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Abstract

Nitrogen transport and transformation were studied
during 2013 to 2014 by the U.S. Geological Survey, in
cooperation with the U.S. Environmental Protection Agency,
in a subterranean estuary beneath onshore locations on the
Seacoast Shores peninsula, a residential area in Falmouth,
Massachusetts, served by septic systems and cesspools,
and adjacent offshore locations in the Eel River, a saltwater
embayment connected to the ocean. The field investigation
included installation and sampling of clusters of wells and
temporary sampling points near a transect extending from
about 35 meters (m) onshore to 18 m offshore.

The fresh groundwater at the study site formed a lens
about 11 m thick at the shoreline that was underlain by saline
groundwater. Groundwater flow in the water-table aquifer
was oriented northwestward toward the embayment. Nitrate
concentrations in the fresh groundwater at a site about 35 m
onshore increased in the downward direction from less
than 500 micromoles per liter near the water table to about
1,700 micromoles per liter just above the freshwater/salt-
water transition zone. Dissolved oxygen was largely absent
in the onshore fresh groundwater. Distributions of salinity,
dissolved oxygen, and nitrate at the shoreline and offshore
generally were similar to those onshore; at some locations,
however, shallow saline water was present above the freshwa-
ter, and there were scattered occurrences of elevated dissolved
oxygen concentrations.

Geochemical indicators of nitrate reduction, including
concentrations of the reaction product nitrogen gas, stable
isotope ratios of nitrate and nitrogen gas, and changes in
alkalinity, provided evidence for nitrate reduction in two zones
separated vertically by a zone 7-8 m thick with no evidence

'U.S. Geological Survey.
2U.S. Environmental Protection Agency.

3Cape Cod Commission.

of nitrate reduction. The shallow nitrate-reduction zone was
near the water table in fresh groundwater onshore, where
nitrate reduction may be related to particular recharge condi-
tions at nearby sources. The shallow nitrate-reduction zone
also may be related to an interval of fine-grained sediments at
about the same altitude (—1 to —6 m relative to the National
Geodetic Vertical Datum of 1929), where flow is slower and
reactive electron donors such as solid organic carbon, iron,

or sulfide phases may be present to drive the reduction. The
deep nitrate-reduction zone was near the freshwater/saltwa-
ter transition zone, where nitrate reduction may be related

to mixing of freshwater containing nitrate and saltwater
containing dissolved organic carbon and ammonium, or to
fine-grained sediments near the transition zone. The maximum
amount of nitrate converted to nitrogen gas was estimated

to be less than or equal to 300 micromoles per liter in both
nitrate-reduction zones.

The presence of nitrate and low dissolved oxygen
concentrations in the 7-8-meter-thick zone between the
shallow and deep nitrate-reduction zones are conditions that
could permit nitrate reduction. The absence of evidence of
nitrate reduction in the high-nitrate zone may have resulted
from the lack of reactive electron donors in that depth interval.
The high-nitrate zone dissipated somewhat in the offshore
direction, but the current study did not extend far enough to
encompass the fresh groundwater discharge area or determine
how much of the nitrate was removed prior to discharge.

A shallow intertidal saltwater cell was formed during
a spring tide by saltwater infiltration during tidal run-up on
the beach. Nitrate reduction might have occurred if nitrate-
containing fresh groundwater discharging to the estuary mixed
with the saltwater containing dissolved organic carbon in
this zone, but samples collected from the intertidal saltwater
cell during this study were not analyzed for indicators of
nitrate reduction.

Elevated dissolved oxygen concentrations in fresh
groundwater 9 m offshore may indicate that groundwater
flow was partly oblique to the sampling transect or that



2 Geochemical Conditions and Nitrogen Transport at a Cape Cod Embayment, East Falmouth, Massachusetts, 2013-14

groundwater from a regional flow system was converging
under the river near the study area. Flow directions also
may have been affected by aquifer heterogeneity such as the
shallow fine-grained sediments onshore and at the bottom of
the Eel River. Improved understanding of the fate of nitrate
in this type of complex setting might be gained by including
additional characterization of aquifer heterogeneity and
groundwater flow and extending investigations of nitrate
reduction to the shallow sediments in the intertidal saltwater
cell and adjacent subtidal zone and to locations farther
offshore beneath the estuary.

Introduction

Nutrient pollution is one of New England’s most wide-
spread, costly, and challenging environmental problems. On
Cape Cod, nitrogen loading to embayments and the resulting
eutrophication of estuaries are among the most pressing envi-
ronmental challenges faced by coastal communities (Valiela
and others, 1992; Nixon, 1995; Short and Burdick, 1996;
Valiela and others, 2000; Howarth and others, 2002).

Nitrogen commonly is the limiting nutrient to phy-
toplankton and macroalgae in coastal marine systems. An
increased supply of nitrogen can cause decreased water clarity
from increased growth of plants and macroalgae that can
obscure more desirable plant species (for example, eelgrass)
and damage ecosystems that favor finfish and shellfish.
Because tourism, retirement, and fishing are the mainstays of
the Cape Cod economy, degradation of the coastal aquatic eco-
systems is an important issue on Cape Cod.

In 2000, recognizing the importance of nitrogen in
eutrophication of Cape Cod waters, the Massachusetts
Department of Environmental Protection established the
Massachusetts Estuaries Project (MEP) to evaluate nitrogen
loading and assimilative capacity in 70 Cape Cod embayments
(Massachusetts Department of Environmental Protection,
2018). In about 40 percent of the embayments studied to date
(2018), these evaluations have resulted in total maximum
daily loads (TMDLs), which establish regulatory, numeric
limits on nitrogen loading. Currently (2018), Massachusetts
towns covered by the MEP are weighing alternative nitrogen
remediation actions that would meet the TMDL requirements.

On Cape Cod, principal sources of nitrogen are onsite
disposal of domestic sewage (through cesspools and sep-
tic systems) and lawn fertilizer (Valiela and others, 2000).
Nitrogen transport from these sources to coastal waters in
most areas of Cape Cod is largely through groundwater
because the more densely developed areas are near the coast,
and streams obtain most of their flow from recharge onto less
developed inland areas (Walter and others, 2004). In much
of the Cape Cod aquifer, where subsurface conditions are
aerobic and the predominant nitrogen form is nitrate, transport
beyond the near field of septic systems, where approximately
20 percent nitrogen loss occurs (Costa and others, 2002), is
likely to occur with relatively little natural attenuation. Where

subsurface conditions are anaerobic, however, nitrogen trans-
port can be attenuated. Nitrate can be converted to gaseous
forms (N, or N O), and ammonium can be oxidized anaerobi-
cally or its transport can be retarded by sorption onto solid
phases in the aquifer. Such conditions and losses have been
documented in landfill plumes and in large plumes caused by
municipal sewage disposal (LeBlanc, 1984; Christensen and
others, 1994; DeSimone and others, 1996; Smith and others,
2004; Repert and others, 2006; Cozzarelli and others, 2011;
Barbaro and others, 2013; Smith and others, 2013). The nitro-
gen attenuation reactions are facilitated by microbial processes
and include denitrification—the transformation of nitrate
(NO,) and nitrite (NO,) under anaerobic (no dissolved oxygen)
conditions to molecular nitrogen gas (N,)—and anammox—
anaerobic oxidation of ammonium (NH,) that transforms
ammonium and nitrite to nitrogen gas.

The subterranean estuary (the area near the coastline and
below the sediment/water interface, where freshwater and
saltwater mix) through which groundwater must pass to move
from land to offshore surface water represents an additional
location of potential nitrogen attenuation. Biodegradation of
organic carbon, which is likely present in offshore sediments
and in infiltrating seawater, can consume oxygen and eventu-
ally nitrate as freshwater moves offshore before discharging
to the coastal waters. Other electron donors such as sulfide
and reduced iron also can contribute to oxygen and nitrate
reduction. The distribution of such reactions and their relation
to flow, which are less well documented in the subterranean
estuary than in wastewater disposal plumes and landfills, are
the subject of this investigation.

Although not widely investigated, nitrogen attenuation in
the subterranean estuary has been studied at Waquoit Bay in
Falmouth, Massachusetts (Kroeger and Charette, 2008; Spiteri
and others, 2008). One limitation of the studies at Waquoit
Bay was their location in an estuarine preserve where housing
(and thus septic system sources of nitrogen) was restricted. A
principal goal of our research was to extend investigation to a
coastal site with dense housing and larger nitrogen sources.

The site chosen was the Eel River study site on the
Seacoast Shores peninsula in East Falmouth, Mass. Nitrogen
transport and transformation were studied at the site during
2013 to 2014 by the U.S. Geological Survey, in coopera-
tion with the U.S. Environmental Protection Agency (EPA).
Seacoast Shores is a typical coastal residential area with dense
housing (9.14 houses per hectare) (figs. | and 2) that uses
onsite cesspools and septic systems for wastewater disposal.
Because of the dense housing, a high nitrogen concentration is
likely in the underlying aquifer. This high concentration could
facilitate assessment of the subterranean estuary’s capacity to
reduce nitrate concentrations by natural biogeochemical pro-
cesses. Other selection criteria were length of settlement time
(buildout was complete by 1970) and proximity to a coastal
receptor, the Eel River estuary. Additionally, a previous study
reported elevated nitrate concentrations in several monitoring
wells on the peninsula (Thomas Cambareri, Cape Cod Com-
mission, oral presentation for Waquoit Bay National Estuarine
Research Reserve Research Exchange Day, 1994).
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This report describes the project development and the
methods of collecting data and evaluating nitrogen attenu-
ation; the report includes hydrogeologic and geochemical
observations, discusses nitrogen fate and transport, and
presents a resulting conceptual model of nitrogen attenuation
at the Eel River subterranean estuary. Several methodologi-
cal sections are included in an appendix. The report can be
used in the design of future nitrogen remediation investiga-
tions because of its geochemical characterization of a pen-
insular, coastal area that has a high density of housing and
that could be targeted for installation of sewers to prevent
coastal eutrophication.

Geographic, Geologic, and Hydrologic
Setting

The Seacoast Shores residential area occupies a penin-
sula that extends southward from the main land area of Cape
Cod into the Waquoit Bay system (fig. 1). Bordered by saline,
tidal surface-water bodies that include the Eel River on the
west and Eel Pond and the Childs and Seapit Rivers on the
south and east, the peninsula is about 2.6 kilometers long
and as much as 615 meters (m) wide (fig. 2). Land-surface
altitudes generally decrease from about 10 m (altitudes are
given relative to the National Geodetic Vertical Datum of 1929
[NGVD 29]) in the north to less than 1 m in the south. The
topography is generally flat, with steep bluffs along the sides
of the peninsula and a few low-lying areas in the interior.

The peninsula and its adjacent, narrow saltwater bays
are similar to other peninsulas and bays along the southern
shore of Cape Cod in the town of Falmouth. The bays occupy
valleys that were cut into the glacial outwash plain at the
end of the Pleistocene Epoch. The valleys were subsequently
drowned when sea level rose, leaving the intervening areas
of the outwash plain as long, narrow peninsulas and coastal
necks. The aquifer materials are glacial outwash sand and
gravel that generally grade downward into fine-grained gla-
ciolacustrine sand, silt, and clay (Oldale, 1992; Masterson and
others, 1997). The unconsolidated sediments are about 90 m
thick and lie on crystalline, granitic bedrock (Fairchild and
others, 2012).

The Seacoast Shores peninsula is a part of the Sagamore
flow lens, a part of the Cape Cod aquifer consisting of several
hydrogeologic units (outwash plains, terminal and ground
moraines, ice contact deposits) mainly composed of sand
and gravel, with some silt and clay. The units were depos-
ited during the last glaciation of New England. The regional
aquifer is a shallow, unconfined hydrologic system in which
groundwater flows radially outward from the top of a water-
table mound that underlies western Cape Cod (LeBlanc and
others, 1986; Masterson and others, 1997; Walter and Whea-
lan, 2005). The study area is along the southern coastline,
where the regional groundwater system discharges to Vineyard

Sound. The peninsular freshwater aquifer is bounded at the top
by the water table, at the bottom by the freshwater/saltwater
interface, and at the lateral boundaries by the tidal saltwater
bodies. The freshwater aquifers beneath the peninsulas are
seaward extensions of the much larger regional groundwater-
flow system that also discharges to the tidal saltwater bodies.
The effects of the discharge from the regional system on local
freshwater flow on the peninsulas are not well understood.

The Seacoast Shores peninsula receives an estimated
114 centimeters per year (cm/yr) of precipitation. About
60 percent of the precipitation (69 cm/yr) recharges the aquifer
at the water table (Walter and Whealan, 2005); the remainder
largely is lost to evapotranspiration. Surface runoff is negli-
gible owing to the sandy soils and low topographic relief of
the area. The horizontal hydraulic conductivity of the sand and
gravel is estimated to be about 60 to 110 meters per day (m/d),
and that of the interbedded fine sands and silts in the aquifer is
estimated to be less than 15 m/d (Walter and Whealan, 2005).

Seacoast Shores is one of the most densely developed
neighborhoods on Cape Cod. Water supply is public water
obtained from wells and a lake inland from the peninsula.
Wastewater disposal is by private onsite systems. The
peninsula was undeveloped and forested until the late 1930s.
During World War 11, it was used by the U.S. Army to access
an adjacent island in Waquoit Bay for amphibious training
(Keay, 2001). The peninsula was subdivided in 1947 into the
street layout seen today. Building began slowly in the late
1940s and early 1950s along the eastern shore near Bayside
Drive (fig. 2), but the pace of building increased during the
1960s. By about 1970, buildout was essentially complete.

The earliest homes were supplied by onsite domestic
wells. Installation of town water was done in phases and
largely completed by 1970. Water-use records indicate a
mixture of year-round and seasonal homes, although year-
round homes currently (2018) predominate. Data from the
Cape Cod Commission indicate about 1,000 dwellings are
on the peninsula, with total water use (2010) averaging over
92,000 gallons per day (Cape Cod Commission, 2015), most
of which is recharged to the local groundwater-flow system
through onsite domestic wastewater disposal. This amount
of water use, if spread over the total area of the peninsula
(1.2 square kilometers), would be equivalent to approximately
10.5 cm/yr, or about 15 percent of the annual recharge from
precipitation over the same area.

Previous Investigations at Seacoast
Shores and Waquoit Bay

Previous studies examined the Seacoast Shores ground-
water system and the subterranean estuary and tidal mixing
at Waquoit Bay. The Waquoit Bay investigations provided
insights into groundwater-flow patterns and nitrogen transport
in the subterranean estuary.
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Seacoast Shores Groundwater System

In 1993, the Cape Cod Commission collected sediment
cores, installed monitoring wells, and collected groundwater
samples at three sites (SCS—2, SCS-3, and SCS—4) along an
east-west line (fig. 2, section A—A") across the Seacoast Shores
peninsula to examine nitrogen concentrations in shallow
groundwater in an area served by onsite wastewater disposal
(Thomas Cambareri, Cape Cod Commission, oral presenta-
tion for Waquoit Bay National Estuarine Research Reserve
Research Exchange Day, 1994). At each location, sediment
samples were collected during drilling by using the split spoon
method. A cluster of 4 to 5 monitoring wells was installed to a
maximum depth of 18 m in each auger boring (fig. 3). Specific
conductance was measured for water samples collected from
a screened hollow-stem auger and the wells to determine the
distribution of fresh and saline groundwater (fig. 3B), and the
installed wells were sampled for laboratory analysis of nitrate
and ammonium concentrations (fig. 3C).

The borings encountered mostly medium to coarse sand.
At the western site (SCS-2), however, medium sand and silt
were present from about 1 to 6 m below NGVD 29, and fine
sand and silt were present below the freshwater/saltwater
interface near the bottoms of the eastern and western borings
(SCS-2 and SCS-3, fig. 34). The altitude of the water table at
the three sites was approximately 0.4 m above NGVD 29. The
freshwater/saltwater interface was encountered at each site.
The freshwater lens was about 14 m thick near the western
side and middle of the peninsula and about 8 m thick at the
eastern site (fig. 3B).

Elevated nitrate concentrations as high as 1,200 micro-
moles per liter (umol/L) were measured in the deepest fresh-
water immediately above the freshwater/saltwater interface at
the nearshore clusters (fig. 3C). Elevated nitrate concentrations
were not measured at the midpeninsula site, although sampling
for nitrate at this site did not extend to the freshwater/saltwater
interface. Ammonium concentrations in freshwater were less
than 20 pmol/L.

Nitrogen Transport and Groundwater Flow in the
Cape Cod Subterranean Estuary

Past investigations of the subterranean estuary on Cape
Cod focused on the upper end of Waquoit Bay in Falmouth
(Belaval and others, 2003; Michael and others, 2003, 2005,
2011; Kroeger and Charette, 2008; Spiteri and others, 2008;
Abarca and others, 2013), Red Brook Harbor in Falmouth
(McCobb and LeBlanc, 2002), and Salt Pond on the outer
Cape (Crusius and others, 2005; Cross and others, 2008). Of
these investigations, only the work at Waquoit Bay included
estimation of nitrogen loss in the subterranean estuary, and
results there varied. For example, Spiteri and others (2008)
concluded that a shallow anaerobic ammonium plume moved
conservatively toward the beach until ammonium was nitrified

where aerobic conditions were encountered. Removal of
nitrate, carried in a deeper aerobic plume, was not observed
and was thought to be limited by a lack of reactive dissolved
organic carbon. In contrast, Kroeger and Charette (2008)
indicated that approximately 65 percent of dissolved inor-
ganic nitrogen was lost during transit toward the discharge
zone, within both the freshwater zone and the subterranean
estuary, based on observed decreasing concentrations of both
nitrate and ammonium co-occurring with N enrichment of
the residual pools. The apparent loss occurred in regions of
mixing between nitrate-bearing, suboxic, fresh groundwater
and ammonium-bearing near-anoxic fresh or saline ground-
water. The different interpretations from Kroeger and Charette
(2008) and Spiteri and others (2008) may be due in part to
seasonal or interannual variations in chemical and hydrologi-
cal conditions. Modeling investigations based on hydrologic
and geochemical conditions at Waquoit Bay (Anwar and
others, 2014) and the coastal peninsulas in Falmouth (Colman
and others, 2015) indicated nitrate removal rates in the subter-
ranean estuary that ranged from 20 percent in a simulation
using aquifer chemistry conditions of no dissolved oxygen,
500 pmol/L nitrate, slow organic matter degradation kinet-
ics, and a small tidal amplitude (0.2 m) (Colman and others,
2015), to 90 percent in a simulation with more labile marine
organic matter entrained with infiltrating seawater and tides of
0.5-m amplitude (Anwar and others, 2014).

The investigations at the Waquoit Bay site in Falmouth
(Belaval and others, 2003; Michael and others, 2003, 2005,
2011; Kroeger and Charette, 2008; Spiteri and others, 2008;
Abarca and others, 2013) also examined groundwater flow
in the subterranean estuary. The physics of tidal mixing were
investigated at Waquoit Bay by using two-dimensional com-
puter models calibrated by seepage-meter, subsurface-salinity,
and hydraulic-head measurements (Michael and others, 2003,
2005; Abarca and others, 2013). The modeling efforts from
these investigations led to a description of flow in the subter-
ranean estuary (fig. 4). In general, fresh groundwater discharge
occurs just below the level of low tide. Saltwater discharge
from an intertidal saltwater cell formed by intertidal saltwater
infiltration occurs just landward of the fresh groundwater dis-
charge. Deep saltwater discharge from a deep saltwater wedge
occurs seaward of the fresh groundwater discharge. Farthest
offshore, deep saltwater infiltration occurs seaward of the deep
saltwater discharge.

Methods

Methods for sampling design, well installation, water-
level determination, and water sampling and analysis are
described in the following sections, appendix 1, and Hunting-
ton and others (2018).
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Figure 3. Section A-A’showing the approximate locations of geologic borings and monitoring wells installed and sampled in 1993,
and A, lithology, B, specific conductance, and €, ammonium and nitrate concentrations, Seacoast Shores peninsula, East Falmouth,
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Massachusetts. Gray rectangles indicate positions of well screens. Open boxes indicate intervals sampled by using a screened hollow-

stem auger. The gray area indicating medium sand and silt is approximate. Figure is adapted from a presentation by Thomas Cambareri
for Waquoit Bay National Estuarine Research Reserve Research Exchange Day, March 21, 1994, filed at the Cape Cod Commission,
Barnstable, Mass. Location of the section is shown on figure 2. pS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius;

pmol/L, micromole per liter.
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Figure 4. Schematic diagram showing groundwater-flow patterns in the subterranean estuary at Waquoit Bay,

East Falmouth, Massachusetts.

Sampling Design and Data-Collection Network

Several sites near saltwater ponds in southern Falmouth,
including Great Pond, Green Pond, and the Eel River, were
considered for the study (fig. 1). Details on site selection are
given in appendix 1.

Limitations on access to the shore narrowed the poten-
tial sites to two locations near the Eel River on the western
side of the Seacoast Shores peninsula (near the intersections
of Bayside Drive and Woodside Drive with Edgewater Drive
West). A multilevel sampler (MLS) was installed at each
location (F723-MO01 and F724-M01, fig. 5). On the basis of
preliminary lithologic and chemical data collected from the
MLSs, the Bayside Drive site was selected for further study.
Five water-table wells were installed upgradient of the site,
and more than 35 additional sampling locations were estab-
lished on land near the shore and offshore in the Eel River

(fig. 6). Well-installation methods are described in appendix 1.

A pressure-transducer tide gage was installed to monitor
the water level in the Eel River near the study area. The gage
consisted of an open-bottom polyvinyl chloride (PVC) stand-
pipe that was secured to a permanent dock piling at a nearby
private residence (figs. 5 and 6). The tide gage installation is
described in appendix 1.

Instrumentation for collecting samples at depth was
deployed primarily along section B—B’, extending from site
F724, which is 35 m landward of the shore, to site F743,
which is 18 m offshore (fig. 7).

Groundwater levels in the water-table wells were mea-
sured manually on four occasions during the study by using
an electric tape. Manual measurements of water levels were

also made in pairs of shallow and deep monitoring wells at
two nearshore well clusters (sites F726 and F732) during a full
tidal cycle in August 2014 to examine the effects of tide on
hydraulic heads in the fresh groundwater system.

For the period from August 7, 2013, to October 23, 2013,
water levels were recorded continuously in the five water-
table wells and in the shallowest and deepest wells set in fresh
groundwater at the shoreline cluster (F726) by using pressure
transducers (Onset Computer Corp., HOBO logger U20—
001-04, Bourne, Mass.). Water-level measurements made at
15-minute intervals were used to determine hydraulic gradi-
ents; for the set of measurements made at each interval, planes
were fit to the water-level altitudes for triangular arrangements
of the wells (McCobb and others, 1999).

The thickness of the soft bottom sediment beneath the Eel
River was measured at seven points in the study area by push-
ing a 1-centimeter-diameter steel tile probe by hand into the
soft sediment until a firm layer was encountered. The depths
of penetration were recorded in an area that extends to 66 m
from shore.

Water-Quality Sampling and Quality Assurance

Samples for water-quality determination were collected
by peristaltic pumping from tubing attached to the tops of
sampling ports for the MLSs, well points, and pushpoints,
and from tubing extended below the water level in monitoring
wells. Field measurements of temperature and pH were made
by using an Orion pH meter; dissolved oxygen was measured
in the field by using a portable colorimeter and a Yellow
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Springs Instruments dissolved oxygen probe and meter.
Salinity was estimated from specific conductance (American
Water Works Association, 2017), except where noted. Details
about the water-quality sampling and chemical analysis are
given in appendix | and the data dictionary in Huntington and
others (2018), respectively. Bottles used, volumes collected,
preservation and shipping methods, and analytical techniques
were consistent with the EPA quality-assurance project plan
when applicable, or with those of other laboratories for
specialized analyses (table 1.2, appendix 1).

Quality assurance was addressed by field duplicates,
interlaboratory split samples, and standard reference samples.
The quality-assurance samples were collected at the minimum
rate of 5 percent of the total sample load for each constituent.
Blind standard reference samples were analyzed to confirm
the high concentrations of nitrate that were measured. Quality-
assurance data are described in appendix 1. An analytical-
method comparison dataset was generated for measurements
of dissolved gas concentrations (N, and Ar) by membrane-
inlet mass spectrometry and by gas chromatography (fig. 1.3,
appendix 1).
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Determination of Nitrogen Attenuation

Flow-path analysis and direct measurements were used
for evaluating nitrogen attenuation. Flow-path analysis was
based on the assumption of a constant source of nitrogen at
the recharge location and steady-state recharge conditions
so that changes in nitrogen concentration downgradient
along a flow path could be attributed to reactions such as
denitrification. Application of the method also required a
monitoring network with sampling points distributed along a
groundwater flow path. The ratio of nitrogen concentration in
recharge at the beginning of the flow path to concentration at
the downgradient site indicated the loss factor. Even in cases
where a constant source and steady-state flow may not pertain,
the approach may be useful for setting limits or ranges of
nitrogen change.

The direct-measurement approach included three
different techniques for assessing nitrate losses: (1) use of
concentrations of the dissolved gases nitrogen and argon to
estimate amounts of excess N, produced by nitrate reduction;
(2) evaluation of stable isotope ratios in nitrate and nitrogen
gas for evidence of isotopic fractionation caused by nitrate
reduction; and (3) determination whether alkalinity gradients
were consistent with organic carbon oxidation coupled with
apparent nitrate reduction. These techniques are described in
appendix 1.

Hydrogeologic and Geochemical
Observations

Observations reported in this section include water
levels measured at wells, field water-quality characteristics
measured during sampling, and chemical analytical results
from laboratory analyses. All well-location and water-level
data collected in this investigation are stored in the National
Water Information System database (U.S. Geological Survey,
2018), available at https://doi.org/10.5066/F7P55KJIN. All
water-quality data are listed in the data release associated with
this publication (Huntington and others, 2018), available at
https://doi.org/10.5066/F7RR1WFO.

Thickness of Soft River-Bottom Sediments

Measurements of the thickness of the soft fine-grained
sediments on the bottom of the Eel River indicated an increas-
ing thickness in the offshore direction (fig. 8). Thickness
ranged from 0 m at a distance of 11 m offshore to 1.74 m at a
distance of 60 m offshore.

Water Levels and Hydraulic Gradients

The water table generally sloped downward toward the
Eel River from the interior of the peninsula (fig. 9). The largest

water-table gradients were near the shore. East of Edgewater
Drive West, the water table was nearly flat north of Bayside
Drive (one-tenth of the gradient at the shore) and formed a
mound south of Bayside Drive. The mound may be related to
the increasing width of the peninsula south of Bayside Drive
(fig. 2). The mound also could be the result of localized fine-
grained sediments, but borings have not been drilled in this
area to characterize the aquifer sediments.

Time series of horizontal hydraulic gradients were
derived from five water-table wells with continuous records
of water levels for an 11-week period from August 7, 2013, to
October 23, 2013. The mean magnitude of the hydraulic gradi-
ent during the period was 0.00067. The estimated groundwater
velocity from Darcy’s Law for this gradient, given a hydraulic
conductivity of about 30-80 m/d and effective porosity of
0.35 for the glacial sediments near the study site (Walter and
Whealan, 2005), is about 0.06-0.15 m/d.

The mean direction of the horizontal hydraulic gradient
at the water table during the period was to the northwest
(46 degrees west of true north and approximately 20 degrees
north of perpendicular to the shoreline [fig. 104]). The
standard deviations of the gradient directions for gradient
triangles 1, 2, and 3 were 7.9, 27.0, and 4.5 degrees,
respectively (fig. 10B). The variation in direction for triangle 2
was larger than for the other triangles because the water-table
surface between the wells that form that triangle was nearly
flat and small differences in water levels substantially affect
the computed gradient.

The triangles used to compute the gradient are all east of
Edgewater Drive West, which is about 45 m from and paral-
lel to the shore of the Eel River (fig. 104). The water-table
contours west of the road become approximately parallel to
the shore as the water table slopes downward to the hydrologic
boundary formed by the embayment (fig. 9).

The mean tide stage of the Eel River for the period from
August 7, 2013, to October 23, 2013, was 0.411 m above
NGVD 29. The mean tidal range during this period was
0.52 m (fig. 114). The tidal surface-water body is a discharge
boundary for the fresh groundwater system, so groundwater
discharge flux is expected to be higher during low tides and
lower during high tides.

Water levels at the water-table wells (not including well
F726-0005 at the shoreline) were less than 0.38 m above the
mean stage of the Eel River during August to October 2013
(fig. 9). Water levels were recorded continuously in 5 of the
7 water-table wells during this period. The water levels varied
by less than 0.15 m in all five wells (mean range of variation
of 0.11 m). The groundwater level in the shallowest monitor-
ing well at the shore (F726—0005) responded to tidal variations
in the Eel River (figs. 114 and C), but that of well F729-0028,
for example, showed only small variations over time and no
apparent response to tides in the nearby Eel River (fig. 11B).

Groundwater levels were measured during an 8-hour
period in pairs of shallow (water table) and deep (near
the bottom of the freshwater zone) wells at the shoreline
(F726, fig. 5) and 19 m landward of shore (F732, fig. 5) on
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August 19, 2014, to examine the effects of tides on hydraulic
head at different depths in the aquifer. The tidal response at the
water table diminished rapidly with distance from the estuary
and was not observed in F732-0015 (fig. 12), which was only
19 m from shore.

The hydrographs for the two shallow wells (solid lines in
fig. 12) indicate that the horizontal component of the water-
table gradient along the line connecting the wells was con-
sistently toward the Eel River, although the magnitude of the
gradient was smaller at high tide. The hydrographs for the two
deep wells (dashed lines in fig. 12) indicate that the horizontal
component of the hydraulic gradient near the bottom of the
freshwater zone along the line connecting the wells also was
consistently toward the Eel River. The water level in the deep
well at the landward site (F732-0046) responded to the tidal

variations, whereas the level in the shallow well (F732-0015)
did not, possibly because partial confinement of aquifer flow
permitted landward transmittal of tidal effects in the deep parts
of the freshwater zone but not in the shallow parts. Confining
conditions may have been caused by the zone of fine-grained
sediments at an altitude of about 1 to 6 m below NGVD 29 (or
about 1.5 to 6.4 m below the water table at well F732-0015)
(fig. 34). Comparison of water levels in the shallow and deep
wells indicates a consistent upward component of the hydrau-
lic gradient at each site, except for a 1-hour period at low tide
when there was a downgradient component at the landward
site (F732, fig. 12).

The horizontal and vertical components of the hydrau-
lic gradient are consistent with a conceptual model of fresh
groundwater flow from the peninsula toward the Eel River.
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A. Map of wells and hydraulic-gradient directions B. Rose diagrams of hydraulic gradients
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The horizontal gradient at the water table was consistently
northwestward toward the river. The consistently upward
gradients in the well pairs also indicate that fresh groundwa-
ter in the study area on the western side of the peninsula was
flowing upward and discharging to the Eel River.

Freshwater/Saltwater Boundary

The freshwater/saltwater boundary was detected in verti-
cal profiles at four locations between site F724, 35 m onshore,
and site F733, about 9 m offshore, along section B—B' (fig. 13).
The freshwater zone was about 13 m thick at 35 m onshore
and about 11 m thick at the shoreline. The transition between
fresh and saline groundwater was about 2 m thick. The altitude
of the freshwater/saltwater boundary beneath the Eel River
decreased slightly with distance offshore, but the boundary
did not curve strongly upward to intersect the estuary bottom
as in the conceptual model of a typical subterranean estuary
flow system (fig. 4). The location of discharge of the deeper
fresh groundwater to the estuary was not identified in this

investigation. Sampling of freshwater at the study site from
shallow points pushed about 0.8 to 2.1 m into the river bot-
tom as far as 27 m from shore (F778-A01, F779-A01, and
F725-A14 to F725-A16, fig. 6, and Huntington and others,
2018) and geophysical streaming resistivity surveys along the
entire length of the Eel River (Eric White and Carole Johnson,
U.S. Geological Survey, written commun., 2015) suggest that
the discharge location of the deep fresh groundwater may be
farther offshore and possibly farther to the south in the estuary
than the extent of this investigation.

Geochemical Characteristics

The geochemical environment of the subsurface and the
distributions of selected nitrogen species were ascertained
from chemical results for samples from four vertical profiles
(F724, F726, F733, F743) on an approximately east-west
transect extending from 35 m onshore to 18 m offshore (figs. 5
and 6 for sampling locations, fig. 14 for concentrations). The
orientation of the transect (N 65° W) was about 20 degrees
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to the south relative to the direction of groundwater flow

(N 46° W) indicated by the estimated mean direction of the
horizontal hydraulic gradient (fig. 10) east of Edgewater Drive
West. The water-table contours west of the road, however,
indicate that the transect is approximately parallel to the
direction of groundwater flow close to the shoreline (fig. 9).

Nitrogen and Redox Conditions

All groundwater profiles included intervals with high dis-
solved inorganic nitrogen concentrations, mostly in the form
of nitrate (fig. 14). The highest nitrate concentrations were
deep in the freshwater sections of the onshore, shoreline, and
offshore profiles, just above the freshwater/saltwater interface.
This distribution is consistent with the previous data reported
in figure 3 for wells SCS-2 (F732) and SCS-3. Ammonium
was below the detection level (less than [<] 1.4 umol/L) in the
freshwater at the shoreline cluster (F726) and in the deeper
parts of freshwater at the F724 profile. Ammonium concen-
trations above the detection level (as high as 55 umol/L)
occurred in freshwater only at F724 in the shallow depths
between altitudes of 0 and —4 m (fig. 15). Saline groundwater
below the freshwater had ammonium concentrations ranging
from 89 to 119 pmol/L at F724 and from 4 to 62 pmol/L at
F726 and F733.

Dissolved oxygen concentrations (reported as O, in this
report unless noted otherwise) were low (1.5 to 3 pmol/L)
through most of the onshore profile at F724 but were slightly
higher (up to 10 pmol/L) near the water table (altitude range
of 0 to —4 m). One higher value (15 pmol/L) was measured at
an altitude of —11 m. Dissolved oxygen concentrations were
uniformly low (<7 umol/L) at the shoreline cluster F726,
except for values of 52, 58, and 12 umol/L at altitudes of —8.2,
—9.8, and —10.6 m, respectively (fig. 14). Higher dissolved
oxygen concentrations (50 to 140 pmol/L) were measured in
the F733 cluster 9 m offshore between altitudes of —3 to —9 m.
Dissolved oxygen measurements were not made in the F743
temporary well points 18 m offshore.

Low dissolved oxygen concentrations—Iless than
30 pmol/L—are favorable to denitrification (Spiteri and oth-
ers, 2008), yet the lowest dissolved oxygen values at F724,
which were below an altitude of —4 m, were associated with
high nitrate concentrations. Dissolved oxygen concentrations
were low in deep saline groundwater, which is consistent with
the occurrence of detectable ammonium.

Alkalinity in freshwater in the F724 profile (fig. 15) was
higher above than below an altitude of —4 m; it also was high
in saltwater. Elevated alkalinity can be an indicator of bio-
chemical reactions, such as oxygen reduction and denitrifica-
tion, which can generate alkalinity in groundwater (Abrams
and others, 1999), especially given that little alkalinity is
generated from dissolution of quartz and feldspar minerals that
compose the bulk of the Cape Cod aquifer (Bau and others,
2004). Because alkalinity is high in seawater, it is relatively
difficult to detect minor changes in alkalinity that might be

related to subsurface reactions in saline and mixed saline and
fresh groundwater.

Relatively high concentrations of dissolved organic
carbon were present in the offshore surface water (158 to
248 umol/L) and in deep, saline zones of the onshore and
offshore profiles (100 to 490 pmol/L) (figs. 14 and 15).
Dissolved organic carbon concentrations generally were
lower in freshwater (20 to 99 pmol/L) than in saltwater.

In the onshore profile at F724, dissolved organic carbon
concentrations were relatively high in shallow freshwater
samples (67 to 99 umol/L between 0 and —4 m altitude) in
comparison to the deeper freshwater samples (20 to 34 umol/L
below —4 m altitude) (fig. 15). Dissolved organic nitrogen
concentrations (determined from the difference between total
Kjeldahl nitrogen and ammonium nitrogen) generally were
low (less than 10 umol/L) in freshwater and higher (up to

37 umol/L) in saltwater (fig. 15).

The high concentrations of dissolved organic carbon
that were associated with the saltwater zone were more likely
from offshore saltwater infiltration into the bottom sediments
than from the onshore infiltration of wastewater through the
unsaturated zone. The high concentrations of organic carbon in
offshore profiles may be expected from saltwater infiltration;
however, organic carbon concentrations were not well
correlated with salinity (as indicated by specific conductance
in fig. 14) and may have been altered by mineralization of
sediment organic matter.

Strong reducing conditions in the saline zone in the bot-
tom of the profiles were indicated by the absence of nitrate and
by elevated concentrations of ammonium and dissolved iron
and manganese (figs. 15 and 16). Above the saline zone, the
dissolved iron concentration was generally less than 7 pmol/L,
whereas in the saline zone, iron concentrations ranged from
346 to 1,218 pmol/L. Iron apparently was not reduced in the
freshwater zone because of the presence of nitrate, which
is energetically the preferred electron acceptor. Manganese
reduction occurs at a similar reduction potential to nitrate
reduction, and elevated dissolved manganese concentrations
were measured in the upper zone at F724, in contrast to low
concentrations deeper in the profile. In comparison to values
at F724, manganese was essentially absent in the shoreline
(F726) and offshore (F733) well clusters.

Major lon Distributions

As illustrated for the redox-sensitive elements, major-ion
distributions also can be compared by using vertical profiles
along the east-west section (figs. 17 and 18). At the F724
MLS site, silicate and phosphorus had similar distributions,
with slightly higher concentrations in the shallow freshwater
than in the deep freshwater. In contrast, sulfate concentrations
were slightly lower in the shallow freshwater than in the deep
freshwater. Boron and chloride concentrations varied substan-
tially in the freshwater profile, but not as systematically as did
nitrate concentrations.
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Figure 15. Vertical profiles of solutes for multilevel-sampler site F724 near the Eel River,
Seacoast Shores peninsula, East Falmouth, Massachusetts, sampled September 23,
2013. Location of the site is shown on figure 5. DO, dissolved oxygen as 0,; DON,
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Figure 17. Vertical profiles of nitrate plus nitrite and major anions in groundwater at A, multilevel sampler F724, B, well cluster
F726, and C, well cluster F733, along section B—B'near the Eel River, Seacoast Shores peninsula, East Falmouth, Massachusetts,

sampled September 23 to 25, 2013. Location of the section is shown on figure 5. B, boron; P, phosphorus; N03+N02, nitrate plus
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At site F724 onshore, the divalent cations were corre-
lated among themselves and with nitrate more strongly than
were the anions (fig. 18). Cation concentrations, like nitrate
concentrations, generally increased with depth in the fresh-
water. Calcium was the cation most closely correlated with
nitrate (R?=0.74). Some of these constituents may be cor-
related in part because they are present in the same sources
(for example, septic leachate and fertilizer) and have similar
chemical properties. In contrast, the univalent cations sodium
and potassium had patterns more similar to those of chloride
and sulfate, respectively (fig. 19).

Offshore Surface Water

In the Eel River surface water, salinity was essentially
constant in samples collected during the 4-day period of
August 21-24, 2013 (27.0 to 27.3 practical salinity units [psu]
measured in the laboratory) but was higher in a single sample
collected on September 25, 2013 (31.3 psu estimated from
specific conductance). Nitrate and ammonium were below
detection limits, whereas concentrations of dissolved organic
carbon (160 to 250 umol/L) and dissolved organic nitrogen
(22 umol/L) were high compared to those of fresh groundwa-
ter samples (<150 and <15 umol/L, respectively). The offshore
water is the supply for seawater infiltration as shown in the
conceptual model (fig. 4). As the infiltrating seawater is modi-
fied during passage through biologically active sediments, it

can provide organic carbon reactants at the deep freshwater/
saltwater interface and to the intertidal saltwater cell.

Time Series of Concentrations

Several well clusters and shallow offshore transects
were sampled multiple times to examine temporal variability
of aquifer conditions. Two rounds of sampling examined
variations through the full fresh groundwater section, and
three rounds of sampling examined variations in shallow
groundwater in the nearshore intertidal saltwater cell (fig. 4).

Full-Depth Profiles

The depth profiles along section B—B' were sampled twice
over periods of 1 month for F726 and F733 and 3 months for
F724 (fig. 20). Concentration profiles were similar over time
for specific conductance, dissolved oxygen, and nitrate at the
three profile locations 35 m onshore, at the shoreline, and 9 m
offshore. The similarity over time indicates that geochemical
conditions at the scale of the full-depth profiles did not vary
on the time scale of tidal variations and short-term changes in
groundwater-flow direction (figs. 10 and 11).

Additional profiles from a previous investigation
(Thomas Cambareri, Cape Cod Commission, oral pre-
sentation for Waquoit Bay National Estuarine Research
Reserve Research Exchange Day, 1994) were used to extend
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Figure 19. Vertical profiles of nitrate plus nitrite and monovalent cations in groundwater at A, multilevel sampler F724, B, well
cluster F726, and C, well cluster F733, along section B-B' near the Eel River, Seacoast Shores peninsula, East Falmouth,
Massachusetts, sampled September 23 to 25, 2013. Location of the section is shown on figure 5. K, potassium; Na, sodium; N03+N02,

nitrate plus nitrite.
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Figure 20. Vertical profiles of specific conductance (SpC), nitrate plus nitrite (NO,+NO,), and dissolved oxygen (DO) as O, at
A, multilevel sampler F724, B, well cluster F726, and C, well cluster F733, along section B—B'near the Eel River, Seacoast Shores
peninsula, East Falmouth, Massachusetts. Each site was sampled twice between June 20 and September 25, 2013. Location of the

section is shown on figure 5.

knowledge of nitrate over time and areal extent (fig. 21 for
concentrations, fig. 2 for location). The profiles indicate that
high nitrate concentrations extended to both sides of the
peninsula (compare SCS—2 with SCS-3), and high nitrate
concentrations have existed at altitudes between —7 and =13 m
for at least 20 years (compare SCS—2 with SCS-3 in 1993 and
SCS-2 with F724 in 2013).

Shallow Subsurface Offshore Profiles

The nearshore, shallow subsurface was sampled three
times during a 5-day period by using pushpoint samplers
to investigate the effects of spring tides on the shallow
groundwater. The sampling was repeated on September 20,
23, and 25, 2013. The altitude of the mean stage of the Eel
River during this period was 0.47 m relative to NGVD 29.
The differences in high tide altitude between the sampling
events were small, but the antecedent condition was a slightly
increasing high tide altitude from September 15 (0.71 m)
to September 20 (0.73 m). During the sampling, high tide
altitude increased from 0.73 m on September 20 to 0.85 m on
September 22 and then decreased to 0.74 m on September 25,
the last day of sampling (fig. 114). The result expected for
the 5-day period would be a replenishment of saltwater in the
near-surface sediments nearest the shore as saltwater moved
inland during high tide periods.

Even with the small range in high tide altitudes during
the sampling period, increased salinity (estimated from
specific conductance) was measured in the nearshore area
of tide run-up during the sampling period (fig. 22). Salinity
in the three shallowest pushpoints closest to land increased
between sampling events by as much as 11.9 psu. Salinity
at the farthest landward site (F741) increased from 1.5 to
11.7 psu and then decreased to 3.0 psu over the course of the
three samplings. Changes were also observed in the dissolved
oxygen distribution in the nearshore shallow subsurface
(fig. 23). The nearshore oxygen concentrations were highest
during the first sampling event and decreased during both
subsequent samplings.

Whereas there was some salinity change near the
shore, the time series show less change offshore (fig. 22).
For example, in the middle of the low-salinity area (F738 to
F736), salinity ranged from 1.4 to 5.3 psu over the course of
the sampling. In the middle of the offshore high-salinity zone
(F735 to F733), the salinity ranged from 15.7 to 28.0 psu.
Changes in dissolved oxygen similarly showed less change
offshore than near the shore (fig. 23). Dissolved oxygen
concentrations increased where salinity also increased,
indicating that the dissolved oxygen was entrained with the
infiltrating seawater.
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Figure 21. Vertical profiles of nitrate (plus nitrite for 2013 data) in

groundwater at sites along an east-west line across the Seacoast
Shores peninsula, East Falmouth, Massachusetts, 1993 to 2013.
Sites are listed from west to east in the explanation. Sites near Eel
River: F733, 9 meters (m) offshore; F726, at shoreline; F732, 19 m
onshore; F724, 35 m onshore. Site near Seapit River: SCS-3,30 m
onshore. Data from 1993 at F732 (SCS-2) and SCS-3 are adapted
from a presentation by Thomas Cambareri for Waquoit Bay
National Estuarine Research Reserve Research Exchange Day,
March 21, 1994, filed at the Cape Cod Commission, Barnstable,
Mass. Locations of the sites are shown on figures 2 and 5.

Geochemical Indicators of Nitrogen Attenuation

Low dissolved oxygen concentrations, as observed
in much of the aquifer where sampled, indicate conditions
may have been compatible with nitrate reduction but are not
sufficient to indicate that nitrate reduction was occurring.
Therefore, additional evidence for nitrate reduction was evalu-
ated, including concentrations of the reaction product nitrogen
gas, stable isotope ratios of nitrate and nitrogen gas, changes
in alkalinity, and differences between nitrate concentrations
estimated from local sources and those measured in the aquifer
(fig. 24).

The volume-averaged concentration of nitrogen that
might be expected in groundwater in the Seacoast Shores
peninsula is about 500 umol/L based on water use, housing

density, and dilution by recharge (Colman and others, 2015).
Nitrogen concentrations less than this value (for example,
between altitudes of 0 and —4 m at F724 and the shoreline
cluster; fig. 24) could be an indicator of nitrate reduction, but
other evidence is needed to test this hypothesis.

Excess Nitrogen Gas

Estimated concentrations of excess N, provide direct
evidence that nitrate reduction by denitrification or anammox
was at least partly responsible for low nitrate concentrations
in some of the fresh groundwater and mixtures of freshwater
and saltwater. In denitrification, excess N, is derived entirely
from nitrate-N; in anammox, excess N, is derived subequally
from nitrate-N and ammonium-N. Interpretation of N, data
requires inferences about temperature of recharge and amount
of excess air in samples, as determined by comparing N,
against argon (Ar) concentrations (fig. 25). Most freshwater
samples analyzed for N, and Ar plot in the region of the
diagram that indicates recharge temperatures between about
10 and 15 degrees Celsius (°C), with excess air concentrations
between about 0 and 2 cubic centimeters at standard
temperature and pressure per liter of water (ccSTP/L). Five
freshwater samples and two brackish samples plot to the right
outside this region (for example, F724 —1.80), indicating
additional N, which is interpreted as excess N, likely resulting
from denitrification (or possibly anammox). Assuming a
mean value of 1£1 ccSTP/L excess air for recharge, which
corresponds to uncertainty of approximately +20 pmol/L
N, (equal to +40 pmol/L as N_-N), calculated excess N,
concentrations were as high as 147+20 umol/L, which would
correspond to 29440 pmol/L nitrate reduced to N,-N by
denitrification (fig. 25). Some samples that plot to the left of
the freshwater or seawater air-saturation lines (fig. 25) had
anomalously low Ar and N, concentrations (high calculated
recharge temperature), and some of those samples also had
negative calculated excess air. Some of these results could
indicate real variation of recharge conditions, but some results
could indicate degassing during sample collection. Also, it
is possible that saline groundwater recharged beneath the
estuary had less excess air than fresh groundwater recharged
beneath land (Bohlke and Krantz, 2003), which would alter
the assumptions used in the calculations. It is important to note
that N, produced by nitrate reduction in the unsaturated zone
is likely to be underrepresented in recharge, so that excess
N, concentrations in groundwater are interpreted to represent
nitrate reduction within the saturated zone.

Some of the highest calculated excess N, concentra-
tions were in shallow, fresh groundwater at F724, where
nitrate concentrations were relatively low (fig. 24). Elevated
excess N, concentrations were also observed in shallow fresh
groundwater in the offshore profile (F733 —1.61) and in deep
mixed groundwater in the freshwater/saltwater transition zone
in the shoreline and offshore profiles (fig. 25). Denitrification
and anammox in these settings would be consistent with low
dissolved oxygen concentrations and elevated concentrations
of ammonium, reduced iron, and manganese.
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Figure 24. Vertical profiles of nitrate plus nitrite (NO,+NO,), specific conductance (SpC), and three potential indicators of nitrogen
attenuation—alkalinity, excess nitrogen gas as N (N,-N), and delta nitrogen-15 of nitrate (5'*N[NO,])—at A, multilevel sampler F724,
B, well cluster F726, and C, well cluster F733, along section B-B’ extending from 35 meters (m) onshore to 9 m offshore at the Eel
River, Seacoast Shores peninsula, East Falmouth, Massachusetts, sampled September 23 to 25, 2013. Location of the section is
shown on figure 5. Negative calculated excess N,-N concentrations can indicate degassing (for example during sampling) or errors

in assumed recharge gas components (for example, excess air).

Isotopic Composition of Nitrate and Nitrogen Gas

The isotopic composition of nitrate can provide useful
information about the source of the nitrate and the likelihood
that nitrate reduction has occurred. Most samples collected
along the B—B' section and analyzed for nitrate isotopes had
delta nitrogen-15 (6'°N) values between about +4 and +8 parts
per thousand (%o) and delta oxygen-18 (3'30) values between
about +3 and +7%o (fig. 26). Samples with significantly higher
nitrate 6"°N values (greater than [>] 8%o) also had higher
nitrate 8'%0 values, which is consistent with isotopic fraction-
ation effects of nitrate reduction. Samples with elevated (frac-
tionated) 6'°N and 6'80 values were in or near areas where
excess N, was present. Samples apparently not fractionated
or not associated with substantial excess N, had mean nitrate
"N = +6.6£0.9%o (n=14) and nitrate 6'*0 = +5.24+1.2%0
(n=14). The mean 8'*0 value of unfractionated samples is
consistent with nitrate produced by nitrification of reduced
nitrogen from organic matter or ammonium from various
sources. The mean 8N value is relatively low for reported
wastewater-derived nitrate in general but is within the range of
values documented in recharge from septic systems (fig. 26).
This 8N value is high compared to many reported values for
nitrate in recharge beneath agricultural land receiving artificial

fertilizers in the mid-Atlantic region (Bohlke, 2003; Hyer and
others, 2016). Exceptions not included in the mean included

1 sample (well F727 —0.65) with anomalously low 8'°N
(+1%o0) and 5 samples with elevated 6'°N values (+9 to +38%o)
that are attributable to isotopic fractionation caused by nitrate
reduction. The sample with the highest 6N and '%0 values,
indicating substantial isotopic fractionation (F726 —0.59),

had a relatively small concentration of excess N, presumably
because it had relatively little nitrate when the sampled water
originally recharged the aquifer.

Concentrations of nitrite in selected samples ranged
from 0.1 to 4.9 pmol/L and averaged 1.0+1.4 umol/L (n=23).
Relatively high nitrite concentrations (>1 pmol/L) can indicate
the presence of active denitrification (Repert and others,
20006), and such values commonly were associated with other
indicators of nitrate reduction measured in this investigation.
Relative abundances of nitrite were too low to affect isotopic
analyses of nitrate substantially (Casciotti and others, 2007).

The 8"N value of dissolved N, gas can be used as addi-
tional evidence for nitrate reduction, and in some cases it can
be used to reconstruct the initial 3'°N value of the nitrate when
the sampled water was recharged (Bohlke and others, 2002;
Bohlke, 2002). For example, during denitrification, nitrate
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8N increases monotonically with reaction progress while the
8"N of excess N, reaction product remains lower than that of
the nitrate because the reaction rate is higher for nitrate with
lower molecular weight. However, because excess N, mixes
with preexisting atmospheric N, in groundwater, the "°N of
total N, (atmospheric and denitrification product) commonly
decreases at first and then increases as the reaction proceeds.
Thus, denitrification reactions chart unique paths through a
plot of 3°N[N, ] in relation to Ar/N, that depend on the initial
concentration and reaction progress (fig. 27).

The total range of reaction progress values estimated for
groundwater samples was 0 to 100 percent. Some samples
with no measurable nitrate had substantial nitrate concentra-
tions when originally recharged, whereas some wholly or par-
tially reacted samples had relatively low nitrate concentrations
when recharged. For example, assuming denitrification was
the predominant nitrate-reduction process, two samples from
the onshore shallow freshwater zone (F724 —1.80 and F724
—3.02) were estimated to have had initial nitrate concentra-
tions of approximately 367 and 461 umol/L, respectively, and
to have lost approximately 68 and 64 percent, respectively, of
their nitrate by denitrification. Similarly, two samples from
the deep freshwater/saltwater transition zone (F726 —11.3 and
F733 —10.41) had initial nitrate concentrations of approxi-
mately 270 and 142 pmol/L, respectively, and both were
completely denitrified.

Isotopic Composition of Ammonium

Because ammonium concentrations below the detection
limit were widespread, 6'°N in ammonium was measured
in only 10 samples. With two exceptions, 6'°N values of
ammonium were essentially uniform, yielding a “baseline”
mean value of +5.7+0.7%o (n=8). This baseline group
included samples from both freshwater and saltwater and with
ammonium concentrations ranging from 6 to 116 pmol/L,
indicating that most concentration variations were not
associated with isotopic fractionation. The baseline mean '°N
value is similar to values commonly reported for nitrogen in
estuarine sediment and, therefore, the baseline value could be
derived in part from degradation of organic matter beneath
the Eel River, as most of the high ammonium concentrations
were in saltwater samples. This 8'°N value is also similar to
reported values of ammonium in septic-system leachate and
to reported values of organic nitrogen in many soils and plants
in temperate regions; these soils and plants could have been
sources of ammonium in a few of the freshwater samples.
The highest ammonium 8N values (+6.5 and +6.6%o) were
near the deep freshwater/saltwater transition at the shoreline
site (F726, fig. 5) in samples that had evidence of excess N,,
which could potentially indicate minor ammonium oxidation,
conceivably related to anammox (Brunner and others, 2013),
but the 1%o difference between these values and the baseline
mean value is small and may not be significant. Relatively
low 85N values (+0.6 and +1.8%o0) not included in the baseline
mean value were in freshwater from two of the relatively

shallow ports at site F724, where they were separated by two
higher values (+4.5 and +5.3%o). The isotopic variation among
these shallow-zone samples is not understood.

Alkalinity

Microbial reduction of nitrate commonly is coupled with
oxidation of organic carbon, which can increase the alkalinity
and the concentration of dissolved inorganic carbon (DIC) in
groundwater. The stoichiometry of denitrification coupled with
oxidation of organic carbon (eq. 1.1 in appendix 1) indicates
that DIC production could be approximately 1.25 times the
amount of nitrate reduced on a molar basis, and alkalinity
production (as HCO,") could be roughly equal to the amount
of nitrate reduction if other pH buffers are not important.

In the profile at site F724, 35 m onshore, measured
alkalinities in shallow freshwater were substantially higher
than those in deep freshwater (fig. 24). The highest alkalinity
values (about 750 microequivalents per liter [ueq/L]) were in
two samples with isotopically fractionated nitrate and rela-
tively large concentrations of excess N, (248 and 294 umol/L
as N.-N), whereas the lower alkalinity values about 200 peg/L
were in samples with no evidence of denitrification. The rela-
tion between alkalinity and excess N,-N in these representa-
tive samples would yield an apparent molar ratio of around
2, which could be qualitatively consistent with denitrification
coupled with organic carbon oxidation in some of the shallow
freshwater, given uncertainties in estimated excess N -N and
other causes of variation in alkalinity.

Alkalinities generally were relatively low in freshwater
samples from other profiles where excess N, concentrations
were low; however, the sample at F724 —4.24 was an excep-
tion (high alkalinity with low excess N_-N). Relations between
alkalinities and nitrogen reactions are difficult to evaluate in
the deep freshwater/saltwater transition zone because of the
much higher alkalinity of infiltrated seawater.

Nitrogen Fate and Transport in the
Subterranean Estuary

The fate and transport of nitrogen in the subterranean
estuary is governed by groundwater flow and biogeochemical
reactivity, which are discussed in this section.

Source of High Nitrate Concentrations in Deep
Fresh Groundwater

Although 500 umol/L is the estimated volume-averaged
concentration for groundwater nitrogen at Seacoast Shores
on the basis of precipitation recharge and septic inputs
(Colman and others, 2015), few concentrations in the profiles
were at or near 500 pmol/L. Above an altitude of —4 m,
concentrations were lower than 500 pmol/L, in part because
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of nitrate attenuation by denitrification or anammox. Between
altitudes of —5 and —10.4 m, near the top of the freshwater/
saltwater interface, nitrate concentrations ranged from 1,000 to
1,700 pmol/L, 2 to 3 times the estimated mean of 500 umol/L.
Although nitrate concentrations are expected to vary spatially
because of varying patterns of home occupancy, local land
use, and recharge (for example, from roads, ditches, houses,
yards, and drain fields), these factors do not necessarily
account for the large volume of high-nitrate groundwater

plumes, concentrations might be expected to change over
time at individual sampling locations given that flow
direction at the site varies temporally (fig. 10). However,
the distribution of high concentrations (figs. 20 and 21)
did not vary substantially over time. Because the high-
concentration zone is thick, extensive in the direction of
flow, and temporally persistent, which are characteristics
not expected for undispersed plumes from individual
sources, a lack of dispersion of individual plumes is an

below —4 m altitude. Five possible explanations for the high
nitrogen are explored:

1.

The assumptions used to calculate the loading were not
correct—The 500 pumol/L estimated volume-averaged
nitrate concentration for the Eel River site was obtained
from known housing density, occupancy, water use, and
recharge and assumed 20 percent loss of nitrogen at

the leachfield (Colman and others, 2015). Weiskel and
Howes (1992) studied a site in Wareham, Mass., with a
slightly higher density of septic system sources (10 as
opposed to 9 per hectare) but with similar hydrologic
and water-use characteristics. Adjusting the 500-pumol/L
Eel River estimate for the higher septic-system density
yields an estimated mean concentration of groundwater
nitrogen for the Wareham site of 555 umol/L. This value
is similar to observed, vertically averaged (300 pmol/L)
and maximum (650 pmol/L) nitrate concentrations in a
4-m-thick nitrate-containing zone at the Wareham site
that is far enough downgradient from septic-system
sources for individual plumes to have dispersed and
merged (Weiskel and Howes, 1992, fig. 7). The similar-
ity between estimated and observed concentrations at
Wareham supports the conclusion that the anomalously
high nitrate concentrations below an altitude of —4 m at
the Eel River site are not likely due to an underestima-
tion of the expected mean nitrogen concentration in

the groundwater.

The higher concentrations are from undispersed
wastewater plumes.—Weiskel and Howes (1992)
reported dissolved inorganic nitrogen as high as

3,400 pmol/L in groundwater from septic system
leachate at a near-field location (5 m downgradient
from a leach field) at the Warecham site. At the farthest
downgradient sampling location in Wareham along
one 400-m-long flowpath, the zone of highest nitrate
concentrations (>600 pmol/L) was only 1 m thick,
indicating that there was substantial dispersion of nitrate
plumes from individual septic systems.

At the Eel River site, the zone with nitrate concentra-
tions greater than 600 umol/L was about 5-8 m thick

at the profiles along the B—B’ section (figs. 20 and 21),
and elevated nitrate concentrations extended over a wide
area that included the historical wells at the western and
castern sides of the Seacoast Shores peninsula (fig. 3C).
If the nitrate were present as narrow and undispersed

unlikely explanation for the high nitrate concentrations
deep at the Eel River site.

The higher concentrations in the deep zone result from
more concentrated effluent sinking to greater depths
than less concentrated effluent.—The highest nitrate
concentrations near the bottom of the freshwater
profiles could be the result of density-driven sinking

of wastewater plumes in the aquifer. Increased density
could be imparted by total ion concentrations in the
wastewater that are elevated compared to concentrations
in ambient groundwater. Undiluted leachate from septic
systems and cesspools can have specific conductances as
high as 4,000 microsiemens per centimeter at 25 °C
(uS/cm at 25 °C) (Colman and Friesz, 2001), repre-
senting dissolved solutes that increase density by

0.22 percent over that of ambient freshwater (specific
conductance of 100 pS/cm at 25 °C) (Chen and Millero,
1986). For reference, analytical and numerical modeling
was used to estimate that an initial density difference

of 0.1 percent between ambient groundwater and a
7,600-liter injected tracer cloud caused about 1 m of
downward displacement of the cloud relative to 99 m

of lateral transport in a sand and gravel aquifer during a
period of 237 days (LeBlanc, 2001).

Comparison of nitrate and specific conductance pro-
files at F724 indicates a slight association of the deep,
high nitrate concentrations with higher specific con-
ductance (fig. 28). Specific conductance increased from
171 uS/cm at the water table to 323 uS/cm at —10.37 m
altitude, where nitrate concentration also was highest.
However, the specific conductance across most of the
deep, high-nitrate zone (=5 to —10 m altitude) was not
elevated (fig. 28). The proximity of the highest nitrate
to the freshwater/saltwater interface is consistent with
the conceptual model of a high-concentration waste-
water plume that sinks downward until encountering
ambient groundwater with a similar density near the
interface, but the density gradient implied by the shallow
and deep specific conductance data is small and may
be more indicative of the mixing zone between fresh-
water and saltwater than dense groundwater derived
from wastewater.

If plumes from individual septic or cesspool systems
were sinking to near the freshwater/saltwater interface
at the Seacoast Shores peninsula, then the short distance



to the groundwater divide, low associated horizontal
velocities, and small freshwater saturated thickness

(12 m) were likely contributing factors. Additional field
and modeling investigations could improve understand-
ing of whether density-driven sinking is enhanced by
these factors and may help explain the deep high-nitrate
zone near the freshwater/saltwater interface.

Specific conductance, in millisiemens per centimeter at 25 degrees Celsius
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sampled June 20 and September 23, 2013. Location of the site is
shown on figure 5.
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4.  The higher concentrations reflect changes in historical
wastewater loading or hydrologic conditions.—High
nitrate concentrations in deep freshwater zones could
be a legacy of historical changes in onsite wastewater
disposal practices or patterns. Tritium concentrations
in selected groundwater samples were fairly constant
(3.8+0.6 tritium units, n=6). Measured values such as
these, when adjusted for radioactive decay, could repre-
sent precipitation recharge in coastal areas of the north-
eastern U.S. during the late 1970s to present (Bohlke
and Krantz, 2003; Bohlke and others, 2009. However, no
major historical shifts since the late 1970s in wastewater
disposal practices, such as a substantial shift from cess-
pools to septic systems, were identified in conversations
with town and county officials (Raymond Jack, Town
of Falmouth, and George Heufelder, Barnstable County,
oral commun., February 2018) that might have resulted
in high nitrate concentrations in older groundwater near
the bottom of the freshwater lens.

5. The higher concentrations result from a different source
with higher nitrogen concentrations than wastewater
effluent disposed on the peninsula.—Measured water-
table gradients were consistently toward the Eel River
and indicate that any hypothesized source of the deep,
high nitrate concentrations other than wastewater would
have to have been on the peninsula east of the Eel River
study site (see fig. 10 for flow directions). But this area
includes only housing on approximately equal-sized
lots on gridded streets and has no golf courses, plant
nurseries, landfills, or other nitrogen sources. Histori-
cally, the area was forested and undeveloped through the
1930s and used by the U.S. Army during World War 11
to access an adjacent island in Waquoit Bay for amphibi-
ous training. The area was subdivided for development
in 1947. A historical nitrogen source other than domestic
wastewater disposal appears unlikely.

Intertidal Saltwater Cell

In the conventional subterranean estuary model (fig. 4),
an intertidal saltwater cell develops in shallow groundwater
because of tidal run-up of saltwater during spring tides, when
saltwater infiltrates into the beach and fills the pore spaces in
sand that had drained during previous periods of lower high
tide. The infiltrated water tends to flow through the beach to
discharge in the region of low tide during subsequent peri-
ods of lower high tide (Abarca and others, 2013). During the
5-day period (September 20 to 25, 2013) of nearshore, shallow
subsurface sampling to investigate the effects of spring tides
on the shallow groundwater, the maximum daily tide range
was 0.71 m (fig. 114). The intertidal zone that was flooded
between the tidal extremes was about 6 m wide perpendicular
to shore.
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In the detailed sampling of the intertidal subsurface, the
salinity pattern confirmed features of an intertidal saltwater
cell (fig. 22). Sampling on three occasions within 5 days
showed the presence of a shoreward zone of elevated salin-
ity that shifted over time, as was also observed at Waquoit
Bay (Abarca and others, 2013). In the same shoreward zone,
dissolved oxygen concentrations initially were high and
decreased over time (fig. 23). The dissolved oxygen decrease
over time might be evidence of microbial processes that could
have led to denitrification if sufficient organic carbon was
infiltrated with the seawater and mixed with shallow fresh
groundwater containing dissolved oxygen and nitrate, but
samples collected from this zone during this study were not
analyzed for nitrate-reduction indicators.

Influence of Local and Regional Groundwater
Flow on the Freshwater/Saltwater Interface

Measurements of hydraulic head in the onshore well
network were used to infer a local groundwater-flow sys-
tem beneath the Seacoast Shores peninsula that is driven by
recharge on land and discharge at the coast (figs. 9 and 10).
This inferred flow regime is typical of nearshore coastal set-
tings and similar to that of Waquoit Bay. Hydraulic gradients
are low and, therefore, the groundwater-flow rate likely also is
low. The freshwater/saltwater interface at the shore is deeper
(about 12 m) than the depth to the interface at Waquoit Bay
(6 m). The depth to the interface at the Eel River site does not
appear to decrease significantly with distance offshore based
on profiles as far as 18 m from shore, and freshwater was
detected in the shallow bottom sediments at 31 m offshore, the
farthest point from shore sampled during this study (F725—
A16, fig. 6). In contrast, the interface at Waquoit Bay rises
upward and intersects the sediment/water interface at a dis-
tance of approximately 4.5 m offshore. Differences in geologic
controls (not investigated during this study) operating at the
two sites could explain the differences between the shapes of
the freshwater/saltwater interfaces. Fresh groundwater extend-
ing much farther from shore has been documented in subter-
ranean estuaries elsewhere—for example, hundreds of meters
in Delaware and Maryland coastal bays, possibly related to
offshore variations in lithology and partial confinement of the
aquifer (Bratton and others, 2004, 2009).

Differences in the locations of the two Cape Cod sites
relative to the shoreline and the regional flow system may also
contribute to the differences in the shapes of the freshwater/
saltwater interfaces at the sites. The Eel River study site is
near the confluence of the two arms of the Eel River (fig. 2).
The Waquoit Bay site, in contrast, is on a large saltwater bay
where the shoreline is approximately perpendicular to the
seaward direction of regional groundwater flow. Water-table
simulations from a regional groundwater-flow model (Walter
and Whealan, 2005) indicated strong hydraulic gradients from
the northwest in the area just north of the coastal salt ponds
in Falmouth (fig. 1). The extent and manner in which those

gradients are changed at the shore by flow and discharge from
the Seacoast Shores peninsula are unknown. It is possible

that the regional groundwater flow underflows fine-grained
sediments at the bottoms of the saltwater ponds and discharges
wherever coarser sediment is present, including at the western
shore of the Seacoast Shores peninsula, creating a complex
three-dimensional groundwater-flow system beneath the

Eel River.

Chemical Distributions in Groundwater as
Evidence for Flow Patterns and Reactions

The chemical distributions in groundwater at the
Eel River study are evidence of complex patterns of ground-
water flow and chemical reactions in the subterranean estuary.
This evidence is discussed in the next several sections.

Dissolved Oxygen

Dissolved oxygen concentrations generally were
low throughout most of the onshore and shoreline profiles
(fig. 29). Groundwater at the profile 9 m offshore (F733)
was substantially oxygenated, however, which would not be
expected if flow were toward the estuary and parallel to the
transect. The appearance of oxygenated water at site F733
indicates that the flow direction was not along a simple path
from the shore to the offshore profile at 9 m. One possibility is
that the dissolved oxygen pattern offshore could be consistent
with upward flow toward a nearshore freshwater discharge
zone, as identified by low specific conductance between sites
F738 and F736 (fig. 13). The deep zone of elevated dissolved
oxygen offshore might be connected with the shallow zone of
elevated dissolved oxygen near the river bottom (as is shown
in fig. 29), in which case the deep oxygenated zone would
also appear to be discharging to the Eel River near sites F737
and F736. The overlying saltwater is not likely a source of the
shallow dissolved oxygen at these sites because the water in
the shallow zone near the sites had a low specific conductance.
Where the specific conductance in the shallow zone was high,
indicating seawater infiltration, dissolved oxygen was absent
(compare figs. 13 and 29 between F735 and F746).

It is also possible that the apparent offshore increase
in dissolved oxygen near F733 (fig. 29) indicates that the
sampling transect is not parallel to the flow direction. In
this case, the three-dimensional boundary between aerobic
and anaerobic groundwater beneath the estuary may have a
complex shape because different flow paths intersected by the
sampling transect have different recharge areas and different
biogeochemical reaction paths. Alternatively, the deep
dissolved oxygen at F733 may have originated from eastward
flowing groundwater, perhaps from the regional flow system.
Additional data offshore from F733 (dissolved oxygen was
not measured at the F743 profile) could help resolve some of
these questions.
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Ammonium

Ammonium concentrations generally were low in
fresh groundwater (fig. 30) except in the shallow zone at
F724 where excess N, also was detected (see fig. 25). Low
ammonium concentrations are typical of recharge beneath
conventional septic systems. The location of the ammonium-
rich freshwater zone might be related to a relatively fine-
grained sedimentary unit (fig. 34), which could have supplied
reactive organic carbon and ammonium to the groundwater,
or it might indicate a nearby area in which recharge water
was relatively reducing. Coexistence of ammonium with
documented evidence of nitrate reduction in shallow
freshwater could indicate conditions favorable for anammox
(Smith and others, 2015), but this reaction could not be
confirmed with the available data.

Geochemical conditions favorable for anammox also
existed at the deep freshwater/saltwater transition zone.
Ammonium was present in the saline groundwater likely
because of organic matter diagenesis in the estuarine sedi-
ment. Mixing of groundwaters containing ammonium and
nitrate in the transition zone could have created conditions for
anammox. As discussed in the section “Geochemical Indica-
tors of Nitrogen Attenuation,” stable isotope and nitrogen gas
data from the transition zone indicate that nitrate reduction
had occurred but did not provide clear evidence for anam-
mox because the isotopic composition of ammonium was not
substantially fractionated.

Nitrate

Nitrate concentrations at the Eel River study site gener-
ally were high in the deep freshwater zone and low in the
shallow zone (fig. 31). Nitrate concentrations were low in both
freshwater and saltwater near the sediment/water interface in
offshore groundwater profiles (fig. 31). The estimated volume-
averaged nitrogen concentration from septic systems (about
500 pmol/L) was reached or exceeded in the shallow zone
only at the nearest inshore (F741, F740) and at the farthest off-
shore (F743) sampling sites. The shallow zones between these
sampling sites are also areas of low dissolved oxygen (fig. 29)
and elevated dissolved organic carbon concentrations, which
are conditions that favor the nitrogen attenuation reactions.

Whereas the high concentrations of nitrate in shallow
wells at the shore (F740, F741) do not appear to be connected
to the high concentrations of nitrate near the bottom of the
freshwater zone, the high nitrate concentrations at the profile
18 m offshore (F743) are more continuous with depth. At this
site, the coarse sediments of the subterranean estuary were
capped with soft sediment that increases in thickness in the
offshore direction (fig. 8). The capping may have restricted
infiltration of seawater into the subsurface in this zone, allow-
ing freshwater containing high nitrate concentrations to persist
closer to the river bottom than at sites closer to shore.

Groundwater-Flow Considerations

The vertical sections of specific conductance, dissolved
oxygen, and nitrate, when considered together, provide
evidence of possible converging flow paths beneath the off-
shore transect. Hydraulic gradients and specific conductance
indicated a flow direction from land to the Eel River estuary
(figs. 10, 12, and 13). The distribution of dissolved oxygen
beneath the estuary might seem to imply upward flow in the
landward direction (fig. 29). However, it is not clear what
the source of the deep oxygen-rich water would be, nor why
nitrate would be lost while dissolved oxygen remained high
along the upward flow path.

As indicated in the section “Dissolved Oxygen,” an
alternative explanation is that the transect was not parallel to
flow, in which case the offshore groundwater with elevated
dissolved oxygen concentrations (fig. 29) may have originated
from a different recharge area on land and encountered differ-
ent aquifer materials than the onshore groundwater with lower
dissolved oxygen concentrations. The data on groundwater
levels and hydrogeologic structure in three dimensions, par-
ticularly offshore, were insufficient to resolve these questions.

Nitrogen Attenuation

Nitrogen attenuation was examined by using flow-path
analysis and measurement of geochemical indicators of
attenuation reactions. Nitrogen loss on flow paths starting
where nitrogen concentrations were between the estimated
volume-averaged groundwater concentration (about
500 pmol/L) and the observed deep, high concentration
(1,706 umol/L) and ending at a hypothesized nearshore
discharge location (F738, F737, F736, mean nitrate
concentration 68 pmol/L in fig. 31) would be large; loss
factors were calculated by dividing 500 and 1,706 each by
68, yielding loss factors of 7.5 and 25. But these loss factors
depend on several assumptions about flow and constancy of
source, as discussed in the following paragraphs.

Although the hypothesis of groundwater flow from the
peninsula to the estuary is supported by measured hydraulic
gradients both at the water table and near the freshwater/salt-
water interface (see the section “Water Levels and Hydraulic
Gradients”), groundwater deep in the freshwater zone and
flowing toward the estuary may be prevented from discharg-
ing near the shore by overlying fine-grained confining units
such as those present at SCS-2 (F732, fig. 34). The deep flow
pattern at the Eel River estuary appears to be different from
the flow pattern where the freshwater/saltwater interface rises
to intersect the sediment/water interface just offshore and all
freshwater discharges within 4.5 m of shore, as observed at
Wagquoit Bay and simulated in a density-dependent groundwa-
ter-flow model based on the coastal peninsulas (Colman and
others, 2015). If the high-nitrate groundwater moves farther
offshore before discharging, then the large nitrogen-loss fac-
tors estimated by comparing shallow and deep nearshore data
might not apply.
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Location of the section is shown on figure 5.
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Shallow flow from the land to discharge locations near
the shore could still imply significant nitrate loss if the initial
concentration is assumed to be 500 umol/L. But whereas high
nitrate concentrations were present deep in the fresh ground-
water on both sides of the peninsula and through a significant
section of the water column, the nitrate concentrations in the
shallow fresh groundwater were more variable spatially. Three
of five water-table wells (F728-0026, F729-0028, and F731—
0029 [fig. 5], sampled on August 20, 2013) had both low
nitrate concentrations and nearly saturated dissolved oxygen
concentrations, unlike the shallow moderate nitrate and low
dissolved oxygen concentrations at F724. Thus, the apparent
changes in nitrate and dissolved oxygen concentrations along
a shallow flow path might be evidence of flow paths from
different sources that intersect the sampling transect obliquely
rather than evidence of nitrate attenuation reactions along a
flow path.

Finally, as indicated in the section “Influence of Local
and Regional Groundwater Flow on the Freshwater/Saltwa-
ter Interface,” flow-path analysis at the Eel River may be
confounded by convergent flow in the expected region of
discharge resulting from interaction of local flow from the
peninsula and regional flow from the west. The uncertainties
associated with flow-path analysis given the available data
preclude its use for computing nitrogen loss at the Eel River
study site.

Whereas flow-path analysis did not provide reliable
evidence for aquifer-scale nitrate loss, direct measurements of
dissolved gas concentrations, isotopes, and alkalinity pro-
vided evidence for nitrate reduction at all three profiles (F724,
F726, F733) in shallow fresh groundwater at altitudes above
approximately —3 m, and at two of the profiles (F726, F733)
in saltwater near the deep freshwater/saltwater transition zone
(fig. 24). Calculated nitrate losses by denitrification ranged
from <40 to 294 umol/L in samples with calculated initial
nitrate concentrations of <40 to 479 umol/L. Shallow fresh-
water samples from the shoreline profile (F726 —0.59, F726
—2.10) exhibited isotopic evidence of nitrate reduction with
little or no excess N, (figs. 25 and 26), indicating initial nitrate
concentrations less than approximately 150 pmol/L. Accord-
ing to these methods, none of the samples with direct evidence
of nitrate reduction had more than about 500 umol/L nitrate
when recharged.

Sample locations with evidence of nitrate reduction com-
monly also had measurable ammonium, whereas ammonium
was largely absent from other areas. For example, the zone
from —4-m altitude to the freshwater/saltwater interface at
the bottom of the onshore profile at F724 had conditions that
could permit nitrate reduction (presence of nitrate and low
dissolved oxygen concentration), but there was no indication
from the geochemical measurements of nitrate attenuation.

A likely limitation to nitrate attenuation in otherwise favor-
able conditions is lack of reactive organic carbon. Mixing

of groundwaters containing nitrate and ammonium could
produce conditions favorable for anammox, which might not

necessarily require organic carbon, but this reaction was not
demonstrated.

Although results from direct geochemical measurements
are important for understanding nitrogen transport and attenu-
ation in the Cape Cod aquifer, too few measurements were
taken offshore to indicate the overall effect of nitrogen attenu-
ation in the subterranean estuary. Concentrations of dissolved
oxygen in some of the offshore samples were unfavorable for
denitrification or anammox, and a thick freshwater zone with
elevated nitrate concentrations was present at the farthest off-
shore profile sampled (F743, about 18 m from the shoreline).
Farther offshore (beyond the limits of this study), it is possible
that fresh groundwater containing nitrate might discharge to
the estuary or that further mixing and reaction might reduce
nitrate concentrations prior to discharge.

According to the direct measurements, nitrate was lost
in the shallow part of the aquifer, but there was no indication
of nitrate loss in the deeper, high-nitrate zones. If the sources
of the shallow and deep groundwater were similar, and if
the aquifer geology was uniform, then the deep groundwater
might be expected to retain evidence of nitrate loss in the shal-
low zone through which it must have passed. These observa-
tions may indicate that shallow nitrate reduction was a result
of local interaction with a chemically reactive or less transmis-
sive lithologic unit that was present near the shoreline but was
not widespread inland (fig. 34). Alternatively, nearby recharge
conditions for the shallow groundwater in the onshore profile
may have been different from the more distant recharge condi-
tions of the deep groundwater in the profile.

Conceptual Model of Nitrogen
Attenuation at the Eel River
Subterranean Estuary

In summary, the observations and analysis described
in this report lead to a conceptual model of nitrogen attenu-
ation at the Eel River subterranean estuary that differs in
some respects from the model based on Waquoit Bay (fig. 4)
and the modeling study of Colman and others (2015). The
fresh groundwater lens at the western shore of the Eel River
(fig. 324) is about 11 m thick at the shoreline, but unlike at
Waquoit Bay the freshwater/saltwater interface does not curve
strongly upward beneath the river, at least within the limits
of the area studied. An intertidal saltwater cell forms near the
shoreline during spring tides, as was also observed at Waquoit
Bay. Although lithologic data are limited, fine-grained sedi-
ments were reported near the shore in a shallow interval (—1 m
to —6 m altitude) and near the freshwater/saltwater inter-
face (top at —13 m altitude). Water levels measured in wells
onshore indicate groundwater flow westward and upward
toward the river, although hydraulic head was not measured
offshore to confirm flow direction in the subterranean estuary
beneath the river.
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Geochemical indicators of nitrate reduction, including
concentrations of the reaction product nitrogen gas, stable
isotope ratios of nitrate and nitrogen gas, and changes in
alkalinity, provide evidence for nitrate reduction in two zones
separated vertically by a zone 7-8 m thick with no evidence of
nitrate reduction (fig. 32B). The shallow nitrate-reduction zone
is near the water table in fresh groundwater onshore, and evi-
dence of nitrate reduction may extend a short distance offshore
in shallow fresh groundwater (F733-005, fig. 32). Nitrate
reduction in this zone may be related to particular recharge
conditions at nearby sources or to the shallow fine-grained
sediments at about the same altitude (—1 to —6 m), where
flow may be slower and reactive electron donors such as solid
organic carbon, iron, or sulfide phases may be present to drive
the reduction process. The deep nitrate-reduction zone is near
the freshwater/saltwater transition zone, and nitrate reduc-
tion in this zone may be related to the mixing of freshwater
containing nitrate and saltwater containing dissolved organic
carbon or to the fine-grained sediments that are present at
about the same altitude as the transition zone (fig. 34). The
maximum amount of nitrogen converted to N, in the sampled
parts of the shallow and deep nitrate-reduction zones was esti-
mated to be approximately 300 micromoles per liter.

Ammonium concentrations were elevated in both nitrate-
reduction zones (fig. 30), which would be consistent with, but
is not definitely a result of, ammonium release from sediments
with high organic carbon content. Similarly, elevated alkalin-
ity in some shallow samples is consistent with organic carbon
being the electron donor for nitrate reduction, but identifica-
tion of electron donors in the deep samples is difficult because
saline water has high background concentrations of sulfate and
bicarbonate. Although evidence for nitrate reduction is strong
in some samples, the data are not sufficient to determine the
relative importance of different nitrate-reduction processes,
including denitrification and anammox.

The high nitrate concentrations and low dissolved oxygen
concentrations in the thick intermediate zone between the
shallow and deep nitrate-reduction zones (fig. 32B) are condi-
tions that could favor nitrate reduction. The absence of nitrate
reduction in this zone may result from the lack of reactive
electron donors in this depth interval. The high-nitrate zone
dissipates somewhat in the offshore direction, but the cur-
rent study did not extend far enough to encompass the fresh
groundwater discharge area or determine how much of the
nitrate was removed prior to discharge.

A shallow intertidal saltwater cell was observed to form
at the shore during tidal run-up of saltwater during a spring
tide (fig. 324). The decrease over time of dissolved oxygen
following the infiltration of saltwater during the spring tide
(fig. 23) might be evidence of microbial processes that could
have led to denitrification if sufficient organic carbon was
infiltrated with the seawater and mixed with shallow fresh
groundwater containing oxygen and nitrate, but samples col-
lected from this zone during this study were not analyzed for
indicators of nitrate reduction.
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The presence of elevated dissolved oxygen concentra-
tions 9 m offshore (fig. 29) may indicate that groundwater flow
was partly oblique to the sampling transect, or that ground-
water from the regional flow system was converging under
the river near the study area. Flow directions may also have
been affected by aquifer heterogeneity such as the shallow
fine-grained sediments onshore (fig. 34) and at the bottom of
the Eel River (fig. 8). Additional data on hydraulic heads and
lithology may help determine groundwater-flow directions.

The heterogeneous aquifer materials, fine-grained
sediments on the river bottom, and convergence of the local
peninsular and regional fresh groundwater-flow systems
are likely typical of many settings like that of the Eel River
study site. Improved understanding of the fate of nitrate in
this type of complex setting might be gained by extending
investigations of nitrate reduction to the shallow sediments
in the intertidal saltwater cell and adjacent subtidal zone
and to locations farther offshore beneath the estuary. Further
field studies also could refine understanding of the flow and
geochemical system and enable computation of nitrogen
attenuation as a fraction of nitrogen recharged in the aquifer
as a whole, which was not possible with the data collected
in this study. Site-specific hydrologic and geochemical
conditions, however, may limit the transferability of such
a computed result to other locations, even within the same
subterranean estuary.
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Appendix 1.
Determination of Denitrification

Site Selection and Field
Instrumentation

Site Selection

Instruments were deployed on land and in the estuaries
at several prospective sites in southern Falmouth, Massachu-
setts. Several rounds of field measurements and preliminary
interpretations were done at these sites to assess whether
conditions at the sites were appropriate, in terms of hydraulic
gradients and nitrogen concentrations, for a more comprehen-
sive field investigation. Field screening methods were used
initially to determine relative concentrations of analytes. The
data generated by using these methods were used to guide the
selection of locations for the collection of additional samples
to be analyzed by using standard laboratory techniques.

Field results indicated that the more northern of the two
potential study sites at the Eel River contained water-quality
depth profiles more nearly approximating the initial concep-
tual model for the study, and further site development (with
water-table wells, a shoreline well cluster, and offshore instru-
mentation) was confined to this site. Throughout the 2013
summer, additional wells were installed and sampled. The
placement of wells onshore was intended to assess water-table
gradients near the shore, to define the depth of the freshwater/
saltwater boundary, and to characterize the onshore geochemi-
cal environment. The purpose of the offshore wells was to
define the chemistry and location of the intertidal saltwater
cell and deep saltwater wedge shown in the conceptual model
(fig. 4). Sampling of the well network took place on June 20,
July 19, August 20 to 24, and September 3 to 5, 2013. The
final sampling, resulting in the largest dataset and areal extent,
was done on September 20 to 25, 2013.

Sampling Points and Tidal Gage

Several types of temporary and permanent sampling
points were used for the measurement of groundwater and
tide levels and the collection of water samples. A hollow-stem
auger drilling rig was used to install the two permanent mul-
tilevel samplers (MLSs) near the Eel River in May 2013. The
MLSs are constructed of 15 color-coded polyethylene tubes
0.64 centimeter (cm) in diameter that extend to various depths
through a 3.2-cm-diameter polyvinyl chloride (PVC) pipe. The
tubes are screened with nylon mesh secured to the outside of
the PVC pipe.

Permanent monitoring wells were installed at the study
site by using a direct-push drilling rig (GeoProbe Model
54DT, Salinas, Kansas) (fig. 1.1). The wells are constructed
of 2.5-cm-diameter PVC pipe and slotted screens. Five
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Figure 1.1.
Seacoast Shores peninsula, East Falmouth, Massachusetts,
July 16, 2013. Photograph by Denis LeBlanc, U.S. Geological
Survey.

Direct-push drilling rig on the shore of the Eel River,

water-table wells were installed in June 2013 in the general
area of MLS F724 for determination of the water-table shape
and estimation of hydraulic gradients (fig. 5). The water-table
wells have 3.1-meter-long screens that are set just below the
water table (to a maximum depth of 9.4 meters [m] below
land surface). A cluster of 10 monitoring wells was installed
in July 2013 at one site (F726) (figs. 5 and 6) to obtain profiles
of hydraulic head and water quality at the shoreline of the Eel
River. The wells have screens 0.25 m long set at depths below
land surface ranging from 1.5 to 13.7 m.

Shallow offshore surveys were done in June 2013
by using temporary pushpoint samplers to collect shallow
groundwater samples at depths up to 1.7 m below the offshore
bottom sediments (sites F725-A01 to F725-A21 [fig. 6]).
The pushpoint sampler (MHE Products, East Tawas, Michi-
gan) is a stainless-steel tube 6.4 millimeters (mm) in diameter
with a machined point and 4-cm-long slotted screen at the tip
(Henry, 2001). Groundwater was sampled by using a syringe
or peristaltic pump. In September 2013, temporary pushpoint
samplers (sites F734 to F741, F745 to F747) were set at depths
of up to 1.2 m into the offshore bottom sediments to obtain
a vertical section of water quality in the intertidal zone. The
positions of offshore locations are reported relative to the
shoreline, defined for the purposes of the field investigation as
the point approximately halfway between shoreline positions
at the maximum and mean high tides during the study period.

Two methods were used from a floating platform
(fig. 1.2) to obtain deeper groundwater-quality profiles
beneath the Eel River bottom sediments. In August 2013, at
locations 9 to 27 m from shore (sites F733—-A01, F778-A01,



Figure 1.2. Well-point installation on a floating platform on
the Eel River, Seacoast Shores peninsula, East Falmouth,
Massachusetts, August 21, 2013. Photograph by Denis LeBlanc,
U.S. Geological Survey.

F779-A01), a 15-cm-long well point (Solinst Canada Ltd.,
Georgetown, Ontario, Canada) connected to a 1.9-cm-diameter
black steel pipe was advanced by using a vibratory hammer.
Dedicated polyethylene sample-collection tubing was con-
nected to the well point by a barbed fitting and extended to the
surface through the steel pipe. Samples were collected every
1.5 m to a depth of 10.4 m. The well point was left perma-
nently at 10.4 m (F733-0034) for future sampling. In Septem-
ber 2013, a modified porewater profiler (AMS, Inc., Retract-
A-Tip system, American Falls, Idaho) was used to collect
vertical profiles of water quality at locations 13 m (F742) and
18.3 m (F743) from shore. The well point on the AMS system
is protected with a stainless steel mesh and is connected to
polyethylene sampling tubing (0.6-cm-diameter). The tub-

ing runs through hollow, 1.6-cm-diameter steel threaded rods
to the surface. The well point was modified by inserting a
titanium insert in the screened interval to keep the screen in
the open position. The modification resulted in a 3.4-cm-long
screened interval. At 14 m from shore, samples were collected
at depths of 1.5 and 3.7 m below the estuary bottom. At 18 m
from shore, samples were collected every 1.5 m to a depth of
10.7 m below the estuary bottom. No permanent monitoring
points were left at these locations.

Permanent sampling points were installed from the float-
ing platform into the estuary bottom in September 2013. At
the site 9 m from shore (F733) originally profiled by using the
Solinst points, permanent sampling points were installed by
using a modified soil-gas sampling system (AMS, Inc., gas-
vapor probe, American Falls, Idaho). The AMS system utilizes
a dedicated gas-vapor tip connected to polyethylene sample-
collection tubing (0.6-cm-diameter). The tubing runs to the
surface through hollow, 1.6-cm-diameter steel-threaded rods
that are driven to the target depth. Once the device has been
driven to the desired depth, the rods are removed, leaving the
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sampling tip and tubing in place. The dedicated tip is 0.6 cm
long and contains sampling ports that are covered by a stain-
less steel screen. AMS points of this design were also installed
at a depth of 1.2 m below the estuary bottom at the same loca-
tions in the intertidal zone (F734 to F741) where shallow, tem-
porary pushpoint samplers were installed in September 2013.

Location coordinates, land-surface and screen altitudes,
well diameters, drilling methods, and casing and screen
materials for the monitoring wells, well points, pushpoints,
and multilevel samplers are included in table 1.1 (in back
of report). Selected values in the table (for example, screen
length versus difference between the top and bottom screen
depths) may not be internally consistent owing to round-
ing and unit conversions. The locations of all temporary
and permanent monitoring sites were determined by using a
high-accuracy Global Positioning System (GPS) device. The
altitudes of the measuring points at the permanent monitoring
sites and at selected temporary monitoring sites were deter-
mined by differential leveling from benchmarks, accurate to
+3 mm.

A pressure-transducer tide gage that consisted of an
open-bottom PVC standpipe was secured to a permanent dock
piling at a nearby private residence. The standpipe was set
about 11 m from shore, where the bottom of the pipe remained
submerged throughout the tidal cycle. A self-contained
pressure transducer (Onset Computer Corp., HOBO logger
U20-001-01-Ti, Bourne, Mass.) was secured inside the bot-
tom of the standpipe. Barometric pressure was also recorded in
a second, nearby transducer so that absolute pressure could be
converted to gage pressure, and the tide stage was also mea-
sured manually so that the pressure record could be converted
to tidal stage relative to the National Geodetic Vertical Datum
of 1929.

Sampling and Analytical Methods

Field screening samples were collected for measurement
of specific conductance, temperature, and pH and for concen-
trations of dissolved oxygen, nitrate, and ammonium. Specific
conductance, temperature, and pH were measured onsite;
concentrations of dissolved oxygen were measured by using
a colorimetric spectrophotometer (CHEMetrics V-2000 pho-
tometer and Vacu-vial test kits [CHEMetrics, 2018). For field
samples with dissolved oxygen concentrations greater than
31 micromoles per liter (as O,), samples were also collected in
biochemical oxygen demand (BOD) bottles for analysis within
8 hours by using a dissolved oxygen probe and digital meter.

Multiple laboratories were used in this collaborative proj-
ect. Laboratories, analytical methods, and reporting limits are
given in table 1.2 and in the data release associated with this
publication (Huntington and others, 2018), available at
https://doi.org/10.5066/F7RR1WF0. Quality assurance
included analysis of blind standard reference, field blank, and
field duplicate samples. Results of the blind standard reference
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Table 1.2. Laboratories, preservation, and detection limits for field and laboratory analysis of water samples.

[Chilled and frozen samples were shipped overnight on ice and dry ice, respectively. USGS, U.S. Geological Survey; WSC, Water Science Center; EPA,

U.S. Environmental Protection Agency; GWERD, Ground Water and Ecosystems Restoration Division research laboratory; RSIL, Reston Stable Isotope Labora-
tory; RGWDL, Reston Groundwater Dating Laboratory; WHCMSC, Woods Hole Coastal and Marine Science Center; MPTL, Menlo Park Tritium Laboratory;
AED, Atlantic Ecology Division; MPSAPSPL, Menlo Park Solid-Aqueous-Phase Solute Partitioning Laboratory; BBCNAEL, Boulder Biogeochemistry of
Carbon and Nitrogen in Aquatic Environments Laboratory; <, less than; °C, degree Celsius; H,PO,, phosphoric acid; H,SO,, sulfuric acid; mL, milliliter;

mg, milligram; KOH, potassium hydroxide; >, greater than; HNO,, nitric acid; n/a, not applicable; pmol/L; micromole per liter; TU, tritium unit]

Filtered
Constituent Laboratory Preservation Detection limit n(I?c‘:i
meter)
Alkalinity USGS New England WSC  Chill to <4 °C n/a Yes
Dissolved organic carbon (DOC) EPA GWERD H,PO, to pH <2; chill to <4 °C 4.1 umol/L Yes
Nitrate (NO,) plus nitrite (NO,) EPA GWERD H,SO, to pH <2; chill to <4° C 0.64 pmol/L Yes
Ammonium (NH,) EPA GWERD H,SO, to pH <2; chill to <4 °C 1.4 pmol/L Yes
Total Kjeldahl nitrogen (TKN) EPA GWERD H,SO, to pH <2; chill to <4 °C 2.2 pmol/L Yes
Total dissolved phosphorus (P) EPA GWERD H,SO, to pH <2; chill to <4 °C 0.16 umol/L Yes
Ammonium (NH,) stable isotopes USGS RSIL H,SO, to pH 1.8-2.2 n/a Yes
Nitrate (NO,) stable isotopes USGS RSIL Preserve 125-mL sample with 1 pellet n/a Yes
(100 mg) KOH to pH >11
Nitrogen gas (N,) stable isotopes USGS RSIL Preserve sample in 160-mL serum bottle n/a No
with 2 pellets (200 mg) KOH to pH >11
Nitrogen, argon, and methane gas USGS RGWDL Preserve sample in 160-mL serum bottle n/a No
(N,, Ar, and CH,) with 2 pellets (200 mg) KOH to pH >11
Nitrogen and argon gas (N> and Ar) USGS WHCMSC Chill to <4 °C n/a No
Nitrite (NO,) USGS RSIL Preserve 125-mL sample with 1 pellet 0.1 pmol/L Yes
(100 mg) KOH to pH >11
Tritium USGS MPTL None 041 TU No
Iron (Fe) EPA AED HNO, to pH <2; chill to <4 °C 0.090-0.23 umol/L Yes
Manganese (Mn) EPA AED HNO, to pH <2; chill to <4 °C 0.27-0.33 pumol/L Yes
Cations and minor elements USGS MPSAPSPL HNO, to pH <2; chill to <4 °C Varies by species Yes
Major anions USGS BBCNAEL Freeze to <0 °C Varies by species Yes
Specific conductance Field Onsite determination n/a No
pH Field Onsite determination n/a No
Temperature Field Onsite determination n/a No
Dissolved oxygen Field Onsite determination n/a No

materials were within the acceptable range of accuracy.
Results of field blank samples indicated that field methods
were not contaminating samples. Results of field duplicate
samples indicated that precision met the quality objective for
all constituents. Average relative percent difference was less
than 10 percent for most constituents, but it rose to 34 and
36 percent for iron and manganese, respectively, which were
analyzed by the U.S. Environmental Protection Agency
Atlantic Ecology Division. These averages were dominated by
relative percent difference values of a few samples that were
close to the detection limits of the methods.

Interlaboratory Comparison of Nitrogen-Argon
Results

Two methods of sampling and analysis were compared
for nitrogen gas (N,) and argon (Ar) determination. Samples
for the U.S. Geological Survey (USGS) Woods Hole Coastal
and Marine Science Center laboratory were collected in glass
tubes, and the samples were stored under ice water in the field
and refrigerated after shipment to the laboratory. Analysis was
by membrane-inlet mass spectrometry (Young and others,
2013). Samples for the USGS Reston Groundwater Dating



Laboratory were collected in 150-milliliter glass serum bottles
with rubber stoppers and preserved with hydroxide (pH>11).
A needle in the stopper was used to allow air to escape as

the stopper was inserted into the bottle. Analysis was by gas
chromatography with a thermal conductivity detector after
headspace extraction (USGS, 2018). Results indicated that
the N_/Ar ratio did not differ substantially between the two
methods (relative mean square error=0.6 percent) (fig. 1.3).
Discrepancies could be due to some combination of sample
collection artifacts or analytical differences.

Determination of Denitrification

Dissolved Gases

As a first approximation, denitrification was quantified
directly by monitoring the production of N, gas, because every
4 moles of NO," denitrified result in 2 moles of N, (eq. 1.1):

4NO, +5CH,0 =2N, + 3H,0 +4HCO, +CO, (1.1)

Dissolved N, in groundwater was assumed to be a com-
bination of atmospheric N, incorporated during recharge and
N, from denitrification (B&hlke and others, 2002; Bohlke and
Krantz, 2003). The concentration of N, from recharge depends
on temperature at recharge. Also, gas bubbles entrained during
recharge can cause greater amounts of air to be dissolved that
do not degas further along the flow path because of increased
pressure at depth. The total amount of atmospheric N, in
water from air-water equilibrium and entrained air bubbles
can be estimated by comparison with Ar, a component of
the atmosphere without a subsurface source from microbial
activity, and with other indicators of denitrifying conditions,
such as O, concentrations and nitrate isotopic composition.

N, produced by microbial reaction is assumed to be equal to
the measured value minus the N, from air-water equilibrium
and entrained air bubbles. The resulting value is called the
excess N,. To compute excess N, from Ar and N, data alone,
it is usually necessary to assume all samples had either similar
recharge temperatures or similar amounts of excess air. In
some cases, these assumptions can be evaluated by consider-
ing first the samples that lack other evidence of denitrification
(for example, high O, and isotopically unfractionated nitrate;
see the following section). Anammox (anaerobic ammonium
oxidation) is another potential source of excess N, in which
the N -N comes from both ammonium and nitrite (commonly
derived from nitrate).

Isotopic Composition of Nitrate

Biogeochemical transformations change the stable iso-
tope ratios of nitrogen species in solution because molecules
containing the rare heavier isotope of nitrogen react at lower
rates than do molecules containing the lighter isotope. For
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example, during nitrate reduction to N, (for example, deni-
trification), nitrate containing the heavier nitrogen isotope is
left preferentially unreacted, and nitrate containing the lighter
nitrogen isotope is preferentially converted to N,. Vertical pro-
files of 8"°N, which is a measure of the difference between the
ISN/!N ratio in the sample and the *N/N ratio in atmospheric
N,, show increases for nitrate in zones of nitrate reduction.
Similarly, 38!0 values increase in nitrate during denitrification,
such that 3N and 6'%0 are positively correlated. Values of
8"N in dissolved N, are also affected by denitrification; those
variations are relatively small and can be either positive or
negative, depending on the initial nitrate 6'°N and the progress
of the reaction.

Alkalinity

The chemical reaction for denitrification (eq. 1.1)
indicates that 4 moles of HCO,™ (or 5 moles of total dissolved
inorganic carbon [DIC]) are generated for every 4 moles
of NO,™ denitrified. The alkalinity approach to assessing
denitrification assumes that denitrification is the principal
redox source of alkalinity variation in a chemical depth profile
in the aquifer, and that other reactions that might buffer pH
(for example, mineral-water interactions) are not significant.
Other reactions produce CO,, such as aerobic bacterial
respiration (CH,O + O,= CO, + H,0). However, reactions
with CO, entering or leaving solution do not change alkalinity
(Stumm and Morgan, 1996). Although CO, combines with
water to form carbonic acid (CO, + H,0 — H,CO,), and
although H,CO; can disassociate to form H" + HCO,", the
alkalinity stays the same. In the absence of other buffers in
the system, the acid formed decreases alkalinity to the same
degree that the bicarbonate formed increases alkalinity, and
the net effect on alkalinity is zero.

Nitrification is another process that changes alkalinity

(eq. 1.2):

NH," + 20, + 2HCO, = NO,” +2CO, + 3H,0 (1.2)
Nitrification is particularly active in the unsaturated zone,
where ammonium can be converted completely to nitrate
(Costa and others, 2002). Under a septic-system leachfield, the
zone of nitrification is close (within 30 cm) to the trenches.
A reaction in such a zone would decrease alkalinity in the
recharging water by acidification of HCO, . To the extent that
leachate from the septic system is evenly distributed in the
aquifer, the effect could be relatively uniform if the reaction
goes to completion before leachate reaches the water table.
Other processes contribute to background alkalinity,
including a high loading from seawater salt spray near the
coast. Dissolution of carbonate minerals in an aquifer can also
contribute to alkalinity, but carbonates are not abundant in
the Cape Cod aquifer, which consists primarily of quartz and
feldspar. Manganese and iron reduction also change alkalinity,
but reduction of nitrate is energetically more favorable. If
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Figure 1.3. Comparison of nitrogen and argon ratios, measured by the membrane-inlet mass spectrometry and gas
chromatography methods, for samples collected in groundwater near the Eel River, Seacoast Shores peninsula, East Falmouth,
Massachusetts, August 7, 2013, to October 23, 2013. ccSTP/L, cubic centimeter of excess air at standard temperature and pressure
per liter of water. Locations of sites are shown on figure 5.



nitrate is not exhausted and if measurements of manganese
and iron indicate that their reduced (soluble) forms are not
elevated in solution, then these reduction reactions are less
likely to have proceeded.

In contrast to other redox reactions in groundwater,
denitrification is more likely to produce a depth-profile of
alkalinity that reflects the amount of denitrification that has
taken place. Interpretation of such profiles, however, depends
on uniform distribution of septic systems in the recharge arecas
contributing to the profiles and minimal effects of other pH
buffering reactions. Carbon mass balance calculations com-
monly are performed by using concentrations of DIC, which
can be derived from alkalinity and pH data (Bohlke and oth-
ers, 2002). Alkalinity and DIC methods of evaluating denitri-
fication reactions should be used along with other methods,
such as analysis of nitrogen gases, to increase confidence in
the result.
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