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Presentation Notes
Our work is focused on quantifying the impact of the current practice of shallow wastewater injections on groundwater nutrient fluxes to the surface waters in the Florida Keys National Marine Sanctuary. A new relevance was brought to our project in Steve’s recent email about the recent EPA guidance memorandum which assessed wastewater injection as a functional equivalent of direct discharge to surface waters. Our work should shed light on whether shallow injection wells are essentially direct conduits to the surface waters within the halo zone in the Keys.
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Presentation Notes
Before I dive into the project, I wanted to introduce our project team. We have two graduate students joining our research group starting this summer, Kate Meyers and Megan Martin. The two will be tag teaming the field efforts and data management and interpretation, with Kate focusing primarily on phosphorus species and Megan on nitrogen species.



What do we know about the problem?
Despite stricter regulations on wastewater management in FL, the surface waters in the 
FKNMS still bear elevated nutrient loads (FDEP RAD, 2018; Briceño & Boyer, 2020)

23 WBIDs are impaired for nutrients within the 
halo zone (<500 m from shore)

Nitrate impairment of halo zone around Marathon
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First, to state the problem we will be working on that you all are very familiar with: Despite increased regulation on wastewater management in the Keys over the last decade, according to a recent FDEP Reasonable Assurance Document, anthropogenic contaminants are still found at elevated concentrations in the nearshore and inland surface waters in the Keys. I’ve highlighted the region of our study and Lee’s previous study in the Central Keys both on the map and chart of regions impaired with respect to nutrients. This demonstrates that there is still work to be done in understanding the fate of wastewater nutrient loads after they are injected into the shallow subsurface. Our hope is that we learn from our study can be used to inform wastewater treatment practices that reduce contamination of surface waters.



What do we know about the problem?

Effluent plumes are buoyant, and rapidly 
return to the surface after injection

Griggs  et al., 2003

injection well

Key Largo Limestone

No Holocene mud cap at Marathon + ~45% porosity, 
high permeability = rapid groundwater migration 

Images: http://www.uwosh.edu/faculty_staff/hiatt
/Teaching/360_Florida/2005_Ancient.html

injection well
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We know from previous studies that wastewater effluent, which has a lower density than the saline groundwater,is buoyant when injected into the saline groundwater. On the left, you can see north-south and east-west salinity profiles of an effluent plume at Key Colony Beach in 1999. There is a sharp salinity contrast between the injected effluent and the surrounding groundwater. As such, effluent is destined to return to the surface, and it is more a question of how long it remains in the subsurface before surface emergence. The bedrock geology at KCB lent itself to keeping the effluent beneath the surface because of the capping Holocene muds over the extremely porous  Key Largo Limestone. However, at the City of Marathon and elsewhere in the Keys, there is no mud cap. Wastewater that is injected into the Key Largo Limestone karst will almost certainly return to the surface more rapidly without a capping lithology. We hypothesize that short residence times of shallow wastewater effluent injections in the aquifer reduces the efficiency and permanence of nutrient removal.



What do we know about the problem?
Nitrate and phosphate were effectively removed from the slower velocity flow path margins by microbial N cycling and 
phosphate adsorption onto karst at Key Colony Beach, but nitrogen loads remained high in the central, faster flow paths.
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Here I am showing the same north-south and east-west transects from the Key Colony Beach study, but with nutrient data. I’ve converted umol/kg values to ppm nitrate nitrogen, phosphate phosphorus, and ammonium nitrogen. At the bottom I note that the EPA wastewater effluent standards specifically at our study site, the City of Marathon Area 3 wastewater treatment facility, are 3 ppm nitrogen and 1 ppm phosphorus. Like the salinity plots, there is notable contrast between the high nitrogen and phosphorus concentrations at the direct site of the injection, with a notable plume shape in the north-south transects and a sharper directional structure in the east-west cross sections due to the direction of tidal pumping. What we see here is that nutrient loads are fairly effectively removed from the slower velocity margins of the flow path, likely by microbial denitrification and phosphate adsorption onto the limestone, but nutrient loads remain above the effluent standards in the high velocity central flow paths.



Uptake and adsorption effectively remove N + P in slow flow margins
Non-conservative behavior = effective uptake; 

not just mixing with saline groundwater

Griggs et al., 2003

Expected: 15N enrichment 
during denitrification

Observed: N2-NO3

fractionation associated 
with denitrification

Phosphate adsorbs 
onto carbonate in 

flow through 
experiments
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The first question you might ask is whether the lower concentrations along the flow path margins are just due to dilution as the low-concentration groundwaters mix with the high-concentration effluent. However, we can rule out this hypothesis based on the non-conservative behavior of the nutrient loads. On the left, salinity is a measure of how much seawater has mixed with the low salinity wastewater. Both the June and October sampling time points demonstrate that phosphorus is effectively removed to negligible values within the low salinity plume without requiring any mixing with seawater. P is below detection limits once mixing occurs on the x axis. A similar but slightly less dramatic behavior is seen in the nitrate concentrations, but in both cases, the nutrients do not follow a conservative mixing line. Instead, additional processes were removing nitrate and phosphate from the effluent. Nitrogen isotope data from the study at KCB demonstrated that microbial denitrification was the likely sink for nitrate. Rather than microbial processes, phosphate is removed from the subsurface by adsorption as a mineral onto the carbonate karst. Our primary questions are whether authigenic mineralization is an effective phosphate sink and the permanency of adsorption. Another study at KCB included experiments in which phosphate spiked seawater and freshwater were passed through cores of KLL to test the efficiency of phosphate adsorption. What they found was that effectively all phosphate loads were adsorbed or removed from the water within a timespan of ~70 days. However, when seawater with low phosphate concentrations were pumped through the karst, the residual water P concentrations went up to the  previous background, suggesting that phosphate can be removed after adsorption onto lattice sites. Something to consider in our studies is what causes phosphate to release from carbonate lattice sites, and whether there are finite lattice sites for P to adsorb to. Will P need to be slowly released from the karst at some interval to free up new lattice sites for further injection?



Objectives

(1) to characterize wastewater plume geometry, composition and migration at a single 
disposal facility in the FKNMS,

(2) to quantify the impact of shallow well effluent injections on nitrogen and phosphorus 
contents of groundwater in the halo zone

(3) to evaluate generalizability of our findings to sites with different geology, effluent 
chemistry and volume, and plume migration, with the goal of informing FDEP regulatory 
decisions. 

geometry, density migration composition
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With new hypotheses refined from what was learned in these previous works, the objectives of our project are to characterize wastewater plume geometry, composition, and migration at a single disposal facility in the Keys, to quantify the impact of shallow well effluent injections on N and P contents of groundwater within the halo zone, and to evaluate how well we can generalize our findings to sites with different geology, effluent chemistry and volume, and plume migration, with the goal of informing FDEP regulatory decisions in the FKNMS.



Broad overview of work plan

(1) Characterize the geometry, travel time, and surface emergence of wastewater 
plume nutrient loads

(2) Report the N and P nutrient content of groundwater and nearshore surface waters

(3) Calculate the stability of dissolved phases within the wastewater effluent and 
groundwaters as an assessment of water quality, mineral reactivity and nutrient 
removal efficiency

(4) Assimilate geochemical data with SEAWAT reactive transport model to evaluate the 
transferability of knowledge to wastewater management in FKNMS and other carbonate 
aquifers

(5) Assess the causative relationship between shallow injection well effluent and high 
nutrient loads and other anthropogenic contaminants to nearshore surface waters

Presenter
Presentation Notes
To meet these objectives, we will characterize the plume’s nutrient loads and travel time to the surface, report on the nutrient contents of both the groundwater and nearshore surface waters, calculate the stability of dissolved phases as an assessment of water quality, mineral reactivity, and nutrient removal efficiency, assimilate all of this geochemical data into SEAWAT, which is a USGS reactive transport model, to evaluate the transferability of knowledge to other sites in the Keys, and to assess the causative relationship between shallow injection practices and high nutrient loads in surface waters.



Study site: Marathon Area 3 Wastewater Treatment Facility

5 sampling wells will be 
drilled in early summer by J 
& C Drilling

An additional 5 wells will 
be drilled early 2022; 
locations selected based 
on preliminary 
characterization of plume 
geometry 
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As one of several similarly sized centralized treatment / injection facilities, we chose this site in consultation with the City of Marathon because of availability of public lands for installation of groundwater monitoring wells near to the injection site and support of private landowners. Area 3 is permitted to a half million gallons of subsurface wastewater effluent injection per day.In June, we will drill five preliminary monitoring wells surrounding the Area 3 WTF. We will integrate preliminary geochemical and hydrological data into a groundwater flow reaction transport model (SEAWAT to inform site selection for 5 additional wells to optimize our data gathering. 



Well design
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The well design follows EPA guidelines, and are fitted with a 1” PVC well point with 0.01” slotted screen, backfilled with 20-40 mesh silica sand to 2’ above the well point, and sealed with fine sand or bentonite. PVC pipe extends from the well-point to the surface. The annular space of the monitoring well is grouted to the next sampling depth with neat cement, and the procedure is repeated for the second sampling interval.The first set of 5 wells will be strategically placed within 1000’ of the primary wastewater injection well, along and perpendicular to the presumed cross-island transport direction and drilled to 60’. At each of the five initial stations we will have monitoring wells at two different depths (10’ and 50’). This design will allow us to map the piezometric surface at two depths, calculate vertical flow velocities, and fully characterize the shape and movement of the nutrient plume. Once we have characterized the wastewater plume with these wells, reactive transport modeling will be used for site selection for the remaining 5 wells. 



Analytical overview - all in NELAC-certified labs

Nutrient concentrations (Total Nitrogen, Phosphate, Ammonium) within the main flow path
and slower velocity margins of plume

Dissolved N2 gas concentrations to quantify magnitude of denitrification along flow path

´ 15N of dissolved N2, NO3
- and NO2

- to quantify the contribution of denitrification versus
other nitrate reduction processes

Tracer studies: pharmaceuticals + fluorescence (rhodamine and fluorescein dye injections)

Dissolved ion concentrations: calculate N and P speciation from dissolved ions,
temperature, and salinity to evaluate chemical reactivity and sequestration potential
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I’ve discussed many of the analyses we will make as they were used in Lee’s previous work, but as a broad overview: we will measure total nitrogen, phosphate and ammonium within the main flow path and slower velocity plume margins over 6 time points in the next 2 years to characterize wastewater migration and nutrient cycling, we will measure dissolved nitrogen gas concentrations to quantify the magnitude of denitrification along the flow path, and nitrogen isotopes of nitrogen, nitrate, and nitrogen dioxide to quantify the contribution of dentirification versus other nitrate reduction processes to nutrient removal. We will also conduct tracer studies of both anthropogenic compounds and fluorescent dyes to track where wastewater nutrients are emerging in the halo zone and how quickly the travel from the point of injection to the surface waters. Finally we will measure dissolved ion concentrations to enable calculations of nitrogen and phosphorus speciation to evaluate chemical reactivity and sequestration potential. 



SEAWAT modeling

Maliva et al., 2007, Hydrogeology (wastewater injection in 
SE FL, 10 year effluent migration)

Hunt, 2006, Ground-Water Nutrient Flux to Coastal Waters and Numerical 
Simulation of Wastewater Injection at Kihei, Maui, Hawaii, USGS, Scientific 
Investigations Report 2006-5283

Ex.: buoyant wastewater 
injection plume at Maui

USGS/NOAA
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We will use all of our analytical data as input into the USGS freeware, SEAWAT ,to model the geometry of the wastewater plume and its migration path and velocity. The image on the left is from a study of groundwater nutrient flux to coastal waters after wastewater injection in Maui, generated using another USGS software similar to SEAWAT for illustrative purposes of how we can model the geometry and composition of the effluent plume. On the right are SEAWAT-generated plots from a wastewater plume study in south Florida. Here they have plotted total dissolved solids, which can be related to density or nutrient loads, over ten years of effluent migration. 



Hypothesis testing

Experiment: Inject mixed seawater + effluent to reduce density contrast between the 
plume and surrounding saline groundwater

Predicted outcome: Increased residence time in subsurface karst will increase 
denitrification efficiency and phosphate adsorption onto KLL

Hypothesis: Short residence times of shallow wastewater effluent injections in the aquifer 
reduces the efficiency and permanence of nutrient removal.
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The final component of our study will be to test our hypothesis that short residence times in the aquifer reduce the efficiency and permanence of nutrient removal. We will conduct a field experiment after 1.5 years of sampling under current conditions and after our first tracer study to test our hypothesis that effluent residence time plays a key role in efficiency and permanence of nutrient removal. We will blend effluent with seawater prior to injecting to increase the density of the injected fluid. This will reduce the density contrast between the effluent plume and surrounding saline groundwater, increasing the residence time of the plume in the subsurface prior to emerging in the surface waters. This will increase the time for denitrification and phosphate coprecipitation to occur, removing nutrients from groundwater.



Current work schedule

+ Participation from FOLKs citizen scientists
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