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Introduction 
For clarity, the dissolved inorganic nitrogen (DIN) mass balance for Quonochontaug 
Pond constitutes three input terms to the water column, one output term from the 
water column, and two internal recycling terms involving the benthic sediment that 
underlies the water column of the pond (see Figure 1). 
 
The Input terms are : 
Surface Water (SW) 
Atmosphere (Atm) 
Groundwater (GW) 
 
The Output term is: 
Transport from the Pond, through the Quonnie Breachway, to the Ocean (EX) 
 
The Internal Recycling terms are: 
Benthic Flux of Ammonium (BFAm) 
Sedimentation of Particulate Nitrogen (SED) 
 
Some explanation of these terms would be helpful to the reader to understand the 
concept of a nutrient mass balance. 
The Input terms .  Surface water, represents the mass input of any nutrient (in this 
case DIN) that comes into the pond’s waters from streams. In the case of 
Quonochontaug Pond, there are no streams flowing into the pond, only brooks that 
represent minor streams.  Atmosphere, is the wet (rain) and dry (aerosol) input of 
nitrate and ammonium (DIN) that falls on the water surface of the pond.  
Groundwater, is the mass of nitrate and ammonium (DIN) that enters the pond 
water via flow along an aquifer(s) in the watershed through sands and gravels at the 
margin of the pond. 
 
The Output term.  Exchange between Pond and Ocean.  For every tidal cycle during 
the Calendar year, water flows out of the pond to the ocean on the ebb tide and 
ocean water flows into the pond on the flood tide.  Depending on the relative 
concentrations of the nutrient (in this case DIN) in the flood and ebb tide waters, 
there is a mass exchange of DIN between the pond and the ocean. 
 
The Internal Recycling terms .  Benthic Flux of Ammonium.  The organic matter 
contained within algae produced by photosynthesis in the pond’s surface waters 
eventually ends up on the bottom of the pond. This organic matter is broken down 
into constituent parts by oxidation and bacterial remineralization.  With respect to 
the DIN in Quonochontaug Pond, the predominant species of this process is 
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ammonium. A concentration gradient is set up between surficial benthic sediment 
and the overlying water column (bottom water), with higher concentrations in the 
surficial sediment relative to the bottom water.  Thus, a benthic flux (BF) is 
established whereby ammonium is transferred from the benthic sediment to the 
bottom water.  Sedimentation of Particulate Nitrogen.  Much of the particulate 
nitrogen that exists in the water column of Quonochontaug Pond is organic in nature 
as it is incorporated in the algae produced in the surface waters of the pond. When 
this particulate nitrogen sediments to the bottom, some of it is remineralized to 
ammonium (as we have determined above as the benthic flux of ammonium), and 
the remainder of this particulate nitrogen accumulates in the benthic sediment and 
becomes part of the sedimentary record of the history of Quonochontaug Pond.  One 
might ask, what does the sedimentation of particulate organic nitrogen have to do 
with the DIN mass balance of Quonochontaug Pond.  Actually, DIN (nitrate and 
ammonium) is the basic building block for the growth of marine microalgae 
(phytoplankton).  At different times of the growth cycle in coastal marine waters, 
nitrate and/or ammonium are needed to support the growth of microalgae during 
photosysthesis (Herbert, 1999).  Thus, these inorganic forms of nitrogen are 
converted into organic matter of the living organism and upon mortality, this 
organic matter containing nitrogen (and carbon and phosphorus) is sedimented to 
the bottom of the pond and eventually becomes incorporated in the benthic 
sediment. 
 
Data for Dissolved Inorganic Mass Balance 
Figure 2 shows the location of five deep-water stations in Quonochontaug Pond that 
have been sampled from 2006 to 2014.  The nutrient and water-quality data 
collected from monthly surface- and bottom-water samples (May to October) is 
recorded in the Salt Ponds Coalition monitoring database and can be accessed at 
(www.saltpondscoalition.org/Our Ponds/Water Quality/Detailed Reports).  These 
pond data have been used to calculate the annual daily mass of DIN in 
Quonochontaug Pond (Standing Stock DIN).  The standing stock of DIN in 
Quonochontaug Pond is computed by determining the mass of nitrate and 
ammonium in the upper 1 meter of the pond’s water volume [mass=(concentration 
DIN)x(1 m volume=3x106 m3)] and adding this to the mass of DIN in the bottom 2.2 
meters of the pond’s water volume [mass=(concentration DIN)x(2.9x106 m3)].  
Figure 3 shows the time trend of ammonium in the surface and bottom water of 
Quonochontaug Pond.  With correlation coefficients approaching 0.7, these 
increasing trends in ammonium concentration are significant and show that there is 
an annual increase in DIN in pond water. (ammonium is by far the largest 
component of DIN). 
 
The same database has been used to calculate the Surface Water Input  to the pond.  
One major creek (Harmonic Brook) entering the Western Basin of Quonochontaug 
Pond was monitored for nutrients and water quality from 2009 to 2013.  The 
average nitrate and ammonium (DIN) concentration (1,596 ug/L) was combined 
with the modeled surface-water flow (15.9x108 Liters/year; Masterson et al., 2007) 

http://www.saltpondscoalition.org/Our
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to generate the mass of DIN entering Quonochontaug Pond via surface-water runoff 
(2,538 Kg N/year ). 
 
The Atmospheric Input  of wet and dry DIN to Quonochontaug Pond was computed 
using the surface area of the pond (300 hectares) and the areal atmospheric input of 
nitrate and ammonium (7.9 Kg N/ha/year) measured at Avery Point, some 20 miles 
west of the pond in New London, Connecticut (Nadim et al., 2001).  The atmospheric 
input to Quonochontaug Pond is 2,370 Kg N/year . 
 
The Groundwater Input  of DIN to Quonochontaug Pond was taken from the recent 
work of Bradley Moran and colleagues at the University of Rhode Island Graduate 
School of Oceanography (Moran et al., 2014).  Measurements of DIN concentrations 
(nitrite, nitrate, and ammonium) in shallow groundwater discharge (SGD) to 
marginal sand and gravel deposits of the pond were combined with radium-based 
SGD fluxes.  Shallow groundwater discharge results varied from 434 to 868 mg 
N/m2/year.  Given the surface area of Quonochontaug Pond (3x106 m2), the SGD 
fluxes of DIN are 1,272 to 2,604 Kg N/year.  Moran et al. (2014) gives an average 
SGD DIN input of 2,100 Kg N/year for Quonochontaug Pond. 
 
There might be some confusion with respect to the magnitude of groundwater input 
of DIN to Quonochontaug Pond.  Of the total new DIN inputs into Quonochontaug 
Pond (7,008 Kg N/year), the groundwater input (2,1000 Kg N/year) represents 
30% of this total.  Nixon and Buckley (2007) estimated that groundwater input of 
DIN (mostly nitrate) to Quonochontaug Pond represented about 60% of the total 
DIN input.  They used well data from the Salt Ponds watershed (1.4 and 2.8 mg/L 
DIN) to arrive at this groundwater input percentage.  On the other hand, Moran et al. 
(2014) used pore-water measurements from coarse, marginal Quonochontaug Pond 
sediments that had an average DIN concentration of about 0.4 mg/L.  In addition, 
Moran et al. (2014) sampled shallow groundwater at a maximum depth of 20 inches 
in the pond’s marginal coarse-grained sediments while the data of Nixon and 
Buckley (2007) most likely came from a minimum of several feet below the land 
surface.  Geologic cross-sections for the Rhode Island Salt Ponds Region (Masterson 
et al., 2007) show that such groundwater travels underneath the ponds that are 
underlain by fine-grained lagoon bottom sediments (organic silts and clays).  The 
vertical hydraulic conductivity of these fine-grained bottom sediments is very low 
and would not allow groundwater and its constituents to enter the pond water in 
any reasonable time span.  [Hydraulic conductivity, K, describes the ease with which 
fluid (usually water) can move through pore spaces.  The K of sand and gravel is 
approximate 100 ft./day, while the K of organic-rich fine silt and clay is about 
0.00001 ft./day; https://en.wikipedia.org/wiki/Hydraulic_conductivity).  Also, 
other studies on the discharge of groundwater DIN to coastal lagoons and estuaries, 
such as that of Nauset Marsh estuary on Cape Cod, have shown that groundwater 
discharge occurred through permeable sandy sediments that occurred around the 
fringe of the estuary (Portnoy, et al. (1998). 
 

https://en.wikipedia.org/wiki/Hydraulic_conductivity


 4 

An additional concern with respect to the magnitude of the groundwater DIN flux 
used in this nitrogen mass balance of Quonochontaug Pond is related to a master’s 
thesis done by Donohue (2013).  In her MS Thesis, Donohue regressed well nitrate 
concentrations and housing density in the Quonochontaug headland in Charlestown, 
Rhode Island.  There was a strong relationship between the two factors.  The line of 
the geologic cross-section shown in her Figure 3 runs along the extreme eastern 
edge of Quonochontaug Pond.  This geologic cross-section  shows that sand and 
gravel deposits underlie this area of the pond (also see Ford, 2003, Figure 3.12).  
The 14 shallow, glacial-material wells adjacent to the eastern edge of the pond had 
an average nitrate concentration of 14 mg/L.  Donohue (2013) developed a GIS-
based model for predicting nitrate concentrations throughout the salt pond region 
using current housing densities.  This housing-density model was applied to all of 
Quonochontaug Pond and the model estimated that groundwater contributed 
10,400 Kg N/year.  Unfortunately, there was no nitrate well data from most of the 
watershed surrounding the pond. 
 
However, there is one set of groundwater data from shallow-water coarse-grained 
sediments adjacent to the north shore of Quonochontaug Pond.  Callender (2013) 
conducted a study of shallow groundwater discharge in Ninigret Cove (located on 
the northeastern shore of the pond) and found that the average dissolved inorganic 
nitrogen (DIN) in these marginal coarse-grained sediments was 376°227 ug/L (254 
ug/L NH4+ and 122 ug/L NO3-).  The concentration of NO3- is much lower than that of 
Donohue (2013), 14 mg/L for 14 shallow, glacial-material wells.  Also, the average 
housing density of Callender’s (2013) study area is approximately 0.5 houses/acre.  
Donohue’s (2013) regression of NO3- versus housing density for the Quonochontaug 
headland would yield a NO3- concentration of 6.6 mg/L.  It seems prudent that until 
more well data is available from the watershed surrounding much of 
Quonochontaug Pond, that use of this model should be limited to the eastern end of 
the pond. 
 
So, Donohue’s (2013) groundwater estimate of 10,400 Kg N/year exceeds that of 
Nixon and Buckley’s (2007) 8,700 Kg N/year, and these estimates of deep 
groundwater input to Quonochontaug Pond greatly exceed that of Moran et al.’s 
(2014)shallow groundwater discharge of 2,100 Kg N/year. 
 
As noted above, Donohue’s (2013) housing-density model does appear applicable to 
the eastern end of Quonochontaug Pond.  There is much nitrate well data there 
derived from a high density of houses.  The modeled groundwater nitrate 
concentration in the Quonochontaug headland is 2.14 mg/L.  The average shallow 
groundwater discharge rate for marginal course-grained sediments in 
Quonochontaug Pond is 5 L/m2/day (Moran et al., 2014).  Thus, shallow 
groundwater nitrate would enter the extreme eastern end of the pond at the mass 
rate of 10.7 mg NO3—N/ m2/day. This author estimates that 9.13x104 m2 of the 
pond’s surface area is underlain by permeable sand and gravel at the extreme 
eastern end of Quonochontaug Pond.  Therefore, 357 Kg N/year enter the pond as 
shallow groundwater discharge at the extreme eastern end of the pond.  That added 
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to Moran et al’s. (2014) shallow groundwater discharge of DIN to Quonochontaug 
Pond (2,040 Kg N/year) gives a shallow groundwater flux of DIN of about 2,400 Kg 
N/year.  That compares vary favorably with the submarine groundwater discharge 
of DIN (2,100 Kg N/year) that is reported for the mass balance of DIN discussed in 
this documentation of the data used to construct the mass balance of dissolved 
inorganic nitrogen (DIN) for Quonochontaug Pond. 
 
One minor input to the waters of Quonochontaug Pond is the contribution of geese 
feces.  The author made an estimate of this contribution several years ago and the 
calculation is listed below.  We assume there are 50°10 geese that reside on the 
pond for 8 months or 240 days.  Goose fecal matter contains 4 wt. % nitrogen.  The 
average Canada goose defecates 28 times per day.  The dry weight of individual 
goose droppings is 1.2 to 1.5 grams or 45.4 grams of waste/day.  Therefore, Canada 
geese in Quonochontaug Pond may contribute about 22 Kg N/year to the pond.  The 
geese feces sediment quickly to the bottom where they are bacterially degraded and 
release ammonium to the water column.  As we will see in the next section, the 
minimum increase in bottom-water versus surface-water ammonium that is used to 
compute a benthic flux of ammonium is 30 ug/L.  Thus, the bottom water in the 
pond that contains the benthic sediment efflux of ammonium would contain a 
minimum of 45 Kg of ammonium.  However, the bottom water receiving this 
ammonium benthic flux generally has an average of 60 ug/L greater than surface 
water, so that the bottom water would contain 90 Kg of ammonium.  Thus, it 
appears that the geese feces input of ammonium to bottom waters of 
Quonochontaug Pond (22 Kg) is a somewhat minor fraction of the total amount of 
ammonium in bottom waters of the pond that receive a benthic flux (90 Kg). 
 
The output of DIN from the waters of Quonochontaug Pond occurs through the 
mass export  of nitrate and ammonium through the Quonochontaug Breachway to 
the Ocean (Rhode Island and Block Island Sounds).  The average transport volume 
of water, per tidal cycle, through the Quonochontaug Breachway is 2.03 x 109 Liters 
(Guarinello, 2009).  The tides of the U.S Atlantic Coast are semi-diurnal and thus are 
represented by 1.85 tidal cycles per day (WWW.Wikipedia.org).  Thus, in a day, 3.76 
x 10 9  Liters of water are transported through the breachway.  The average DIN 
content of water at the North Bill’s Island station (NBI) and the East Bay Yacht Club 
station (EBYC) in the eastern basin of Quonochontaug Pond that feed the breachway 
on ebb tide (Figure 2) is 57.25°3.8 ug/L (www.saltpondscoalition.org).  The average 
flood tide DIN concentration on August 9, 2016 was 64°24 ug/L. (four samples).  
The average DIN concentration of waters in Block Island Sound, Rhode Island 
Sound, and the lower Western Passage of Narragansett Bay is 49°1.4 ug/L 
(www.uri.edu/ce/wq//Publications/Biol-10ResultsSummary.pdf; Oviatt et al., 
1984; www.longislandsoundstudy.net/wp-
content/uploads/2010/02/SanudoFinalReport.pdf; L. Heffner, 2009; and 
J.S.Krumholz, 2012). A combination of these waters (one flood tide series, many 
measures of DIN in Block Island and Rhode Island Sounds) gives an estimated flood 
tide DIN concentration of 56.75°9 ug/l.  Thus, the mass of DIN exported from 

http://www.wikipedia.org/
http://www.saltpondscoalition.org/
http://www.uri.edu/ce/wq/Publications/Biol-10ResultsSummary.pdf
http://www.longislandsoundstudy.net/wp-content/uploads/2010/02/SanudoFinalReport.pdf
http://www.longislandsoundstudy.net/wp-content/uploads/2010/02/SanudoFinalReport.pdf
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Quonochontaug Pond on an annual basis is 686 Kg N/year  [(3.76 x 109 
Liters/day)(0.5 ug/L)(365 days/year)]. 
 
There are two Internal Recycling Terms .  The Benthic Flux of Ammonium is an 
input of DIN to the water column as microbial degradation (remineralization) of 
organic matter in the upper few centimeters of the benthic sediment column 
releases ammonium to the sediment porewater, setting up a concentration gradient 
between the benthic sediment and the overlying bottom water, and transporting 
ammonium across the sediment-water interface by molecular diffusion.  The 
estimated benthic flux of ammonium for Quonochontaug Pond was measured by 
core incubations in the late fall of 2012 and the summer and early fall of 2013.  A 
detailed discussion of the experimental procedures, results, and calculations has 
been presented in Callender (2014) that is a white paper posted on the Salt Ponds 
Coalition website (www.saltpondscoalition.org).  The annual benthic flux of 
ammonium determined by these core incubations is 10,480 Kg N/year. 
 
Another technique was used to estimate the long-term (7 years) benthic flux of 
ammonium using the monitoring database of the Salt Ponds Coalition and is 
described below.  The surface-water and bottom-water ammonium data from the 
years 2008 to 2014 from four deep-water stations in Quonochontaug Pond were 
evaluated to assess the sampling times whereby the difference (D(bNH4+ -sNH4+)] 
between bottom-water and surface-water ammonium concentrations was ²30 ug/L. 
It was thought that this concentration difference, or greater, reflects the input of 
ammonium to bottom water from benthic sediment.  Sampling times when D(bNH4+ 

-sNH4+) exceeded 30 ug/l (50) compares with 140 sampling times.  Of those 50 
sampling times, many had concentration differences that substantially exceeded 30 
ug/L.  Thus, it seemed reasonable that the concentration difference of 30 ug/L was a 
reasonable cutoff between bottom-water remineralization and benthic 
remineralization.  The stations used for this analysis were JR, HCBuoy, HCChannel, 
and NBI (Figure 2). For each month of each year where the above criteria were met, 
the difference in the ammonium mass in bottom water relative to that in surface 
water represented the DMass NH4+ for that station and month. Then all the months 
for that year at that station were summed to compute an ammonium benthic flux in 
Kg N/sample year.  An example using data from the Judge’s Rock station is 
presented below. 
Year   Month  bNH4+   sNH4+    DMass NH4+  days/month  NH4+ Benthic Flux 
2008  May     90ug/L 50ug/L 6,290x106 ug         30                189 KgNH4+/month 
            July      90ug/L 10ug/L  9,250x106ug         30                278 KgNH4+/month 
            Aug.     50ug/L 20ug/L  4,070x106ug         30                122 KgNH4+/month 
            Sept.    50ug/L 10ug/L  4,810x106ug         30                144 KgNH4+/month 
DMass NH4+=Bottom-water mass - surface-water mass 
 
The total benthic flux of ammonium for the Judge’s Rock station for 2008 is the sum 
of the above, 733 kg/year.  The surface-water volume for the Judge’s Rock Station is 
74x106 liters and the bottom-water volume is 111x106 liters.  The surface-water 

http://www.saltpondscoalition.org/
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ammonium concentration is multiplied by the surface-water volume and this mass 
of ammonium is subtracted from the bottom-water ammonium concentration times 
the bottom-water volume (mass of ammonium) to compute the monthly benthic 
flux.  When the data for all years and months are processed, the total yearly benthic 
flux of ammonium for Quonochontaig Pond is 7,045 Kg N.  Given the fact that this 
calculation technique spans seven years of ammonium measurements in surface and 
bottom waters of Quonochontaug Pond, it seems reasonable that the two measures 
of ammonium benthic flux should be averaged, and when this is done, the estimated 
average benthic flux of DIN (ammonium) for Quonochontaug Pond is 8,762 Kg 
N/year . 
 
The other internal recycling  term is the Sedimentation of Particulate Nitrogen.  
This is the deposition of particulate nitrogen from the water column to the benthic 
sediment and the sequestration of particulate nitrogen within the benthic sediment 
column.  Most of this particulate nitrogen is organic nitrogen that originates in the 
organic matter of phytoplankton, algae, and their consumers (zooplankton, etc.).  
Upon mortality, the particulate organic nitrogen sediments to the bottom and after 
remineralization (bacterial decomposition) at the surface of the benthic sediment, 
accumulates in the benthic sediment column (sequesterization).  The following 
information has been used to calculate this sedimentation term of particulate 
organic nitrogen. 
 
Ford (2003) determined the sedimentation rate of the upper few centimeters of 
three benthic sediment cores in the western basin of Quonochontaug Pond.  The 
average sedimentation rate is 0.24°0.10 cm/yr.  The average wet bulk density of 
silty clay benthic sediment (muds) is 0.35°0.10 gm/cm3 (Ford, 2003).  Thus, the 
mass accumulation rate (MAR) of surficial benthic sediment in Quonochontaug Pond 
is 0.084 gm/cm2/yr [(0.24 cm/yr)(0.35 gm/cm3)].  Aduomich (2013), using an 
alternative sedimentation rate for Quonochontaug Pond sediments, determined an 
MAR of 0.096 gm/cm2/yr.  Thus, the average MAR for the pond’s fine-grained 
sediments (silty clays, muds) is 0.090 gm/cm2/yr. 
 
The average organic carbon content of these silty-clay muds in Quonochontaug 
Pond is 6.2°1.3 weight % (Ford, 2003; Guarunello, 2009). Thus, the organic carbon 
accumulation rate for these fine-grained sediments is calculated by multiplying the 
MAR by the weight % organic carbon; [(0.090 gm/cm2/yr)(0.062)]. So the organic 
carbon accumulation rate for the pond’s organic-rich muds is 0.0056 gmC/cm2/yr. 
Finally, the organic nitrogen accumulation rate for the pond’s organic-rich muds is 
determined by dividing the organic carbon accumulation rate by the C:N ratio of the 
organic matter in these sediments.  The average C:N ratio for two sediment samples 
in Quonochontaug Pond is 9°1.4:1 (Ford, 2003), and that for a similar benthic 
sediment type in lower Narragansett Bay is 9.2°0.4:1 (Kelly and Nixon, 1984). So 
the average C:N ratio that this author has used to calculate the particulate organic 
nitrogen accumulation rate for surficial benthic sediment in Quonochontaug Pond is 
9.15:1, [(0.0056 gmC/cm2/yr)/(9.15)= 6.12 gmN/m2/yr.  Given the surface area of 
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fine-grained silty-clay muds in Quonochontaug Pond (1.79x106 m2; Callender’s 
estimate from Ford, 2003 and Ford’s (2003) map of sediment types, 2.13x106 m2 for 
lagoon bottom sediments), the average surface area of these fine-grained lagoon 
bottom sediments is 1.95x106 m2.  Therefore, the annual mass accumulation of 
particulate organic nitrogen in the benthic sediment of Quonochontaug Pond is 
11,934 KgN/year  (6.12 gmN/m2/yr)(1.95x106 m2). 
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