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Abstract

Injection of treated wastewater into the shallow subsurface on islands and
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along coastlines is a common practice in areas like the Florida Keys, yet little
is known about the fate of contaminants after injection. The strong chemical
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and anoxic, higher-density, low-nutrient, saline groundwater creates a dynamic
environment demonstrably leading to buoyancy-driven flow and microbial
transformation. Whether injected wastewater discharges to surface waters and
leads to their impairment depends on the efficiency of mixing and biogeochemical

Funding information reactions in the subsurface. This study demonstrates that nitrate concentrations
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are significantly reduced through these processes at a study site on Vaca Key
(Marathon), FL, USA. However, wastewater tracers and wastewater-derived
nutrient nitrogen are found at wells adjacent to Florida Bay. This study, together
with previous work on the fate of wastewater phosphate, can inform decision-
making about the need for alternative wastewater disposal methods in the Florida
Keys and elsewhere, where considerations of whether shallow injection is the
functional equivalent of direct discharge of treated wastewater to coastal waters

is a pressing issue.
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1 | INTRODUCTION

The coastal waters of the Florida Keys, the island ar-
chipelago extending south and west from Miami, FL,
USA (Figure 1), support an extensive system of patch
and barrier coral reefs that have suffered from bleach-
ing, disease and algal overgrowth over the past 50years
(Kruczynski & McManus, 2001; Lapointe et al., 2019).
One of the factors that could be impacting the Florida
Keys marine ecosystems is seepage of nutrients and

other contaminants from wastewater disposed of in the
shallow subsurface. While the initial focus of research
was on the impact of on-site cesspits and septic systems
(Lapointe et al., 1990; Lapointe & Clark, 1992), growing
concern that wastewater-derived nutrients injected into
the shallow subsurface were impacting surface waters
of the Florida Keys led Shinn et al. (1994) to conduct
the first comprehensive investigation of the distribu-
tion of nitrogen (N) and phosphorus (P) in Florida Keys
groundwater, a potential source of nutrients to surface
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FIGURE 1 (A)Location map of the study area showing the position of the City of Marathon (FL, USA) Area 3 wastewater injection
wells and the monitoring wells used in this study. (B) The location of Marathon in the Middle Keys of the Florida Keys archipelago

extending from the southeastern tip of FL. (C) The typical design of monitoring well clusters in this study.

waters. They showed that N and P levels were elevated
above natural backgrounds and that tidal gradients be-
tween the Florida Bay and Atlantic sides of the oceans
could drive wastewater transport to the south, towards
the reef tract.

Despite three decades of improvements since that
time, including elimination of cesspits and septic systems;
centralisation; widespread achievement of advanced
wastewater treatment standards, both shallow and deep
injection of treated wastewater; and regulatory manage-
ment by Environmental Protection Agency (EPA) and
the Florida Department of Environmental Protection
(FDEP), nearshore waters of the Florida Keys National
Marine Sanctuary (FKNMS) remain impaired (Florida
Department of Environmental Protection, 2018a).
Comprehensive monitoring and analysis of three decades
of data at Looe Key (Florida Keys) reef water quality doc-
ument N enrichment and altered N ratios, implicating
eutrophication along with other stressors leading to coral
reef demise (Lapointe et al., 2019).

Studies subsequent to Shinn et al. (1994) have con-
firmed that groundwaters below the Florida Keys have
been significantly impacted by shallow (typically 18-27m)
injection of treated wastewater (Bohlke et al., 1997; Corbett
etal., 2000; Dillon et al., 2003; Griggs et al., 2003; Machusak
& Kump, 1997; Monaghan, 1996; Paul et al., 1995).
However, because of the buoyancy of wastewater relative
to the saline natural fluids of the subsurface, it is unlikely
that subsurface transport of Florida Keys wastewater to

the reef tract is occurring. Nevertheless, the likelihood ex-
ists that shallowly injected, wastewater-derived nutrients
and anthropogenic contaminants are discharging to sur-
face waters within the ‘halo zone’ (marine waters within
500m of shore; Florida Department of Environmental
Protection, 2018a; Meyers et al., 2024). That possibility has
led to heightened concern and legal action from environ-
mental groups in the Florida Keys, in part influenced by
the so-called Maui decision.

Pursuant to the U.S. Supreme Court decision in County
of Maui v. Hawaii Wildlife Fund, 140S. Ct. 1462 (2020),
(Maui), the U.S. EPA issued a Guidance Memorandum
(https://19january2021snapshot.epa.gov/sites/static/
files/2021-01/documents/final_ow_maui_guidance_
document_-_signed_1.14.21.pdf) providing guidance on
how the Court's findings impact regulated community
and permitting authorities’ Clean Water Act, National
Pollutant Discharge Elimination System (NPDES) permit
process. The analysis of whether the permitted activity is
the “functional equivalent’ of a direct discharge of a pollut-
ant to a water of the United States is a specific focus; if so,
an NPDES permit is required. The Court identified seven
factors that are relevant to the functional equivalence de-
termination: transit time, distance travelled, the nature of
the material through which the pollutant travels, the extent
to which the pollutant is diluted or chemically changed
as it travels, the amount of pollutant entering the navi-
gable waters relative to the amount of the pollutant that
leaves the point source, the manner by or area in which
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TABLE 1 Geographic metadata

associated with the monitoring well Latitude Longitude Well depths Date of
lated g Well ID ©°N) W) (m) installation

locations in Marathon, Florida.
MW-0 24.7128 81.0869 3,6,15,27 February 2022
ME-1 24.7128 81.0864 3,6,15 May 2021
ME-2 24.7131 81.0817 3,6 February 2022
MN-1 24.7133 81.0869 3,6,15 May 2021
MN-2 24.7158 81.0881 3,6 February 2022
MW-2 24.7125 81.0878 3,6,15 May 2021
MW-3 24.7125 81.0881 3,6,15 February 2022
MS-1 24.7125 81.0869 3,6,15,27 May 2021
MS-3 24.7117 81.0867 3,6,15,27 May 2021
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FIGURE 2 Cartoon of subsurface nitrogen dilution and transformation processes occurring in Area 3 and elsewhere shallow wastewater

injection is employed.

the pollutant enters the navigable waters and the degree
to which the pollution (at that point) has maintained its
specific identity. The EPA Guidance Memorandum sug-
gests that a technical evaluation of functional equivalence
could involve an assessment of hydraulic conductivity,
groundwater flowpath and pollutant-specific dynam-
ics along that flowpath, including microbial processes.
If such an evaluation finds that the composition or con-
centration of a pollutant is ‘materially different’ from the
initial discharge into the subsurface because of processes
such as dilution, sorption and microbial conversion, that
pollutant may not be the ‘functional equivalent’ of a direct
discharge.

Thus, Maui provides strong motivation for studies such
as that reported here. Our findings can inform delibera-
tions about whether wastewater injection at the study site
isindeed the functional equivalent of direct discharge and
perhaps be extrapolated to or serve as a guide for subse-
quent studies at other existing or proposed sites.

2 | BACKGROUND

The aquifer that receives the wastewater discharge in the
Upper and Middle Florida Keys is the very porous and
permeable Key Largo Limestone (KLL), which is hydro-
logically connected to Florida Bay, the Atlantic Ocean and
the many canals that cut through the islands. The coral-
line rock of the KLL consists of skeletal grainstone, pack-
stone and wackestone as well as coral boundstone (Halley
et al., 1997) and extends over an area much larger than the
Florida Keys (Hoffmeister & Multer, 1968). Wastewater
disposed of into the groundwater system of the Upper and
Middle Keys has the potential to quickly reach these water
bodies.

Regional groundwater flow in the Keys appears to be
across the island chain, from Florida Bay eastwards under
the Florida Keys to the Atlantic Ocean (Smith, 1994). This
flow mirrors the surface-water hydrodynamics; Ogden
et al. (1994) found that the average flow direction for water
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FIGURE 3 Measurements of total nitrogen (TN), total phosphorus (TP) and injection rate in the treated effluent wastewater at the Area
3 Treatment Facility as analysed on site and reported to the Florida Department of Environmental Protection and samples collected in our
three sampling seasons and analysed at Florida International University (FIU). [TN] and [TP] are consistently higher in the analyses made
at FIU than those reported by Florida Department of Environmental Protection (FDEP).

in tidal channels between the Upper and Middle Keys was
also from Florida Bay to the Atlantic. A hydrodynamically
supported difference in water levels of about 10 to 20cm
between Florida Bay and the Atlantic Ocean in the Upper
Keys, and somewhat less in the Middle Keys, drives both
surface and groundwater flow. The resulting groundwater
flow is not uniform; tides cause periodic reversals in flow
direction (Lapointe et al., 1990). The northeast half of
Florida Bay is minimally influenced by tides, and at some
stages of the Atlantic tidal cycle, the water level is higher
in the Atlantic Ocean than in Florida Bay. During these
times, groundwater flow reverses and proceeds from the
Atlantic to Florida Bay (Reich et al., 2002).

Groundwater recharge occurs in the Florida Bay and
through meteoric recharge in the Florida Keys (Bohlke
et al., 1997; Machusak & Kump, 1997). As a result of this
recharge in the bay, groundwater deeper than 5m is saline
to slightly hypersaline, anoxic and sulphidic in the Upper
and Middle Keys (Bohlke et al., 1997, Monaghan, 1996;
Shinn et al., 1994). Shallow groundwater of the Keys is
often less saline as a result of meteoric recharge or waste-
water and stormwater disposal that occurs on the islands
(Monaghan, 1996; Shinn et al., 1994; Vacher et al., 1992).

A previous study at Key Colony Beach of the Middle
Keys (Corbett et al., 2000; Dillon et al., 2003; Griggs

et al., 2003) revealed a subsurface wastewater plume origi-
nating at the end of the primary wastewater injection well
(18 to 27 m injection depth interval), which rose to a KLL-
Holocene mud contact at 3 to 6 m subsurface within days
after injection and migrated to residential canals. Effluent
within the main flowpath yielded higher nutrient loads
at the surface-water output than the slower fluids along
flowpath margins. In particular, nitrate concentrations
along fast flowpaths were reduced from wastewater con-
centrations only modestly by dilution (Griggs et al., 2003).
However, with longer residence times along the slow flow-
paths, significant denitrification occurred. N, concentra-
tions were elevated as much as 1.6 times atmospheric
saturation, and N isotope data supported the inference
that denitrification of wastewater nitrate was the source
of the excess N,,.

Wastewater disposal by shallow injection continues in
the Florida Keys, often at significantly higher rates of injec-
tion than in the past but with advanced wastewater treat-
ment. To assess whether the findings of past studies at Key
Colony Beach could be more broadly applied to understand-
ing modern wastewater treatment and disposal practices,
monitoring wells were installed at various locations and
depths surrounding the injection wells at a City of Marathon
facility on Vaca Key, Florida (Figure 1; Table 1) referred to
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as Area 3. Over the study period, injection rates varied from
642,000 to 720,000m>/day compared to 500 to 1200m?/day
during the study interval at Key Colony Beach. Detectable
quantities of anthropogenic compounds (e.g. sucralose) and
nutrients were found in the navigable waters of Florida Bay
and Boot Key Harbor to the north and southeast of a waste-
water treatment facility in (Meyers et al., 2024; Figure 1).
Significant algal growth was also identified at the sites
where nutrient loading was detected, probably sustained by
these anthropogenic pollutants. Meyers et al. (2024) linked
nutrient loading and subsurface transport to the shallow
(~18m) injection of treated wastewater effluent with a dye
tracer study in tandem with serial monitoring of nutrient
concentrations in an array of groundwater wells surround-
ing the treatment facility and just onshore from Florida Bay
and Boot Key Harbor (Figure 1).

Meyers et al. (2024) found that the density contrast of
the effluent and saline groundwater caused the effluent

to rise to the shallow subsurface near the injection well
and mix with rainwater to create a brackish surface lens
(Figure 2), followed by preferred transport to the northeast
(Figure 1). Using sucralose and salinity, they employed a
ternary mixing model to determine the mass fraction of sa-
line groundwater, wastewater and meteoric water in each
well sample and from that calculated the expected concen-
trations of soluble reactive P (SRP) and calcium by simple
mixing alone. These calculations enabled them to quan-
tify the efficiency of P removal at any given well cluster
and depth. They also used the ternary mixing calculations
together with dissolved ion concentration data to identify
where excess calcium in solution indicated dissolution of
the carbonate bedrock, which would, in turn, release ad-
sorbed SRP back into groundwater. They found that ca 75%
of P is removed from the plume in the first 10days after
injection and removal efficiency approaches 90 to 100%
more slowly over the subsequent 50+ days. These findings

3 6 15 27
Depth(m) © O O @ Date [l Nov.2021 A May 2022 @ Jan. 2023
@ EWW
D 400A A 800" 20 B
| °
2000 . g OA
S o S 6001
% 15001 ) a0 g 10 i
£ @) o AA = 400 °
S 1000+ o 'ﬁﬁ‘)% o .émo °
= 00 30 T = 0 Ao oltfim
= 200 - 0 30
— 5001 ~ A A 8:,
Z A
ol GAELAO e o] A DIAS cattt
A AZOO ° C 20004 A\ .AAAA D
A A400 A A
S 1000+ D1500- &
4
% o 100 A §° O 20 %%A g
£ A ° Oﬁo © g A
S aden, )| 3 :
T, 5001 o ° o. 2 30 Q >
I (@] 0 30
= ° Q, 500
A A
SRR | A Ay
0 10 20 30 0 10 20 30
Salinity Salinity

FIGURE 4 Nutrient concentrations in the effluent wastewater (grey) and at all monitoring well sites, depths and sampling times
(various coloured symbols) as a function of salinity. Inset plots have outliers removed to show detail of the bulk of the data. Conservative
mixing would be reflected by samples falling in the region connecting the low-salinity wastewater and high-salinity saline groundwater
samples. Note however that the shallower wells have non-negligible contributions from rainwater infiltration (with r values averaging near
60%; Meyers et al., 2024). (A) Total nitrogen on unfiltered samples as determined by Florida International University (FIU). (B) The sum
of aqueous nitrate and nitrite concentrations from filtered samples. (C) Aqueous ammonium concentrations. (D) Dissolved organic carbon

concentrations from filtered samples.
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FIGURE 5 Cross plots of (A, B [outliers removed]) total inorganic nitrogen versus total nitrogen and (C, D [outliers removed]) soluble
reactive phosphorus versus total phosphorus. Note that the total nitrogen (TN) and total phosphorus (TP) analyses were performed on
unfiltered (but clear) samples; total inorganic nitrogen (TIN) and soluble reactive P (SRP) were performed on filtered samples. If particulates
contribute unsubstantially to TN and TP and if organic N or P is insignificant, data will fall on the 1:1 line (dashed). If organic and/or
particulate N or P contribute to the TN or TP concentration, data will fall below the 1:1 line, as seen in panels B and D (linear regression
with 95% confidence interval [CI] in blue). Data that fall above the 1:1 line reflect uncertainty in the analyses.

agree with past models of fast adsorption followed by a
slower removal process (e.g. Dillon et al., 2003). Critically,
Meyers et al. (2024) found a positive relationship between
excess calcium, probably from calcium carbonate disso-
lution, and phosphate removal efficiency. Based on this
finding and calculations of consistently high supersatura-
tion of hydroxyapatite in the same samples, they proposed
calcium phosphate mineralisation as a likely candidate for
the previously unknown slow removal process. However,
even with evidence for P adsorption and the potential for
P mineralisation, SRP and anthropogenic sucralose were
both detected in nearshore waters after hundreds of days
of transport time in the subsurface. Unlike earlier findings
at Key Colony Beach (Griggs et al., 2003), current shallow
injection practices incompletely remove phosphate prior
to surface emergence in coastal and navigable waters at
the study site in Marathon.

Meyers et al. (2024) determined that the dominant flow
path of the effluent plume is counter to the hypothesis
that transport will be dominated by the cross-island tidally
established hydraulic gradient, which should drive net
groundwater transport to the south (Ogden et al., 1994;
Reich et al., 2002; Smith, 1994). Instead, rapid transport
to the north and east was indicated by the earliest peak
arrival of a pulse of fluorescein dye injected into the in-
jection well at Area 3 at the shallow monitoring wells to
the north and east and a delayed and muted arrival of the
dye pulse to the south (Meyers et al., 2024). The waste-
water effluent plume first rises buoyantly to the near
surface (<15m below the surface) and then moves pref-
erentially to the northeast. This finding was supported by
analyses of SRP concentrations. The controls on this pre-
ferred effluent flow path, counter to the hydraulic gradi-
ent, remain unknown but probably arise from anisotropic
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TABLE 3 Concentrations of nitrogen nutrients and dissolved organic carbon for well waters collected from the Area 3 monitoring
wells in November 2021, May 2022, and January 2023.

Well ID

ME-1

MS-1

MS-3

MW-2

MN-1

MN-2

MW-3

ME-2

MW-0

EWW (Effluent
‘Wastewater)

S1

N1
N2
El

Analysis
SRP

TP low curve
TP high curve
TOC

TN

Depth (m)
3
6
15
3
6
15
27
3
6
15
27
3
6
15
3
6
15

15
27

0, nearshore
0, nearshore
0, nearshore

0, nearshore

TN DOC NO;™ +NO,~
November May January November May January November May January
2021 2022 2023 2021 2022 2023 2021 2022 2023
0.00 7.14 10.32 284.58 0.09 1.47
23.93 45.71 24.85 264.90 400.67 0.04 0.18 0.05
50.95 25.71 36.53 222.60 123.42 0.10 0.03
462.52 1221.36 1995.00 0.58 0.13
2300.00 470.08 970.63 1345.80 1754.17 0.12 1.53 0.14
35.95 31.43 37.83 62.20 73.33 0.01 0.04
25.00 21.43 23.09 55.90 108.92 0.02 0.11
27.14 42.71 478.17 0.08 0.05
46.43 47.86 89.98 285.10 248.08 0.34 0.13 0.05
32.86 28.57 26.69 55.00 72.28 0.01 0.01
25.00 20.71 22.26 133.90 163.75 0.05
67.14 31.61 472.67 69.80 5.57
30.48 20.71 48.74 313.90 329.58 3.62 1.68 0.07
29.76 27.86 27.42 102.10 76.10 0.82 0.05
138.57 174.14 349.00 0.06 2.44
41.79 64.29 69.57 309.30 198.00 8.11 0.08 0.80
39.76 25.71 27.95 109.40 120.75 0.25 0.04
53.57 73.33 259.50 0.04 0.10
83.57 73.00 139.75 0.53 0.10
17.86 39.05 391.25 3.43 14.18
42.14 82.16 336.17 28.35 41.05
38.57 27.67 32.29 0.14
20.71 4.74 282.08 0.08 4.77
65.00 27.52 113.92 0.18
167.14 230.71 548.17 50.69 0.05
65.71 57.52 523.42 16.62 3.15
79.29 46.53 274.92 0.03 0.03
30.71 21.04 176.83 0.02 0.01
295.24 360.00 68.63 506.60 96.50 276.05 781.50 1.95
15.29 0.53
17.91 0.34
18.02 0.53
14.56 1.81
Staard Method

EPA365.1 Rev. 2.0
EPA365.1 Rev. 2.0

EPA365.1 Rev. 2.0
SM5310B-1999
ASTM D5176-91

Note: MDL, methods dection limit; PQL, practical quantification limit based on range of calibration staards used.
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N+N N+N % N+N
NH," TIN (=NO;~+NO,” +NH,") “TON” (=TN-TIN) expected removed removed
November May January November May January November May January
2021 2022 2023 2021 2022 2023 2021 2022 2023 May 2022
0.59 2.32 0.00 0.68 3.78 0.00 6.46 6.54 73.96 73.86 99.9
3.67 38.52 21.38 3.71 38.70 21.43 20.22 7.01 3.41 352.95 352.76 99.9
32.16 3.85 30.23 32.26 3.85 30.26 18.69 21.86 6.27
1292.00 845.50 0.00 1292.58 845.63 0.00 —830.06 375.73 68.11 68.07 100.0
9.21 1182.00  490.60 9.33 1183.53 490.74 2290.67 —713.45 479.89 84.04 83.45 99.3
34.79 3.25 31.82 34.79 3.26 31.86 1.16 28.17 5.97 336.15 334.60 99.5
10.33 2.79 16.22 10.33 2.81 16.33 14.67 18.62 6.76 4.84 4.78 99.8
15.32 20.73 0.00 15.40 20.78 0.00 11.74 21.93 0.19 0.12 86.0
24.20 16.26 64.26 24.54 16.39 64.31 21.89 31.47 25.66 76.48 76.39 99.9
30.19 3.32 20.64 30.19 3.33 20.65 2.67 25.24 6.04 226.91 226.76 99.9
9.53 3.80 20.27 9.53 3.85 20.27 15.47 16.86 1.99 1.90 1.84 99.5
0.39 1.17 0.00 70.19 6.74 0.00 —3.05 24.87 0.20 0.10 66.9
4.93 5.52 29.22 8.55 7.20 29.28 21.93 13.51 19.45 218.49 148.68 68.1
24.57 17.73 20.84 24.57 18.55 20.89 5.19 9.31 6.53 319.34 317.64 99.5
166.52 66.92 0.00 166.58 69.36 0.00 —28.01 104.78 2.48 1.62 66.4
9.98 47.64 25.36 18.09 47.72 26.16 23.70 16.57 43.41 201.69 201.62 100.0
22.46 4.67 20.03 22.46 4.92 20.07 17.30 20.79 7.88 151.28 151.18 99.9
44.09 45.72 0.00 44.13 45.82 0.00 9.44 27.51 3.41 3.11 100.0
84.52 56.12 0.00 85.05 56.22 0.00 —1.48 16.78 159.69 159.13 99.7
2.66 1.89 0.00 6.09 16.07 0.00 11.77 22.98 168.09 164.64 98.0
2.35 10.80 0.00 30.70 51.85 0.00 11.44 30.32 62.19 33.83 54.4
17.50 24.20 0.00 17.64 24.20 0.00 20.93 3.48 285.73 285.57 100.0
14.88 0.43 0.00 14.96 5.20 0.00 5.75 —0.46 2.99 2.86 97.3
5.31 24.42 0.00 5.49 24.42 0.00 59.51 3.11 10.11 9.90 98.2
34.05 203.08 0.00 84.74  203.13 0.00 82.40 27.59 11.81 —38.93 -330.9
15.96 4.56 0.00 32.58 7.72 0.00 33.13 49.81 554.62 537.99 97.0
4.74 31.20 0.00 4.77 31.23 0.00 74.52 15.30 243.71 243.66 100.0
4.01 14.75 0.00 4.03 14.76 0.00 26.68 6.28 134.48 134.43 100.0
1.48 41.19 2.60 277.53 822.69 4.55 17.71 —462.69 64.08
0.60 0.00 0.00 1.13 0.00 0.00 14.16
0.01 0.00 0.00 0.34 0.00 0.00 17.56
0.01 0.00 0.00 0.54 0.00 0.00 17.47
0.10 0.00 0.00 1.92 0.00 0.00 12.64
MDL (pmoles/L) PQL (pmoles/L)
Seawater Freshwater Seawater
0.046 0.062 0.4
0.028 0.031 0.1
0.151 0.099 1.25
10.4 41.67
3.46 17.86
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TABLE 4 Duplicate analyses of dissolved gas concentrations and 8'°N values of dissolved N, and NO, in well samples.

[CH,] (pmol/ [N, ]totar (HmoOl/
Sample ID kg) kg) [Ar] (umol/kg)  Ar/N, 5N (N,) (%0) 5N (NO;) (%o)
522-MWO0-3 2.73 641 13.01 0.0203 2.81 40.66
522-MWO0-3 2.80 642 12.98 0.0202
0522-MWO0-6 0.96 679 13.79 0.0203 3.78 50.13
0522-MWO0-6 0.94 667 13.57 0.0203
0522-MWO0-15 1.19 501 11.45 0.0229 2.94
0522-MWO0-15 1.25 510 11.52 0.0226
0522-EWW 0.57 447 11.12 0.0249 2.81 12.39
0522-EWW 0.54 453 11.20 0.0247
0522-MS1-3 50.13 559 9.90 0.0177 4.02
0522-MS1-3 48.61 550 9.77 0.0178
0522-MS1-15 2.15 380 9.73 0.0256 0.93
0522-MS1-15 2.51 384 9.88 0.0257
0522-MS3-3 2.92 619 12.56 0.0203
0522-MS3-3 2.86 616 12.61 0.0205 2.78
0522-MS3-15 0.67 391 9.91 0.0254 0.96
0522-MS3-15 0.65 357 8.78 0.0246
0522-MS3-27 0.49 386 10.05 0.0261 0.69
0522-MS3-27 0.48 383 9.98 0.0261
0522-ME1-3 0.00 510 10.95 0.0215
0522-ME1-3 0.00 510 12.23 0.0240 1.32
0522-ME1-15 0.57 441 10.71 0.0243 1.93
0522-ME1-15 0.56 442 10.76 0.0243
0522-ME2-3 2.12 461 11.33 0.0246
0522-ME2-3 2.13 456 11.25 0.0247 0.93
0522-MW2-3 0.00 579 12.31 0.0213 291 25.84
0522-MW2-15 0.75 384 9.91 0.0258 0.82
0522-MW2-15 0.73 380 9.82 0.0258
0522-MW3-3 0.00 543 11.99 0.0221 2.33
0522-MW3-3 0.00 547 12.05 0.0220
0522-MW3-15 0.65 388 9.98 0.0257
0522-MW3-15 0.62 386 9.97 0.0259 0.84
0522-MN1-3 190.59 450 10.43 0.0232 2.66
0522-MN1-3 192.33 456 10.53 0.0231
0522-MN1-15 1.97 382 9.88 0.0258
0522-MN1-15 2.08 389 10.03 0.0258 0.77
0522-MN2-3 1.17 566 12.10 0.0214 3.34
0522-MN2-3 1.21 571 12.17 0.0213

permeability patterns in the subsurface and the predomi-
nance of buoyancy-driven rather than tidally driven flow.

Here, we describe the complementary results we ob-
tained related to the distribution and fate of wastewa-
ter N upon injection into the shallow saline groundwater
system of Vaca Key near Area 3. Overall, we find that

wastewater-derived nutrient N removal is more complete at
this site than at Key Colony Beach. Nevertheless, elevated N
concentrations were observed at monitoring wells adjacent
to Florida Bay, indicating that nutrient N is being released
in the nearshore waters of Vaca Key, as supported by previ-
ous surface-water observations (Bricefio & Boyer, 2021).
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FIGURE 6 Calculated loss of aqueous nitrate and nitrite (N +N) removed, reflecting the difference between the observed
concentrations and those expected had the waters at the sampling sites had their N+ N concentrations reduced only by dilution. (A) N+ N
removed relative to salinity of well samples. The greatest concentration of N+ N removed occurred in the intermediate-salinity shallow
wells. (B) N+ N removed at each well depth plotted versus peak arrival time. The wells that yielded negative N + N removed are interpreted
to have had a source of N+ N other than effluent wastewater (EWW), such as fertiliser. Note that many wells did not demonstrate tracer
breakthrough during the study period (within 304 days). (C) Same as panel (A), but with loss of N+ N expressed as a percentage. Most

wells had nearly complete removal. (D) Same as panel (B), but with loss of N+ N expressed as a percentage and focusing on those samples
with >60%. A 100% N + N removal efficiency is achieved in nearly all wells. Wells with peak arrival >100days and N + N removal efficiency
<100% are labelled with the well cluster name. The 15m sample with low % N+ N removal in panel (C) does not appear in panel (D) because

there was no peak arrival of tracer at the well during the study period.

3 | METHODS

Well installation, sampling and analysis methods for
aqueous constituents have been previously described
in Meyers et al. (2024). Dissolved N, and Ar gas
concentrations as well as the 8"°N of dissolved N, and
NO;~ were measured at the U.S. Geological Survey (USGS)
Reston Stable Isotope Laboratory (see https://water.
usgs.gov/lab/dissolved-gas/lab/analytical_procedures/
and Griggs et al., 2003). Apparent fractionation factors
between dissolved N, and NO;~ followed the method

described in Griggs et al. (2003), in which it is assumed
that 8"°N of total sample N, is a mixture of atmospheric
N, acquired when the sample was at the ground surface
and equilibrated with atmospheric N,, excess air from
injection, and N, as a product of denitrification (N, gep;)-
An iterative procedure was used to estimate [N,]4enit
assuming either a specified recharge temperature, under
which it is possible to calculate the amount of excess air
from measured Ar concentrations and known equilibrium
constants, or an assumption of no excess air, in which
groundwater recharge temperatures are estimated. From
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FIGURE 7 Argon and nitrogen gas concentrations of the May
2022 samples. Lines show the expected concentrations for samples
equilibrated with air at various temperatures and salinities.
Deviations from linear arrays arise because of variations in original
equilibration temperatures and salinity, amounts of excess air
incorporated during recharge or injection and the production of
excess N, through microbial nitrate reduction.

these calculations, we estimated the initial nitrate (herein
we refer to ‘nitrate’ as the sum of the nitrate and nitrite
concentrations) concentration of a sample ([NO5]°) from
its measured nitrate +nitrate concentration (henceforth
Slmphﬁed as [NO3]measured) and [Nz]denit:
0
[NO;|" = [NO;]

+2- [NZ] denit (1)

measured

Typically, when assessing nutrient behaviour of es-
tuaries and other variable-salinity environments, one
considers two endmembers, a low-salinity riverine or
rainwater-recharge endmember and a high-salinity, sea
water-derived endmember. Simple mixing creates inter-
mediate fluids that have nutrient concentrations that fall
on a straight line between the endmembers: deviations
above or below that line indicate either a source or a sink,
respectively, for nutrients in the mixing zone. In a case like
ours, there is a third, significant endmember: the waste-
water injected into the subsurface (Meyers et al., 2024).
Calculations of the nitrate + nitrite concentration expected
(N + Neypecteas Table 3) if the species were behaving conser-
vatively thus followed the approach Meyers et al. (2024)
used to calculate expected phosphate concentration. The
wastewater proportion of a sample (wy) is presumed to be
reflected in the ratio of the concentration of sucralose in
the sample to that in the wastewater itself, that is

wg = [sucralose] / [sucralose]y,, 2)

and thus

N+ Nexpected =ws - N+ N, 3)

where the subscript s refers to a particular sample and
w refers to wastewater. This approach recognises that
wastewater is the only source of sucralose in Florida Keys
groundwater; that shallow injection is the current mode of
wastewater disposal in Marathon, FL (Florida Department
of Environmental Protection, 2018b) and assumes that su-
cralose behaves conservatively, that is its concentration is
only reduced by dilution with ambient saline groundwater
and rainfall-derived surface-water infiltration. Variation in
sucralose concentrations in the effluent wastewater (EWW)
across our three sampling intervals (61, 93 and 82pg/kg in
November 2021, May 2022 and January 2023, respectively)
adds uncertainty to the calculation of the mass fraction, w,
in our groundwater samples. The most accurate calculation
would use the average sucralose concentration of EWW
across a time window considering the effluent travel time
from the injection well to the groundwater well. However,
measurements of sucralose concentrations in the EWW do
not exist at a higher time resolution than our three sampling
time points, and thus, we use [sucralose],, at the time of
groundwater sampling in the calculation of wy.

[NO;]expectea Values can be compared to [NO,]° as
calculated by Equation (1). If direct nitrate reduction to
ammonium (DNRA) is suspected to be occurring in the
environment, one can modify Equation (1) by adding ac-
cumulated ammonium (NH,,..,m) by assuming that

[NH,|

accum

= [NH,],—w- [NH,]  -g- [NH4]g —r- [NH,],
4)

where g is the proportion of saline groundwater in the sam-
ple and r is the proportion of rainwater in the sample, as de-
termined by the method of Meyers et al. (2024). Accordingly,
the estimate of the original nitrate concentration in a sample
is modified from Equation (1):

[NO3] ’ = [NO3] measured T 2 [NZ] denit T [NH4] accum” )

4 | RESULTS

As described and fully reported in Meyers et al. (2024),
we measured the temperature, pH, salinity, conductivity
and dissolved sulfide concentration of each well sample
over each sampling time point (Table 2). In general, EWW
had a salinity of ~1-2, 3m wells had salinities below 10,
6m wells had salinities of 8 to 14 and deeper wells were
typically >30 (Table 2). The overall brackish lens had a
mushroom-shaped appearance, with rainwater contribu-
tions near the land surface, peak wastewater contribu-
tions of low-salinity water just below and also extending
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vertically very near the injection well to the depth of in-
jection (between 18 and 27m depth) and then mixing of
these two low-salinity sources with the saline groundwa-
ter through the brackish mixing zone (Brown et al., 2021;
Meyers et al., 2024).

Comparison of total nitrogen (TN) and total phos-
phorus (TP) concentrations of our samples with those
analysed by the staff at the Area 3 Wastewater Treatment
Facility and reported monthly by the FDEP shows high
monthly variability with a consistent bias between the two
laboratories (Figure 3). This temporal variability, together
with the relatively long residence time of wastewater in
the subsurface (see below), must be considered as we in-
terpret spatial patterns of nutrient behaviour from our
monitoring well data.

Total N and nitrate concentrations fall well below
expectation from conservative mixing of two endmem-
bers (wastewater and saline groundwater; Figure 4A,B;
Table 3). We attribute this primarily to microbial nitrate
removal (denitrification, DNRA and/or anaerobic oxida-
tion of ammonium or anammox) in the subsurface and
secondarily to mixing with low N rainwater based on
our assessment of g, r and w (see above). NO; concentra-
tions are below detection limits in the 15 and 27 m wells
at all sites (Figure 4B), which we interpret as essentially
complete microbial nitrate removal at a depth of <1 to
6% EWW that reaches these deeper depths (based on the
calculation of w; Equation 2). Total N falls approximately
on the mixing line at 15 and 27m. Although NO; is ef-
fectively absent from these depths, ammonium levels are
comparable to EWW at 15 and 27 m, reflecting its presence
in natural, saline groundwater (Figure 4C). The highest
NH,* concentrations are found in the shallower wells, es-
pecially in the anomalous (Meyers et al., 2024) MS1 wells.

Concentrations of TN in the nearshore samples north
of MN2 (samples N1 and N2), in a canal northeast of Boot
Key Harbour (sample E1) and in the mangroves south of
MS3 (sample S1) were 17.9, 18.0, 14.6 and 15.3 pmol/kg,
respectively. All the measured values are above the water
quality standard for the Halo Zone: for FDEP Zone 5,
which includes Marathon, this standard is 16.1 pmol/kg
bayside and 9.6 pmol/kg oceanside (Florida Department
of Environmental Protection, 2008).

Dissolved organic carbon (DOC) concentrations
fall close to a mixing line between the low concentra-
tions of natural saline groundwaters and (at least for the
November 2021 sample) the relatively high concentration
in EWW (Figure 4D). Again, the shallow MS1 wells have
anomalously high DOC concentrations.

The consistency of our nutrient analyses, and potentially,
the contribution of dissolved organic or particulate N and P
to our TN and TP measurements, can be approximated by
comparing these concentrations to total inorganic nitrogen

(defined as the sum of the concentrations of nitrate, nitrite
and ammonium) and SRP, which are separately measured
on filtered samples (Table 3). If there is little to no organic or
particulate N and P, data will fall on the 1:1 line (dashed in
Figure 5). If organic or particulate N or P contributes to the
TN or TP concentrations, data will fall below the 1:1 line, as
seen in Figure 5B,D, (linear regression with 95% confidence
interval in blue). Data that fall above the 1:1 line must re-
flect uncertainty in the analysis: the total should always be
equal to or greater than the total inorganic concentration
of N or P. For N, the samples that fall into this “forbidden
zone’ are all from May 2022 and only represent EWW and
anomalous MS1 samples. In these cases, it is possible that
particulate organic matter contaminated the filtered sam-
ples or that the organic phases did not undergo complete
reaction in the total N and P determinations. Further study
of MS1 is warranted.

The 5"°N values of wastewater nitrate, sampled in May
2022, were 12.39 %o versus air (Table 4), within the range
of values measured at the Key Colony Beach site previ-
ously (16 +6%o; Griggs et al., 2003). Although the nitrate
concentrations in most groundwater samples were too low
to permit N isotopic analysis, the values measured (n=3)
ranged from 25 to 50%o., consistent with other indicators
of N enrichment from extensive denitrification. The
8'°N values of wastewater and deep, saline groundwater
N, were ca 0.7%o (Table 4), consistent with expectations
for air-saturated water and with similar findings in Griggs
et al. (2003). The other 5'°N values of groundwater N,
ranged from 0.8 to 4%, reflecting N, produced through
microbial metabolism (denitrification, anammox).

5 | DISCUSSION

Two attributes characterise the results of our well and
wastewater analyses: clear evidence for extensive deni-
trification and significant temporal variability, especially
of the wastewater composition itself. The latter attribute
makes it difficult to draw definitive conclusions about
rates and extents of nitrogen removal from the wastewater
plume. Below we cast this uncertainty in terms of ranges
of apparent rates and extents.

The greatest apparent reductions in NO; concentration
were from the May 2022 sampling period (Figure 6A,B).
However, when converted to % removal efficiency, the
May 2022 anomaly is muted (Figure 6C,D; Table 3). The
origin of the anomaly therefore is the notably high NO,
concentration of the May 2022 wastewater (EWW) sam-
ple, which, as discussed above, exceeded the TN concen-
tration for that sample and might be an artefact.

Four wells exhibited nitrate concentrations that ex-
ceeded the EWW concentration at the time of sampling
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TABLE 5 Calculated concentrations and isotopic compositions of N, 4,;; and initial nitrate, denitrification progress, and apparent
isotope fractionation factor assuming (1) no excess air or (2) equilibration at 28°C.

Excess air =0cm® STP/kg

Recharge

temperature [N, gen;cl 8°N—Nygenie  [NOslo
Sample ID (°C) (pmol/kg) (%o vs. Air) (pmol/kg)
0522-EWW 31.8 12.49 —0.52 805.46
0522-EWW 31.5 16.06 —0.52 812.60
0522-ME1-3 31.1 85.65 7.62 171.82
0522-ME1-15 24.7 33.90 15.60 71.52
0522-ME2-3 259 26.77 3.48 68.33
0522-MN1-3 32.5 46.40 20.00 258.92
0522-MN1-15 27.2 5.35 0.27 15.38
0522-MN2-3 22 107.07 14.46 257.92
0522-MS1-3 38.6 164.17 11.41 328.83
0522-MS1-15  28.7 7.14 7.24 17.05
0522-MS3-3 38.6 137.40 10.05 289.99
0522-MS3-6 15.83
0522-MS3-15  38.8 17.84 5.81 39.01
0522-MS3-27 279 3.57 —11.46 10.95
0522-MW0-3  22.2 142.76 9.85 365.76
0522-MW0-3 223 144.54 369.33
0522-MWO0-6  17.5 157.03 13.79 343.58
0522-MWO0-6  18.4 151.68 332.87
0522-MW0-15  23.8 71.38 17.43 147.26
0522-MW2-3  24.1 107.07 12.37 275.57
0522-MW2-15  28.7 5.35 3.25 29.22
0522-MW2-15 29.1 5.35 3.25 29.22
0522-MW3-3 259 82.08 11.11 169.18
0522-MW3-3  25.6 83.87 172.75
0522-MW3-15 279 7.14 31.89
0522-MW3-15 27.8 5.35 4.22 28.32

(all during January 2023), yielding large negative concen-
trations and negative % NO; removal (Figure 6B), which
could indicate a source of nitrate and/or nitrite other than
EWW, as calculations of [NOs]expecred @ssumed EWW as
the only source of NO;. January nitrate concentrations for
the EWW were anomalously low, as were TN concentra-
tions reported by FDEP for December 2022 and January
2023 (Figure 3). We suspect that these negative removal
numbers are an artefact of our use of these EWW values to
calculate removal: note that May 2022 EWW nitrate con-
centrations were significantly higher.

When these outliers are removed (Figure 6C,D), it
becomes apparent that 100% NO; removal efficiency is
achieved in most wells with peak arrival times >14days.
This indicates rapid nitrate reduction in the subsurface
after effluentinjection. In all, 3and 6 m wells at MN2, MW2

Accumulated
§°N—NO, [NH,] (nmol/  §“°N-NH, Denitrification
(%o vs. Air)  kgw) (%o vs. Air) progress
12.39 0.00 32.74 0.03
0.00 0.04
0.45 1.00
3.72 0.95
14.86 0.78
166.14 0.36
4.66 0.70
43.79 0.83
1.00
2.78 0.84
15.17 0.95
15.83 11.17
3.32 0.91
3.80 0.65
40.66 33.00 0.78
33.00 0.78
50.13 15.50 0.91
15.50 0.91
4.49 0.97
25.84 —0.02 0.78
17.73 4.22 0.37
17.73 4.22 0.37
2.54 0.97
2.54 0.97
17.49 0.45
17.49 0.38

and MW3 yielded NO; removal efficiencies of <100% even
with longer peak arrival times. As stated previously, the
shallow wells at MW2 and MW?3 could be impacted by fer-
tiliser application in public parks. The explanation for the
less-than-complete removal of NO; at MN2 could be an
artefact of the sensitivity of this calculation to the variabil-
ity of wastewater initial NO; (Figure 4): the calculation
uses the contemporaneous wastewater concentrations
of NO; and sucralose at EWW and MN2 (in this case, in
January 2023), whereas the tracer study indicates that the
water at well MN2 left the site of injection 200 to 300 days
earlier. We assessed the impact of temporal variability of
EWW nitrogen contents on calculations of NO; removal
efficiencies by characterising the range of TN (the only
N content reported regularly by FDEP) measured in the
EWW over the time window we predict the EWW detected
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Recharge temperature =28°C
Apparent Apparent
isotope Excess [N genit] [NO;], &“°N—-NO; Accumulated isotope
fractionation Air (cm®  (umol/ §°N-— Ny genit (umol/ (%o vs. [NH,] (umol/ &“N—-NH, Denitrification fractionation
factor (%o) STPkg™") kg) (%o vs. Air) kg) Air) kg) (%o vs. Air)  progress factor (%o)
—-1.8 49.96 —0.56 880.41 12.39 0.00 32.74 0.11
-1.6 49.96 —0.56 880.41 0.00 0.11
1.6 7.14 2.85 13.45 0.45 1.06
1.6 3.57 77.07 9.50 3.72 0.75
0.8 10.71 13.57 34.75 14.86 0.62
-2.0 85.65 9.59 336.34 166.14 0.51
-0.1 0.00 0.79 3.20 4.66
3.0 46.40 33.68 135.40 43.79 0.69
—4.4 256.96 7.49 514.41 —0.16 1.00
-0.3 14.28 2.63 29.85 2.78 0.96
24 85.65 14.68 185.16 15.17 0.93
14.78 15.83 11.17
—-2.8 74.95 5.63 151.73 3.32 0.99
0.0 3.57 9.47 3.80 0.75
—13.46 3.2 78.52 18.45 236.85 40.66 33.00 0.66 —18.81
3.1 82.08 243.99 33.00 0.67
—-11.44 5.9 35.69 62.36 99.88 50.13 15.50 0.71 —6.26
5.4 42.83 114.15 15.50 0.75
2.0 32.12 40.37 67.52 4.49 0.95
—8.80 2.0 67.81 19.74 195.99 25.84 —0.02 0.69 —11.33
-0.2 10.71 1.62 38.45 17.73 4.22 0.56
—0.4 14.28 45.59 17.73 4.22 0.63
1.0 60.67 15.11 124.99 2.54 0.97
1.2 60.67 124.99 2.54 0.97
0.1 3.57 23.28 17.49 0.31
0.1 7.14 4.06 30.42 17.49 0.47

in a given well would have been injected given the trans-
port times determined by the dye tracer study (Meyers
et al., 2024). Specifically, for each well cluster, we deter-
mined the standard deviation of TN, for the interval pre-
ceding the sampling time point centred on the peak arrival
time and spanning the full width at half maximum num-
ber of days (determined to be ~90days; Figure S1A,B). The
TN, at the time of sampling was used for well clusters
with peak arrival times <14days, and thus, no standard
deviation was calculated. To avoid the lab-specific biases
observed between measurements performed at FDEP and
Florida International University (FIU) (Figure 3), we cal-
culated TN removal efficiency using TN,, concentrations
measured at FIU to be most directly comparable to TN
concentrations of the groundwater samples (Table 3) but
applied the standard deviations in FDEP TN,, analyses.

Consideration of the standard deviations of TN,, over the
plume migration windows had an insignificant effect on
TN removal efficiency (Figure S1C). The largest effect can
be seen in the four samples from January 2023 previously
discussed. This assessment of uncertainty is limited by the
publicly available data provided by FDEP. As such, we as-
sume that both organic and inorganic N vary through time
given N transformations such that the variability in TN
should at least scale with variability in N+ N. Therefore,
we suggest we would find a similarly minimal influence
of this temporal variability in EWW quality on %N + N re-
moval if data were available at higher temporal resolution.

In most cases, complete nitrate reduction seems to
occur within 14days in the subsurface after wastewater
injection. This implies rates of denitrification of between
20 and 55pmol L' day ™" (ignoring the anomalously low
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FIGURE 8 Relationship between the calculated or theoretical
(based on Rayleigh distillation) "°N of N, produced through
denitrification and that of the measured or theoretical ammonium
and residual nitrate, versus denitrification progress, for the

two cases considered. (A) Assuming no excess air and variable
recharge/injection temperatures. (B) Assuming variable amounts of
excess air and a recharge temperature of 28°C.

EWW nitrate concentration in January 2023). These
rates are higher than the ca 4pmolL™"day ™' estimated
by Griggs et al. (2003) and much higher than the rate of
0.1 umol L™ day ™" if we use the January 2023 EWW value.
The higher rates here, generally, could reflect differences
in the availability of organic substrate (reactive organic
matter) between Key Colony Beach and Marathon waste-
water (separated not only geographically, but in the evolv-
ing level of sophistication of the wastewater treatment
practice). We explore this topic more fully below in dis-
cussing DOC results.

Gas concentration data indicate that while the May
2022 15 and 27m samples were equilibrated with air at
the ambient temperatures and salinities (Figure 7), sam-
ples collected from the 3 and 6m well levels had either
excess air injected or significantly high amounts of excess
N,, presumably generated by denitrification or anammox.

We estimated the 8'°N values of the N, from denitrifica-
tion (8"°N [N,]4eni0) and the 8"°N of the original nitrate in
our samples ("°N [NO,]) by either assuming no excess air
or by assuming a groundwater recharge temperature of
28°C (the value giving the most reasonable range of val-
ues for estimated excess air in the samples via iteration).
Assuming recharge with no excess air, calculated 8N [N,,
denit] ranged from 10%o to 20%o (Table 5). If denitrifica-
tion and dilution were the only two processes affecting ni-
trate concentrations in groundwaters, then those samples
where denitrification impacted groundwater N concentra-
tions had calculated initial nitrate isotopic compositions
(8"°N [NO;]°) of 14.2%0 to 15.3%o, slightly higher than the
measured 8"°N of the wastewater sample but within the
range of values measured at Key Colony Beach, FL (Griggs
et al., 2003). Samples arrayed along a Rayleigh fraction-
ation curve with the calculated isotope fractionation fac-
tor ranged from about —9%o to —13%o. (Figure 8A), similar
to that in Griggs et al. (2003) and references cited therein.

In contrast to these reasonable estimates based on an
assumption of no excess air, those based on an assumed
recharge temperature of 28°C yielded some unreason-
able estimates. Estimates of 8°N [N,, denit] ranged from
7 to over 60%o, while those of §'°N [NO,]° ranged from
11%o to 60%o, and the measurements did not array along
a coherent Rayleigh fractionation curve (Figure 8B). In
other words, the poor fit to the data when we assume a
constant temperature of injection indicates that ground-
water recharge has occurred with a range of tempera-
tures probably resulting from seasonal variations in
wastewater temperature, similar to the findings of Griggs
et al. (2003). Overall, these results support the conclusion
that denitrification can explain the general depletion of
groundwater nitrate concentrations (beyond dilution) at
this study area, as it did for Key Colony Beach, FL (Griggs
et al., 2003).

Estimates of the [NO,]° based on the observed nitrate
concentrations in May 2022 (Figure 9A) and either assum-
ing no excess air (Figure 9B,C) or a recharge temperature of
28°C (Figure 9D,E) are all elevated relative to the measured
concentrations (Figure 9A). These adjustments thus come
closer than the measured nitrate concentrations to satisfying
the mass balance implied by the conservative mixing field of
the grey shaded area in these figures (given temporal vari-
ability and thus uncertainty in the EWW endmember). Of
the various scenarios, the one with no excess air, variable
recharge temperature and incorporating the accumulated
ammonium (Figure 9C) meets the mass balance expectation
best, with all but four samples falling inside the shaded area.
Again, the data are best interpreted in terms of significant
N, accumulation from denitrification and/or anammox and
some production of ammonium from DNRA.
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FIGURE 9 Measured nitrate (A) and calculated original nitrate (B-E) concentrations as a function of salinity according to a variety

of assumptions. (B, D) Assuming that the only loss of nitrate was through denitrification, and either no (B) or variable (D) excess air and

variable, or fixed recharge/injection temperature. (C, E) Assuming that both denitrification and direct reduction of nitrate to ammonium

contributed to the loss of nitrate, otherwise the same two cases as (B and D), respectively. The expected range of original nitrate

concentrations is shown by the grey shaded regions.

Amounts of denitrification ([N,]4epi) in May 2022 were
generally greatest in the low-salinity groundwater samples
(Figure 10A). DOC concentrations were also generally in-
versely correlated with salinity (Figure 10B), although the
May 2022 value was low (<100mol/kg) compared to that
in November 2021 (>500mol/kg; Table 3). Interestingly,
those samples with lower amounts of denitrification dis-
played in Figure 10A also had lower DOC concentrations

in Figure 10B, resulting in a positive correlation of [N, ]enit
with DOC. Given that the primary source of nitrate, and,
as Figure 10B demonstrates, DOC substrate for denitrifi-
cation is wastewater, the positive correlation between the
amount of denitrification and the DOC is not surprising.
The lack of apparent depletion of DOC with increased ex-
tent of reaction could in part be attributed to the significant
variability in DOC concentrations of EWW in the effluent.
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The unfilled symbols represent the inferred initial DOC Anomalous MS1 samples are not shown on these figures.

If one adopts a stoichiometric ratio of DOC consumed to
N, generated of 2.5, based on electron balance (C° to C"Y,
2xNY to NO), the estimated initial DOC concentrations are
equal to or somewhat higher than wastewater values from
the November 2021 value and proximal wells MWO 3 and
6m in May 2022 (Figure 10C). With considerable uncer-
tainty given the sparse dataset and large variability, we thus
interpret the positive covariation to reflect the likelihood
that the total DOC, mostly provided by the wastewater,
has components that are either poor or good substrates for
denitrifying bacteria (e.g., Chen et al., 2022); higher con-
centrations of reactive substrates leave behind higher resid-
ual concentrations of non-reactive DOC compounds. Our
observations suggest that the average DOC of the EWW at
Area 3 is typically higher than the two values measured,
probably closer to 750-1000mol/kg.

Given that the initial (wastewater) [NO5] and [DOC] are
similar at both Key Colony Beach and Area 3 in Marathon
(Figure 11, Table 3, and Griggs et al., 2003), the greater ex-
tent of nitrate reduction at Area 3 could be tied to a longer
residence time in the subsurface, itself a function of the
larger distances travelled by the wastewater plume there
than at Key Colony Beach. Although the data from our two
sites leave a large gap in the 100 to 300day residence time
window, sites with 300+ day travel times, including those for
which there was no breakthrough of tracer during our two
study periods (data not shown) all had very low concentra-
tions of wastewater-derived fixed N (Figure 11). Therefore,
time in the subsurface seems to be a limiting factor in reduc-
ing N loading in surface waters upon wastewater injection
at these sites, given that there seems to be sufficient organic
substrate for denitrification and DNRA.

6 | CONCLUSIONS

Regular monitoring of FKNMS water quality has docu-
mented reduced nutrient concentrations, with all stations
in the halo zone now below their target concentrations
(Florida Department of Environmental Protection, 2022),
in contrast to the situation in earlier updates to the
Reasonable  Assurance  Documentation  (Florida
Department of Environmental Protection, 2018a). One
may optimistically conclude that the efforts to expand
advanced wastewater treatment across the Florida Keys
have reduced the concentration of N and P being injected
into the groundwater system, and the high rates of nutri-
ent removal documented here and in Meyers et al. (2024)
are further reducing concentrations and loadings where
the wastewater-influenced brackish plumes discharge
into nearshore waters and canals. However, despite sig-
nificant dilution, rapid rates of phosphate adsorption/
precipitation and extensive denitrification (Figure 2), su-
cralose (20pg/L) concentrations implying a wastewater
component of 22% and elevated nitrate (0.5 pmol/kg) and
SRP (3 pmol/kg) were measured at well MN2 adjacent to
Florida Bay and 350 m from the point of injection in May
2022 at 6m depth (Table 3 and Meyers et al., 2024). Thus,
it is probable that nearshore waters (namely, Florida Bay)
are receiving non-negligible loadings of N and P from
shallow wastewater injection at Area 3.

Our study provides an example of how a technical
analysis of whether shallow wastewater injection is the
‘functional equivalent’ of direct discharge might be con-
ducted in the context of the Maui decision at a particular
site. The combination of the use of an artificial tracer to
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establish transit times, wastewater-associated tracers like
sucralose to allow the determination of the proportion of
wastewater at a particular location and to set the expecta-
tion for what the contaminant concentration would be if
simply diluted, and the contaminant concentration deter-
minations themselves, provide the sort of data one could
use to address the functional equivalence assessment. We
find here that although wastewater is clearly making its
way to the surface following shallow injection at Area 3
in Marathon, FL, the amount of N reaching navigable wa-
ters is considerably reduced by subsurface microbial pro-
cesses compared to what would be impacting those waters
were the discharge directly to them. To the extent that the
other shallow wastewater injection sites on Marathon or
elsewhere in the Florida Keys are similarly reducing load-
ings upon injection probably depends on the distance, and
thus travel time, to the nearest navigable water. Whether
or not this reduction in loading is sufficient to eliminate
impairment of the halo zone of the Florida Keys awaits
continuing monitoring and assessment.
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