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• A strong autochthonous influence on
wetland soil mineralogy was observed.

• P was associated with K and Ca in soil
regardless of wetland vegetation.

• Apatitic minerals were detected in soil
from both EAV and SAV cells.

• Apatitic minerals are less likely than
more labile P to affect downstream
conditions.
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Phosphorus (P) biogeochemical processes in wetlands are influenced by the chemical composition of both re-
cently accreted and native soils. The evaluation of biogeochemical processes influencing P transformations re-
quires an understanding of the participating chemical components. Here, we use X-ray diffraction (XRD),
scanning electronmicroscopy (SEM)/energy-dispersive X-rayfluorescence spectroscopy (EDS), X-ray absorption
near-edge P spectroscopy (P-XANES), and microprobe X-ray fluorescence (μ-XRF) to examine the mineralogy
and P speciation of solid phases entering and within selected Everglades Stormwater Treatment Areas (STAs).
Suspended particulates in the source waters (upstream of the STAs) to the STAs were examined and compared
with those of recently-accreted soil (RAS) from inflow, mid-flow, and outflow locations of two flowways
(FWs) within STA-2: one dominated by emergent aquatic vegetation (EAV) and the other dominated by sub-
merged aquatic vegetation (SAV). Source water particulates included carbonates and silicates, whereasmineral-
ogies of STA RAS were less diverse, dominated by CaCO3 and having a lower silicate content, suggesting a strong
autochthonous influence on STA RAS composition. No Pmineralswere detected via XRD. Discrete Ca\\P particles
were evident, though uncommonly observed, in two of three STA RAS samples analyzed via SEM/EDS. P-XANES
of STA RAS indicated the presence of apatiticminerals. The potential presence of apatiticminerals was supported
by μ-XRF correlation analysis that revealed strong correlations of P with both Ca and K. Apatitic minerals are a
relatively refractory form of P and their presence in the RAS of both EAV and SAV systems indicate that remobi-
lization and release of this P from the STAs will have a smaller effect on the downstream oligotrophic conditions
of the Florida Everglades than more labile forms of P.
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1. Introduction

Anthropogenic phosphorus (P) loads from upstreamwatersheds are
a long-term threat to the oligotrophic ecosystems of the Florida
Everglades, a wetland of significant national interest. In the mid-
1990s, the state of Florida developed a plan for reduction of P fluxes
into the Everglades, which included the construction of six Stormwater
Treatment Areas (STAs; Fig. 1; (Pant and Reddy, 2001)). These six treat-
mentwetlands have an effective treatment area of over 275 km2 and are
subdivided into 35 treatment flowways (FWs). The STAs receive water
with high concentrations of P (typically above 100 μg L−1) from the
Everglades Agricultural Area and Lake Okeechobee to the north and re-
move over 70% of this P prior to discharging the water into the Water
Conservation Areas to the south (Mitsch et al., 2015).

While the STAs remove the majority of total P prior to discharge,
outflow P still exceeds desired levels. The ability of STAs to reduce P
fluxes is a complex process driven by numerous biological and chemical
interactions that transform P into different forms (Chimney, 2019).
While some forms of P are readily retained within the STAs, others
with more complex structures or tightly bound to particulates are
harder to break down and influence the ability of the STA to meet the
required low outflow concentrations. Removal of additional P is chal-
lenging and is complicated by imperfect understanding of the phases
and species contributing to the remaining P leaving the STAs.
4

Fig. 1.Map of south Florida showing Lake Okeechobee, the Everglades Agricultural Area, the six
the Everglades Protection Area (EPA), which includesWater Conservation Areas (WCAs). Wate
before being discharged into the EPA. Station 1- G328 – pumps EAA runoff into STA-2; Stati
Okeechobee discharge structure; Station 4 – S-351 Lake Okeechobee discharge structure; Stati
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Constructed wetlands are typically composed of emergent aquatic
vegetation (EAV), submerged aquatic vegetation (SAV), or a mixture
of the two. In the Everglades STAs, EAV is primarily cattail (T. latifolia)
while SAV includes the macroalgae Chara (muskgrass), Najas marina
(spiny water nympth), and Najas guadalupensis (southern water
nymph) and Ceratophyllum demersum (hornwort) (Chen et al., 2015;
Kadlec, 2006). The mechanisms of P removal are different between
the two vegetation types, with the high organic P accumulating in
soils of EAV-dominated areas and relatively high inorganic P accumula-
tion in soils of SAV-dominated areas (Reddy et al., 2020). Roots of EAV
access nutrients primarily from soil porewater, whereas the shoots
and leaves of SAV generally obtain nutrients directly from thewater col-
umn (Jerauld, 2010). Typically, constructed wetland flow paths are de-
signed to have EAV at the front end, followed by SAV at the back end,
which provides the final stage of nutrient removal.

A relatively high proportion of P entering treatment wetlands is
often, as in the case with the STAs (Farve et al., 2004; Vymazal, 2007),
in the form of suspended particulates r(Mendes et al., 2018). Inorganic
and organic soil and sediment particles become suspended and
entrained within water entering wetlands with potentially deleterious
environmental consequences (Harris et al., 2007; Li et al., 2018; Lee
et al., 2020). For example, suspended particles can absorb and scatter
light, contributing to turbidity and a reduction in available light, which
can lead to SAV limitation or die off (Bornette and Puijalon, 2011;
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Stormwater Treatment Areas (STAs), two associated Flow Equalization Basins (FEBs) and
r flows from Lake Okeechobee and the Everglades Agricultural Area into the FEBs and STAs
on 2- STA-2-FW 1 - midflow - sample was taken from the levee; Station 3 – S-352 Lake
on 5 – G-330B-STA-2 FW 1 outflow; and Station 6 – G-329C -STA-2 FW 1 inflow.
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Moore et al., 2012), the latter of which will result in release of nutrients
back into the water column from the decomposition of plant tissue
(Kroger et al., 2007). An increase in suspended particles in the water
column has also been known to negatively affect oyster egg develop-
ment and lead to increased mortality of estuarine fish larvae (Wilber
and Clarke, 2001). Suspended particulates can also serve as vectors for
the transport of dissolved nutrients (Judy et al., 2018; Makris et al.,
2006) and contaminants (Xing et al., 2016). A portion of the suspended
organic and inorganic particulates accumulates in the STA soils between
inflow and outflow, resulting in a decreased total P concentration in the
water column. Additional total P reduction is attributed to biogeochem-
ical processes such as sorption, precipitation and/or plant uptake occur-
ring within the STAs.

Understanding the biogeochemical processes influencing P dynam-
ics requires an understanding of the participating chemical compo-
nents. The objective of this study is to use X-ray diffraction (XRD) to
characterize particulate components of source water samples, and
XRD, and scanning electron microscopy (SEM)/energy-dispersive spec-
troscopy (EDS), X-ray absorbance near-edge spectroscopy (XANES) and
X-ray fluorescence microprobe (μ-XRF) to characterize the mineral and
organic components present in particulates within STA source waters
and soils of STAs. XRD will enable characterization of the crystalline
mineral phases present, whereas SEM/EDS and XRF will allow for spa-
tially resolved analysis of elemental composition and P colocalization
with other elements. P XANESwill provide information as to the organic
and inorganic P speciation within the sample. Furthermore, both XRF
and XANES are more sensitive that SEM/EDS. These data will support
understanding of P inputs and biogeochemical interactions among P
species within different regions of the STAs. This work is an extension
to recent work (Reddy et al., 2020) that reported P fractionation and
31 P NMR data collected from samples from the same RAS samples we
examine here. Together, these analyses will provide novel and valuable
information regarding the chemical composition of inputs andwill infer
the influence of these STAs on P dynamics, based on the changes in
downstream soil composition.

2. Materials and methods

2.1. Source water sample collection, handling, and preparation

Water samples were collected mid-November 2015 at six locations
just southeast of Lake Okeechobee (see Fig. 1 for sampling station loca-
tions and Fig. S1 for aerial maps of the locations of Stations 1, 2, 5 and
6) and transferred to the Soil Mineralogy Laboratory (Soil and Water
Sciences Department, University of Florida). These six sampling loca-
tions included four locations where water leaving the Everglades Agri-
cultural Area and flowing into the STAs was sampled (Fig. 1; Sites 1
(pumping station G-328), 2 (midflow from STA-2, FW 1, taken from
the levee), 5 (pumping station G-330B near STA-2 outflow) and 6
(pumping station G-329C, near STA-2 inflow)), as well as two sites
where Lake Okeechobee outflow was sampled (Fig. 1; Sites 3 (Lake
Okeechobee discharge structure S-352) and 4 (Lake Okeechobee dis-
charge structure S-351)). These sampling locations were selected to
represent critical hydrologic junctures. Station 1 was at point of entry
for Everglades Agricultural Area runoff into STA-2. Stations 3 and 4
were selected to represent direct Lake Okeechobee discharge. Stations
5 and 6 captured outflow and inflow, respectively, of STA-2, FW 1. Sta-
tion 2 was a sampling point approximately midway between Stations
5 and 6.

Samples were collected following Florida Department of Protection
standard operating procedures in 20 L carboys which had been pre-
rinsed with site water (FL-DEP, 2017). Carboys containing the samples
were received on November 20, 2015 and stored in a walk-in cooler at
4 °C. Sample identification information on the carboys was recorded
and samples were assigned lab numbers. Each sample was subsampled
several times into smaller containers (1 L Nalgene bottles) to enable
3

practical handling in the laboratory during subsequent processing. and
immediately stored in a refrigerator at 4 °C. Samples were then filtered
(0.45-μmnominal pore size) to separate particulate solids >0.45 μm for
XRD analysis which took place between December 9–15, 2015. It was
necessary to filter greater than 10 L to obtain sufficient particulate solids
to enable analysis.

Mg saturation was performed for all samples to standardize inter-
layer expansion tendencies of expansible phyllosilicates, which can be
highly influential on soil properties, for XRD analysis, should these min-
erals be present (Harris andWhite, 2008). Expansible phyllosilicates are
clay minerals that can adsorb water and cations on their interior
surfaces, conferring high cation exchange capacity relative to non-
expansible minerals (Harris and White, 2008). Each sample was satu-
rated with Mg by washing particulates with 1 M MgCl2 while still on
the filter, followed by rinsing with double deionized (DDI) water to re-
move any excess salt. The retained solids were transferred to a glass
slide by placing the moist filter, retentate-side down, onto a glass slide
and gently rolling a glass rod across the surface. The filter was then
peeled away from the slide, leaving some of the retentate on the slide.
The retentate that remained on the filter was gently scraped off using
the edge of another glass slide. All recovered retentate was air-dried
and transferred to a 7-mL glass scintillation vial and stored in a refriger-
ator for later analyses which were performed within a month.

The Mg-saturated samples were mounted for XRD analysis by plac-
ing them, in air-dried form, onto the surface of a quartz crystal mount.
The quartz crystal is specially cut to minimize background relative to a
glass slide. This was advantageous for these samples because of the
small amount of particulate mass recovered. A drop of DDI water was
added to each sample and the material was distributed about the sur-
face of the quartz crystal in an area of approximately 1 cm2 (about the
area irradiated during XRD) using a small metal spatula. Samples were
then allowed to dry prior to the XRD scan.

Another mounting approach was used to minimize the effects of
coarse particles. Samples were immersed in a few mL of DDI water
within a 7-mL scintillation vial, sonicated, and allowed to settle for ~15
s. About 2 mL of suspension was then withdrawn from the vial, being
careful to avoidwithdrawal of coarser particles that had settled. This sus-
pensionwas deposited onto a quartz crystalmount andallowed to dry in
preparation for XRD analyses. Materials mounted in this way, avoiding
sand, are referred to as “fine”, whereas the other unfractionated samples
are referred to as “whole”. The “fine” sample mounting technique fos-
tered preferred orientation parallel to dominant crystal directions or
planes, favoring the detection of minerals with platy, fibrous or lath-
like crystal habits (Harris andWhite, 2008).

Glycerol solvation effects (diagnostic interlayer expansions of
phyllosilicates; Harris and White, 2008) were evaluated by mist appli-
cation to the mounted sample for all samples that had any discernible
indication of expansible phyllosilicates. Diagnostic effects of limited
heat treatment (110 °C) on interlayer collapse (Harris and White,
2008) were also evaluated where applicable.

2.2. STA recently accreted soils (RAS) sample collection, preparation, and
characterization

Six soil samples were collected from STA-2 using a push core
method (Osborne et al., 2013) in September 2016. Cores were 10 cm
in diameter and, as RAS depth was variable, from 20 to 50 cm in
depth. STA-2 is considered a well-performing STA, consistently achiev-
ing an outflow total P concentration of 20 μg L−1 or lower (Chimney,
2019; Reddy et al., 2020). Details of the STA-2 configuration and perfor-
mance history can be found in Supporting Information. Three samples
(inflow, midflow and outflow) were collected from each of two FWs
within STA-2: FW 1 (predominantly EAV) and FW 3 (predominantly
SAV). Prior to the construction of STA-2, FW 1 was not farmed, while
FW 3 was previously farmed except 25% of the FW in the southeastern
portion. The unfarmed portion of FW 3 is dominated by EAV, consisting



Table 1
Minerals filtered from source waters in either whole samples or in samples after allowing
sand to settle. Minerals that were present in approximately equal amounts are indicated
with ≈.

Source water
sampling
station

Dominant minerals present in
whole sample (in descending
abundance)

Dominant minerals present in
sample after sand settling (in
descending abundance)

1 Calcite, dolomite≈ quartz,
palygorskite, kaolinite, possible
sepiolite

Calcite, palygorskite, dolomite≈
quartz

2 Quartz, calcite, dolomite, kaolinite Calcite, dolomite, kaolinite≈
quartz

3 Dolomite, quartz, calcite, kaolinite,
possible sepiolite

Calcite, palygorskite, dolomite≈
quartz

4 Dolomite, calcite≈ quartz,
kaolinite, possible palygorskite and
sepiolite

Dolomite, quartz, calcite≈
kaolinite≈ sepiolite, possible
palygorskite

5 Quartz, calcite, kaolinite Very small sample mass obtained;
calcite and kaolinite detected

6 Calcite, dolomite≈ quartz,
possible palygorskite

Calcite, dolomite, palygorskite≈
quartz, kaolinite

J.D. Judy, W. Harris, G.M. Hettiarachchi et al. Science of the Total Environment 781 (2021) 146740
of cattail with patches of sawgrass. The top 10 cm of soil in FW 1 is
highly organic.

Soil cores were extruded, sectioned and stored at 4 °C until the RAS
section was air-dried in preparation for characterization. RAS is thema-
terial that has accumulated between the floc and pre-STA soil layer
since the STAs became operational and is largely composed of particu-
late organicmaterial and inorganic sediments (SFWMD, 2018). Samples
were gently crushed to a powder in an agate mortar and pestle, and
loosely packed as-is into cavity mounts for XRD analysis.

The total carbon content of the samples was measured with a Flash
EA 1112 Elemental Analyzer (CE Instruments, Saddlebrook, NJ). Total
P content was determined by heating samples at 550 °C and digesting
in 6 N HCl acid and subsequent measurement of P in the digestates
(USEPA, 1983). Total carbon and total P analyses included method du-
plicates, analytical spike recovery samples, as well as the analysis of an
internal reference soil and an external reference material (National In-
stitute of Standards and Technology 1547 Peach Leaves) with known
P and carbon content.

2.3. XRD analysis

A computer-controlled X-ray diffractometer (Ultima IV X-Ray Dif-
fractometer, Rigaku Corporation, Japan) equipped with stepping motor
and graphite crystal monochromator was used to measure the mineral
content of samples. Scans were conducted from 2 to 60° 2θ at a rate of
2 degrees 2θ perminute using Cu Kα radiation.Minerals were identified
by referencing X-ray powder diffraction data for minerals published by
the Joint Committee on Powder Diffraction Standards (JCPDS,(Mineral
Powder Diffraction File Data Book, 1980).

2.4. SEM analysis of STA samples

SEM in conjunctionwith EDSwas used to further probe the nature of
P associations in the STA samples. These techniques provide direct
solid-state determination of elemental associationswithin and between
particles. STA sediment samples were applied as a dry powder onto C
adhesive tape mounted on a cylindrical stub. The mounted powders
were coatedwith a thin C film to promote electron conduction andmin-
imize charge buildup on surfaces. The SEM imaging and EDS analyses
(elemental spectra and dot maps) were conducted on either a FEI
Nova NanoSEM 430 field emission SEM equipped with an EDS detector
or a Tescan MIRA3 SEM, also with EDS detector.

2.5. Synchrotron-based μXRF analysis of STA samples

Air-dried RAS samples were shipped to Stanford Synchrotron Ra-
diation Light Source (SSRL) in Palo Alto, CA. Samples were spread as
an air-dried power onto P-free tape and mapped using a motor step
size of 5 μm × 5 μm with a dwell time of 25 ms at Beamline 2–3. The
two-crystal monochromator was calibrated at 7200 eV. Correlation
plots illustrating the correlation between the presence of P and
other elements including Ca, K, and Fe were generated using Sam's
Microprobe Analysis Kit (SMAK) software version 1.5 (Webb, 2011).

2.6. XAS analysis of STA samples

RAS samples were alsomounted, again onmetal and P-free tape, and
analyzed via X-ray absorbance spectroscopy (XAS) at Beamline 14–3 at
the Stanford Synchrotron Radiation Lightsource (SSRL) in Palo Alto, CA.
X-ray energy was scanned by a Silicon III phi 90 monochromator, cali-
brated to 2152.9 eV, with an energy resolution of 0.2 eV. Fluorescence
was measured using a 4-element silicon drift diode detector. X-ray ab-
sorbance near-edge spectra (XANES) were collected for samples and a
suite of organic and inorganic standards that included aluminum phos-
phate (AlPO4), brushite (CaHPO4 * 2H2O), hydroxyapatite (Ca5(PO4)3
(OH)),monoammoniumphosphate (NH4H2PO4), phosphorus pentoxide
4

(P2O5), organic P as Na-phytic acid, and iron phosphate dihydrate
(FePO4*2H2O). Spectra also were collected on goethite, gibbsite, kaolin-
ite, and vermiculite treatedwith potassiumphosphate dibasic (K2HPO4)
using previously published methods (Schwertmann and Cornell, 1991).
Standards were diluted with boron nitride, as needed, for analysis.
Collected XANES spectra were processed using IFEFFIT software (Ravel
and Newville, 2005).

3. Results and discussion

3.1. Mineralogical analyses

The most prevalent mineral components of suspended particulates
in STA source water samples were either carbonates (calcite and dolo-
mite) or quartz (SiO2; Table 1). All samples contained calcite (CaCO3).
Dolomite [CaMg(CO3)2] was present, often abundantly, in all but one
sample. Palygorskite [(Mg, Al)5(Si, Al)8O20(OH)2 ·8H2O] and sepiolite
(Mg4(Si6O15)(OH)2 ·6H2O) were identified in several samples, though
the identification of sepiolite was less confident as a result of relatively
low abundance. The presence of these minerals is consistent with previ-
ouswork reporting calcite, sepiolite, palygorskite, dolomite, and quartz in
sediment and suspended particulates in Lake Okeechobee and in water
conveyances south of the lake (Harris et al., 2007). However, sepiolite
wasmore prevalent and consistently present in the LakeOkeechobee par-
ticulate samples than in the samples being reportedhere. Pureminerals of
the smectite group, whichwere also present in Lake Okeechobee particu-
lates, were not confirmed in these outflow samples, but slight expansion
and collapse of low-angle XRD peaks for Sample 4 (Fig. S2) suggest that
smectite is present in minor amounts as a randomly-interstratified com-
ponent with another phyllosilicate.

Preparation and analysis of the “fine” samples generally had the
intended effect (Table 1). Most contained less quartz and exhibited
less distortion of relative quartz XRD peak intensities relative to whole
samples (Table 1). The peaks assigned to palygorskite, a mineral that
typically features an elongated crystal habit, were more pronounced
for the “fine” samples (Figs. S2–S3) than for thewhole samples, possibly
due to enhanced preferred orientation. Samples 2 and 5 were distin-
guished from other samples by lower suspended particulate concentra-
tions, lighter color, and lack of any evidence for palygorskite.

Previously reported XRD analysis of STA RAS (Reddy et al., 2020)
showed some continuity with the Okeechobee outflow suspended par-
ticulate mineralogy reported here, but there were also notable mineral-
ogical distinctions between the two sources. Calcite was the dominant
mineral component in all STA RAS samples (Table 2) and most Lake
Okeechobee outflow samples (Table 1). Quartz also was found in
some samples from both sources though it was generally less abundant



J.D. Judy, W. Harris, G.M. Hettiarachchi et al. Science of the Total Environment 781 (2021) 146740
in the STA RAS. Aragonite (CaCO3 polymorph of calcite) was detected in
five of the six STA RAS samples but not in any sample of the Lake
Okeechobee outflowparticulates. Dolomite and palygorskite were pres-
ent in most of the Lake Okeechobee samples but were much less preva-
lent among samples of STA RAS. Kaolinite and sepiolite were found in
Lake Okeechobee outflow samples but not in any STA RAS samples.

Overall, the STA RAS samples were less mineralogically diverse than
the particulates suspended in STA sourcewaters. The formerweremore
dominated by CaCO3 (calcite and aragonite) but lacked or were nearly
devoid of phyllosilicates (kaolinite, palygorskite, sepiolite) that were
more abundant in the latter. Dominance of calcite and the reduction
or disappearance of presumably Lake Okeechobee-derived components
(dolomite and phyllosilicates) suggests a strong autochthonous influ-
ence on STA RAS accumulation, where photosynthetically driven
CaCO3 precipitation is likely a prevalent biogeochemical process. In a
STA-1 W mesocosm study, this was seen with percent removal of Ca2
+ following a similar trend as primary productivity. This positive
correlation was most prevalent in an SAV system, where high pH had
a significant influence on CaCO3 precipitation and in all probability,
the co-precipitation of calcium phosphates (Mitsch et al., 2015). All
minerals identified in the STA source waters and STA RAS samples ana-
lyzed have been previously reported to occur in the Everglades (Das
et al., 2012; Harris et al., 2007; Olila et al., 1995).

A trend was observed of increasing background and development of
an “amorphous hump” (broad XRD peak typical of non-crystalline ma-
terials) in XRD data from the RAS from inflow to outflow in the EAV
FW (Figs. S4–S6). These amorphous materials likely include OM and
possibly biogenic silica (e.g., diatom frustules and sponge spicules)
which increase from inflow to outflow regions of the FW (Table 2).
OM and other non-crystalline components that may be present in the
sample constitute diluents that significantly diminish the efficacy of
XRD as a tool to detect and identify minerals. However, that effect was
only a significant issue in the EAV FW outflow sample.

Phosphorus concentrations in STA RAS were small and no Pminerals
were detected via XRD in any of the samples from either FW. However,
this does preclude the presence of P minerals at low concentrations.
The EDS elemental spectra of the highest total P samples, inflow
(1113 mg kg−1; Fig. 2) and midflow (1114 mg kg−1) from the EAV
FW, showed Ca and P associations consistent with a discrete calcium
phosphate mineral phase (Reddy et al., 2020). There could be more dif-
fuse associations of P with Ca as well, as by sorption or substitution
mechanisms, but this could not be confirmed by SEM/EDS. Elemental
dot maps of the inflow (Fig. S7) and midflow samples of the SAV FW
(Fig. S8) revealed no evidence of discrete Ca\\P rich particles that were
observed in the EAV FW. However, this may have been the result of
the relatively low P concentrations (825 and 368mg kg−1 for the inflow
and midflow samples, respectively) in the samples or high concentra-
tions of CaCO3 in the SAV FW, which could mask relationships with P
(Reddy et al., 2020).

3.2. XRF analysis of STA RAS

Correlation plots examining the relationship between P and other el-
ements indicated a strong correlation between P and both Ca and K for
Table 2
Locations and pertinent compositional data for stormwater treatment area 2 (STA-2) recently a
terials are likely dominated by organic matter but may also include biogenic silica.

Sample identification Distance from
inflow (m)

Total phosphorus
(mean ± SE, mg kg−1)

Organic matter
(mean ± SE %)

EAV Inflow (STA-2, FW 1) 400 1113 ± 264 66.3 ± 1.3
EAV Midflow (STA-2, FW 1) 2700 1114 ± 389 79.9 ± 1.9
EAV Outflow (STA-2, FW 1) 5200 814 ± 76 89.4 ± 0.2
SAV Inflow (STA-2, FW 3) 350 825 ± 123 23.1 ± 1.5
SAV Midflow (STA-2, FW 3) 2800 368 ± 72 26.3 ± 4.2
SAV Outflow (STA-2, FW 3) 4450 375 ± 39 50.1 ± 2.4

5

the SAV FW (Fig. 3). The strength of this correlation did not change be-
tween inflow and outflow. No correlation between P and Fe was ob-
served. Similar relationships were observed in the RAS from the EAV
FW. However, the correlation between P and both Ca and K, while still
relatively strong, deteriorated between inflow and outflow (Fig. 4).
While the reason for the deterioration of these relationships is unclear,
it may be the result of organic inputs with differing P:Ca and P:K ratios
resulting from the biological activity within the wetland cells.

3.3. XAS analysis of STA RAS

All sample spectra lacked the pre-edge feature at 2148.9 eV, evident
in the FePO4 spectrum (Fig. 5), that suggests the presence of Fe (III)-P
bonds (Kim et al., 2015). All sample spectra also featured the post-
edge shoulder indicative of apatitic minerals, which was particularly
well-resolved in the SAV FW inflow spectra. The absorption edge was
also located at a slightly lower energy for all samples, similar to that ob-
served in the reference spectrum for PO4

3− adsorbed to alumina.
X-ray fluorescence mapping, which is more sensitive than SEM

or XRD, confirmed that both Ca and K were strongly correlated
with P in inflow and outflow sampling locations with both SAV
(Fig. 3) and EAV (Fig. 4) FWs. That 3-dimensional Ca\\P phase is
likely a Ca phosphate mineral not present in sufficient concentra-
tion in these samples to be identified using XRD. The correlation
between both K and Ca and P suggests that this P is present in its
own 3-dimensional phase with a specific stoichiometry rather
than being diffusely associated with CaCO3, such as by sorption or
co-precipitation. The lack of a similar relationship between Fe
and P suggests that no discrete Fe\\P phases are present.

XAS analysis of these samples suggests that this Ca\\P mineral is
apatitic in nature, while also indicating the possible presence of phos-
phate adsorbed to alumina and again providing no evidence that
Fe\\P phases are present. Both the lack of a relationship between Fe
and P and the likely presence of apatite is consistent with earlier
work, albeit work done on Lake Okeechobee sediments from a very dif-
ferent system than the STAs. Thiswork demonstrated that Fe\\P precip-
itation controls P behavior in aerobic surfacewater or soil conditions but
that Ca\\P precipitation is the controlling biogeochemical process in an-
aerobic conditions, such as those that RAS would experience (Moore
and Reddy, 1994).

The source of the apatite detected in the STA RAS samples may be
precipitation as a result of Ca and P present within groundwater and
limestone parent material. The apatite might also be biogenic, with
mechanisms for the biogenesis of apatite including bacterially-
mediated synthesis (Kajander and Çiftçioglu, 1998), nucleation induced
by anionic biomacromolecules (Dorvee and Veis, 2013) and bone depo-
sition (Irick et al., 2013; Galbraith et al., 2010; Keenan and Engel, 2017).
Bone deposition as a potential source is supported by the correlation of
Pwith not only Ca, but alsowithK, as K can accumulate in bone, possibly
being incorporated into bone crystal lattice in the X position in Ca9
(PO4)* CaX2 (Bergstrom and Wallace, 1954; Wiesmann et al., 1998).
However, for bone deposition to be the primary source of the apatitic
minerals observed here, bones would have to have been deposited in
a substantial and unlikely quantity.
ccreted soil (RAS) samples, as partially compiled from Reddy et al. (2020). Amorphousma-

content Dominant minerals present (in descending abundance)

Calcite, aragonite, amorphous materials, possibly dolomite
Calcite, amorphous materials, aragonite
Amorphous materials, calcite, quartz
Calcite, aragonite, amorphous materials, possibly quartz and palygorskite
Calcite, aragonite, amorphous materials
Calcite, aragonite, amorphous materials, possibly quartz



Fig. 2. Scanning electron microscopy (SEM) image (upper left; scale bar = 500 μm) and EDS-generated elemental dot maps (Kα radiation) for inflow sediments from emergent aquatic
vegetation (EAV) FW. Bright pixels are indicative of relatively high concentration of a specific element.Wide distribution and abundance of Ca and O are evidenced by the relatively high/
bright signal, consistent with dominance of CaCO3 minerals as confirmed by XRD analysis. However, only small dots are indicated for P (lower right frame; highlighted by circles) at this
magnification (100×). Similar SEM/EDS evidence for a Ca\\P phase was reported on this sample by Reddy et al. (2020).
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Relatively little work has been done attempting to characterize P in
wetland soils using XAS. In the present study, the presumptive biogenic
but crystalline nature of some of the mineral P phases present in these
samples complicates attempts to quantitatively analyze the various P
species present through approaches such as linear combination fitting.
Defining organic P in these samples as the P similar to reference com-
pounds such as Na-phytic acid and adenosine triphosphate, a common
approach in soils, does not accurately capture, for example, biogenic ap-
atite, and dramatically underestimates the organic P present in the sam-
ple compared to OM content measured by loss on ignition. In other
work examining P speciation in wetland soils, findings similar to those
presented here were described, with apatitic minerals being reported
as present and no phases with Fe (III)-P being detected (Kim et al.,
2015). These authors did not attempt linear combination fitting of
these sample spectra. Linear combination fittingwas also not attempted
for peat soil samples by Kruse and Leinweber (2008), as the researchers
viewed this approach to be unpromising considering the complex na-
ture of the Al- and Fe-organic complexes they hypothesized to be pres-
ent (Kruse and Leinweber, 2008).

Recently, work characterizing the P speciation of RAS within these
same STA FWs via 31P NMR and P fractionization techniques was re-
ported (Reddy et al., 2020). P fractionization analysis indicated that
highly reactive P, reactive P, and non-reactive P accounted for approxi-
mately 25–30, 50–60, and 15–20%, respectively, of the total P present.
Within the HRP and RP pools, organic P was dominant in the EAV FW,
whereas inorganic P was present in a larger concentration in the SAV
6

FW. P concentrations in the EAV FW were higher compared to the SAV
FWdue to the accumulation of organic matter and associated nutrients,
but the amount of P stored per unit area was significantly higher in the
SAV FW. Reddy et al. (2020) also asserted that the organic P presentwas
relatively refractory, consistent with potentially biogenic apatitic min-
erals. However, work examining biogenic phases in STA outflow water
reported that biogenic P leaving the STAswas present in relatively labile
phases such as orthophosphate diesters (DNA, RNA, and P lipids) and
their degradation products (Jorgensen et al., 2015). The findings from
these two studies combined with the present work suggest that rela-
tively refractory particulate organic P phases may be effectively stored
within the STAs.

In other recent studies, combinations of these advanced methods
successfully determined soil chemical composition in relation to the
storage of P in different soil types and ecosystems. For example, in the
temperate forest landscape of Mt. Asma, Mie, Japan, P storage and cy-
cling was found to be dependent on orthophosphate monoesters and
P associated with Fe minerals using NMR, XAS and sequential chemical
extractions (Hashimoto and Watanabe, 2014). In contrast to the STA
RAS samples analyzed in the current work, XAS spectra showed an in-
tense white line peak in a narrow energy range corresponding to spec-
tral features exhibited when P is associated with Al and Fe minerals,
with linear combination fitting indicating that phosphate adsorbed on
ferrihydrite was the dominant P species in all samples. These data
were supported by soil characterization which revealed that soils had
elevated levels of Fe and Al.
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Liu et al. (2017)were similarly successful at determining soil chemical
composition, specifically in relation to legacy P storage and transforma-
tions, in high P soils historically fertilized with NK vs. NPK fertilizer and
used for intensive agriculture. They determined that 27 years of maize
cropping depleted soils of hydroxyapatite, while organic P was being ac-
cumulated through root and residue inputs and that Ca(H2PO4)2 acted
as the main reserve of labile P. 31P NMR data showed this accumulation
of organic P as inositol hexaphosphate dominated orthophosphatemono-
esters. Initial sequential extraction revealed that Ca2\\P increased 323% in
soils amended with NPK, indicating that this pool may additionally be
being depleted bymaize uptake and subsequently being greatly enriched
withP application. Results fromXASand μ-XRF indicated an accumulation
of inositol hexaphosphate and Ca\\P in NPK-fertilized soils compared to
non-P fertilized soils and demonstrated an overlap of discrete Ca and P
hotspots, whereas P was not correlated with Fe, Al or Si.
7

Thework presented here indicates that themineralogy of particulate
material entering the STAs from Lake Okeechobee and the Everglades
Agricultural Area basin consists largely of CaCO3 minerals and quartz
but that P minerals were undetectable within these particulates via
XRD. The μXRF correlation plots presented here revealed that, within
the STA FWs examined in the present study, P relationships with Ca
and K in RAS near the FW inflow were very similar to P in RAS near
the outflow in SAV FWs, whereas these relationships were altered
more significantly between inflow and outflow in EAV FW. Further-
more, XANES and μXRF data suggest that the P present is associated
with Ca and K and, in large part, apatitic in nature. These findings sug-
gest the presence of biogenic apatite, although it remains uncertain
what specific biogeochemical pathway(s) resulted in the accumulation
of this specific apatitic material. Phosphorus was not associated with Fe
in any of the samples analyzed here.
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Long-term P loading over the operational lifetime of STA-2 has in-
creased the relative levels of all soil P types, with slowly available and re-
fractory forms of organic P being the largest portion of P effectively stored.
With only roughly a quarter of the total P in upstreamareas of STA-2being
HRP, the key to the continuation of effective STA functioning is tomaintain
P-limiting conditions within the system to minimize P release into the
water column for potential downstream transport (Reddy et al., 2020).
Apatitic minerals, like those detected in the samples analyzed here, are
likely to be relatively stable and only slowly available. As a result, these
minerals would be less likely to perturb the sensitive oligotrophic ecosys-
tems of the Everglades upon remobilization and transport downstream
8

compared to more labile forms of P. Future work applying these tech-
niques to samples from a greater number of STA FWs would be useful to
examine these relationships more comprehensively, as would examina-
tion of the specific P\\Ca and P\\K relationships and XANES spectra for
biogenic apatite generated from different biogeochemical pathways.
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