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1. Introduction
The study of coastal groundwater has recently surfaced

as an active interdisciplinary area of research, driven foremost
by its importance as a poorly quantified pathway for
subsurface material transport into coastal ecosystems.1-10 Key
issues in coastal groundwater research include a complete
geochemical characterization of the groundwater(s);11-13

quantification of the kinetics of subsurface transport, includ-
ing rock-water interactions;14-18 determination of ground-
water ages;19-20 tracing of groundwater discharge into coastal
waters using radiochemical fingerprints;21-24 and an assess-
ment of the potential ecological impact of such subsurface
flow to a receiving water body.25-29 For such applications,
the isotopic systematics of select naturally occurring radio-
nuclides in the U/Th series has proven to be particularly
useful. These radionuclides (e.g., U, Th, Ra, and Rn) are
ubiquitous in all groundwaters and are each represented by
several isotopes with widely different half-lives and chem-
istries (Figure 1). As a result, varied biogeochemical
processes occurring over a broad range of time scales can
thus be studied.

In source rock, most U/Th series isotopes are in secular
equilibrium; that is, the rate of decay of a daughter isotope is
equal to that of its radiogenic parent, and so will have equal
activities (in this context, the specific activity is simply a
measure of the amount of radioactivity per unit amount).20,30,31

In contrast, these nuclides exhibit strong fractionations within
the surrounding groundwaters because of their respective
physicochemical differences.32,33Disequilibria in U/Th series

radionuclides can thus be used to identify distinct water
masses, quantify release rates from source rocks,34,35 assess
groundwater migration rates,36,37 and assess groundwater
discharge rates in coastal waters. Large isotopic variations
also have the potential for providing precise fingerprints for
groundwaters from specific aquifers38 and have been explored
as a means for calculating groundwater ages and estuarine
water mass transit times.29,39-43

The highly fractionated nature of U/Th series nuclides in
groundwater11,14,19,20,33,44-46 is illustrated by the range in some
measured activities (Figure 2). Highest activities are typically
observed for222Rn, reflecting the inert nature of this noble
gas.47-49 Groundwater222Rn (t1/2 ) 3.8 days) activities are
thus controlled only by rapid in situ decay (Table 1) and
production within host rocks, without the added complica-
tions of reversible removal via adsorption or precipitation.
Uranium, which is soluble as U(VI) in oxidizing waters, is
present in intermediate activities in groundwaters that are
moderated by redox-initiated removal onto aquifer rocks.50

The alkaline earth Ra and, to a greater extent, the less soluble
actinide Th are readily removed from groundwater by water-
rock interactions and so are strongly depleted.51,52 Both of
these elements have very short-lived as well as longer-lived
isotopes, and so their isotope compositions reflect processes
over a range of time scales.
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Many studies have evaluated the behavior of select
radionuclides in groundwater and surface water sys-
tems.19,20,31 Recent advances in high-precision mass spec-
trometry53,54 have opened new possibilities for more subtle
interpretations in select long-lived U/Th series isotopes, such
as U, Ra, Pa, and Th.55 However, these techniques have yet
to be fully developed, and as a consequence, such data remain
largely scarce and underutilized. Although many different
approaches have been developed to study radionuclide
behavior in groundwater, all are based on principles of
radioactive production and decay19 and knowledge of source
terms from weathering and recoil processes, as well as

removal terms from the interaction with aquifer host rock
surfaces by sorption and precipitation.18

This review is structured to present first a brief description
of the background, driving forces, scales, and ecological
significance of submarine groundwater discharge. Following
this, a description of the geochemistry and behavior of select

Figure 1. Schematic of the238U, 232Th, and235U decay chains.

Figure 2. Comparison of select U/Th series radionuclide activities
in select groundwater samples (after Porcelli and Swarzenski18).
Data have been collated from Krishnaswami et al.,14 Luo et al.,162

and Tricca et al.12

Table 1. Select U/Th Series Radionuclides Useful for Coastal
Groundwater Studies (After Porcelli and Swarzenski)a

radio-
nuclide t1/2

factors controlling
groundwater activities

238U 4.47× 109 years weathering, adsorption
234Th 24.1 days recoil, strong adsorption, decay
234U 2.45× 105 years weathering, adsorption
230Th 7.57× 104 years recoil, weathering, strong adsorption
226Ra 1.60× 103 years recoil, strong adsorption, decay,

surface production
222Rn 3.823 days recoil, decay, surface production
210Pb 22.6 years recoil, strong adsorption, decay
232Th 1.4× 1010years weathering, strong adsorption
228Ra 5.75 years recoil, strong adsorption, decay,

surface production
228Th 1.91 years recoil, strong adsorption, decay,

surface production
224Ra 3.66 days strong adsorption, decay, surface

production
220Rn 55.6 s recoil, decay, surface production
235U 7.13× 108 years weathering, adsorption
227Th 18.7 days recoil, strong adsorption, decay,

surface production
223Ra 11.7 days recoil, strong adsorption, decay,

surface production

a Adapted with permission from ref 18. Dpm is decays per minute
(60 dpm) 1 Bq).
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as many as 12 readings per hour for typical coastal water
Rn activities, with a precision of∼12%. Figure 9, for
example, shows results from such a nearly continuous222Rn
survey conducted using six detectors in Biscayne Bay,
Florida. Highest radon activities (∼11 dpm L-1) relative to
background values of 2-3 dpm L-1 were observed off Cutler
Ridge, where Kohout187 investigated subsurface freshwater/
saltwater mixing dynamics and enhanced SGD.

Moore4,40,41,188developed an intriguing method to deter-
mine the apparent ages of freshened coastal water masses
based on the activity ratio of the two short-lived Ra
isotopes,223Ra and224Ra. Assuming that the groundwater
224Ra/223Ragw activity ratio remains constant and that the
coastal water column activity ratio changes only by radioac-
tive decay, then apparent coastal water mass ages can be
calculated as

where [xs
224Ra/223Ra]estu is the observed excess activity ratio

in a coastal water, [224Ra/223Ra]gw is the average groundwater
activity ratio, λ223 is the decay constant for223Ra (0.0608
day-1), λ224 is the decay constant for224Ra (0.191 day-1),
andt is the calculated time elapsed between the groundwater
activity ratio and the observed activity ratio. The224Ra/223Ra
activity ratio must therefore decrease by the apparent half-

life of 5.4 days, so that older waters will have lower224Ra/
223Ra activity ratios. Ages calculated with223,224Ra are based
on exponential decay laws rather than linear mixing and,
thus, should be reported as apparent, not true, ages. Nonethe-
less, they do reflect a relative time history of dynamic coastal
water masses that cannot be readily obtained using other
techniques. These activity ratios may also be useful in
identifying and quantifying groundwater-borne water from
coastal water masses. Figure 10A showsxs

224Ra/223Ra activity
ratios (AR) in two groundwater samples (average AR)
28.72) and five surface water column samples in the waters
off Santa Barbara, CA. In these surface waters, this activity
ratio decreased systematically with an increase in distance
from shore. Thexs

224Ra/223Ra activity ratio of the most
inshore sample was closest to the average groundwater AR
value, which suggests that the source of groundwater is most
proximal to the shoreline. The most offshore sample had an
xs

224Ra/223Ra AR of 0.64. Solely on the basis of these AR
values, there appears to be little evidence coastal ground-
water, with a unique isotopic composition, is being dis-
charged beyond∼700 m. As expected, the Ra-derived
apparent ages of surface waters increased with increasing
distance from the shoreline (Figure 10B). Given the sensitiv-
ity of this Ra technique, waters within the harbor proper are
roughly 2 days old and approach an age of 30 days at the
most distal site. A plot of distance from shoreline versus
xs

224Ra/223Ra AR suggests that the coastal waters directly off
Santa Barbara are being mixed at an average, apparent
velocity of ∼0.6 cm s-1.

Results from a 30-min averaged time-series experiment
(222Rn inventory, dpm m-2, plotted as a function of time,
min) in Santa Barbara harbor are shown in Figure 11. Where
systematic increases in the222Rn inventory were observed,
a linear regression was used to calculate respective222Rn
fluxes (dpm m-2 min-1). If one assumes that these observed
fluxes are due solely to advection of Rn-rich coastal
groundwater (the activity of222Rn in two shallow, coastal
well samples ranged from 600 to 1000 dpm L-1), one can

Figure 9. Near-continuous222Rn activities (dpm L-1) measured
using six Rn detectors plumbed in parallel in Biscayne Bay, Florida
(from Swarzenski et al.NoVel Geophysical and Geochemical
Techniques To Study Submarine Groundwater Discharge in Bis-
cayne Bay, FL; U.S. Geological Survey Fact Sheet 3117; Wash-
ington, DC, 2004).

Figure 10. (A) 224Ra/223Ra activity ratios as a function of distance
(m) along a shore-perpendicular transect from the mean high-water
line at Santa Barbara beach, California, offshore. (B) Apparent ages
of coastal waters off Santa Barbara, CA, as derived using224Ra/
223Ra activity ratios. From (B), water mass mixing velocities can
be derived (i.e., 0.06 cm s-1).
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estimate a range of first-order SGD by dividing the fluxes
by the measured groundwater activities. Such an approach
yielded average SGD rates in Santa Barbara harbor that
ranged from 2 to 6 cm day-1.

5. Future Studies
Recent studies of submarine groundwater discharge into

coastal waters indicate that select long-lived and short-lived
U/Th series isotopes show great promise as new tools to
directly examine and quantify fluid exchange processes
across the sediment-water interface. As new detection
methods and further field validation strategies develop, for
example, in situ222Rn monitors90 and delayed counting
techniques, coastal scientists will be able to realistically
identify and quantify SGD and associated fluxes into
receiving coastal water bodies. Where previous studies have
reported exchange rates based solely on information derived
from single cores or benthic flux chambers under one small
“footprint”, these new U/Th series methods can uniquely
provide more synoptic, large-scale information. Often, it is
these larger scale results that resource managers seek.

Ideally, a thorough SGD study should begin with a
reconnaissance survey that includes geophysical streaming
resistivity and nearly continuous222Rn work to identify sites
of enhanced fluid exchange across the sediment-water
interface. Once such sites are established, direct measure-
ments of this exchange via autonomous seepage meters and
numerical modeling efforts to link coastal observations to a
larger hydrogeologic framework should complement the use
of U/Th series geochemical tracers. In concert, such an
approach provides a powerful diagnostic suite of tools for
regional scale SGD investigations.

Considerable advances continue to be made in the ap-
plication of radionuclide tracers in coastal aquifer studies.
Clearly, further studies are required to examine, for example,
precise mechanisms of Rn and Ra release during subsurface

fresh water/seawater mixing and tidally driven water level
fluctuations, to further constrain the controlling processes
both on land and in the sea, and to refine the analytical
methods (e.g., development of diffusion coils to concentrate
Rn in water samples would eliminate the use of pumps and
water/air exchangers). Although the use of Ra and Rn as
quantitative coastal groundwater tracers has matured con-
siderably during the past decade, placing these results and
interpretations into a broader framework that covers a wide
range of hydrogeologic settings may eventually yield a
realistic typology of submarine groundwater discharge.
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