations of the indicated element. The growth (ODgg) reported for each added concentration
of Mg, P, or Ca is at the timepoint when the fastest growing condition entered stationary phase for each strain. Error bars show standard deviation for samples in
biological triplicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

concentration. Only the growth of Castellaniella sp. strain MT123
improved dramatically with the addition of >100 uM Ca (Fig. 4).

We then examined if Mg, P, and Ca from EB271 or EB106 sediment
were bioavailable to the metal resistant ORR strains. The three strains
were grown on the limiting medium (with indicated additions of Mg, P,
and/or Ca) with either (1) no sediment added or (2) sediment added
from the saturated zones of non-contaminated EB271 or contaminated

EB106 (Fig. 5). At the amounts of sediment added (0.2 g in 2 mL of
culture medium), if all the Mg, P, and Ca were bioavailable, the cultures
with added EB271 sediment were expected to contain 800 pM Mg, 18
puM P and 388 pM Ca while the cultures with added EB106 sediment
were expected to contain 4600 pM Mg, 228 pM P and 17 pM Ca. We
found that for all three ORR strains, Mg and Ca from both the EB271 and
EB106 sediments were sufficient to support growth, showing that these
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Fig. 5. Bioavailability of Mg, P, and Ca in EB271 and EB106 sediment to ORR metal-resistant strains. ORR metal-resistant strains were grown in media limited
for Mg, P and/or Ca with the addition of either sediment from the saturated zone of non-contaminated EB271 or contaminated EB106. After a 24 h incubation,
growth was measured using protein content. Error bars show standard deviation for samples in biological triplicate.

two elements are bioavailable from both types of sediment. However, P
was not bioavailable for any of the three strains from either sediment
sample (Fig. 5), even though what seems to be a sufficient concentration
of total P is present in the EB271 and EB106 sediment cultures for
growth of the strains (Figs. 4 and 5).

4. Discussion
4.1. Use of sequential extraction techniques

Sequential chemical extraction techniques provide operational
speciation information, where the species is defined by the reagent used,
that can be useful for evaluating elemental mobility when comparing
related environmental samples (Bacon and Davidson, 2008; Brady et al.,
2003; Gleyzes et al., 2002). In the modified BCR extraction method,
three sequential chemical extractions separate elemental populations
based on common naturally occurring complexation states of elements
in sediment (Kazi et al., 2005; Rauret et al., 1999). The first acid
extraction (exchangeable) dissolves carbonates and contains elements
present in the pore water. This fraction is readily available to local mi-
crobial communities, as well as plant life. The second is the reducible
fraction, which is mainly composed of elements that can be mobilized
from metal oxides through chemical or biological reduction. The third or
oxidizable extraction releases elements incorporated into stable organic
substances (e.g., high molecular weight humics) and is generally not
considered to be mobile or bioavailable. Any elements still present in the
remaining fraction after the sequential extraction procedure are mainly
within crystal lattices of minerals or crystallized oxides and are unlikely
to be bioavailable (Basta et al., 2005; Kazi et al., 2005; Bacon and
Davidson, 2008; Basta et al., 2005; Gleyzes et al., 2002).

We used the modified BCR method to examine the operational
speciation of 18 different elements throughout the depth of sediment
cores upgradient (EB271) and downgradient (EB106) of the former S-3
Ponds contamination source at ORR. Elements were selected based on
those known to be present in the contamination source (Fe, Al, Mn, Zn,
Ni, Cr, Cu, Co, Pb, As, U, and Cd) as well as those commonly present in
sediment environments (Mg, Ca, K, and P) or known to be needed for
microbial growth (V and Mo). Many of these elements fit into more than
one of the stated categories. The modified BCR method (Rauret et al.,
1999) was originally used to analyze six metals (Cd, Cr, Cu, Ni, Pb, and
Zn). Since then, the method has been used to analyze an increasing array
of elements including Al, Mn, Fe, Co, and As (Larner et al., 2006), and
even up to 27 elements including K, Mg, Ca, U, P, Mo, and V (Kumkrong
etal., 2021). One complication that arises when using the modified BCR
method is that oxyanion-forming elements, such P, As, Mo and V can
re-adsorb to minerals in the source material that are unaffected by the

reducing extraction. This results in erroneously low measurements of
these elements for the reducible fraction (Gruebel et al., 1988; Kalyvas
et al., 2018). CBD buffer extraction is often used as an alternative
reducing method to measure oxyanions adsorbed to metal oxides. This
method has been used for the extraction of reducible As (Gruebel et al.,
1988), Mo and V (Richardson and King, 2018), and P (Ruttenberg,
1992). A comparison of the BCR and CBD reducible extractions showed
that P, As, and Mo in the EB106 core were extracted less efficiently using
the BCR reduction step compared to using the CBD extraction. However,
the reverse was true for P in the EB271 core (Fig. S1). This highlights the
complexity of interpreting operational speciation data and indicates a
difference in the interactions between oxyanions and sediment between
the two cores.

4.2. Mobility of contaminating metals

As reported previously, the contaminated EB106 core has a peak of
multiple metals (Moon et al., 2020) at 501 cm bgs in the saturated zone.
With notable exceptions, most of the metals in this peak were extracted
primarily in the reducible fraction (Fig. 2). Moon et al. (2020) previously
noted increased moisture content and decreased density at this depth in
EB106. These physical features likely increased groundwater flow from
the contamination source at this depth. There is a second smaller peak of
multiple metals at 768 cm bgs in EB106 that could indicate another area
of increased groundwater flow. The vertical profiles of the various ele-
ments provide insight into the relative horizontal mobility of these el-
ements within the contamination plume. For example, Pb and Cr form
sharp peaks at 501 cm bgs while the concentrations of Pb and Cr outside
of this segment are like those in non-contaminated EB271 segments
(Fig. 2). This indicates that the horizontal mobility of Pb and Cr is less
than other elements such as U and Cu, which are elevated in contami-
nated EB106 compared to EB271 throughout the depth of both cores.

Another observation from the EB106 core is that the highly mobile U
was observed at significantly elevated concentrations in all three
sequential extractions fractions at all depths (Fig. 2). The aqueous
chemistry of U at the S-3 Ponds site includes multiple oxidation states
and carbonate complexes affecting solubility in a pH dependent fashion
(Brooks, 2001). An excellent example of the solubility changes U can
undergo in situ in the contaminated ORR subsurface is an investigation
where microbial reduction of U stimulated by ethanol and carbonate
supplementation was monitored over time (Wu et al., 2006a; Wu et al.,
2006b). Soluble U(VI) at the site was reduced to insoluble U(IV) during
the supplementation phase of the study. Subsequently, aqueous con-
centrations of U increased once more when ethanol supplementation
was stopped unless carbonate supplementation was also stopped (Wu
et al., 2006a; Wu et al., 2006b). High U mobility is observed in many
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different types of nitrate contaminated environments. For example ni-
trate and U co-occur under alkaline and high Ca conditions in the High
Plains and Central Valley aquifers (USA) (Nolan and Weber, 2015).

4.3. Mechanisms altering element mobility

The mobility and bioavailability of elements in sediment environ-
ments is dependent on the speciation of the elements as well as the
surrounding chemical makeup (Bacon and Davidson, 2008; Ure and
Davidson, 2008). Metal oxides (e.g., Fe, Al, and Mn oxides) play a large
role in controlling the mobility of elements in subsurface environments.
The abundance and properties of metal oxides including high points of
zero charge, large surface areas, and high density of polar surface
functional groups make them ideal for adsorbing both cations and
oxyanions (Adegoke et al., 2013; Jenne, 1968; McBride, 1994; Adegoke,
2013 ). The strength of an adsorptive interaction involving metal oxides
can vary greatly depending on the metal oxide and the ion involved
ranging from weak electrostatic attraction (outer sphere complexation)
to much stronger inner sphere complexation through ligand exchange
(Albuquerque et al., 2022; Jain et al., 1999; Peacock and Sherman,
2004; Antelo et al., 2005; Arai and Sparks, 2001; Gimenez et al., 2007).

The sediment at ORR surrounding the former S-3 Ponds is composed
primarily of clay minerals coated with Fe, Al and Mn metal oxides
(Watson et al., 2004). The EB271 and EB106 cores were previously
analyzed by X-ray fluorescence to determine the major oxide component
concentrations by depth. Al,O3, MnO, and Fe;O3 concentrations be-
tween the two cores were similar throughout their depths with con-
centrations varying from about 5 to 25 wt% for AlyO3, 0-1% for MnO,
and 5-20% for Feo;O3 (Moon et al., 2020). The use of the sediment traps
herein to control for potential differences in sediment lithology showed
commonalities with the sequential extraction results. These included
increases in concentrations of extractable sediment associated elements
known to come from the S-3 Ponds contamination source (Al, K, Zn, Ni,
Cr, U and Cd) and decreased concentrations of extractable sediment
associated Mg and Ca.

The macronutrients Mg, Ca, and P and the micronutrient Mo provide
interesting points of comparison between the two sites. While there is
more exchangeable Mg and Ca in non-contaminated EB271 compared to
contaminated EB106 (Fig. 2), both elements are at higher concentrations
in the contaminated FW106 groundwater compared to groundwater
from non-contaminated GW271 (Table S1). These data suggest differ-
ential partitioning of Mg and Ca between the solid and liquid phases at
the two subsurface sites. In contaminated samples from EB106/FW106,
we propose that Mg and Ca are extracted from the sediment by the acidic
groundwater, shifting their location from the sediment to the ground-
water. P and Mo, on the other hand, appear to be tightly associated with
the sediment of both cores. They are the only two elements of the 18
measured that are at lower concentration in the FW106 contaminated
groundwater compared to GW271 groundwater (Table S1). In addition,
both P and Mo were shown to be strongly adsorbed to the ORR sediment
in the sediment trap, being pulled from multiple different extraction
solutions to associate with the sediment in a fashion that could not be
extracted using the BCR method (Fig. 3). Finally, while there was no
detectable exchangeable P in the EB106 sediment segments analyzed
(Table 1), 6.6% and 13% of the total P measured in the two EB271
segments were in the exchangeable fraction (Table 1), suggesting
distinct speciation patterns of P between the cores. Evidence in support
of this was observed comparing reducible P measurements between the
BCR and CBD methods. The CBD method greatly improved extraction of
P in EB106 sediment, but decreased P detection in EB271 sediment
(Fig. S1).

One of the possible reasons for operational differences in elemental
populations between the two cores is the impact of pH on the in-
teractions between cations and oxyanions with metal hydroxides. The
pH of the groundwater in the contaminated site (a result of the nitrate) is
much lower (pH 3.6) compared to the upgradient site groundwater (pH
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7.7) (Table S1). The adsorption of metal cations such as Pb2+, Zn2+,
Cd?*, cu®' and Co®" has been shown in several cases to decrease with
decreasing pH (Feng et al., 2007; Gadde and Laitinen, 1974; Jenne,
1968; Sims and Patrick Jr, 1978). The mobility of these cations in the
contaminated environment is potentially aided by the low pH of the
contamination. Extractable concentrations for several cations including
ARt Co?*, cu®*, Ni®* and Cd?' are elevated at multiple depths in
EB106 compared to EB271 indicating that they have traveled to EB106
from the S-3 Ponds (Fig. 2). Unlike the situation for cations, the ab-
sorption of elements that form oxyanions under environmental condi-
tions to metal hydroxides including P, As, Cr, Mo, and V typically
increases with decreasing pH (Adegoke et al., 2013; Jain et al., 1999;
Pérez et al., 2014a, b). This may be one of the factors contributing to the
decreased operational availability of P, As and Mo in contaminated
EB106 observed throughout the study in the exchangeable fraction
(Fig. 2, Table 1). Observation of these elements in the CBD reducible
fraction indicate that they are likely adsorbed or incorporated into metal
hydroxide minerals from the sediment (Fig. 2, Fig. S1).

Another process occurring at contaminated sites that could affect the
operational speciation of several element populations is the precipita-
tion of newly formed metal hydroxides and the resulting co-
precipitation of associated ions. Many contaminated sites, like the
ORR subsurface, U mill locations and acid mine drainage sites, are both
highly acidic near the point source and contaminated with multiple
metals (Brooks, 2001; Jonsson et al., 2006; Robertson et al., 2016). As
the acidic contamination groundwater at these sites mixes with the
surrounding environment and reacts with carbonated soils, it begins to
neutralize. As the pH increases, metals in the contamination plume such
as Fe, Mg, and Al precipitate out, creating new mineral surfaces for ion
adsorption (McBride, 1994; Robertson et al., 2016). This can include the
formation of Fe hydroxides minerals like ferrihydrite and goethite
(Robertson et al., 2016) that adsorb cations and oxyanions as discussed
above. Alternatively, oxyanions can also be incorporated into hydro-
talcites, Mg and Al hydroxide minerals that form with increasing pH.
Hydrotalcites are composed of metal-hydroxide layers intercalated with
the oxyanions (Allada et al., 2002; Ge et al., 2020; Paikaray and Hendry,
2013; Robertson et al., 2016; Smith et al., 2005). These processes can
control the mobility and accessibility of oxyanion forming elements
including P and Mo and would be expected to decrease their concen-
trations in the exchangeable fraction shifting them to the reducible or
even less operationally available fractions as was observed (Fig. 2,
Fig. S1).

4.4. Impact of element mobility shifts on microorganisms

Previously, we investigated how co-precipitation and/or adsorption
onto metal hydroxide surfaces decreased the availability of Mo, an
essential trace metal for microbial nitrate reduction, in the contami-
nated ORR subsurface (Ge et al., 2019; Ge et al., 2020). A Bacillus strain
was isolated from contaminated EB106 sediment that had a high affinity
molybdate transporter, potentially aiding survival in the Mo-limiting
conditions of the contaminated EB106 sediment (Ge et al., 2020).
Herein, we tested the bioavailability of the macronutrients Mg, Ca and P
for three metal resistant ORR strains (Fig. 5). While Mg and Ca were
bioavailable from both the sediment of either EB271 or contaminated
EB106, P was not available from either. Environmental P exists in
multiple pools including primary mineral, labile, occluded, soil organic,
and plant associated (Vitousek et al., 2010; Walker and Syers, 1976).
While we measured changes in labile (exchangeable) and metal oxide
bound P in this study (the former of which is decreased in EB106
(Table 1) and the latter of which was not bioavailable to the tested
strains (Fig. 5)). The decreases in exchangeable P observed for the
contaminated EB106 core could increase the dependence of the micro-
bial community at this site on other pools of P such as organic phos-
phate. Akin to what we found with Mo (molybdate) (Ge et al., 2020),
limited availability of P (phosphate) at the ORR site in general could
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favor organisms with increased inorganic P scavenging capabilities,
such as phosphate-solubilizing bacteria that release organic acids into
their local environment to access inorganic phosphate, an advantage
that may not exist in the already acidic contaminated environment
(Gupta et al., 1994; Olander and Vitousek, 2004; Rodriguez and Fraga,
1999). Future studies focusing on the impact of P limitation to the mi-
crobial community in the ORR subsurface are needed to investigate
these possibilities.

5. Conclusions

The acidic nitrate and mixed metal contamination from the former S-
3 Ponds at ORR has impacted the operational availability and mobility
of both toxic and essential elements, the latter of which can also be toxic
at high concentrations. While the mobility of some elements from the
contamination were limited, certain contamination-associated ele-
ments, like U, Cu, and Ni, were found to be highly mobile and to be
present in multiple speciation states. However, other essential elements,
like P and Mo, were less operationally available at the contaminated site
compared to the non-contaminated site. The microbial community at the
S-3 Ponds contamination site is impacted by multiple factors including
low pH and high toxic metal concentrations (Smith et al., 2015). Limi-
tation of essential oxyanion-forming elements, such as Mo, which is
essential for nitrate reduction, and the macronutrient P, which is
essential for all microbial life, may also be a constraint on this microbial
community impacting the longevity of nitrate in the environment.
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