
Date

Effluent 

Discharge 

(L/day)

Temperature 

°C

Specific 

Conductivity 

(mS/cm)

[NO3
-] (mg/L) [NH3] (mg/L) [PO4

3-] mg/L) [NO2
-] (mg/L)

2/10/2022 435,660 -a -a 0.93 4.21b -c 0.11

2/15/2022 303,690 -a -a 2.20 2.91 -c 0.42

2/17/2022 309,255 10.8 694 1.02 4.12b 0.37 0.08

2/24/2022 296,933 13.4 660 1.05 4.20b 0.03 0.07

3/3/2022 270,698 -a -a 1.33 4.21b -c 0.11

3/8/2022 147,075 15.4 715 1.13 4.18b 0.02 0.08
-a = Not measured; -b = Below Minimum Detection Limit; -c = Above Upper Limit.

Municipal wastewater (MWW) discharges can introduce contaminants and pollutants to 

receiving waters that can negatively impact ecosystems (Smith et al., 2021). Advanced 

wastewater treatment technologies have significantly reduced point-source inputs of certain 

contaminants like nutrients to receiving waters (Kemp et al., 2005) but there is still a need to 

track MWW effluent plumes and assess plume dispersion to ensure impacts are negligible. 

Conservative properties of MWW effluent stream can be used to quantify and trace wastewater 

effluent-sourced contaminant inputs. In this study, samples of the effluent discharge from the 

Naval Support Activity Annapolis (NSAA) Advanced Wastewater Treatment Plant (AWWTP) 

were collected and analyzed to characterize the physiochemical signature, or ‘fingerprint’ of the 

effluent. Sampling surveys were conducted in the receiving waters of Carr Creek at the 

mouth of the Severn River in the Chesapeake Bay to assess whether the fingerprint of the 

NSAA could be identified against the background properties of the receiving waters and to 

assess and quantify the dispersion and extent of the NSAA AWWTP effluent plume under 

different environmental conditions.
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Background and Objectives

Study Area and Methods

Rhodamine Dye Release & ASV Survey

Characterization of Wastewater Effluent

The NSAA AWWTP was originally built in the late 1940’s (Fig. 1a). It discharges treated 

effluent into Carr Creek embayment at the mouth of the Severn River, a tidal tributary to the 

Chesapeake Bay (Fig. 1) through a pipe buried under the seafloor. At the start of this study, the 

exact location of the pipe was unknown but presumed to be at a location where underwater 

video and side scan sonar imagery revealed exposed pipe (Fig. 1b). During the study, after 

most surveys were complete, the actual discharge manifold was located via side scan sonar 

(Fig. 1c). Samples of NSAA AWWTP effluent were collected in FEB-MAR 2022 via a pole 

grab sample (Fig. 2a). Temperature and conductivity (salinity) was measured, plant flow rate 

was recorder and 250 ml of sample was syringe filtered through a 0.7 mm filter into a pre-rinsed 

HDPE bottle for nutrient analysis. Nutrient samples were collected by hand from a kayak and 

small boat (Fig. 2b & c) at 14 locations (CC01-CC14) in Carr Creek embayment (Fig. 1) on 10 

MAR 2022 using the same method. Nutrient samples were stored frozen before analysis for 

nitrate (NO3
-), nitrite (NO2

- ), ammonia (NH3), and phosphate (PO4
3-) using a Hach DR6000 

Spectrophotometer. A custom autonomous surface vehicle (ASV) equipped with a Commercial 

Off-the- Shelf (COTS) Humminbird SOLIX 10 CHIRP MSI+ G3 combination chart plotter, 

fish-finder, and side and down imaging sonar and a Xylem/YSI EXO1 Multiparameter Water 

Quality Sonde with the pre-calibrated EXO SMART sensors installed was used to survey the 

area around the presumed effluent outfall and to collet side scan imagery and echosounder data 

to create bathymetric contours (Fig. 1). The ASV was outfitted with a rhodamine sensor for an 

injection and release of 2.5% rhodamine solution through the AWWTP on 23 MAR 2022.

Figure 1. Map of Carr Creek embayment showing bathymetry and locations for nutrient sample collection (CC01-

CC14). The location of the NSAA AWWTP is shown in the upper left of the with a detailed view in panel (a). Also 

shown are locations for and side scan images of an exposed portion of the (b) effluent discharge pipe and the 

previously unlocated (c) effluent discharge manifold.  

Figure 2. (a) 

Midshipman 1/C Gage 

collecting effluent 

samples at the AWWTP; 

(b) Midshipman 1/C 

Sculli kayaking to 

collect samples; and (c) 

Midshipman 1/C Dinan 

(left) and 1/C Lee (right) 

in Carr Creek.

Table 1. NSAA AWWTP effluent discharge rate and temperature, conductivity on sampling days and nitrate, nitrite, 

ammonia, and orthophosphate concentrations.   

ASV Surveys – Temperature and Salinity
a.

b.

c.

The average daily effluent discharge rate measured at the NSAA AWWTP was roughly 3 x 105

L/day which equates to a discharge rate of 3.5 L/s (Table 1). Effluent temperatures were 

between 10-16 °C, and conductivity was 650-750 mS/cm. Average nutrient concentrations 

were: 1.35 mg-NO3
-/L; 0.15 mg-NO2

-/L; > 0.14 mg-NH3/L; and < 0.14 mg-PO4
3/L.

Figure 3. Results of ASV surveys in Carr Creek embayment around the area of the suspected location of the 

AWWTP effluent discharge outfall (Fig.1b) showing contoured plots of: (a) temperature and (b) salinity on 23 FEB 

2022 and (c) temperature and (d) salinity on 03 MAR 2022.   

Surveys were conducted on 23 FEB 2022 and 03 MAR 2022 using the ASV to try to detect the 

NSAA effluent plume signal in Carr Creek embayment using temperature and conductivity 

(salinity) as conservative tracers (Fig. 3). The survey on 23 FEB 2022 was conducted near high 

slack-water with winds from the south at ~ 8 m/s. Warmer (~ 6.4 °C) and fresher (~10.4 PSU) 

waters were measured in the northwest corner of the survey area as compared to Carr Creek 

background levels of ~ 5.9 °C and ~10.7 PSU, respectively (Fig. 3a & b). The survey on 03 

MAR 2022 was also conducted near high slack-water with winds from the south-east at ~ 4 

m/s. Again, warmer (~ 7.5 °C) and fresher (~ 6.3 PSU) waters were measured in the northwest 

corner of the survey area as compared to background levels of ~ 6.6 °C and ~ 6.9 PSU (Fig. 3c 

& d). Assuming a buoyant effluent plume constrained to the upper 0.5 m of Carr Creek 

embayment (~ 700 m x 500 m) around the suspected outfall (Fig. 1b) and a complete flushing 

time of 1 day, the values in Table 1 can be used to estimate the maximum change in

temperature and salinity in Carr Creek embayment from NSAA AWWTP:

𝑻(𝒐𝒓 𝑺)𝒇 =
𝑸𝑨𝑾𝑾𝑻𝑷−𝒆𝒇𝒇∙𝑻(𝒐𝒓 𝑺)𝑨𝑾𝑾𝑻𝑷−𝒆𝒇𝒇+𝑸𝑪𝒂𝒓𝒓 𝑪𝒓𝒆𝒆𝒌∙𝑻(𝒐𝒓 𝑺)𝑪𝒂𝒓𝒓 𝑪𝒓𝒆𝒆𝒌

𝑸𝑨𝑾𝑾𝑻𝑷−𝒆𝒇𝒇+𝑸𝑪𝒂𝒓𝒓 𝑪𝒓𝒆𝒆𝒌
equation (1)

Where: T(or S)f = Final T (°C) (or salinity (PSU)) in Carr Creek; T(or S)AWWTP-eff = NSAA AWWTP effluent T

(°C) (or salinity (~ 0 PSU), T(or S)Carr Creek = background T (°C) (or salinity (PSU) in Carr Creek; QAWWTP-eff =

NSAA AWWTP effluent discharge rate (L/day), QCarr Creek= Flushing rate (L/day) of Carr Creek =4.13 x 108 L/day

Using the assumptions above and eqn. (1), on 23 FEB 2022, the NSAA AAWTP effluent would 

have raised temperature of Carr Creek by +0.01 °C and lowered the salinity by -0.02 PSU. 

Results for 03 MAR 2022 are similar with an expected increase in temperature of +0.01 °C and 

lowered salinity of -0.01 PSU. It is unlikely that the temperature and salinity differences 

measured in Carr Creek during the ASV surveys were related to NSAA AWWTP effluent.

b.a. c.

a. b.

c. d.

Nutrient Survey

Figure 4. Map of Carr Creek embayment showing bathymetry and graduated symbols proportional to measured (a) 

nitrate (NO3
-) and (b) ammonia (NH3) concentrations in samples collected from sites CC01-CC14 on 10 MAR 2022.  

Water samples were collected from sites CC01-CC14 10 MAR 2022 for nutrient analysis to 

investigate whether the NSAA AWWTP effluent plume was influencing nutrient concentrations in 

Carr Creek embayment. Nutrients behave non-conservatively in aquatic systems but past nutrient 

inputs from WWTP effluent has been linked to eutrophication in Chesapeake Bay (Kemp et al., 

2005). The survey was conducted near high slack water with winds from the northwest at ~ 3 m/s. 

Orthophosphate and nitrite concentrations in Carr Creek waters were below the minimum detection 

limit. Measured nitrate concentrations ranged from 1.38 mg/L to 1.72 mg/L at all sites with 

exception of site CC07, where concentrations were 4.20 mg/L (Fig. 4a). Measured ammonia 

concentrations ranged from below detection to as high as 0.02 mg/L at site CC09 (Fig. 4b). Using 

the same assumptions used during ASV surveys and eqn. (1), the dilution factor for NSAA 

AWWTP effluent in Carr Creek would be > 1:580, so it is unlikely that the measured differences in 

nutrient conconcentrations on 10 MAR 2022 were related to NSAA AWWTP effluent.  
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Conclusions and Future Work

a. b.

Figure 5. Map of Carr Creek embayment 

showing a contour plot of measured 

rhodamine concentrations during a controlled 

rhodamine dye injection and release. A 8 L 

volume of 2.5% (25000 mg/L) rhodamine dye

was added to the NSAA AWWTP effluent 

stream at 0730 on 23 MAR 2022. Based on 

the measured effluent discharge rate at the 

time of injection and pipe volume and length, 

an ASV survey with a rhodamine sensor was 

conducted in Carr Creek ~ 2 hours after 

injection, from 0900 -1200. The ASV survey 

path is shown as a dashed line on the contour

plot. The survey was conducted between high 

and low slack water with winds from the 

northeast at ~6 m/s.  

On 23 MAR 2022, a 8 L volume of 2.5% (25000 mg/L) rhodamine dye was added to the NSAA 

AWWTP effluent stream. During the injections and release, it was discovered that the end of the 

NSAA effluent discharge pipe was not at the location previously surveyed. The effluent is 

discharged ~200 m farther out towards the mouth of the embayment through a ~6-8 m  horizontal 

discharge manifold on the bottom that diffused the effluent discharge stream through 8 risers a 4 m 

depth (Fig. 1c). The planned ASV survey was adjusted to track the plume (Fig. 5). The maximum 

rhodamine concentrations measured during the survey (~1 mg/L) suggest a much greater dilution 

factor for NSAA AWWTP effluent than previously thought at the beginning of the study.      

• The NSAA AWWTP effluent plume was not initially detected due to poor information on the 

discharge point and the high dilution factor for the effluent in receiving waters

• A controlled rhodamine dye injection and release over the confirmed location of the NSAA 

AWWTP discharge manifold and a survey conducted using an ASV was able to detect and 

map the effluent plume in Carr Creek embayment. Such releases and surveys should be 

repeated in the future to evaluate plume dispersion
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