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Summary Recent studies suggest that chemical loading from submarine groundwater dis-
charge (SGD) may rival other major sources such as rivers in many coastal areas. SGD can occur
as terrestrially-derived, typically fresh, groundwater discharge, or by seawater circulation
through aquifer sediments. Because both terrestrial and recirculated seawater SGD can be sig-
nificant sources of chemical loading to coastal waters, appropriate methods are needed to
properly assess and quantify the rates and distribution of these different inputs. Although many
techniques exist to quantify SGD, each method samples different components of SGD (e.g.,
fresh versus saline discharge) over different temporal and spatial scales. The result is that con-
fusion exists about how to use the different methods. In this study, we investigate the applica-
bility of a variety of techniques for estimating SGD from an unconfined sandy coastal aquifer.
Physical methods are first used to understand the spatial variability of discharge. This informa-
tion is then used with physical and geochemical data to estimate SGD. Investigative methods
include direct measurement via seepage meters, hydrogeologic estimation using Darcy’s law,
and tracer-based estimates using radon and radium isotopes. At our field site on Cape Cod, Mas-
sachusetts, nearshore landward topography appears to exert a significant control on the spatial
variability of fresh groundwater discharge, presumably through its effects on evapotranspira-
tion, and hence recharge, rates. The Darcy estimate of fresh SGD (4.0 m3 m�1 d�1) is similar
to a previous estimate made using a seepage meter transect that spans the seepage face. Radon
serves as a valuable estimator of total SGD (fresh plus saline) (5.6 m3 m�1 d�1). The difference
between the total and fresh SGD estimates is in good agreement with the radium-based SGD
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estimate (0.56 m3 m�1 d�1), which primarily measures saline circulation through coastal sedi-
ments. Thus, we conclude that the hydrogeologic estimate and radon and radium techniques
are complimentary for estimating different components of total SGD at our field site.
� 2005 Elsevier B.V. All rights reserved.
Introduction

The importance of submarine groundwater discharge (SGD)
as a source of dissolved solids to coastal waters has become
increasingly recognized. Recent studies suggest that SGD-
derived chemical loading may rival other major sources such
as rivers in many coastal areas (Moore, 1996; Bugna et al.,
1996; Kim et al., 2003). Although groundwater flow in most
coastal areas occurs as slow diffuse flow, it can be a signif-
icant source of dissolved solids because, when compared
with surface waters, solute concentrations are often several
orders of magnitude more enriched in groundwater (Testa
et al., 2002). In estuaries and embayments, SGD often rep-
resents a major source of nutrients, which can have consid-
erable ecological effects (Krest et al., 2000; Charette et al.,
2001). For example, nitrogen loading into coastal environ-
ments can result in eutrophication, which can lead to de-
creased oxygen content, fish kills, and shifts in the
dominant flora (Valiela et al., 1992; Slomp and Van Cappel-
len, 2004).

Fresh submarine groundwater discharge will occur wher-
ever an aquifer is hydraulically connected with the sea and
the water table is above sea level. The driving force behind
this process is the hydraulic gradient from the upland region
of a watershed to the surface water discharge location at
the coast. At the land–sea boundary, seawater flows into
aquifer sediments under the force of gravity and thus a com-
plex dynamic flow regime is established as fresh and saline
groundwater of different densities interact (Li et al.,
1999; Li and Jiao, 2003). Several forcing mechanisms, such
as waves, tides, dispersive circulation (Taniguchi et al.,
2002; Burnett et al., 2003), and changes in upland recharge
(Michael et al., 2005), affect the rate of fluid flow for both
fresh and saline groundwater and are ultimately important
in controlling the submarine discharge of both fluids.

Groundwater discharging to coastal waters can have
salinity that spans a large range and it is therefore impor-
tant to establish a definition of SGD. Here, we define SGD
as any fluid that flows from the sediments into coastal sur-
face water and is comprised of two endmembers: meteoric,
typically fresh, water and recirculating seawater. We there-
fore use the terms fresh SGD and saline SGD to distinguish
these sources of fluid and brackish SGD to mean a mixture
of the fresh and saline endmembers.

Many studies have focused on methods to quantify SGD,
either through point measurements (e.g., Bokuniewicz,
1980; Michael et al., 2003), hydrogeologic models (e.g.,
Smith and Zawadzki, 2003; Destouni and Prieto, 2003), or
by using geochemical tracers that provide a spatially inte-
grated estimate of total flux (e.g., Moore, 1996; Cable
et al., 1996; Gramling et al., 2003). However, each of these
approaches provide estimates that vary in both the tempo-
ral and spatial scales of integration. In order to better
understand these inherent differences, intercomparison
experiments have been conducted in which different tech-
niques are used to estimate SGD at the same time and place
(Burnett et al., 2003). Such experiments are vital for iden-
tifying reliable field methods and determining a suite of
techniques that are effective across a variety of geologic
settings.

The goals of this study were to investigate spatial vari-
ability of submarine groundwater discharge from an uncon-
fined sandy coastal aquifer and to perform an
intercomparison experiment in which we compare SGD esti-
mates using a variety of techniques sampling at approxi-
mately the same time. In particular, we present and
compare physical and geochemical data that are used to
estimate SGD, including direct measurement via seepage
meters, hydrogeologic estimation using Darcy’s law, and
tracer-based estimates using radon and radium isotopes.
The sampling plan was designed in part based on patterns
observed in an aerial thermal infrared image of the field site
at Waquoit Bay, Cape Cod, Massachusetts, which defines the
spatial variability of discharge. At this particular site, near-
shore landward topography appears to exert a significant
control on the spatial variability (O(10 m)) of fresh ground-
water discharge, presumably through its effects on evapo-
transpiration, and therefore recharge, rates.
Study area: Waquoit Bay, Massachusetts

The field site for this work is located at the northern end of
Waquoit Bay, on Cape Cod, Massachusetts (Fig. 1). We first
describe regional geologic and hydrogeologic conditions on
Cape Cod and then discuss specifics for the Waquoit Bay
area.
Regional geology and hydrogeology

Cape Cod was built primarily from glacial processes and out-
wash plains, terminal moraines, ice-contact deposits, and
kettle holes are the predominant landforms (Oldale and Bar-
low, 1986). On the east–west arm of Cape Cod, known as
the Upper Cape, outwash plains of sand and gravel dominate
the surficial geology although terminal moraines are present
along the western and northern margins.

Fine-grained sediments up to 45 m thick and proposed to
be of glaciolacustrine origin lie below the outwash plains
(Koteff and Cotton, 1962; Masterson et al., 1997a; Mulligan
and Uchupi, 2004). The southern extent of these clay, silt,
and very-fine sand deposits is unknown because of limited
sampling along the southern coast of Cape Cod and within
Nantucket Sound. The glacial lake in which these sediments
were deposited may have extended across Nantucket Sound
(Masterson et al., 1997a) or may have had its southern ter-
minus along the south shore of Cape Cod (Mulligan and
Uchupi, 2004), however, there are insufficient data to dis-
tinguish between these two possibilities (Uchupi and Mulli-
gan, in press).
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Figure 1 Location map of Waquoit Bay, on Cape Cod, MA, USA.
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Because of the highly permeable soils on Cape Cod,
groundwater recharge is relatively high, surface runoff is
relatively low and streams and rivers are fed primarily by
groundwater seepage (Cambareri and Eichner, 1998). Pre-
cipitation on the Upper Cape averages �114 cm y�1 (Walter
and Whealan, 2004) and is relatively constant through the
year. Half of the measured annual precipitation is estimated
to become recharge (LeBlanc et al., 1986). Despite the rel-
atively uniform precipitation, the water table far from sig-
nificant groundwater supply sources shows seasonal
variation of up to 1 m, indicating that evapotranspiration
is a significant hydrologic process in the warmer months (Mi-
chael, 2004).

Groundwater on Cape Cod is unconfined and occurs as a
series of six lenses or mounds (Fig. 2). Within each lens,
groundwater flows from the center and apex radially out-
ward and toward the coast. The Sagamore lens is the largest
and is located in western Cape Cod, where the top of the
mound is �13 km north of our study site. Here, the water ta-
ble ranges from an elevation of 20 m at the apex of the lens
down to sea-level along the coast. Regionally, the hydraulic
gradient varies from �0.001 near the top of the lens to
0.006 toward the southern coast (Cambareri and Eichner,
1998).
Geology and hydrogeology of Waquoit Bay

Waquoit Bay is located in the town of Falmouth, Massachu-
setts (Fig. 1). It is a semi-enclosed estuary that exchanges
water with Vineyard Sound to the south. The bay has an
average depth of 1 m, an area of �3 km2 (Michael et al.,
2003), and a tidal range of �1.1 m (from data supplied by
Weidman and Chapman, 2003, 2004, 2005). Water residence
time in the bay is approximately 9 days (Charette et al.,
2001).

Fresh water enters Waquoit Bay through one of four
pathways: direct precipitation, groundwater discharge, or
through either the Childs or Quashnet Rivers (Cambareri
and Eichner, 1998). A hydrologic mass-balance estimate
using long-term average precipitation for the region sug-
gests that total freshwater input to the bay is 0.82–
0.93 m3 s�1, where direct precipitation accounts for 11%
of this input, groundwater discharge delivers 34%, and sur-
face water input accounts for the remaining 55% (Cambareri
and Eichner, 1998). Although direct groundwater discharge
provides 34% of the freshwater input to the bay, groundwa-
ter also accounts for 90% of surface water flow. Hence, over
80% of freshwater input to the bay originates as
groundwater.
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Several subwatersheds of Waquoit Bay have been delin-
eated by hydraulic mapping (Valiela et al., 1992; Cambareri
and Eichner, 1998) and groundwater flow modeling (Valiela
et al., 1997). The head of the bay subwatershed, the region
of interest in this study, is �0.76 km2 (Cambareri and Eich-
ner, 1998), is triangular in shape, and extends from the head
of Waquoit Bay northward �2 km. Topographically, the
head of the bay is characterized by two large bluffs sepa-
rated by a relict valley, which was likely eroded by ground-
water seepage during the last glaciation (Uchupi and Oldale,
1994). The shallow unconfined aquifer is the primary con-
tributor of direct fresh SGD to the head of the bay (Cambar-
eri and Eichner, 1998).

Subsurface soil sampling in the Waquoit Bay area has
been relatively sparse and only a few data points exist to
shed light on the stratigraphy. Boreholes drilled at the
northern end of Waquoit Bay reveal 8–9 m of fine to coarse
sand underlain by fine to very fine sand and silt (Cambareri
and Eichner, 1998; Michael, 2004). Grain size analysis of
several sand samples from the top 2 m at the head of the
bay indicates that the shallow sediment consists of >95%
sand and <5% silt and clay (Charette et al., 2005). The fine
grained sand and silt unit below the surficial sand extends
to �45 m depth, where clay is likely present. During drilling,
the top of the clay unit was sampled but the unit’s thickness
was not determined and remains unknown. Seismic refrac-
tion data suggest that bedrock at the head of the bay is
�100 m below sea level (Oldale, 1969), but boreholes have
not penetrated beyond 45 m. Data from elsewhere on Cape
Cod indicate that bedrock ranges from igneous intrusives to
metamorphics (Uchupi and Mulligan, in press).

Methods

Several techniques were used to investigate SGD into Wa-
quoit Bay, including airborne thermal imaging, direct mea-
surement via seepage meters, water table mapping, and
geochemical tracer analysis. The airborne images and seep-
age meter measurements were collected during the fall of
2002 and the water table and tracer work were conducted
during June–July 2003. Each technique has specific advan-
tages and, when used together, the suite of methods pro-
vide valuable insight into the fluid flow regime, including
both fresh and saline SGD.

An aerial thermographic survey was conducted by Sensy-
tech Inc. using a Sensytech AA3600 Airborne Multispectral
Scanner System on September 7, 2002 between
06 h:00 min and 06 h:30 min local time. The survey was con-
ducted by airplane, with the scanner collecting data
through an opening in the belly of the aircraft. Field data
collected during summer 2002 indicate that groundwater
temperatures in Waquoit Bay were several degrees cooler
than bay water, providing a strong thermal contrast. The
timing of the survey was chosen to coincide with low tide
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during the fortnightly spring tide at Waquoit Bay, when
freshwater SGD rates are expected to be maximum (Urish
and McKenna, 2004). The thermal image was obtained with
a 0.1 �C thermal resolution and a 1 m spatial resolution. Be-
cause Waquoit Bay is relatively wide, the entire bay could
not be surveyed at the specified spatial resolution in one
flight pass over the bay. Instead, the eastern and western
halves of the bay were surveyed in two passes.

Seepage meter experiments were conducted using Lee-
type manual meters (Lee, 1977) on October 15, 2002,
approximately 5 weeks after the thermal image was ob-
tained. These meters are flux chambers with an open end
that is placed into the sediments. Fluid inflow or outflow
from the sediments is measured by prefilling collection bags
with a known volume of water and measuring volumetric
changes during the sampling period. Prior to sampling, con-
ditions must be allowed to re-equilibrate after disturbance
during meter emplacement. To accomplish this, meters
are emplaced at least one day before sampling begins and
vent holes on the top of the meters are left open.

Twelve meters were emplaced in a shore parallel tran-
sect along the head of the bay and allowed to equilibrate
overnight. On the day of the experiment, vent holes on each
meter were plugged and plastic bags pre-filled with 1 L of
distilled water were attached. Bags were replaced every
hour and both the volume and salinity of water in the bags
were measured. The experiment took place over half of
one tidal cycle, from high tide to low tide.

Hydrologic estimates of fresh SGD were obtained using
data from groundwater monitoring wells placed along the
head of the bay. Wells installed during this study are con-
structed of 2.5 cm PVC piping. Each well was installed by
hand auguring using 10 cm solid PVC riser as casing; man-
ually installed wells average a depth of about 1.5 m. Each
well consists of a 30 cm section of slotted PVC piping
threaded to 1.5 m riser sections that extend the well
above ground surface. Several pre-existing piezometer
nests (see Fig. 5) were also used during this investigation.
The screen lengths and diameters of these wells vary, but
all are constructed of PVC. Water levels were monitored
either by hand using an electronic water level meter
(the CCC wells) or using a pressure data logger (all other
wells).

Slug tests were conducted at several wells to estimate
the horizontal hydraulic conductivity of aquifer sediments.
Standard slug-in and slug-out tests were performed and
water level response in each well was measured either man-
ually with an electronic water level tape (CCC wells) or with
a pressure data logger installed prior to the test and set to
collect data every 0.5 s.

The geochemical tracers radium and radon were also
used to estimate components of submarine groundwater
discharge into Waquoit Bay. Radium and radon are both gen-
erated in the uranium–thorium decay series and are there-
fore ubiquitous in sediments, regardless of composition.
They are effective groundwater tracers because they are
typically present in elevated concentrations in coastal
groundwater relative to the coastal ocean and because they
mix conservatively once introduced to surface waters.
Hence, relatively simple mass balance models can be used
to estimate the flux of groundwater at the coast. Further-
more, radium has four isotopes with half-lives that range
from 3.66 days to 1600 years. The ratios of different radium
isotopes can therefore be used to estimate water residence
time, which is a key component of the mass balance model.

Baywater (�25 L) and groundwater (�10 L) samples for
radium analysis were filtered (1 lm Hytrex II cartridge), col-
lected in cubitaners, and gravity fed slowly (flow rate �
1 L min�1) through a column of Mn-impregnated acrylic fi-
bers, which quantitatively extract radium isotopes (Moore
and Reid, 1973). Subsamples for salinity analysis were col-
lected in glass bottles from the same samples.

Upon returning to the laboratory, the Mn fibers were par-
tially dried and placed in a delayed coincidence counter for
measuring 223Ra and 224Ra (Moore and Arnold, 1996). Sam-
ples were recounted after three weeks to correct for sup-
ported 224Ra (via 228Th). Then, the Mn-fibers were ashed
at 820 �C for 16 h, homogenized, and placed in counting
vials (Charette et al., 2001). The ash was placed in a well-
type gamma spectrometer to measure 226Ra and 228Ra activ-
ities. Each detector was standardized using NIST-certified
standard reference materials (SRMs) sorbed to Mn fibers
and prepared in the same geometry as the samples. The
short-lived radium isotopes (223Ra, 224Ra) and 228Ra were de-
cay-corrected to the time of sampling; propagated errors on
these measurements were less than 10%.

Groundwater radon samples were collected in 250-mL
glass bottles and directly analyzed on a Durridge RAD7 elec-
tronic radon monitor using the RAD-H2O attachment. Activ-
ities were decay-corrected to the time of collection.
Continuous measurements of 222Rn at a single station at
the head of Waquoit Bay were obtained using the RAD7 cou-
pled to an air–water equilibrator as described by Burnett
and Dulaiova (2003). The instrument recorded the 222Rn
activity of surface water every 30 min for �3 days. Tidal
height was monitored with a YSI 600 series CTD.
Results

Spatial and tidal variation in SGD

Airborne thermal imagery was obtained between 6:00 and
6:30 am on September 7, 2002. Prior to collecting the
images, several data loggers were placed midway into the
water column around the head of the bay and in groundwa-
ter monitoring wells to provide in situ groundtruthing of
water temperatures, to record the tidal signal, and to mea-
sure SGD. In situ data confirm that low tide occurred at 6:30
am (Fig. 3) and that peak spring tide occurred on September
6. Weather conditions at flight time were 13–14 �C air tem-
perature, clear skies, and wind of �1.1 m/s from the north-
west (Weidman et al., 2003). Air temperature did not fall
below 13 �C during the 22 h prior to data collection. At
the time of the overflight, surface water temperatures ran-
ged from 19.5 to 21.5 �C while groundwater temperature
was 13 �C. An in situ automated seep meter in place during
the imaging (Fig. 3) confirms the presence of submarine
groundwater discharge (Sholkovitz et al., 2003).

The two thermal images with 1 m spatial resolution were
tiled using GIS and a USGS topographic map as a base map.
Several locations at roads, ponds, shorelines, and buildings
on each image were tied in to the georeferenced topo-
graphic map and the images were spatially transformed



Figure 3 Tidal data at the head of Waquoit Bay for Septem-
ber 6–7, 2002. Peak spring tide occurred on the morning of
September 6. On September 7, low tide occurred at 6:30 am.
The black circles indicate fluid flow across the sediment–water
interface measured by an automated seep meter (see Fig. 5 for
location). Image modified from Sholkovitz et al. (2003).
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and tiled. In order to highlight the thermal regime in the
surface water, the raster data were binned and the range
of interest (13–21 �C) was stretched so that differences in
water temperatures are clearly visible. The resulting image
for Waquoit Bay is shown in Figs. 4 and 5. The location
where the images overlap is apparent over the land portion
of the survey, where temperatures varied slightly from one
flight line to the next. The eastern line was surveyed first
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Figure 5 Locations of seep meters, piezometers, the automated seep meter, and radon and radium stations at the head of the
bay. Piezometers labeled T#-# were installed during this investigation; all others were preexisting. The temperature scale for the
thermal image is shown in Fig. 4.
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umn Waquoit Bay water was �20 �C, so the cooler SGD
plumes are most likely maintained as a thin surface layer.

Although the hydrology in the nearby ponds was not a fo-
cus of this research, it is clear from the thermal image that
Caleb Pond has a considerable groundwater input. This is
not surprising because most ponds on Cape Cod are consid-
ered to be in direct hydraulic connection with the ground-
water system. More surprising is the lack of apparent
groundwater input to Bourne Pond, only part of which is
shown in Fig. 4. One possible explanation for the apparent
lack of groundwater input is that low permeability sediment
lines Bourne Pond, thereby reducing groundwater discharge.
A second possibility is that mixing between groundwater dis-
charge and surface water is sufficiently quick as to mask any
thermal signal. This seems unlikely because the groundwa-
ter discharge signature elsewhere is quite strong. A third
possibility is that Bourne Pond is a losing pond and supplies
water to the aquifer. This also seems unlikely because the
elevation of the pond is approximately the same as the ele-
vation in Bog and Caleb Ponds (Fig. 4). The likely explana-
tion is that water in Bourne Pond is fresh, the cool
groundwater has a higher density than the warmer surface
water, and the groundwater is stratified at depth. Con-
versely, surface water in Caleb Pond, and possibly Bog Pond,
likely have high enough salinity that fresh groundwater rises
to the surface, imparting a strong thermal signal.

Following receipt of the thermal image, seepmeters were
deployed along the head of the bay to obtain direct SGDmea-
surements (Fig. 5). Results reveal fairly low seepage rates (5–
10 cm d�1) across the head of the bay during high tide (Fig. 6).
Seepage rates increased with the falling tide, reaching maxi-
mums near low tide. Low tide seepage rates varied from
�10 cm d�1 at location 4 in mid-head of the bay up to
�40 cm d�1 at location 1 along the western margin. In gen-
eral, low tide seepage rates were highest in the west and east
bay and lowest in the mid bay, consistent with the discharge
pattern revealed by the thermal image. This spatial pattern is
also maintained in the average seepage rates (Fig. 7). Unfor-
tunately, salinity measurements of the seepage fluid during
our experiment are anomalously high and therefore unreli-
able, but data from Michael et al. (2003) indicate that SGD
in the region of our experiment is predominately saline.

Although our salinity data from the seepage meters can-
not be used to estimate the salinity of discharging water, it
does point to a potential unwanted exchange between fluid
in the collector bag and fluid in the meter. Presumably fresh
water originally in the bag was displaced by more saline
water from the meter headspace, resulting in erroneous
salinity measurements. Density differences should have pre-
vented such exchange, but the data suggest otherwise.

Variability revealed in water table monitoring
Hydraulic head along the head of the bay was determined
using a series of single- and multi-level piezometers that
span the area in front of the western bluff and the valley.
One transect of piezometers, referred to as the CCC tran-
sect and located within the valley, consists of three sets
of multi-level wells. Two additional transects are located
shoreward of the western bluff within the Waquoit Bay Na-
tional Estuarine Research Reserve (Fig. 5).
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Figure 6 Seep meter data from October 15, 2002. Meter
locations are shown in Fig. 5. The scale for the tidal data is
plotted on the right-hand axis.
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Hydraulic head data reveals that the hydraulic gradient
across the head of the bay is not uniform (Fig. 7). At low
tide, the gradient between T1-4 and T1-3 at the base of
the western bluff is �0.022 m m�1 (0.082 m/3.75 m) while
between wells CCC-1 and CCC-2 in the valley the gradient
is 0.004 m m�1 (0.134 m/36.4 m). At high tide, these gradi-
ents decrease to 0.015 and 0.002 m m�1, respectively.

Significant vertical gradients between groundwater
above and below 9 m depth (the contact between sand
and finer grained material) indicates upward flow from the
locally confined aquifer. Vertical gradients observed in the
MIT-45/20 well nest (see Fig. 5 for location) are 0.025–
0.035 m m�1 whereas gradients are approximately half
these values at CCC-1.

SGD estimates using hydrogeologic and geochemical
techniques

Hydrogeologic estimate
In addition to hydraulic gradients, the horizontal hydraulic
conductivity of aquifer sediments is needed to estimate
groundwater flow rates. Therefore, both falling and rising
head slug tests were conducted at several site wells. Con-
ductivity values calculated from slug tests in the CCC wells
are an order of magnitude lower than values calculated
from tests in other wells yet there is no apparent geologic
explanation for these lower values. It is likely that the con-
struction method of these piezometer nests, in which seven
piezometers were tightly bundled in one borehole, restricts
flow below that of the natural formation. Therefore, only
hydraulic conductivity values from the remaining wells were
used in this analysis. Data from the remaining wells reveals
hydraulic conductivity values ranging from 32 to 150 m d�1

in the surficial aquifer with a geometric mean of 52 m d�1.
These values fall within the expected range for clean sands
(Freeze and Cherry, 1979) and are consistent with perme-
ameter measurements of 43–54 m d�1 made using drill cut-
tings (Michael, 2004) and with values reported for similar
lithology elsewhere on the Cape of 45–85 m d�1 (Masterson
et al., 1997b). A slug test in the fine-grained material at
MIT-45, which is screened 12 m below ground, reveals a
two order of magnitude reduction in hydraulic conductivity.

Groundwater flow rates calculated using Darcy’s law,
hydraulic gradient data, and the geometric mean of mea-
sured hydraulic conductivity reveal nearshore horizontal
groundwater velocities averaging 15 cm d�1 below the val-
ley and 96 cm d�1 below the bluffs. Using the range of mea-
sured hydraulic conductivities, the velocities could range
from 59 to 278 cm d�1 below the bluffs to 9–43 cm d�1 be-
low the valley. As the freshwater approaches the coastline
and the saltwater wedge forces freshwater flow through a
smaller flow area, these velocities are expected to increase.

In order to compare our results with those from other
investigators, who have estimated volumetric freshwater
flux, the cross-sectional area of flow must be determined.
Others have assumed a 610 m shoreline (Cambareri and
Eichner, 1998; Michael et al., 2003), which stretches from
the outlet of Caleb Pond in the east to the unnamed pond
in the west (Fig. 4). Head measurements in the multi-level
wells indicate that horizontal flow occurs in the unconfined
aquifer, while significant vertical gradients lead to upward
leakage through the fine-grained unit at 9 m. Vertical
hydraulic conductivity in fine-grained material is most likely
one to two orders of magnitude less than, and certainly no
larger than, horizontal hydraulic conductivity. Assuming
the measured horizontal conductivity in the fine-grained
unit is an upper limit of vertical conductivity and using
the measured vertical gradient of 0.035 m m�1, flow
through the confining unit is determined to be insignificant
relative to horizontal flow. Furthermore, groundwater be-
low the valley is primarily fresh, reaching a salinity of �15
at the sand-silt contact at CCC-2, hence we consider the
fine-grained confining unit as the base of flow, resulting in
a saturated thickness of 8.5 m in the valley. At the base of
the bluffs, the top 4.5 m of the aquifer is fresh and reaches
an equal mixture of fresh and seawater about 5.5 m below
the water table (Talbot et al., 2003). Hence, we use a flow
depth of 5.5 m for estimating the freshwater flux at the
bluffs.

Because the thermal image, seep meter, and water table
map reveal different discharge zones along the head of the
bay, the 610 m shoreline is segmented into low-lying and
high elevation regions, where discharge within each region
is assumed to be uniform. The bluffs line about 400 m of
the shoreline while lower lying areas occupy the remaining
210 m of shoreline. Based on the geometry of the field area,
tidally-averaged hydraulic gradients, and the geometric
mean hydraulic conductivity, the total freshwater flux into
the head of the bay in June 2003 is estimated to be



Figure 7 Water table map for June 25, 2003 at low tide. Only data for wells screened toward the top of the unconfined aquifer are
shown. Wells screened within and below a low-conductivity zone below 9 m indicate upward leakage of groundwater (data not
shown). Head values are in m relative to a fixed datum at the site. The white bars are scaled tidally-averaged seepage rates;
numbers below the bars are the seepage rates in cm d�1.

0

5

10

15

0.25

0.50

0.75

1.0

24-Jul 25-Jul 26-Jul 27-Jul 28-Jul

S
G

D
 (

cm
 d

-1
)

T
id

al
 H

ei
gh

t (
m

)
SGD

Tidal
Height

b

Day 2003

0

5

10

15

0.25

0.50

0.75

1.0

24-Jul 25-Jul 26-Jul 27-Jul 28-Jul

R
n 

(d
pm

 L
-1

)

T
id

al
 H

ei
gh

t (
m

)

Rn

Tidal
Height

a

Figure 8 Radon (a) and radon-derived SGD (b) time series at
the head of Waquoit Bay during July 2003. The SGD time-series
data is plotted as a five-point running average.
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0.025 m3 s�1 in front of the bluffs and 0.003 m3 s�1 in front
of the low-lying areas, for a total of 0.028 m3 s�1 across the
shoreline.

Geochemical tracers

Radon
During the same time period that the hydrogeologic mea-
surements described above were collected, we conducted
a 2.5-day deployment of a continuous radon monitor at
the head of the bay. Radon concentrations in surface water
ranged from 1 to 13 dpm L�1 and while the lowest values
typically occurred at high tide, the peak Rn values often
lagged the low tide by 1 or 2 h (Fig. 8a). Groundwater
222Rn activities ranged from 190 to 5900 dpm L�1, with the
higher values typically observed at higher salinity
(Fig. 9a). Using the approach of Burnett and Dulaiova
(2003), we converted the radon concentrations in surface
water into an SGD flux time series using a non-steady-state
mass balance model. Briefly, to determine the Rn flux due
to SGD, we converted the Rn concentrations for each 30-
min. interval into inventories using water depth, and cor-
rected for loss to the atmosphere (using local wind speed
data), decay, and advective flux out of the head of the
bay. The net radon flux (dpm m�2 d�1) was then divided
by the average groundwater Rn concentration
(1.6 · 106 ± 1.4 · 106 dpm m�3; n = 29) to yield a SGD time-
series with 30-min resolution (Fig. 8b). In general, Rn-de-
rived SGD was related to tidal state, with the highest values
occurring at low tide and the lowest values occurring at high
tide (Fig. 8b). Rates ranged from 4 to 12 cm d�1, with an
average of 8 ± 2 cm d�1 (n = 132) for the �3 day time-series.
Radium
Around the mid-point of the continuous radon monitor
deployment, we collected four discrete water samples
for radium analysis along a shore parallel transect at the
head of the bay (Fig. 5). Radium-226 activities ranged from
13 to 20 dpm 100 L�1, with an average of 18 dpm 100 L�1.
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Figure 9 (a) Groundwater radon-222 and radium-226 versus
salinity; radon (b) and radium (c) enrichment factors of
groundwater relative to average surface water for Waquoit Bay.
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Groundwater 226Ra activities ranged from 1.9 to 490 dpm
100 L�1 (Fig. 9a); higher values were typically associated
with the high salinity groundwater samples. We used the
method of Charette et al. (2001) to obtain a 226Ra flux
due to SGD, which involves correcting the average Ra
inventory for all known sources and sinks other than
SGD. Briefly, besides SGD, the major source of Ra to Wa-
quoit Bay is tidal mixing with the coastal ocean (Vineyard
Sound 226Ra = 6 dpm 100 L�1; Charette et al., 2001). During
this study, we did not evaluate river-derived 226Ra source
to the bay, though Charette et al. (2001) determined that
it was less than 15% of the total flux. By dividing the net
226Ra inventory (120 dpm m�3 · 1 m average depth = 120
dpm m�2) by the water residence time of the bay (6.2
days, calculated from the 223Ra/228Ra activity ratio meth-
od; Charette et al., 2001), we estimate a net 226Ra flux
due to SGD of 19 dpm m�2 d�1. We divided this flux by
the average groundwater 226Ra concentration of 2400
dpm m�3 (±1900 dpm m�3; n = 22) to obtain a radium-de-
rived SGD estimate of 0.8 cm d�1. This value represents a
head-of-the bay integrated average of SGD on the time
scale of flushing of the bay (�1 week). Thus, even though
we sampled for Ra only once, we can compare the Ra and
Rn-derived SGD estimates, as well as the Darcy estimates,
which utilize hydraulic gradient data collected at the same
time.
Discussion

Spatial variability in submarine groundwater
discharge driven by topography

The thermal image, seep meter data, and water table data
all point to spatial variation in nearshore SGD that corre-
lates with onshore topography. The hydraulic gradient
shoreward of the western bluff is considerably steeper than
it is in the valley. Although gradients are unavailable for the
eastern bluff, electromagnetic data from a shore-parallel
beach transect just above high tide indicate that salinity
conditions in the top 1.5 m are the same adjacent to the
bluffs but much more saline in the valley (Belaval, 2003),
suggesting that both bluffs probably have similar water ta-
ble conditions. Therefore, all of the data point to higher
fresh SGD rates offshore of the bluffs and lower SGD rates
downgradient of low-lying areas. These low-lying areas ac-
count for �35% of the shoreline length but only 11% of the
estimated fresh SGD. Total fresh groundwater discharge to
the bay is therefore mainly controlled by the amount of
water flowing below the high topographic elevations.

In barrier islands along the Florida panhandle, asymmet-
ric freshwater lenses have been observed (Ruppel et al.,
2000; Schneider and Kruse, 2003) in which the lens is thick-
est on the Gulf side and narrows toward the Apalachicola
Bay side. Mechanisms responsible for the asymmetry may
include some combination of across island variations in
hydraulic conductivity and recharge and differences in
mean sea level between the gulf and bay sides (Ruppel
et al., 2000). Subsequent work reveals a strong correlation
between lens thickness and topographic and vegetative
differences (Schneider and Kruse, 2003). Although SGD
was not measured at these sites, the thicker lens implies a
higher water table and steeper gradient at the coast. If
hydraulic conductivities are uniform across the narrow is-
lands, then larger fresh SGD occurs along the Gulf side. At
Waquoit Bay, there is clearly no difference in mean sea
level across the head of the bay and so that mechanism
can be discounted. While there may be hydraulic conductiv-
ity variations across the head of the bay, the data do not
indicate significant horizontal variations in lithology – bore-
hole logs for the CCC and MIT wells all describe a fine to
coarse sand in the top 9 m. Although slug tests indicate that
the hydraulic conductivity may be an order of magnitude
lower at the CCC wells, the well construction method is
likely responsible for the low apparent conductivity. These
wells were constructed as piezometer nests within a single
borehole and the close proximity of other piezometers in
the nest likely obstructs flow to each test well, thereby
resulting in smaller, and incorrect, estimates of hydraulic
conductivity. Furthermore, if groundwater flux through
the valley were the same as that through the bluffs, then
a lower hydraulic conductivity would require a much stee-
per gradient, which is not observed. Therefore, the most
likely cause of the spatial variation in fresh water SGD rates
at Waquoit Bay is the significant topographic features of the
valley and bluffs.

The topographic influence on water table elevations
likely reflects differences in evapotranspiration (ET) be-
tween low-lying areas, where the water table is <1 m deep,
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and elevated terrain, where the unsaturated zone is several
meters thick. Because groundwater in low-lying areas is clo-
ser to the root zone and is more easily taken up by plants
(Tarbox and Hutchings, 2001), ET is likely relatively high.
Conversely, as water infiltrates into the sandy bluff at Wa-
quoit Bay, it quickly travels below the root zone and is sub-
jected to ET losses for only a short period of time. Hence,
we can expect significant differences in net recharge be-
tween the bluffs and the valley.

Although one thermal image is not capable of providing
sufficient data to estimate SGD rates, the portrayal of spa-
tial variability is useful in guiding field work. Clearly, fluid
flow through the low-lying valley is small relative to that be-
low the topographic highs. These different flow rates have
important implications for chemical loading estimates and
for understanding chemical transformations in the coastal
zone. For example, nitrogen loading from fresh groundwa-
ter is known to be significant at Waquoit Bay (Valiela
et al., 1992; Charette et al., 2001; Talbot et al., 2003)
and the vastly different flow rates of water across the head
of the bay may affect denitrification rates as SGD passes
through nearshore sediments (Capone and Slater, 1990). In
another example, Charette and Sholkovitz (2006) found that
differences in the depth to the fresh–saline interface across
the head of the bay played a role in the contrasting distribu-
tion of trace elements in the ‘‘subterranean estuary’’
(Moore, 1999).

The thermal image shows two relatively cold plumes of
water beginning �20 m offshore of both bluffs. Extensive
pore water sampling indicates that fresh SGD from the
unconfined aquifer is restricted to the nearshore (Michael,
2004) and we therefore think that the plumes visible in the
images are not connected to their sources. Instead, these
plumes likely originated nearshore and were cut off from
their sources by wind or tidal currents. For example, the
wind velocity doubled �30 min before the images were ob-
tained, which probably pushed the existing plumes offshore.

The seep meter data reveal spatial variability in near-
shore SGD consistent with the pattern observed from the
thermal image, the water table mapping, and seen in previ-
ous seep meter studies (see data in Michael, 2004). Unfortu-
nately, our salinity data are unreliable, so we cannot
distinguish between two possible explanations for the spa-
tial variability in the seep meter data. If the discharge is
brackish, the observed pattern likely reflects the spatial
variability of the fresh endmember. However, if the dis-
Table 1 Estimates of submarine groundwater discharge rates int

Source Fresh SGD (m3/s) Saline

Cambareri and Eichner (1998) 0.011–0.013
0.012

Michael et al. (2003) 0.001–0.011a

Michael (2004) 0.025 0.049
Charette et al. (2001) 0.43b

This study 0.028
0.004

a Seep meter coverage did not extend across entire fresh discharge
b Estimate is for saline SGD throughout entire bay.
charge is saline, which is consistent with data from Michael
et al. (2003), then the spatial variability in fresh SGD trans-
lates into spatial variability in nearshore saline SGD. Such a
conclusion is qualitatively consistent with the analytical
expression of Li et al. (1999), which describes SGD due to
tides as being directly related to the square root of aquifer
thickness. At Waquoit Bay, the water table below the bluffs
is higher than it is in the valley, resulting in a thicker satu-
rated zone. Therefore, there may be more tidal pumping
offshore of the bluffs. Note, however, that if there is a
topographic influence on saline circulation, it does not ap-
pear to extend far into the bay (see data from Michael,
2004).

A potential problematic exchange of fluid between the
seep meter bag and the seep meter was revealed by the
salinity data. Resulting predictions for the salinity of pore-
water are anomalously high, indicating that fresh water in
the bag must have been displaced by saline porewater.
While there is no reason to believe the volumetric flow rates
are erroneous, the salinity data clearly are incorrect and
indicate that salinity should not be obtained from fluid in
seep meter bags that are prefilled. Short of not pre-filling
the seepage meter bags, which can lead to flow bias (Shaw
and Prepas, 1989), salinity estimates can be obtained by
sampling the shallow porewater adjacent to the seep meter
or through the port in the drums while changing the seepage
meter bags. In Waquoit Bay, the salinity of porewater
changes little over short distances (Michael, 2004), and
porewater sampling should therefore produce reliable
results.

A hydrogeologic analysis leads to a fresh SGD estimate of
0.028 m3 s�1 across the 610 m head of the bay. This rate as-
sumes both a homogeneous hydraulic conductivity (K) equal
to the measured geometric mean K and tidally-averaged
hydraulic gradients. The SGD estimate also assumes that
the measured hydraulic gradient below the western bluff
is representative of the gradient across both bluffs. Simi-
larly, the gradient measured in the valley is assumed to rep-
resent all low-lying areas. Although these are significant
assumptions, they are consistent with the field data and
are therefore considered to be reasonable. Furthermore,
the estimated fresh SGD rate is consistent with rates deter-
mined using several other methods (Table 1). Michael (2004)
estimated fresh discharge of 0.025 m3 s�1 in August 2003
based on seep meter and porewater salinity measurements
from the seepage face out to 40 m from shore. Because
o the head of Waquoit Bay assuming a 610 m shoreline

SGD (m3/s) Total SGD (m3/s) Method

Recharge estimate
Darcy estimate

0.047–0.106 Seep meters
0.074 Seep meters

Radium isotopes
Darcy estimate
Radium isotopes

0.035 Radon

zone.
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porewater salinity was measured, Michael was able to
deconvolute fresh and saline endmember fluxes. Michael
et al. (2003) did not sample from the entire seepage face
and missed a significant portion of the fresh inflow. There-
fore, it is not surprising that their estimate is considerably
lower than ours. Cambareri and Eichner (1998) estimated
fresh discharge using both a mass-balance approach and
Darcy’s law. The mass-balance was based on an average re-
charge rate to the subwatershed, which is assumed to be
50% of long-term average precipitation. The 12 months pre-
ceding our 2003 head measurements had considerably high-
er precipitation than normal, particularly during the spring
prior to field work. Hence, our data reflect the temporal
component of recharge whereas the Cambareri and Eichner
estimate reflects a long-term average. Their discharge esti-
mate calculated using Darcy’s law applies the hydraulic gra-
dient from the valley to the entire head of the bay. Our data
show that this assumption is not accurate and that the bulk
of the freshwater flow occurs offshore of topographic highs.

Intercomparison of methods for quantifying
submarine groundwater discharge

A number of geochemical techniques for quantifying SGD
have been developed over the past several years (Moore,
1996; Cable et al., 1996; Gramling et al., 2003), but there
has been considerable controversy over what component
of SGD various techniques are measuring (Younger, 1996;
Moore and Church, 1996) and even the reliability of certain
methods (Shinn et al., 2002, 2003; Corbett and Cable,
2003). To address these issues, a series of intercalibration
experiments for various SGD quantification methods have
been conducted (Burnett et al., 2003).

In general, there has been good agreement between geo-
chemical tracers and seepage meters, with the main outlier
being estimates based on water balance or Darcy’s law cal-
culations. These differences have been attributed to the
fact that traditional hydrogeologic methods are quantifying
freshwater flow, while the other techniques include a com-
ponent of recirculated seawater, which happened to be a
substantial component of total SGD at the locations studied
to date (Burnett et al., 2001).

Thus, a key issue when comparing SGD techniques is the
fluid composition that each method is measuring. Whereas
the Darcy’s law estimate is a measure of the freshwater flux
to the head of the bay, the radium and radon methods in-
clude a component of recirculated seawater. Because fresh
groundwater has a low radium content, it must mix with
more saline groundwater along the interface in order to be-
come enriched in Ra isotopes (Abraham et al., 2003; Cha-
rette et al., 2003). Thus, any fresh groundwater that
bypasses the subterranean estuary will not be quantified
by the radium approach. Conversely, 222Rn is a noble gas
and groundwater salinity will not control its activity. Fur-
thermore, because of its short half-life, groundwater 222Rn
will equilibrate with the sediment-derived 226Ra source
after only about three weeks. Hence, unlike Ra, radon
should be an ideal tracer of total SGD, regardless of fluid
origin or composition.

The groundwater 222Rn and 226Ra concentrations shown
in Fig. 9 illustrate these points. Though both 222Rn and
226Ra increase with increasing salinity (Fig. 9a), only 222Rn
is more than two orders of magnitude enriched in groundwa-
ter relative to average surface water at all salinities
(Fig. 9b). In fact, typical fresh groundwater samples have
on average lower 226Ra than surface seawater in Waquoit
Bay (Fig. 9c). In contrast, we expect the 222Rn activities
to be relatively constant across the fresh–saline interface;
while the source of higher activities in the saline zone is un-
clear, it is possibly due to a greater sediment 226Ra source in
offshore sediments (Abraham et al., 2003). The variable
activities in both 222Rn and 226Ra across the groundwater
salinity gradient (1) illustrates a potential source of uncer-
tainty in using these isotopes as tracers of SGD and (2) raises
the issue of the appropriateness of using the average activ-
ity to estimate SGD.

There are few, if any, exceptions to the fact that previ-
ous studies using radium isotopes or radon as tracers of SGD
have reported significant (1–2 orders of magnitude) vari-
ability in the endmember tracer concentration (e.g., Moore,
1996; Cable et al., 1996; Krest et al., 2000). Whether or not
this leads to uncertainty in the SGD calculation is dependent
on whether or not: (1) we have captured the full extent of
the true variability in the aquifer of interest; (2) we have
properly weighted (in our average) the endmember value
to reflect the average concentration of the fluid that is sup-
plying the tracer to the surface water. Regarding (1), a ma-
jor difference with this work and previous studies is that we
have systematically measured the endmember concentra-
tions via a significant number of measurements across the
full salinity gradient. Thus, to simply propagate, for exam-
ple, the standard deviation of the groundwater average
through to the SGD estimate would greatly overestimate
the true uncertainty of the technique as we have applied it.

Regarding (2), given that flow rates in the fresh portion
of the aquifer are likely much faster than in the brackish
to saline zone, would it be more appropriate to use a
weighted average? One argument against this would be that
the greater aerial extent of saline SGD likely outweighs fas-
ter flow over a smaller area as with fresh SGD. A better
understanding of the spatial distribution of SGD rates would
be needed to justify using a weighted average endmember
tracer activity in studies such as presented here. However,
this results in a circular argument: SGD rates are needed to
determine a weighted average SGD rate using radium and
radon isotopes. Clearly this is untenable and so we continue
to use average groundwater concentrations while recogniz-
ing that the tracers provide an excellent qualitative indica-
tion of SGD and an uncertain quantitative estimate.

A second key issue in comparing SGD estimation tech-
niques relates to scaling. Whereas the geochemical tracers
will give a shoreline or estuary-integrated estimate of SGD,
seepage meters and hydrogeologic methods apply where
the measurements are conducted and resulting estimates
must be scaled up; this disconnect can be overcome by mak-
ing more point measurements over the area of interest. In
our case, the tracer-based SGD estimates are likely including
not only discharge along the head of the bay, but SGD that
occurs on the eastern and western shores of Waquoit Bay,
which can be seen as thermal anomalies in Fig. 4. We will
therefore use shoreline fluxes (m3 m�1 d�1) in order to com-
pare the Darcy, radon and radium-derived SGD estimates.

For fresh SGD, the volumetric flux estimate of
0.028 m3 s�1 must be divided by the shoreline length
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(610 m), which produces an average shore-normal fresh SGD
estimate of 4.0 m3 m�1 d�1. For radium-derived SGD, Mi-
chael (2004) observed a measurable 226Ra flux from seepage
meters to a distance of 70 m offshore. Thus, the radium
estimate of 0.8 cm d�1, when normalized to this seepage
face width, becomes 0.56 m3 m�1 d�1. Assuming the same
seepage width, the radon-derived SGD estimate of 8 cm d�1

translates to 5.6 m3 m�1 d�1. The difference between the
radon and radium estimates of �5 m3 m�1 d�1, agrees quite
well with the Darcy estimate and suggests that a substantial
portion of the fresh SGD at this location bypasses the sub-
terranean estuary. This observation has significant biogeo-
chemical implications because denitrification may be
enhanced during fresh–saline groundwater mixing but min-
imized in freshwater nitrate plumes that discharge through
the seepage face with minimal interaction with saline
groundwater (Talbot et al., 2003).

The shoreline fluxes observed here are of similar magni-
tude to previous intercomparison exercises held in Florida
(3–35 m3 m�1 d�1) and Australia (2–8 m3 m�1 d�1) (Burnett
et al., 2003). An intercalibration experiment in New York,
which was held in a hydrogeologic setting quite similar to
Waquoit Bay, produced estimates ranging from
5 m3 m�1 d�1 (Rn-derived; Dulaiova et al., submitted) to
7.5 m3 m�1 d�1 (seepage meter; Sholkovitz et al., 2003;
assuming a seepage face of 50 m), both in good agreement
with our total SGD estimate.

In contrast with our study, past intercalibration experi-
ments at Florida (Burnett et al., 2002) and New York (Dulai-
ova et al., submitted) found excellent agreement between
both radon and radium-based estimates of SGD. What,
therefore, can explain why our radium-derived SGD esti-
mate is so low at Waquoit Bay compared with the radon esti-
mate? One possibility is the unusually wet spring that
preceded our sampling in June 2003, where water levels in
the aquifer reached a near 10-year maximum. When this oc-
curs, the fresh–saline interface is forced in a seaward direc-
tion, and the fluid encounters sediments that have been
somewhat depleted in Ra-isotopes due to the fact that they
have been exposed to seawater for many months/years
(Charette et al., 2003). Hence, through this process, the
groundwater-derived Ra flux to the bay may have been low-
er during this time period when compared with average
summertime conditions.
Conclusions

The objectives of this study were to examine the spatial var-
iability of submarine groundwater discharge (SGD) along the
head of Waquoit Bay and to compare several techniques for
estimating fresh and saline SGD. This study demonstrates
the utility of aerial thermal images in assessing along-shore
variability in fresh groundwater discharge. Though single
images are not useful for quantifying SGD, they are quite
valuable in guiding field-work such as hydrogeologic and
geochemical tracer based studies. The infrared image of
the field site aided in planning field-work and in interpreting
the hydraulic head data and seepage measurements.

The data reveal that spatial variability in alongshore SGD
can be significant. Because shallow sediment on Cape Cod is
generally considered to be fairly uniform and homogeneous,
we expected to observe fairly uniform discharge across the
head of the bay. The thermal image clearly shows significant
discharge offshore of topographic highs and much lower dis-
charge near low-lying areas. The discharge patterns seen in
the image are also reflected in the water table and seepage
meter data. Topographic influences, which can have signif-
icant impact on net recharge, are likely the major driver of
spatial variability in fresh SGD at Waquoit Bay. The topo-
graphic influence on SGD may extend to nearshore saline
SGD patterns, although our salinity data do not allow us to
conclude this with certainty.

The salinity data from the seepage meter experiment re-
veal an exchange of fluid between the collection bag and
the meter that is unacceptable for measuring porewater
salinity. We therefore recommend that porewater salinity
either be measured in sediment adjacent to the meter or
through the sampling port on the meter.

The Darcy estimate for average fresh groundwater dis-
charge from the water table aquifer into the head of Wa-
quoit Bay is 0.028 m3 s�1, or 4.0 m3 m�1 d�1. This value
agrees well with a prior estimate calculated from seepage
meter measurements (Michael, 2004). The radium-based
estimate of SGD, which is most sensitive to brackish and sal-
ine discharge, is 0.56 m3 m�1 d�1. Finally, the radon-based
estimate of SGD, which measures total discharge (fresh plus
saline), is 5.6 m3 m�1 d�1. Although each technique mea-
sured a different component of groundwater discharge at
Waquoit Bay, the resulting discharge estimates are consis-
tent with one another and show that a variety of techniques
are needed to understand subsurface flow regimes across
the land–sea boundary.
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