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1. Introduction

actinide Th are readily removed from groundwater by water
rock interactions and so are strongly depleéted.Both of
these elements have very short-lived as well as longer-lived
isotopes, and so their isotope compositions reflect processes

The study of coastal groundwater has recently surfaced gyer 3 range of time scales.

as an active interdisciplinary area of research, driven foremost
by its importance as a poorly quantified pathway for
subsurface material transport into coastal ecosystefhkey '
issues in coastal groundwater research include a complete
geochemical characterization of the groundwatéi(s¥,
guantification of the kinetics of subsurface transport, includ- &8
ing rock—water interaction$* 8 determination of ground-

water aged? ?° tracing of groundwater discharge into coastal
waters using radiochemical fingerprirfis?* and an assess-

ment of the potential ecological impact of such subsurface
flow to a receiving water bod3?2° For such applications,

useful. These radionuclides (e.g., U, Th, Ra, and Rn) are
ubiquitous in all groundwaters and are each represented byg=
several isotopes with widely different half-lives and chem-
istries (Figure 1). As a result, varied biogeochemical X ) . _
processes occurring over a broad range of time scales CaTbeter W. Swarzenski received his education in chemical oceanography
thus be studied. o . from the University of Colorado—Boulder as well as Louisiana State

In source rock, most U/Th series isotopes are in secular university and is currently a staff oceanographer at the U.S. Geological
equilibrium; that is, the rate of decay of a daughter isotope is Survey office in St. Petersburg, FL. His specialty includes the use of
equal to that of its radiogenic parent, and so will have equal U/Th series isotopes to examine a suite of coastal processes, including
activities (in this context, the specific activity s simply a3 SP0ERe AR TR, TR, (O, T v o sediment

i ivi i 31 -~ !

measure of the amour!t of radlqa_c'uwty per unl_t amc_)EFH"E). .., . dynamics. Currently he is involved in projects that address coastal
In contrast, these nuclides exhibit strong fractionations within groyngwater fluxes into estuaries from Florida to California and abroad.
the surrounding groundwaters because of their respectivepr. Swarzenski is also involved in projects on the Louisiana shelf that
physicochemical differencé&333Disequilibria in U/Th series  address the delivery of sediment-hosted contaminants and historic hypoxia.
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Figure 1. Schematic of th&3&U, 232Th, and?3®U decay chains.
T T T T T T T T T Table 1. Select U/Th Series Radionuclides Useful for Coastal
T T Groundwater Studies (After Porcelli and Swarzenski}
L 1 radio- factors controlling
RN B 2 nuclide ta groundwater activities
E 1084+ ] 28y 4.47x 1Q°years  weathering, adsorption
T 24Th  24.1 days recoil, strong adsorption, decay
T 71 24 2.45x 1Pyears weathering, adsorption
Bugi )l | 20Th 7.57x 10*years  recoil, weathering, strong adsorption
® 20Ra 1.60x 10®years recoil, strong adsorption, decay,
T s surface production
e | 222Rn 3.823 days recoil, decay, surface production
2APpp  22.6 years recoil, strong adsorption, decay
T T 232Th 1.4x 10%ears  weathering, strong adsorption
w34 L L [, ., 3 2Ra 5.75 years recoil, strong adsorption, decay,
—t f T T — T T surface production
28y 234 226Ra et L 1) 228Th 1.91 years recoil, strong adsorption, decay,
234 222pp 22804 224pa surface production
. . . . . _ 22 i
Figure 2. Comparison of select U/Th series radionuclide activities ~~ Re  3.66days sg%rljgugggrc:rptlon, decay, surface
in select groundwater samples (after Porcelli and SwarzEpski 2 . .
Data have been collated from Krishnaswami et4luo et al.162 Rn 5565 recoil, decay, surface production
and Tricca et al? =y 7.13x 10Pyears  weathering, adsorption
2Th  18.7 days recoil, strong adsorption, decay,
i i rf, r ion
Many studies have evaluated the behavior of select a2, 1717 days resgoif‘%?rgn%dggggrption decay

radionuclides in groundwater and surface water sys-
tems!92031 Recent advances in high-precision mass spec-

surface production

trometry®%* have opened new possibilities for more subtle (60 ﬁg%p;e(i \gg; permission from ref 18. Dpm is decays per minute

interpretations in select long-lived U/Th series isotopes, such
as U, Ra, Pa, and TH.However, these techniques have yet
to be fully developed, and as a consequence, such data remaifemoval terms from the interaction with aquifer host rock
largely scarce and underutilized. Although many different surfaces by sorption and precipitatih.

approaches have been developed to study radionuclide This review is structured to present first a brief description
behavior in groundwater, all are based on principles of of the background, driving forces, scales, and ecological
radioactive production and dedaynd knowledge of source  significance of submarine groundwater discharge. Following
terms from weathering and recoil processes, as well asthis, a description of the geochemistry and behavior of select
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Figure 10. (A) ?*"Raf?®Ra 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 usifRp/
223Ra activity ratios. From (B), water mass mixing velocities can
be derived (i.e., 0.06 cnT¥).

life of 5.4 days, so that older waters will have lowéiRa/

22%Ra activity ratios. Ages calculated with*?*Ra are based

on exponential decay laws rather than linear mixing and,

thus, should be reported as apparent, not true, ages. Nonethe-
Figure 9. Near-continuoug??Rn activities (dpm C1) measured  |€SS, they do reflect a relative time history of dynamic coastal
using six Rn detectors plumbed in parallel in Biscayne Bay, Florida Water masses that cannot be readily obtained using other
(from Swarzenski et alNovel Geophysical and Geochemical techniques. These activity ratios may also be useful in
Techniques To Study Submarine Groundwater Discharge in Bis- identifying and quantifying groundwater-borne water from
cayne Bay, FL.U.S. Geological Survey Fact Sheet 3117; Wash- ¢oastal water masses. Figure 10A she#dRa??Ra activity
ington, DC, 2004). ratios (AR) in two groundwater samples (average AR
as many as 12 readings per hour for typical coastal water28.72) and five surface water column samples in the waters
Rn activities, with a precision of~12%. Figure 9, for off_Santa Barbara, CA. In_these s_urfacelwaters, thls activity
example, shows results from such a nearly contind&& ratio decreased systematically w!th an increase in distance
survey conducted using six detectors in Biscayne Bay, fom shore. The,?*Raf*Ra activity ratio of the most
Florida. Highest radon activities<{L1 dpm L) relative to inshore sample was closest to the average groundwater AR
background values of-23 dpm L were observed off Cutler value, which suggests that the source of groundwater is most

Ridge, where Kohodt’ investigated subsurface freshwater/ proximal to the shoreline. The most offshore sample had an
saltwater mixing dynamics and enhanced SGD. «w2RaP*Ra AR of 0.64. Solely on the basis of these AR

Mooret4041.188eveloped an intriguing method to deter- values, there appears to be little evidence coastal ground-

mine the apparent ages of freshened coastal water masse&@t€r, With a unique isotopic composition, is being dis-
based on the activity ratio of the two shortlived Ra charged beyond~700 m. As expected, the Ra-derived
isotope?Ra and??Ra. Assuming that the groundwater apparent ages of surface waters increased with increasing
224RaP?Ra,, activity ratio remains constant and that the distance from the shoreline (Figure 10B). Given the sensitiv-
coastal water column activity ratio changes only by radioac- 'ty Of this Ra technique, waters within the harbor proper are

tive decay, then apparent coastal water mass ages can bEPughly 2 days old and approach an age of 30 days at the
calculated as most distal site. A plot of distance from shoreline versus

«?*RaP*Ra AR suggests that the coastal waters directly off

2240 2245y o4 Santa Barbara are being mixed at an average, apparent
x 9 = e 1 (3)  velocity of ~0.6 cm s™.
ZRafesu | Ralgw g Results from a 30-min averaged time-series experiment

(**Rn inventory, dpm m?, plotted as a function of time,
min) in Santa Barbara harbor are shown in Figure 11. Where

where [?*RaP*Ralswis the observed excess activity ratio
systematic increases in tB&Rn inventory were observed,

in a coastal water?{‘Raf?*Ral,y is the average groundwater
activity ratio, 1,3 is the decay constant fé#°Ra (0.0608 a linear regression was used to calculate respeétirn
day™), 1204 is the decay constant fé?‘Ra (0.191 day?), fluxes (dpm nm2 min~1). If one assumes that these observed
andt is the calculated time elapsed between the groundwaterfluxes are due solely to advection of Rn-rich coastal
activity ratio and the observed activity ratio. THéRaf*Ra groundwater (the activity o¥??Rn in two shallow, coastal
activity ratio must therefore decrease by the apparent half-well samples ranged from 600 to 1000 dpmt), one can
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Figure 11. Three-day time series f?Rn inventories (dpm n?) as a function of time (min) elapsed within surface waters of the Santa
Barbara, CA, harbor. Also shown are harbor surface water level (m) and specific conductance (HhSatoes. Dark circles denote
respective points used for the linear regressions that y#@Rh fluxes (dpm m? min—1). See text for further detail on the derivation of
first-order submarine groundwater discharge rates from 3#8m fluxes.

estimate a range of first-order SGD by dividing the fluxes fresh water/seawater mixing and tidally driven water level
by the measured groundwater activities. Such an approachfluctuations, to further constrain the controlling processes
yielded average SGD rates in Santa Barbara harbor thatboth on land and in the sea, and to refine the analytical

ranged from 2 to 6 cm day. methods (e.g., development of diffusion coils to concentrate
Rn in water samples would eliminate the use of pumps and
5. Euture Studies water/air exchangers). Although the use of Ra and Rn as

_ _ _ ~ quantitative coastal groundwater tracers has matured con-

Recent studies of submarine groundwater discharge intosiderably during the past decade, placing these results and
coastal waters indicate that select long-lived and short-lived interpretations into a broader framework that covers a wide
U/Th series isotopes show great promise as new tools torange of hydrogeologic settings may eventually yield a

directly examine and quantify fluid exchange processes realistic typology of submarine groundwater discharge.
across the sedimentvater interface. As new detection

methods a_nd fgrther field ve_xlidation strategies develo.p, for g Acknowledgments
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