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A B S T R A C T

Inadequate characterization of variability in natural tracers of submarine groundwater discharge (SGD) in-
troduces large errors into tracer-derived SGD estimates. To address this gap, we investigated spatial variability in
the natural SGD tracers 223Ra, 224Ra, 226Ra, 228Ra and 222Rn using a high-density array of piezometers and
seepage meters over a nearshore area where discharging groundwater transitioned from fresh to saline. Seepage
meters and piezometers were used to sample groundwater and to quantify fluxes and salinity. A series of spatial
patterns was distinguished beyond the normal salinity impact on Ra activity. The discharge in the interface
between saltwater and freshwater was characterized by higher activities of the longer-lived isotopes (226Ra and
228Ra), while areas dominated by benthic exchange had higher activities of the shorter-lived isotopes (223Ra and
224Ra). Spatial differences in Ra activities were associated with variation in salinity and residence time in the
aquifer and were indicative of underlying hydrogeological processes. At the freshwater-saltwater interface, fresh
discharge is driven by terrestrial hydraulic gradients and saline discharge is driven by density gradients; both
result in long residence times in the aquifer. Benthic exchange of saltwater has shorter residence times, much less
than required to enrich long-lived isotopes and reach secular equilibrium. The highest activities of 222Rn were
detected in the fresh discharge zone, and the lowest activities in areas dominated by benthic exchange. Direct
sampling at discharge points allowed comparison between groundwater collected from inland wells and the
water discharging to the bay, and indicated significant differences in the activities despite the short distance
from wells to the discharge area. Substantial spatial variability in Ra and Rn was observed on the meter scale,
with trends that reflected groundwater origin and residence time. Inadequate characterization of variability,
trends, and fluxes introduces large errors into tracer-derived estimates of submarine groundwater discharge.
Thus, the study of submarine groundwater discharge with radioactive tracers requires adequate hydrogeological
knowledge to identify processes that have strong impacts on Ra and Rn activities and associated fluxes to the
ocean.

1. Introduction

The use of naturally occurring radioactive tracers for quantifying
submarine groundwater discharge (SGD) has become a standard
method within the scientific community over the last two decades since
its first use (Moore, 1996). These tracers have been applied in coastal
locations around the world. Notable improvements in analytical

techniques (e.g., Moore, 2008; Molina Porras et al., 2017) have been
made, and our understanding of the processes that must be considered
when using a mass balance based on radioactive tracers continues to
improve. Quantification of groundwater discharge is required for in-
vestigation of ocean budgets of constituents such as silica (Tréguer and
De La Rocha, 2013), calcium carbonate (Milliman, 1993), and excess
nutrients (Kelly and Moran, 2002; Krest et al., 2000; Rapaglia et al.,
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2010; Sadat-Noori et al., 2016) that are usually associated with an-
thropogenic sources such as fertilizers and wastewater. Nutrient and
other SGD-borne pollution inputs can severely impair coastal ecosys-
tems (Johannes, 1980; Valiela et al., 1990). However, SGD can be one
of the most challenging terms in the water budget to quantify. SGD is
usually not visible and occurs under the sea, so indirect methods are
required to detect and measure it. SGD can be especially important on
oceanic islands (e.g. Kim and Kim, 2011; Knee et al., 2016) and in arid
coastal environments where freshwater resources are scarce (Gallardo,
2019) and groundwater is essential for water management (Duque
et al., 2018a; Eissa et al., 2018).

The most common natural tracers used for estimating water budgets
in coastal areas are 223Ra, 224Ra, 226Ra, 228Ra and 222Rn. The four Ra
isotopes are generated from the disintegration chains of U and Th
present in rocks and sediment grains, and therefore they are generally
more abundant in groundwater relative to seawater (Rama and Moore,
1996) or meteoric freshwater. Ra decays but otherwise generally be-
haves conservatively once released into marine and surface waters
(Charette et al., 2001). 222Rn is the daughter of 226Ra. As a noble gas, it
does not react with sediments or water when transported in ground-
water, but it can evade to the atmosphere (Ellins et al., 1990). Prop-
erties that make Ra and Rn effective tracers include their natural origin,
reliability of measurements and the potential to integrate processes that
can be highly heterogeneous (Burnett et al., 2006; Stieglitz et al., 2008).

The usual natural tracer methodology consists of a mass balance
defining the sources and sinks for the surface water body that is being
studied (Burnett et al., 2010; Cable et al., 1996). Ra sources and sinks
include generation by alpha-recoil and desorption from benthic or
suspended sediments, radioactive decay, adsorption or co-precipitation,
mixing with other waters with different compositions (for example in
bays with the ocean water), river inputs, and SGD. Generally, the
sources and sinks other than SGD are calculated based on assumptions
or data, and the input of the tracer from SGD is then estimated by
difference. In order to calculate the SGD flux, the tracer concentration
in discharge must be known, this is termed the endmember. End-
members may include one or more types of discharging groundwater,
open ocean water, and/or river water. Finally, the residence time of
water in the receiving water body is estimated either using Ra-based or
other methods and used to calculate the water input from SGD (Cable
et al., 1996; Corbett et al., 1999; Ellins et al., 1990; Rama and Moore,
1996).

Accurately estimating the groundwater endmember Ra or Rn con-
centration is critical for obtaining an accurate SGD calculation, but it
can be difficult to accomplish. In a review of 116 studies in different
world locations, Girault et al. (2016) showed 9 and 6 orders of mag-
nitude variation in the activities of samples for 222Rn and 226Ra, re-
spectively. Similar results were found by Dragović et al. (2012) related
to the geological and environmental conditions of samples in Serbia for
226Ra and by Zhuo et al. (2001) whose inventory of 552 groundwater
samples in southwest China showed several orders of magnitude
variability in 222Rn activity. At local scales, substantial heterogeneity
has also been observed (Gonneea et al., 2008; Sadat-Noori et al., 2015;
Stachelhaus et al., 2012). This variability has been highlighted as one of
the main challenges in defining the groundwater endmember (Krest and
Harvey, 2003; Michael et al., 2011) and the main source of uncertainty
both for Rn (Atkins et al., 2013; Dimova et al., 2013; Peterson et al.,
2010) and Ra (Hughes et al., 2015; Kim et al., 2005) tracer methods.

There are several causes for the Ra and Rn variability in ground-
water. One is a difference in generation rates due to heterogeneity in
sediment composition (Burnett and Dulaiova, 2003; Michael et al.,
2011). This has been shown through lab experiments using sediment
cores (Gonneea et al., 2008), where layers ≤1m apart interacted dif-
ferently with water. Salinity is another factor that substantially affects
sorption–desorption processes for Ra (Rama and Moore, 1996;
Swarzenski, 2007). In coastal areas, salinity plays a key role since
freshwater transitions to saltwater in both surface water and

groundwater, often over short distances. Other geochemical variations
can also affect Ra behavior, such as pH (Lauria et al., 2004; Sanchez and
Rodriguez-Alvarez, 1999), redox conditions (Sturchio et al., 2001;
Vinson et al., 2009), and major dissolved ions (Onishchenko et al.,
2010).

The difficulty in defining the groundwater endmember is also a
problem of scale. Because activities differ over short distances, a few
meters or less (Schmidt et al., 2009; Smith et al., 2008), using the mean
value of a few isolated samples can be unreliable. Several studies ad-
dress the problem of the required number of samples for decreasing
uncertainties in the definition of the groundwater endmembers
(Charette, 2007; Makings et al., 2014; Santos et al., 2014). Sadat-Noori
et al. (2015) tested how results varied with an increasing number of Rn
samples (n=27) in groundwater. In their study area, they found that
20 samples adequately represented the average regional Rn activity.

Another issue is that the activity of natural tracers in coastal dis-
charging groundwater often does not just have a unimodal distribution
with a high variance; rather, it is a multimodal distribution because it is
composed of varying proportions of groundwater types with different
origins and chemistries. Three primary mechanisms drive groundwater
discharge in coastal areas: discharge of freshwater from inland recharge
(Fig. 1. Flow 1), convective saltwater circulation driven by density
gradients (Fig. 1. Flow 2), and small-scale saltwater circulation, or
benthic exchange, due to processes such as tides, waves and currents
(e.g., Russoniello et al., 2018; Santos et al., 2012; Sawyer et al., 2013)
(Fig. 1. Flow 3). In the case of Ra, average activities, even considering
overall variability, are generally significantly different among ground-
water of different origin (e.g., Liu et al., 2018; Michael et al., 2011). Ra
activities are often very low and similar to surface water in fresh
groundwater (making the tracer useless for this portion of SGD), highest
in brackish groundwater, and intermediate in saline groundwater.
Thus, in order to define a single endmember, it would be necessary to
define the tracer concentration in each type of groundwater and de-
termine the proportion of flux contributed by each.

Despite all of these complications and the importance of knowing
the endmember value, it is common in the literature to find the defi-
nition of endmembers based on between a few and a dozen samples,
generally due to practical limitations such as the availability of wells or
the possibility of obtaining a large enough sample (i.e. Garcia-Solsona
et al., 2008). Additionally, relevant geochemical data such as salinity is
often missing. In most cases, authors do not discuss how representative
the groundwater samples are from a hydrogeological perspective. For
example, Cho and Kim (2016) indicated the possibility of a global
overestimation of SGD rates due to the frequent use of endmembers
with lower salinity that would transport a lower amount of Ra, possibly
because inland wells are generally drilled to obtain freshwater and not
saltwater (Michael et al., 2011). Further, Ra activities in sampled inland

Fig. 1. Conceptualization of flowpaths and corresponding SGD over the map of
interpolated EC measured with groundwater samplers (vertical section) and
seepage meters (horizontal bayfloor). 1) Freshwater flow, 2) density-driven
convection, and 3) benthic exchange. Blue refers to freshwater, and red to
saltwater (color scale can be found in Fig. 3). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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groundwater may be quite different than in discharging groundwater
due to geochemical alteration along flowpaths. The definition of the
groundwater Ra and Rn endmember has a critical impact on the results
obtained, but this aspect of the research is often minimized compared
with the typically more thorough characterization of the Ra and Rn
distributions in surface water.

Even with the wide application of these tracer methods and the
difficulty in endmember estimation, few studies have systematically
measured discharging groundwater discharge directly to characterize
the spatial variability of radioactive tracer activities. Studies with
higher spatial resolution have been limited to cross sections (i.e.
Dimova et al., 2013; Dulaiova et al., 2008; Liu et al., 2018; Michael
et al., 2011) that consider onshore-to-offshore variability related to
flowpaths, salinity, or water origin, but cannot capture aquifer het-
erogeneity that results in small-scale and alongshore variations. In this
work we characterize tracer activities in discharging water using see-
page meters and piezometers arranged in a dense, 2D grid to under-
stand meter-scale variability in Ra and Rn activities and fluxes. The
measured activities of 223Ra, 224Ra, 226Ra, and 228Ra and 222Rn were
compared with measured SGD fluxes and salinity and knowledge of the
associated flow system to investigate the association between hydro-
geological processes and radioactive tracer distributions. This under-
standing is essential to improve the application of these widely-used
tracer methods and to obtain more accurate estimates of SGD and as-
sociated chemical fluxes to oceans and surface water bodies.

2. Study area

Two field campaigns were conducted at Holts Landing State Park
(Delaware, USA) on the southern shore of Indian River Bay (Fig. 2), a
37 km2, shallow (~3 m maximum depth), microtidal (mean tide range
0.82m) estuary on Delaware’s Atlantic coast. Topography in the
223 km2 watershed is subdued with a maximum elevation of 16.5m
(Russoniello et al., 2016). A mean annual precipitation of 1140mm is
distributed throughout the year. Air temperature varies considerably
between summer (mean= 25 °C) and winter (mean=2 °C) (NOAA/
NCDC, 2010) resulting in variable recharge due to changes in evapo-
transpiration rates that drive annual water table fluctuations of several
meters (Andres et al., 2015). The ecological health of the watershed has
declined in recent decades as high nutrient loads from development and
agricultural practices have caused eutrophication (Bratton et al., 2004).
High hydraulic conductivity of shallow sediments throughout the wa-
tershed results a significant seaward nutrient transport via groundwater
(e.g. Andres, 1992; Russoniello et al., 2016).

The geology of the area is dominated by a thick series of sedimen-
tary units (2500m) which are topped by the Pleistocene Beaverdam
Formation (Fm.) (Ramsey, 2010). In many places the silty sands of the
Beaverdam Fm. have been eroded and infilled with Holocene estuarine
peats and clays (Chrzastowski, 1986; Krantz et al., 2004; Russoniello
et al., 2013). These paleovalley fill sequences act as low-hydraulic
conductivity (K) caps that prevent nearshore SGD, whereas in interfluve
areas without clay caps, the discharge is more focused along the
shoreline (e.g. (Bratton et al., 2004; Russoniello et al., 2013; Sawyer
et al., 2014). In Holts Landing State Park, a series of breakwaters was
constructed meters away from the shore to prevent erosion of the
coastline. This has created a fringe where the deposition of fine sedi-
ments has been enhanced, especially during low tide, generating an-
other cap layer (Fig. 2) along the shoreline with low hydraulic con-
ductivity that prevents the discharge of groundwater close to the shore
and causes groundwater to discharge on the other side of the break-
water. The intertidal circulation of saltwater due to tide and wave ac-
tion observed at other locations (e.g. Heiss and Michael, 2014; Michael
et al., 2005; Robinson et al., 2007; Xin et al., 2010), is absent at this
field site because of the breakwater and the low-K fringe. This situation
is fortuitous for the measurement of SGD because the relatively deep
(~1m) and flat area of bayfloor with soft sediments and low wave

action is an ideal location for the installation of seepage meters. In most
coastal areas, no cap layer exists near the shore, so SGD occurs right at
the shoreline, where variable water depth, wave action, and a steeper
slope make the use of seepage meters more difficult in the proximity of
the shore line.

We selected a study area in the interfluve with relatively homo-
genous hydrogeology unaffected by the presence of paleochannels, so
only the effect of intra-unit heterogeneity within the Beaverdam Fm.
was considered. This information was provided by previous studies
using geophysics and seepage meters (Krantz et al., 2004; Russoniello
et al., 2013). The location of the seepage meter grid was aligned with
the flow direction from one of the wells inland (Well 4) (Fig. 2), and it
was also in close proximity to the other wells (Fig. 2). This facilitated
comparisons between the chemistry of inland groundwater and dis-
charging groundwater collected from seepage meters.

3. Methods

Two field sampling campaigns were conducted - a preliminary
survey on October 26–30, 2015 and a complete survey on July 13–17,
2016 to measure spatial variations in SGD rates and chemistry.
Submarine groundwater discharge measurements were made with 30
Lee-type seepage meters (Lee, 1977) constructed from steel 55-gallon
drums with a diameter of 58 cm, following the recommendations of
previous studies (Michael et al., 2003; Russoniello and Michael, 2015).
Detailed descriptions and images of the design and function of these
seepage meters are presented elsewhere (i.e. Duque et al., 2018b;
Rosenberry, 2005). Seepage meters were painted on all sides to prevent
corrosion.

Seepage meters were deployed in a rectangular grid with 5 rows
(cross-shore direction) and 6 columns (along shore direction) with ap-
proximately 3m spacing in both campaigns (Fig. 2). Seepage meter
locations were based on knowledge of SGD patterns at the field site
(Russoniello et al., 2013; Sawyer et al., 2014) and were measured with
a Trimble RTK GPS with centimeter horizontal precision. Seepage me-
ters were deployed for the second campaign in approximately the same
location as the first campaign. In both instances, seepage meters were
installed several days prior to commencement of the campaign to allow
discharging groundwater to flush the seepage meter headspace before
measurements were made. Electrical conductivity, temperature and
depth sensors (CTD; In Situ Aquatroll 100) were deployed in three
seepage meters to verify that groundwater fully flushed the seepage
meter headspace by the commencement of the campaign.

Seepage meter samples were collected in thin-walled, durable
plastic autoclave bags. During the first campaign in October 2015, the
bags were prefilled with 2 L of Ra-free tap water to allow measurement
of groundwater recharge and to prevent bag-induced measurement
artifacts (e.g. Murdoch and Kelly, 2003; Shaw and Prepas, 1989).
During the July 2016 campaign, the bags were attached empty because
high discharge and zero recharge had been observed in the previous
campaign and bag-induced flow measurement artifacts were considered
minor compared with the potential influence on salinity and tracer
concentrations, considering the overall high discharge rates. During the
October 2015 campaign, seepage meters were sampled three times over
a half-tidal cycle at 2-h intervals (10:00–12:00, 12:00–14:00,
14:00–16:00). During the July 2016 campaign, each seepage meter was
sampled five times over a half tidal cycle (9:00–11:00, 11:00–13:00,
13:00–15:00, 15:00–17:00, 17:00–19:00). After each interval the
sample bag was removed and a previously prepared bag was im-
mediately affixed to prevent inflow of bay water to the seepage meter
during the bag exchange. Each bag had a valve so that it could be closed
during removal and while unattached. This bag exchange was com-
pleted by 3–5 operators to obtain an approximately simultaneous
sampling of all the seepage meters. The total time for sample collection
and bag replacement never exceeded 30min. Electrical conductivity
(EC) corrected to 25 °C of seepage meter samples, groundwater and

C. Duque, et al. Journal of Hydrology 579 (2019) 124192

3



surface water samples was measured by using a YSI EC300 handheld
conductivity instrument (expected error less than 1% of the reading).
For seawater at a given temperature, EC and salinity are directly pro-
portional to each other, and for ease of comparison with other studies
we present the equivalent salinity value for key EC measurements. The
percentage of freshwater and saltwater flux for each discharge sample
was calculated by assuming an electrical conductivity of 0.7 mS/cm
(salinity< 1 g/L) for the fresh water endmember based on the EC of the
well closest to the discharge area and conductivity for the saline end-
member equal to that measured for bay water on the day of sampling
(range 41–47mS/cm or 26.2–30.5 g/L).

Discharge accumulated in each seepage meter was retained for Ra
analysis. Differing SGD rates to each seepage meter resulted in different
water volumes collected for Ra analysis. Sample volumes ranged from
6.5 to 17 L in October 2015 and from 9 to 83 L in July 2016. In October
2015, 19-L buckets were used to transport samples back to the lab for
analysis, necessitating a fraction of large-volume samples to be dis-
carded; however, in July 2016 the entire collected volume of each

sample was processed on-site.
Rn sampling was done by extracting groundwater with a PushPoint

minipiezometer (diameter 5mm and screen of 3 cm) (M.H.E. Products,
East Tawas, MI) at 25 cm depth during sample collection. The insertion
process did not allow groundwater into the piezometer until the screen
was located at the correct depth, but a 50–100mL volume (2.5–5 times
the volume in the sampler for a 25-cm water column) was discarded
before the sample was collected to guarantee a representative sample of
groundwater. Extraction was accomplished by slow suction with a tube
attached to a syringe, keeping the sample at constant extraction pres-
sure to prevent degassing or mixing with atmospheric air. Samples were
collected in 250-mL gas-tight bottles, which were filled from bottom to
top and overflowed prior to capping to prevent degassing and atmo-
spheric exchange. If bubbles were generated during sampling, the
sample was discarded and a new, bubble-free sample was collected.
Samples were analyzed within four days (and generally within less than
24 h) using a RAD7 radon detector with RAD H2O accessory (Durridge
Co., Billerica, MA). The WAT250 measurement protocol was used,

Fig. 2. Location of the study area and distribution of field measurements and wells in Holts Landing State Park. Seepage meter locations and numbers are shown in
monitoring area inset.
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except that counting time was extended from the default of 30min to
3 h per sample to reduce uncertainty resulting from low sample activity.

For analysis of Ra isotopes, Ra was pre-concentrated by adsorption
from each water sample onto Mn-oxide coated acrylic fiber (Dulaiova
and Burnett, 2004; Kim et al., 2001; Moore and Reid, 1973). Water was
aerated before Ra adsorption to cause degassing and oxidation that
would help ensure quantitative extraction (Dulaiova and Burnett,
2004). Turbidity was negligible and water was not filtered. Water was
passed slowly (< 1 L per minute) by gravity feed through ¼-inch plastic
tubing into the inlet of a 100 cm3

flow-through cartridge containing 14
g of Mn-coated acrylic fiber (Scientific Computer Instruments, Co-
lumbia, SC), which adsorbed Ra from the water. After draining and
removal from the cartridge, the fiber was transferred to a labeled plastic
Zip-loc bag for transport to the laboratory. Extraction efficiency was
evaluated by passing water through two columns in series, and no de-
tectable Ra was found in the downstream column, indicating essentially
quantitative removal by the first column.

For short-lived isotope (223Ra and 224Ra) analysis, Mn fibers were
rinsed with fresh tap water and air-dried to achieve a water to fiber
weight ratio of between 0.4 and 1.1 for optimum counting efficiency
(Moore, 2008; Sun and Torgersen, 1998). Short-lived Ra isotope ac-
tivities were then measured on a Radium Delayed Coincidence Counter
(RaDeCC) system at American University using the protocols described
by Knee et al. (2008) and Street et al. (2008), based on techniques
developed by Moore (1976) and Moore and Arnold (1996). Initial 223Ra
and 224Ra measurements were made within 10 days of collection, and
all samples were run a second time 3–6weeks after collection to correct
for 228Th- supported 224Ra activity. The error associated with each
short-lived Ra isotope measurement was calculated using methods de-
scribed by Garcia-Solsona et al. (2008). Median relative errors were
37% and 18% of sample activity for 223Ra and 224Ra respectively, and
any measurements with relative errors > 100% (corresponding to low
activities close to the lower limit of detection; n=3 for 223Ra and n= 1
for 224Ra, respectively) were considered to have an activity of half the
lower limit of detection. This lower limit was estimated as 0.1 dpm/100
L for 223Ra and 1 dpm/100 L for 224Ra. The estimate for the lower limit
of detection was based on the uncertainty, which is itself a function of
the number of decays counted over the maximum 4-h run time and the
background counts per minute recorded by the RaDeCC system. As the
number of counts decreases, the relative uncertainty increases and
approaches 100%, which is interpreted as the lower detection limit. The
number of counts is influenced by the sample activity as well as the
sample volume and the time elapsed between collecting and running
the sample. In this case, we inspected the calculated activity and re-
lative uncertainty of each sample, estimated the activity when relative
uncertainty was equal to 100%, and assumed that to be the lower de-
tection limit.

For 226Ra and 228Ra, the Mn-fiber samples were ashed at 700 °C and
sealed after cooling in labeled 7-mL polypropylene vials. Two high-
purity Ge gamma spectrometers (Model GWL-170–15-LB-AWT with
15mm well diameter, EG&G Ortec, Ametek, Inc.) were used to measure
sample gamma emissions at the University of Delaware. 226Ra was
measured from its emission at 186.2 keV, and 228Ra through the 228Ac
gamma emission at 911.3 keV. Reference measurements were cali-
brated with certified NIST-4965 and NIST-4339b Standard Radium
Solutions (US National Institute of Standards and Technology). Specific
activities and one sigma errors were calculated using standard counting
techniques (Mook, 2001) and are reported in units of becquerels per
kilogram (Bq/kg) and converted to dpm/100 L. Activities were cor-
rected for detector background and for decay that occurred between
sample collection and analysis on the gamma spectrometer. The limit of
detection for each radionuclide was defined as three times the standard
deviation of the background under the peak used for the activity
quantification. Reported analytical errors are± 1 standard deviation
based on counting statistics.

Five nearby onshore wells were sampled to estimate Ra and Rn

activities in the groundwater endmember(s) as it is usual in SGD stu-
dies. Wells were purged by pumping three times the volume stored in
the well prior to each sampling. These wells had different salinities due
to the intersection of the saltwater-freshwater interface at different
depths. A CTD logger was installed in a well located 70m inland of the
shoreline to record changes in the water table elevation and EC at 10 to
15min intervals. A CTD was also installed beneath a nearby pier to
record the tide level of bay water. A barometer installed at the well
allowed for atmospheric corrections to be made to measurements from
both sensors.

Groundwater below the area covered by the seepage meters along a
transect was collected with samplers every 25 cm up to 1.5 m depth. EC
was measured to establish how freshwater transitions to saltwater in
the aquifer below the bay and verify the results obtained with the
seepage meters.

Here, we present results from the July 2016 sampling campaign
because it was more complete (for 2015 only 10 samples were collected
for 222Rn), the analytical methods were corrected and adapted to the
characteristics of this zone (analytical uncertainties were reduced by
increasing sample volumes and/or increasing the counting time), and
the field methods were tested and improved after the 2015 re-
connaissance survey (a system for Ra extraction of samples in situ was
constructed and two RAD7s were used for in-situ analysis of 222Rn). In
spite of the improvements in the methodologies, it was possible to de-
tect that the general trends observed in 2015 were similar in 2016 in-
dicating that the results presented here are consistent during longer
periods of time and not only applicable to the specific time of sampling.

4. Results

4.1. Salinity and flux distribution

The samples collected from the seepage meter bags and from direct
sampling with the PushPoint sampler in the aquifer adjacent to each
seepage meter showed a salinity distribution that reflected the location
of the freshwater-saltwater interface. The seepage meter grid spanned
an area where freshwater was dominant, another where saltwater was
dominant, and the transition or interface zone between them. The
measured EC ranged from fresh (< 2 mS/cm, salinity< 1 g/L) to saline
(> 40 mS/cm, salinity> 25.5 g/L) over a distance of less than 6m. The
interface zone was ~3–5m wide (Fig. 3A). The sampling locations were
classified as freshwater-, saltwater-, or interface-dominated based on
the salinities measured and the spatial distribution. The first two rows
(12 sampling points) were classified as freshwater, 7 points as fresh-
water-saltwater interface, and 11 points, located mostly in the last two
rows were classified as saltwater. Two or three points classified as in-
terface could also have been classified as saltwater (Fig. 3C). The flux
distribution varied somewhat with salinity. In general, higher fluxes
were measured in the freshwater and interface areas (Table 1) com-
pared to the saltwater area further offshore (Fig. 3B). The highest fluxes
were associated with the saltwater-freshwater interface (Fig. 3C). Si-
milar distributions have been observed in other studies at different sites
(Duque et al., 2018b; Michael et al., 2005)

4.2. Tracer results

Rn and Ra activities (Duque et al., 2019) were characterized for
each zone with descriptive statistics (Tables 1 and 2). The mean ana-
lytical error compared with the mean value was highest for 226Ra (41%)
and lower for the other Ra isotopes (223Ra-36%, 224Ra-25% and 228Ra-
3%) (Table 2). Measurements were highly variable, ranging from below
detection limit to high values, due to the different environments (var-
iations in salinity, flow paths, fluxes) that were captured in the samples
(Tables 1 and 2).

Ra activity varied strongly between categories, with much lower
values in fresher discharge (Table 2). In the interface zone,
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groundwater fluxes, activities and standard deviations of 226Ra and
228Ra were greatest. 222Rn activities were highest in fresh discharge and
lowest in the saltwater zone (Table 1). While 222Rn activities are not
affected by salinity, differences between freshwater zone and saltwater
zone were observed.

Differences in Rn and Ra activity among the salinity categories were
evaluated (Fig. 4; Table S1) using a two-sample Student’s t-test were
completed by testing the null hypothesis that the means each pair of
categories (saltwater-freshwater, saltwater-interface, interface-fresh-
water) were the same. If the null hypothesis was rejected, the inter-
pretation is that the two categories had significantly different mean
values. The t-test is a standard and widely used statistical method.

For 223Ra, 224Ra, and 228Ra, saltwater activity was significantly
higher, 3–4 times higher than that of freshwater. The minimum values,
near the lower detection limit, were all located in the freshwater zone.
For 223Ra and 224Ra, freshwater and saltwater were significantly dif-
ferent (SW-FW: 223Ra p=2.6.10−3, 224Ra p=1.7.10−4), while the
interface was not statistically distinct from the saltwater zone (SW-INT:
223Ra p=4.2.10−1, 224Ra p=4.4.10−1). For 226Ra and 228Ra, the
distinction between saltwater and freshwater is clear (SW-FW: 226Ra p-
value= 9.2.10−2, 224Ra p=1.2.10−9). The t-test could not statistically
differentiate between saltwater and interface zones (SW-INT: 226Ra
p=1.9.10−1, 228Ra p=3.5.10−1), probably due to the high variability
of concentrations in the interface zone (Fig. 4).

222Rn activity showed a gradual transition from the location where
freshwater was dominant (high values) to the saltwater areas (low va-
lues), and a t-test confirmed that freshwater (n=12) had significantly
higher 222Rn than saltwater (n=11) (p=1.2.10−3).

Rn and Ra activities in inland wells varied over a large range.
Although they are located at variable distances from the shore (Fig. 1)
and at different depths, they are all within 120m of the seepage meter
grid and in the same geological unit. Wells 1, 2, and 3 are nested at
different depths in the same location, and the screens intersect different
parts of the salinity interface (detailed information about the wells and
their characteristics can be found in Andres et al., 2015); thus differ-
ences in Ra (Table 3) are related to the depth and salinity. Well 4 is
closest to the location of the seepage meter grid and probably in the
same flow line of groundwater discharging to the bay (Fig. 1), hence it
was selected to compare groundwater in wells with that discharging to
the bay.

4.3. Spatial distribution

Ra activities generally increased from the fresh to saline portions of
the sampling grid, which is expected due higher mobility of Ra with
higher salinity (Elsinger and Moore, 1984). However, within salinity
zones, there was strong spatial variability in Ra over short distances
(Fig. 5). The lowest Ra activities generally occurred in the row of see-
page meters located closest to the shoreline where there was the
greatest proportion of freshwater, but the highest activities did not
occur in the most offshore row for all the Ra isotopes. In the case of
long-lived isotopes 228Ra and 226Ra, the maxima were located in the
freshwater-saltwater interface zone, but activities were highly variable.
For the short-lived isotopes 223Ra and 224Ra there was a more gradual
transition from the freshwater sampling points, where activities were
near 0, to the maximum values located in the saltwater area (Fig. 5).

Comparison between 228Ra and 222Rn with respect to electrical
conductivity shows the differences between the tracers (Fig. 6). The
highest activity of 222Rn was located in the freshwater zone, closest to
shore. It was much lower, near the lower detection limit, in the salt-
water zone. 222Rn activity decreased systematically with salinity, unlike
Ra, which peaked at intermediate salinity. There was also spatial
variability in the activities measured for each of the salinity zones de-
fined. The activity of 222Rn for samples collected in the freshwater area
ranged from 25 to 200 pCi/L and from 0 to 100 pCi/L for samples
collected in the saltwater area. 228Ra activities ranged from 0 to 50
dpm/100L for freshwater samples and 50 – 300 dpm/100L for saltwater
samples (Fig. 6).

5. Discussion

5.1. Spatial variability of Ra and Rn

These results illustrate the meter-scale spatial variability of natural
SGD tracer activities. The sampling points were located 3m apart and
the maximum distance within the study area was less than 20m.
Nevertheless, the observed activities varied by up to a factor of 1000,
even for this small area. A key controlling factor was salinity or

Fig. 3. A) Interpolation of electrical conductivity, B) interpolation of fluxes, C)
flux vs EC in seepage meters. Sampling point locations are shown in A and B,
and colored by discharge zone category. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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groundwater origin, as the variability in activity is reduced when
samples of 222Rn and Ra are compared only within areas dominated by
freshwater or saltwater. This observed heterogeneity complicates end-
member definition in the application of these tracers to more extensive
areas, for example with the utilization of isolated samples that can in-
troduce large errors into estimations of the average activity of Ra and
Rn in SGD.

The spatial variability of Ra has been observed and described pre-
viously based on cross-sectional studies (Knee et al., 2008; Liu et al.,
2018; Michael et al., 2005; Street et al., 2008). However, in this case it
is possible to see that there is also high lateral variability along shore. In
principle, the observed differences between activities of different Ra
isotopes are related to their half-lives and the abundances of their
parent isotopes in the U and Th series, since the chemical behavior of
the isotopes is identical. Thus, variation in water flow paths and re-
sidence times are likely to control the differential behavior of Ra iso-
topes in groundwater (e.g., Michael et al., 2011).

5.2. Salinity changes in groundwater and impact over radioactive tracers

The freshwater-saltwater interface will be present in any coastal
area where there is freshwater discharge. Accounting for the salinity
distribution when developing a sampling plan for characterizing
radioisotope concentrations in endmembers will help to reduce bias and
uncertainty. This is illustrated by the samples that were collected from
the inland wells. Wells 1, 2, and 3 are all located the same distance from
shore, but at different depths. The Ra activities for each of the wells
were distinct due to the salinity changes with depth produced by the
saltwater-freshwater interface location. Each of the wells would be
more representative of freshwater or saltwater so an optimal approach
would be to select the sample that is more representative of the desired
endmember (i.e. freshwater or saltwater discharge) and to characterize
its uncertainty.

The challenge in defining representative endmembers associated
with salinity distributions can also be temporal. The freshwater-salt-
water interface location is affected by transient processes such as water
abstraction for irrigation and supply, changes in inland recharge, and
climatic oscillations. This complicates sampling in longer term studies
since it cannot be assumed that endmember activities are constant

(Cerdà-domènech et al., 2017). This would have a direct impact, for
example, in regions with marked seasonal oscillations that could lead to
an apparent higher Ra activity in the dry seasons than in the wet season
if the same wells were sampled without considering movement of the
saltwater-freshwater interface. Changes in the inland water table can
also alter the position of the salinity discharge zones offshore, which
would need to be considered for the appropriate placement of seepage
meters.

A second complication in defining endmembers is the variation in
activities along flowpaths. A simple comparison of the arithmetic mean
of the dataset collected in the seepage meters with the measurements in
Well 4, located along the flow line of the discharging water at a distance
of less than 100m, showed an enrichment from Well 4 to discharge
point of: 175%, 278%, 20% and 374% of the seepage meter average for
223Ra, 224Ra, 226Ra and 228Ra, respectively. The cause for this may be
differences in the water sources or geochemical processes along the
flowpath prior to discharge. Since the EC in the well was similar to the
discharging freshwater (EC= 0.6 mS/cm or salinity < 1 g/L), the
same comparison can be done with only the freshwater samples in the
seepage meters with these results: −75%, −73%, −25% and −69%
for 223Ra, 224Ra, 226Ra and 228Ra respectively. Seepage meter samples
collected in the freshwater zone were fairly similar, in terms of EC, to
well water. Well 3 had the highest EC (20 mS/cm or salinity ~12),
making it the most comparable to saline seepage meter samples. Despite
having similar EC to these saline seepage meter samples (Table 2), the
well had Ra activities 5–25 times higher. This may reflect saline wedge
interception in the well and/or that the well and the groundwater
discharge zone are along different flowpaths (the well is located around
120m to the West of the sampling area). In general, these comparisons
indicate that groundwater samples from wells may not adequately re-
present SGD to the surface water body; the distance between the well
and discharge point is critical and large differences can occur over short
distances. For this reason, direct sampling from discharging water is
recommended.

5.3. Flow paths and Ra distribution

Coastal groundwater flow and mixing processes occur on a range of
time scales similar to the range in Ra half-lives, which are proportional

Fig. 4. Comparison of 222Rn, 223Ra, 224Ra, 226Ra and 228Ra in discharging groundwater for each discharge zone (median, range maximum and minimum and outliers
are presented).

Table 1
Number of samples (n), arithmetic mean (µ), maximum (Max), minimum (Min), and standard deviation (S.D.) of flow measured with seepage meters and 222Rn
activity measurements with analytical errors for the categories established based on EC.

Flow (cm/d) 222Rn (pCi/L)

n µ Max Min S.D. n µ Max Min S.D.

All data 30 30 85 6 20 30 58 ± 6 192 ± 14 7 ± 5 50 ± 3
Freshwater 12 38 63 6 17 12 95 ± 12 192 ± 14 25 ± 4 57 ± 4
Interface 7 40 85 10 28 7 49 ± 5 101 ± 7 14 ± 3 31 ± 2
Saltwater 11 16 26 8 7 11 24 ± 4 52 ± 5 7 ± 5 16 ± 3
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to production rate. As a result, Ra isotope ratios can potentially be used
to understand flow processes in coastal groundwater systems. 226Ra and
228Ra have half-lives of 1600 years and 5.8 years respectively; there-
fore, if they are removed by any process it will take a long time to reach
a new equilibrium. The half-lives of 223Ra and 224Ra are much shorter
(11.4 and 3.6 days, respectively) and while long-lived isotopes reflect
an integrated value of the processes taking place in the system, the
short-lived isotopes are more sensitive to the immediate environment
(Rama and Moore, 1996). Assuming that variations in the underlying
geology do not affect Ra isotope production in the study area, a rela-
tively high 223Ra/228Ra or 224Ra/228Ra ratio would indicate the dom-
inance of short residence time processes since short-lived isotopes re-
spond more quickly to changes than long-lived isotopes (Rama and
Moore, 1996). Previous studies with analytical simulation of the gen-
eration of Ra isotopes (Michael et al., 2011; Tamborski et al., 2017)
showed that it takes ~ 20–30 days to fully regenerate the short-lived
isotopes of Ra and much longer (years) for 226Ra and 228Ra. Therefore,
these results would be indicative of processes that are shorter or longer
than about one month (Charette, 2007; Michael et al., 2011; Moore,
2003). Here, we refer to these as “fast” and “slow” processes, respec-
tively. Saltwater recirculation (benthic exchange) is a fast process that
does not allow enough time for the longer-lived isotopes of Ra (226Ra
and 228Ra) to build up in groundwater. A longer flow path, such as that
along the saltwater-freshwater interface driven by density gradients,
would allow for generation of 228Ra, and potentially 226Ra (depending
on the ratio of residence time to production rate) and would be con-
sidered slow.

Considering this conceptualization, 226Ra and 228Ra activities were
highest in the interface zone between fresh and saline groundwater
(Figs. 4 and 5). Two different underlying mechanisms could produce
this pattern. One possibility is that the freshwater-saltwater interface
moves back and forth seasonally. During wet periods, Ra would accu-
mulate by adsorption to the surfaces of sediments in the freshwater part
of the aquifer. Then, during drier periods, the saltwater-freshwater in-
terface would retreat and saltwater would flow into this part of the
aquifer, increasing the desorption of Ra and allowing it to be flushed
out. The accumulation and release of Ra connected to the changes in
water table and the oscillations of the saltwater-freshwater interface

has been described as an explanation for the changes in Ra activity
along vertical profiles (Dulaiova et al., 2008). The reasons for changes
in the saltwater-freshwater interface position are connected to inland
recharge, which oscillates seasonally in this temperate zone due pri-
marily to evapotranspiration and precipitation changes (e.g., Michael
et al., 2005).

A second potential reason for high long-lived isotope activities along
the interface is that discharge in this zone is a result of longer
groundwater flow paths with greater residence time. Density driven
flow induces groundwater to follow a circulation path downward and
then upwards along the freshwater-saltwater interface (Kohout, 1964).
This hydrogeological process causes groundwater to circulate for a
longer time in contact with the sediments, increasing the content of
228Ra and potentially 226Ra. The spatial distribution of Ra isotope ratios
support this interpretation. The ratios of short-lived to long-lived iso-
topes, 223Ra/228Ra and 224Ra/228Ra, are greatest in the areas where
saltwater is dominant and lower in interface areas (Fig. 7). This reflects
the difference in residence time between discharge driven only by
benthic exchange (short residence time), as expected in the saltwater
only zone, and discharge driven by density gradients (longer residence
time). A short groundwater residence time results in a higher short-
lived to long-lived isotope ratio than a long residence time. The
228Ra/226Ra ratios have a more homogeneous distribution in the salt-
water areas (Fig. 7) since both isotopes are indicators of regional pro-
cesses in the system and they are not as useful for resolving processes
occurring on shorter time scales.

5.4. 222Rn

Salinity has a minor effect in the solubility of 222Rn (Schubert et al.,
2012). Usually it is assumed that 222Rn is transported by groundwater
once it is generated by decay of 226Ra as a consequence of its high
solubility in water relative to its production rate (Stellato et al., 2013).
Since it would be equally enriched in fresh or saline groundwater
(Mulligan and Charette, 2006; Sadat-Noori et al., 2015), it is considered
a tracer of total groundwater discharge. However, in the sampling
completed for this work, there are differences in Rn activity among the
three discharge zones based on EC. These may be explained by

Table 2
Arithmetic mean, maximum, minimum, and standard deviation of Ra isotope activity measurements with analytical errors.

226Ra (dpm/100L) 228Ra (dpm/100L)

n µ Max Min S.D. n µ Max Min S.D.

All data 30 24 ± 10 50 ± 6 1 ± 16 11 ± 10 30 109 ± 4 532 ± 7 1 ± 1 111 ± 3
Freshwater 12 15 ± 10 37 ± 2 1 ± 16 10 ± 1 12 7 ± 2 51 ± 2 1 ± 1 19 ± 1
Interface 7 32 ± 8 50 ± 7 17 ± 4 14 ± 6 7 208 ± 6 532 ± 7 41 ± 1 167 ± 4
Saltwater 11 24 ± 11 39 ± 15 14 ± 3 7 ± 10 11 144 ± 5 199 ± 3 86 ± 3 29 ± 2

223Ra (dpm/100L) 224Ra (dpm/100L)

n µ Max Min S.D. n µ Max Min S.D.

All data 30 11 ± 4 62 ± 11 0 ± 0 14 ± 5 30 310 ± 78 1282 ± 529 4 ± 2 307 ± 113
Freshwater 12 1 ± 1 3 ± 1 0 ± 0 1 ± 0 12 12 ± 7 117 ± 7 4 ± 2 46 ± 4
Interface 7 14 ± 5 39 ± 17 3 ± 1 12 ± 6 7 423 ± 85 951 ± 310 193 ± 14 277 ± 106
Saltwater 11 19 ± 7 62 ± 11 7 ± 4 15 ± 4 11 530 ± 152 1282 ± 529 236 ± 87 281 ± 135

Table 3
Universal Transverse Mercator (UTM) coordinates, 223Ra, 224Ra, 226Ra, 228Ra, 222Rn activities with analytical error, volume of sample (V) and EC of the wells.

Sample UTM X UTM Y 226Ra (dpm/100L) 228Ra (dpm/100L) 223Ra (dpm/100L) 224Ra (dpm/100L) V (L) 222Rn (pCi/L) EC mS/cm

Well 1 488788.0 4271452.3 70 ± 4 46 ± 2 4 ± 2 N.A. 39.30 17 ± 8 5.05
Well 2 488790.4 4271451.9 104 ± 8 136 ± 5 8 ± 3 325 ± 505 41.00 25 ± 6 1.25
Well 3 488793.0 4271451.6 149 ± 10 897 ± 11 141 ± 30 3948 ± 1192 39.10 33 ± 20 20.12
Well 4 488888.5 4271365.8 20 ± 6 23 ± 3 4 ± 1 82 ± 14 39.30 26+6 0.6
Well 5 488746.0 4271382.3 2 ± 12 33 ± 3 3 ± 1 56 ± 10 38.80 2+ 0 N.A.
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differences in the residence time of groundwater. Similar to Ra isotopes,
222Rn accumulates over time according to its half-life, requiring ap-
proximately three weeks to approach equilibrium with 226Ra. In this
case, 222Rn is highest in fresh discharge, intermediate in the interface,
and lowest in the saline discharge zone. Fresh discharge should have
long (months to decades) residence times. Discharge in the interface
should be a mix of density-driven brackish groundwater with a long
(weeks to decades) residence time and short-flowpath saline benthic
exchange that reflects a shorter-term process (hours to days). In addi-
tion, Ra adsorption to sediments is greater under freshwater conditions
than under saltwater conditions, and this likely leads to higher 222Rn
production in freshwater aquifers than in more saline aquifers where
the Ra tends to be desorbed and flushed out.

5.5. Implications for endmembers

Based on this conceptualization, the use of 222Rn as a total SGD
tracer and Ra as primarily a saline SGD tracer can present issues for the
definition of the endmember. Since both Ra and Rn accumulate in
groundwater over time and therefore vary in groundwater with dif-
ferent flowpaths, concentrations in discharging groundwater cannot be
adequately represented by a single endmember value, even if a range
corresponding to uncertainty is included. Rather, the discharging

groundwater represents a continuum of endmembers, and the best way
to capture its characteristics may be a discharge-rate weighted average.
For example, using our Rn and seepage meter data, the arithmetic mean
of water fluxes and 222Rn activity was calculated for the first (nearest
shore) and last row (most distant from shore). The 222Rn activity de-
creased from 94.5 to 23.2 pCi/L when moving offshore, almost a factor
of 4, while the flow was reduced only to half from 38.4 cm/d to
17.8 cm/d. Thus, the application of 222Rn activity for the quantification
of fluxes in the bay would lead to an underestimation of SGD rate. There
could also be differences in endmember activities of different types of
groundwater if there are heterogeneities in the abundances of parent
isotopes and other aquifer characteristics that control inputs of Ra
isotopes and Rn to the water.

For the correct definition of endmembers, if one component is not
dominant in terms of tracer contribution, it is necessary to know a priori
the proportion of groundwater discharge contributed by each compo-
nent of discharge. The results presented in this study show that Ra
isotope ratios can reflect the dominant flow mechanisms, aiding in
sample classification and quantification of fluxes. Alternatively, they
can be a tool for the definition of the hydrogeological conditions. For
example, Ra activity ratios can aid in the study of nutrient discharge to
coastal areas and contaminant processes because the origin and circu-
lation path of groundwater would be indicators of potential

Fig. 5. Spatial distribution of 228Ra, 226Ra, 223Ra and 224Ra activities in discharging groundwater. The colors of the dots correspond with freshwater (blue), interface
water (yellow) and saltwater (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (Left) 228Ra and (Right) 222Rn activity (dpm/
100 L) vs electrical conductivity (mS/cm) of
groundwater collected in seepage meter locations
(circles), well 4 (blue diamonds) and baywater (red
squares). Error bars correspond to analytical error.
For 222Rn, data for samples collected in well 4 at
different times in preliminary surveys (October
2015, December 2015) are also shown. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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biochemical processes in each zone.

5.6. Field sampling implications

The mixing of different water types in coastal areas and the ne-
cessity of a sufficient volume of sample for measuring Ra can hinder the
detection of the patterns presented to locate the different type of hy-
drogeological processes affecting to Ra and Rn.

As our data set demonstrates, the saltwater-freshwater interface is a
diffuse boundary that can be highly irregular due to heterogeneity in
aquifer hydraulic properties. This interface can be difficult to detect by
direct measurements unless an extensive 2D monitoring network is used
as in this experiment. A strategy for the optimization of sampling would
be the use of small and surficial geophysical surveys to determine the
predominance of different types of water (i.e. Kinnear et al., 2013). The
measurement of salinity is highly recommended not only for sampling
but also for the construction of conceptual models of freshwater-

saltwater discharge (Duque et al., 2018b; Michael et al., 2005) to help
in the interpretation of the data collected and assess the relevance or
the impact assigned to each sample.

The use of cluster sampling with several samples in small areas in-
stead of a unique sample can help to provide an estimate of variability
and uncertainty due to the natural spatial variability of the systems
without excessively increasing the analytical and field work. In the case
of sampling including seasonal variation, the changes in the hydro-
geological conditions (i.e. water table) can lead to modifications of the
saltwater-freshwater interface, affecting both endmembers in wells and
measurements in discharge areas. The different flow paths and hydro-
geological processes taking place in coastal areas play an important role
in the activities of radioactive tracers. Characterizing them requires
additional field measurements, but this effort would be worthwhile
because it would substantially reduce misinterpretations and erroneous
estimates of SGD. So far, this is the first study to directly measure the
spatial distribution of radioactive tracers in discharging groundwater
and compare it to that in nearby wells. We think that this type of work
should be more frequent in the application of these tracers instead of an
anomaly.

6. Conclusions

Ra activity in coastal groundwater is highly variable due to the
salinity differences within the saltwater-freshwater interface. Even over
short distances such as those presented in this study and under apparent
homogeneous hydrogeological conditions and sedimentary composi-
tion, considerable spatial variability occurs.

Ra activity is affected by the hydrogeological processes taking place
in coastal areas. The freshwater zone is defined by the lower salinity
and lower Ra activity, the interface zone presents higher activities in
226Ra and 228Ra due to the longer flow path as a consequence of density
driven flow, and higher activities of 223Ra and 224Ra are measured in
the zones dominated by recirculation of saline water. Applying 222Rn as
a total SGD tracer can be problematic when short-term circulation
patterns dominate the hydrological conditions, because this type of
circulation was associated with lower Rn activity in groundwater. The
results presented in this work showed a higher 222Rn activity in the
areas dominated by freshwater due to the longer groundwater residence
time in the aquifer and greater concentration of adsorbed Ra on aquifer
surfaces.

The use of seepage meters for sampling submarine groundwater
discharge has several advantages. Used in clusters, measurement can be
a useful alternative for the definition of spatially variable endmembers
and can enable better assessment of uncertainty. Our results indicate
that a grid of seepage meters provides a more accurate characterization
of the discharging groundwater endmember compared with wells. The
use of inland wells as groundwater endmembers can introduce poten-
tially large errors, since various processes that affect natural tracer
concentrations can take place along the flow path between the well
location and the coastal discharge area. The main challenge in using
seepage meters is the restrictions associated with installation and the
amount of manual labor required.

While radium and radon isotopes are useful tools, as demonstrated
in multiple SGD studies, they must be used carefully. The very large
impacts of the origin and flowpaths of discharging groundwater on
tracer concentrations should be a major consideration in their appli-
cation because it can reduce their reliability or even render them use-
less as indicators of hydrologic processes. Moving forward, the com-
munity must recognize these dependencies and make every effort to
apply radiochemical tracers in the most accurate way possible, even if
that means making more measurements, conducting uncertainty ana-
lyses, and collaborating across disciplines. Taking into consideration
the hydrogeological conditions (saltwater-freshwater interface, sea-
sonal changes, residence times, the design of sampling surveys con-
sidering the discharge conceptual models and the natural spatial

Fig. 7. Ratios of Ra isotopes (size of the dots is proportional to the value in
white) and electrical conductivity distribution map (colors). The freshwater
zone ratios have been excluded due to erratic values when dividing by near-
zero denominators).
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variability) will lead to more accurate results in the estimation of
submarine groundwater discharge.
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