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Abstract 

 Submarine groundwater discharge (SGD), in form of springs and diffuse seepage, 

has long been recognized as a source of chemical constituents to the coastal ocean.  

Because groundwater is two to four orders of magnitude richer in radon than surface 

water, it has been used as both a qualitative and a quantitative tracer of groundwater 

discharge.  Besides this large activity gradient, the other perceived advantage of radon 

stems from its classification as noble gas; that is, its chemical behavior is expected not to 

be influenced by salinity, redox, and diagenetic conditions present in aquatic 

environments.   

During our three-year monthly sampling of the subterranean estuary (STE) in 

Waquoit Bay, MA, we found highly variable radon activities (50-1600 dpm L-1) across 

the fresh-saline interface of the aquifer.  We monitored pore water chemistry and radon 

activity at 8 fixed depths spanning from 2 to 5.6 m across the STE, and found seasonal 

fluctuations in activity at depths where elevated radon was observed.  We postulate that 

most of pore water 222Rn is produced from particle-surface bound 226Ra, and that the 

accumulation of this radium is likely regulated by the presence of manganese 

(hydr)oxides. Layers of manganese (hydr)oxides form at the salinity transition zone 

(STZ), where water with high salinity, high manganese, and low redox potential mixes 

with fresh water.  Responding to the seasonality of aquifer recharge, the location of the 

STZ and the layers with radium enriched manganese (hydr)oxide follows the seasonal 

land- or bay-ward movement of the freshwater lens.  This results in seasonal changes in 

the depth where elevated radon activities are observed. 
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The conclusion of our study is that the freshwater part of the STE has a radon 

signature that is completely different from the STZ or recirculated sea water.  Therefore, 

the radon activity in SGD will depend on the ratio of fresh and recirculated seawater in 

the discharging groundwater. 

 

 

Keywords: Subterranean estuary, geochemical tracers, radon, radium, manganese, 

groundwater, submarine groundwater discharge, geochemical transformations 
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1. Introduction and study site 

Submarine groundwater discharge (SGD) facilitates transport of dissolved 

components from coastal aquifers to the sea (Valiela et al., 1990; Moore, 1996; Burnett et 

al., 2001; Slomp and van Cappellen, 2004).  Groundwater advection rates to surface 

waters are often difficult to quantify but can be assessed indirectly via geochemical 

tracers such as radium isotopes and radon (Moore, 1996, 2000; Charette et al., 2001; 

Krest and Harvey, 2003; Burnett et al., 1996; Cable et al., 1996; Burnett and Dulaiova, 

2003; McCoy et al., 2007; Martin et al., 2007). Radon has greater utility as an SGD tracer 

where the discharge is fresh or a mixture of fresh and recirculated seawater since any 

groundwater in the aquifer (independent of its salinity) that is in contact with sediments 

and rocks is enriched in radon. This radon-enriched fluid is transported to coastal waters 

and a radon mass balance can be used to calculate total submarine groundwater discharge 

(e.g., Burnett and Dulaiova, 2003).   

The major sources of uncertainty in the radon mass balance model are associated 

with (1) quantifying radon loss by evasion to the atmosphere (Dulaiova and Burnett, 

2006), (2) quantifying radon loss via mixing with offshore waters (Dulaiova et al. 2006a) 

and (3) characterizing the groundwater end-member radon activity that supplied the 

measured excess Rn in coastal waters (Christoff, 2001; Dulaiova et al., 2006b; Mulligan 

and Charette, 2006).  Uncertainties associated with the latter are caused by natural 

heterogeneity of radon sources within one aquifer and/or the presence of multiple 

aquifers with different radon signatures discharging in the same area. Finding the true 

“representative” groundwater radon activity can be challenging but estimates are usually 
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based on well, piezometer, and benthic flux chamber samples, or via a sediment radon 

equilibration method (Corbett et al., 1998).   

This manuscript describes pore water radon (222Rn) activities observed in a 

subterranean estuary (STE) in Waquiot Bay, MA (Fig. 1), where previous studies of 

groundwater composition have reported 222Rn levels of 100-6000 dpm L-1, depending on 

the season and depth sampled (Abraham et al., 2003; Mulligan and Charette, 2006).  

Since radon is an inert gas, we may expect its activity to be controlled mostly by 

sediment or rock uranium/radium content (which are the radioactive parents of Rn), and 

not by chemical reactions or pore water chemistry.  However, 222Rn (t1/2=3.8 d) is 

produced via the radioactive decay of 226Ra (t1/2=1600 y), the chemistry of which is 

influenced by chemical and physical processes occurring in the aquifer (Moore, 1999).  

In general, anoxic groundwater is typically enriched in radium due to the mobilization of 

redox sensitive scavengers, in oxic waters radium strongly binds to iron and manganese 

(hydr)oxides. 

The sedimentary deposits at the head of Waquoit Bay consist of outwash gravel, 

sand and silt (Oldale, 1976).  The upper 10 m consists of homogenous coarse-grained 

sand which is underlain by less permeable fine to very fine sand and silt.  Sedimentology 

and pore water chemistry in the water-table aquifer has been described in detail by 

Charette and Sholkovitz (2002, 2006) and Charette et al. (2005).  In those studies, 

sediment cores collected at the head of Waquoit Bay down to 2 m showed that the 

sediments contain 95% coarse sand and less than 5% silt and clays.  The majority of the 

monomineralic grains are quartz and the polymineralic fragments are granite, schist, 

amphibolite and gabbro.  The cores also contained traces of plagioclase, clinopyroxene, 
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amphibole, white mica, magnetite and at least one other oxide (goethite or hematite).  

The color of the sand in the cores changed from tan to dark red, yellow and orange at the 

deeper layers.  These layers had iron (hydr)oxide precipitates loosely bound to sand 

grains (Charette and Sholkovitz, 2002). 

Based on pore water sampled to 8 m, these authors found a well defined 

subterranean estuary where fresh groundwater and recirculated seawater meet; here, the 

salinity transition zone (STZ) is 1-2 meters deep. Within the freshwater portion of the 

aquifer, reducing fresh groundwater delivers high concentrations of dissolved ferrous iron 

and reduced manganese to the subterranean estuary.  As this water mixes with saline 

water in the STZ, a large fraction of the dissolved Fe and Mn is oxidized and precipitates 

on organic C-poor quartz sand prior to discharge.  Within the STZ and below, seasonal, 

diagenetically-produced reducing conditions result in Mn and Fe (hydr)oxide dissolution 

which is accompanied by a release of other elements that have an affinity for these phases. 

Such spatial and temporal variability makes the subterranean estuary a rather complex 

and dynamic system.  These findings led to a time-series study in which pore water was 

sampled monthly across the salinity transition zone during a three-year period to 

investigate the seasonal oscillation of the STZ and resulting changes in groundwater 

chemistry (Gonneea et al., 2006).   

Here we discuss the geochemical and physical drivers of radon variation in the 

Waquoit Bay subterranean estuary. We also discuss strategies for deriving a 

representative groundwater radon activity that is applicable for SGD studies at this site.  

Though the data presented here is limited to Waquoit Bay, MA, we expect that similar 

factors control radon activities in other STEs around the globe.  



 7

 

2. Methods 

 Groundwater samples were collected at the head of Waquoit Bay, MA at a 

location just above the mean sea level of the water line.  In order to exclude variability in 

the STE due to tides, monthly sampling was always performed during the same phase of 

the tidal cycle (a few days before low spring tide) between the period of October 2004 

and September 2007. A multi-level well constructed from nylon tubing and stainless-steel 

well points was set up at 8 discreet levels covering the full depth of the salinity transition 

zone at that site (2 – 6 meters).  Additional water samples were collected at 25 depths 

evenly distributed between 0.5 and 8 m at a location 3 m landward of the time series well 

in June 2006.  Water was sampled with a stainless steel drive point piezometer (Charette 

and Allen, 2006) fitted with a clean nylon tube attached to a peristaltic pump.  Salinity, 

dissolved oxygen, temperature, pH and ORP (standardized to Eh) were measured with a 

YSI 600XLM using a flow-through cell (YSI, Inc.).  In addition, separate water samples 

were collected for salinity and analyzed with a Guideline AutoSal instrument.  Duplicate 

samples for radon were collected in liquid scintillation vials pre-filled with 10 mL of 

mineral oil. Radon was analyzed on a Packard Tri-Carb 2750TR/LL low background 

scintillation counter (Prichard and Gessel, 1977). Some radon samples were collected 

into 250 mL bottles and analyzed with a Rad-H2O system (Durride Inc.). These two 

radon analysis methods were cross-calibrated with excellent agreement between results.  

Four-liter groundwater samples were filtered through MnO2 impregnated acrylic fibers at 

a flow rate of approximately 0.2 L/minute to quantitatively sorb Ra onto the MnO2 

(Moore and Reid, 1973).  The fibers were ashed, sealed with epoxy in gamma-vials, aged 
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and counted by a well type gamma counter for 226Ra via 214Pb at 351.9 keV (Charette et 

al., 2001).    

A 7-m long sediment core was collected concurrently with water samples at the 

site of the piezometer deployment in June 2006.  The sediment was collected with a 

hand-operated bailer boring auger which allowed a theoretical sampling resolution of 60 

cm.  The samples were bagged individually and stored at 4°C until analysis.  Subsamples 

of the core were dried, sealed with epoxy, aged, and then counted on planar gamma 

detectors for bulk sediment 226Ra via 214Pb at 351.9 keV and 238U via 234Th at 63 keV.  A 

portion of each sediment sample was subjected to an operationally defined leach to 

determine the concentrations of Fe, Mn, Th, Ba, and U associated with amorphous and 

crystalline oxides of Fe and Mn (Hall et al., 1996).  The samples were analyzed on a 

Finnigan Element high resolution ICP-MS at Woods Hole Oceanographic Institution 

(Gonneea et al., 2007).   

To measure sediment equilibrium radon activities, ~100 g of wet mixed sediment 

from depth intervals of 2.1 to 3 m, 4.6 to 5.5 m, and 5.8 to 6.5 m were mixed with 0.5 L 

Ra-free Waquoit Bay groundwater with salinity 11 in 1 L HDPE bottles.  The bottles 

were capped airtight with lids fitted with tubing for helium circulation during analysis 

(Stringer and Burnett, 2004).  The samples were kept sealed for >20 days prior to 

analysis and then the radon was flushed into a cold trap and scintillation cells using 

helium, and finally counted on alpha scintillation counters (Corbett et al., 1998).  Each 

sample was prepared in duplicate and analyzed three times.   The measured radon 

activities in dpm g-1 wet sediment were converted to pore water radon activities (dpm L-1) 

assuming a wet bulk density of 1.9 g cm-3 and porosity of 0.4. 
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3. Results 

 The time-series groundwater salinity profiles plotted in Figure 2C show strong 

seasonality at almost all depths.  In the usually fresh (salinity 0-1) top layer, salinity 

increases to 10-20 in some fall and winter months due to overtopping of seawater through 

the land surface perhaps during storm events and wave set up to the aquifer.  The salinity 

gradient is the steepest between 3.5 and 4.5 meters within which salinity ranges from 1 to 

25.  This region shows seasonal fluctuations, with low salinity in the spring and high 

salinity in the summer and fall. The same trend is evident in the deeper sediments below 

4.5 meters where salinity fluctuates in a narrower range, between 20 and 25.  The 

freshening events in the midle and lower layers are well correlated with periods of 

elevated groundwater level at a nearby monitoring well (USGS site #413525070291904, 

Mashpee, MA).  This correlation clearly indicates vertical and horizontal expansions of 

the freshwater lens as the aquifer recharges in winter and spring. 

Radon activities measured in the multi-level well over the two-year period from 

October 2004 to September 2007 varied between 50 and 1600 dpm L-1 (Fig. 2A).  We 

measured low activities in the top 2.4 to 3.5 meters with values ranging from 50 to 200 

dpm L-1 (average 113±30 dpm L-1).  The largest variability occurred between 3.5 and 5 

meters with activities from 200 to 1600 dpm L-1. Samples collected below 5.5 m had a 

smaller seasonal fluctuation, with radon ranging from 150 to 550 dpm L-1.  The highest 

levels of radon were measured at 4.7 meters during the summer and fall and at 4 meters 

in the spring and early summer (Fig. 2A).  
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 Radon measured in groundwater at a location 3 meters landward of the time series 

well in June 2006 also showed variability with depth (Fig. 3A). The activities were 

constant (average 120±40 dpm L-1) down to 4.5 meters then increased to a double peak at 

5.5 (1200 dpm L-1) and 6.1 (2300 dpm L-1) meters. The values below 6.1 m decreased to 

<400 dpm L-1. 

  Dissolved pore water 226Ra activities were low in the fresh surface layer (average 

0.11±0.09 dpm L-1). High seasonal radium fluctuation occurred at 2.7 to 4.5 m with 

maximum 226Ra of up to 15 dpm L-1 in the fall months.  Below 4.5 meters the dissolved 

radium levels were steady at an average of 0.45±0.15 dpm L-1.  Bulk sediment 226Ra 

activities ranged from 0.28 dpm g-1 at the top of the core to 0.49 dpm g-1 at 6.1 m. The 

calculated 226Ra/238U ratios measured by gamma-spectrometry were 0.8 to 1.9.  

 Pore water equilibrium radon measured by the sediment equilibration experiment 

was 226±7 dpm L-1 in sediments collected from 2.1 to 3 m (average depth 2.6 m), 350±20 

dpm L-1 at 4.6 to 5.5 m (average 5 m), and 1150±120 dpm L-1 at 5.8 to 6.5 m (average 6.1 

m).  These equilibrium radon activities can also be used as an estimate of surface bound 

226Ra, which are 0.075±0.002 dpm g-1 (20% of bulk 226Ra), 0.114±0.007 dpm g-1 (29% of 

bulk 226Ra), and 0.38±0.04 dpm g-1 (76% of bulk 226Ra), respectively. 

 There is a strong positive correlation of dissolved manganese and salinity (Fig. 

2B) with high concentrations (~ 40 μmol L-1) occurring at the highest salinities (26). We 

also found a good correlation between pore water dissolved and solid-phase manganese 

in the sediments collected in June 2006.  The solid state manganese in this core was 

determined from sediment leaching experiments designed to reduce the amorphous and 

crystalline Fe and Mn (hydr)oxides.  The adsorbed sedimentary Mn concentration 
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spanned from 40 μmol kg-1 on the top to 2500 μmol kg-1 near the bottom of the core (Fig. 

3). 

 

4. Discussion 

 

4.1. The mechanism of radon enrichment in the STE and the sources of its variability 

The sole source of 222Rn (t1/2=3.8 d) in groundwater is the radioactive decay of 

226Ra (t1/2=1600 y), where 50% of the equilibrium radon activity builds up in 3.8 days and 

98% is reached within 21 days. Radium, the parent of radon, can be bound in the mineral 

lattice in aquifer solids, retained on grain surface coatings, and dissolved in pore water.  

The former two fractions are collectively referred to as the labile 226Ra pool.  The fraction 

of radon produced from lattice bound radium and ejected or leached into the water after 

alpha-recoil is very low (10-5; Tricca et al. 2001).  The two remaining radon sources are: 

(1) production from radium retained in surface coatings followed by ejection or diffusion 

into the water, and (2) ingrowth from radium dissolved in pore water.   

Sources of this labile 226Ra pool in the vadose zone include recoil, weathering, 

and advective transport of radium from upstream locations in the aquifer.  Based on 

chemical and physical conditions in the aquifer, which will be discussed in the following 

paragraphs, this radium is distributed as surface bound or dissolved. At our sampling site, 

dissolved radium activity varies a great deal with depth; for example, we recorded 

elevated levels at 2.7 to 4.5 m. However, this radium cannot account for the observed 

radon variability, because radon activities produced by the decay of dissolved radium are 

orders of magnitude lower than the observed pore water radon values. Even the highest 
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measured pore water 226Ra (15 dpm L-1) could only support 1-10% of the observed radon.  

Therefore we surmise that the observed increases in radon activities in the pore water 

must be produced mostly by the decay of surface-bound radium within the STE. 

Groundwater advection rates calculated using Darcy’s law were 0.09-0.43 m d-1 within 

this part of the aquifer (Mulligan and Charette, 2006).  This flow is fast enough to 

transport long-lived isotopes such as 226Ra (t1/2=1600 y) for significant distances; for 

example, from upland locations in the aquifer to coastal sediments. However at these 

flow rates and assuming homogenous radium distribution along groundwater flow paths, 

222Rn (t1/2=3.8 d) activities would be re-established as often as every 2 to 10 m reflecting 

radon production rates along groundwater flow lines. We observed that radon activities 

measured in pore water in June 2006 agreed very well with those obtained by sediment 

equilibration experiments (Fig 3). If radon was produced locally, the two results should 

be comparable (compared to in situ conditions, radon activities attained from the 

sediment equilibration technique are usually about 10% higher due to the slurrying 

process (Berelson et al., 1982)).  This supports the fact that radon in the pore water must 

be produced locally from the decay of radium retained in the surface coating of particles 

in the immediate vicinity of the pore water sampling point.  Seasonal radon variations 

must then be explained by the labile radium accumulation and release in the STE.   

In the following we describe a possible mechanism of seasonal variation of 

surface-bound radium activities in the sediments of STE.  In Waquoit Bay, the position of 

the salinity transition zone changes seasonally as the size of the freshwater lens responds 

to changing precipitation (Michael et al, 2005).  During the winter and spring recharge 

period, freshwater flow increases and the STZ moves seaward. During the summer and 
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fall, aquifer levels decline, and the STZ moves landward, inundating more sediments 

with saline water.  The shifts in the regions of fresh/saline and reducing/less reducing 

environments are demonstrated in the time series salinity profiles and groundwater levels 

observed in a nearby monitoring well (Fig. 2C).  Gonneea et al. (2007) found that in the 

STZ Ra is sorbed onto Fe and Mn (hydr)oxides precipitating at the interface between the 

buffered saline water (high pH, low pε and high dissolved Mn and Fe concentrations) and 

fresh shallow groundwater (relatively low pH and high pε).  Although Ra has higher 

affinity for Mn (hydr)oxides (Moore and Reid, 1973),  Fe (hydr)oxides occur in one order 

of magnitude higher concentrations and may have just as much influence on the aquifer 

Ra distribution. As described in the following paragraphs, we observed very good 

correlation between pore water radon collected in June 2006 and solid phase manganese 

in the core but not iron.  Although we cannot rule out the possibility that radon is more 

closely correlated with iron (hydr)oxides during the winter months or in deep sediments, 

we will mostly focus on its relation with manganese. 

 Radium is associated with Fe and Mn (hydr)oxides either by non-selective co-

precipitation during their formation or with a chemical bond which is different from the 

physical Ra sorption onto particulates in low ionic-strength environments.  In the absence 

of Fe and Mn (hydr)oxides in sediments, Ra can quickly desorb as the salinity of the pore 

water increases (Li et al, 1976; Elsinger and Moore, 1980).  When radium is bound to Fe 

and Mn (hydr)oxides, the potential release under reducing conditions is much greater 

than desorption driven only by increases in ionic strength (Gonneea et al., 2007).   

The dissolved manganese pool is associated with the high salinity region of the 

STE, which also contains elevated dissolved Ra (Gonneea et al., 2007 and Charette and 
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Sholkovitz, 2006). Because we sampled at fixed horizons, this pool of water was captured 

in our time series observations only in the summer months, when the freshwater lens 

receded and the STZ moved to shallower depths (<4 m), as indicated by the decrease of 

groundwater level in the monitoring well (Fig. 2C).  Elevated salinity, pH, and dissolved 

Mn appeared at 4.5-5.5 m in Jun 2005, Apr 2006, Aug 2006, and June 2007. Although 

salinity was elevated for several months, dissolved Mn concentrations decreased over 

time in the same period.  We calculated that, under the observed pH and pε ranges in the 

STZ, the Mn species equilibrium state often favors the formation of solid state MnOOH 

and Mn(OH)2  (Stumm and Morgan, 1995).  For each solid Mn (hydr)oxide species, we 

derived the theoretical ratio of solid to dissolved manganese {Mn2+} for given pH and pε 

values. For example, for MnOOH: 

}{
}{ εγ ppH

Mn
sMnOOH

++−=
−

+ 33.25)(log 2  .   (1) 

Where a higher ratio implies that γ-MnOOH precipitation is thermodynamically more 

favorable. Figure 4 shows pore water properties for three selected times: May 2005 (wet 

period, high groundwater level) and September 2006 (dry period, low groundwater level) 

in the permanent wells. The June 2006 (wet period) profile sampled to 8 m is also shown.  

In addition, the potential for solid Mn species formation is displayed.  It is calculated 

based on the observed pH and pε values (Eq. 1).  During May 2005, groundwater level 

was high and the freshwater lens expanded bayward.  The highest observed salinity at 5.6 

m was ~20, pore water Mn across the profile was low, and the potential to form MnOOH 

was also low.  The highest observed radon was 600 dpm.L-1.  On the other hand, in the 

dry period in September 2006, we measured salinities >25 and the formation potential of 
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solid Mn species in the deeper layers was high ({γ-MnOOH(s)}/{Mn2+}>103).  At these 

layers radon activities reached 1600 dpm.L-1.  Based on these results we conclude that 

under favorable pH, pε and Mn2+ concentrations, Mn (hydr)oxides precipitate and sorb 

Ra. Radium is also continuously supplied by lateral groundwater flow.  This enrichment 

in surface-bound radium leads to the observed elevated pore water radon activities.  The 

above described process of Ra accumulation is supported by the fact that elevated radon 

activities at 5 m coincide with low groundwater levels. Radon increase coinciding with 

water level declines is most pronounced in October 2004, September 2005, September 

2006, and September 2007 (Fig. 2A&C).   

The results from the sediment core analysis further support the above-described 

theory. The location of the June 2006 sampling site is 3 meters landward of the time-

series well, where the STZ lies about 1 m deeper.  We found a remarkable correlation 

between pore water radon activities and particulate Mn concentrations (Fig. 3A).  The 

double peak in the concentration of these elements at 5.5 and 6.1 m appears on both 

profiles. In the absence of sufficient dissolved 226Ra, the source of elevated 222Rn must be 

226Ra adsorbed on the Mn (hydr)oxide coating of sand grains.  Although bulk 226Ra 

measured by gamma-spectrometry does not reveal a pronounced increase in total radium 

with depth, the ratio of total- to lattice-bound radium approximated by a ratio of 

226Ra/238U peaks at 6.1 m, exactly where the Mn and Rn maximums are.  Moreover, the 

sediment equilibration experiments resulted in the same radon values observed in the 

pore water samples.  This provides evidence that there is enough surface-bound radium to 

produce the observed radon profiles.  
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We conclude that in the dynamic environment of STE, pore water radon activities 

are regulated by the following simplified relationship: 

RnRaMn
Mn
Mn

MnpHp s
dis

s 2222262

}{
}{

,, →−→→<<↑↑↑ +ε ,    

Based on Eq. 1, high pε, pH and dissolved Mn2+ facilitate the formation of solid Mn 

(hydr)oxides.  These precipitates then accumulate radium, which in turn supports the 

ingrowth of high pore water radon.  Conversely, lower pε and pH lead to the dissolution 

of Mn (hydr)oxides, and  lower pore water radon concentrations as radium is released and 

transported away by groundwater flow. 

 

4.2. Consequences of groundwater radon variability for SGD studies 

Our results show that one must carefully consider sampling locations for radon in 

wells and piezometers.  Sites chosen based on accessibility or sampling tool availability 

may not provide the most representative radon activity.  Commonly, an average or 

median value of several measurements is used to derive the best groundwater radon 

estimates for submarine groundwater discharge studies (Dulaiova et al., 2006; Abraham 

et al. 2003; Crusius et al., 2005).   

The most appropriate method for deriving a properly weighed average end-

member activity is by sampling across the full salinity gradient to capture the full extent 

of radon variability.  Once the representative radon activity is known for each water type 

contributing to SGD (usually divided into fresh groundwater and re-circulated seawater 

components), the representative radon activity can be estimated based on the ratio of the 

magnitudes of these components.  For Waquoit Bay, the ratio of fresh and salt water 

discharge in SGD has been described by Michael et al. (2005) and Mulligan and Charette 
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(2006).  Fresh water outflow from the aquifer occurs at a nearly constant rate year-round, 

in some simulations with slightly higher discharge rates in late spring and summer. This 

flow represents at least 50% of the total SGD in the spring and summer, and 75-90 % in 

the fall and winter.  The remaining fraction of SGD occurs in the form of recirculated 

seawater, due to tidal pumping and dispersive circulation.  This flow takes place on the 

bayward edge of the STZ.  Intense salt water outflow occurs in late spring and summer 

during peak fresh water discharge.  

Radon measured in the fresher part of the aquifer (0.5 to 3.5 m) during the time-

series sampling was 120±40 dpm L-1 year-round.  Radon activities in the salinity 

transition zone with brackish water can be as high as 2,000 to 6,000 dpm L-1.  In the 

saline part of the STE (in the permanent well captured in the fall and winter) radon 

activities are more uniform (410±190 dpm L-1).  Therefore, 400 dpm L-1 is an appropriate 

groundwater radon activity for recirculated seawater.  Assuming fresh to salty 

groundwater discharge ratios of 1:1 in the summer and 9:1 in the winter, we expect the 

effective groundwater end-member radon activity to range from 320 dpm L-1 in the 

spring and summer to 148 dpm L-1 in the fall and winter.  These calculations, however, 

do not assume any radon contribution from the brackish zone, in which radon values are 

disproportionately higher (>1500 dpm L-1).  Whether such high activities in the aquifer 

discharge to the surface will depend on two conditions: (1) Does the trend of high Mn 

(hydr)oxides with abundant surface-bound radium continue all the way to the bay?  (2) 

Even if the trend does not extend to the bay, does it reach far enough so that high radon 

can be transported by groundwater flow to the surface?  The scenario of the high Mn 

(hydr)oxide-radon trend described in case (1) is possible if the redox boundaries fall 
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along the salinity gradient, and the groundwater flow is along the isopycnals. In addition, 

it is likely that redox conditions in either the intermediate organic rich layer or 

oxygenated surface sediments at the seepage face disrupt the optimal pH and pε pattern 

that allows the formation of Mn (hydr)oxides.  Should this disruption occur within a few 

meters of the point of surface discharge, high radon will still be transported by 

groundwater flow to the bay.  As we described earlier, radon in this part of the aquifer 

can propagate by groundwater flow as far as 2-10 m.   

Charette et al. (2005) sampled a cross-section of this STE and showed that the 

salinity trends and dissolved manganese pool indeed extend all the way to the bay 

resulting in high probability for the elevated Rn activities to reach the surface.  Again, 

based on Michael et al. (2005) the discharge of saline groundwater at the Waquoit Bay 

study site is only significant in the summer months.  Depending on the sampling and 

SGD conditions, one may even limit radon sampling to the fresh- and brackish water part 

of the STE in the winter when none or very little re-circulated seawater discharge is 

expected. 

Ultimately, it is important to note that radon activities measured several meters 

inland from the site of groundwater discharge may only be relevant if the sediments are 

homogeneous along the flow path. Otherwise, pore water sampling at the point of 

discharge or sediment equilibration experiments with sediments collected at the point of 

discharge may provide a more accurate effective groundwater end-member radon 

activities.  In either of the two cases mentioned above, spatial heterogeneity must be 

considered when choosing sites for sediment and pore water sample collection.   
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5. Conclusions 

Complex redox and mixing processes in the subterranean estuary influence the 

distributions of Mn and 226Ra between sediment particle surfaces and pore water.  We 

postulate that radium accumulation on Mn (hydr)oxides ultimately drives 222Rn pore 

water activities. Seasonal monitoring of the STE or sampling across the full salinity 

gradient, may be necessary to derive the best representative groundwater end-member 

radon activities.  In designing a groundwater radon sampling strategy for a subterranean 

estuary, one must allow for (1) heterogeneity in pore water chemistry with depth and 

distance from the shoreline; (2) variable sediment surface chemistry; and (3) large 

seasonal variability in the composition of discharging groundwater, especially in regions 

most influenced by redox or salinity changes. 
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Figure captions 

 

Figure 1. Map of Waquoit Bay, MA with a schematic drawing of the subterranean estuary 

and our sampling locations.  The sediment core and piezometer sampling in June 2006 

took place at the site indicated on the schematics as “Core”. STZ stands for the salinity 

transition zone in the aquifer where the groundwater salinity sharply increases from fresh 

to saline. 

 

Fig. 2:  Results from time series measurements of pore water chemistry at fixed depths 

from 2.3 to 5.5 m of A. 222Rn (dpm L-1), B. dissolved Mn2+, and C. salinity.  The contour 

plots indicate the chemical property with high values in reds and low values in blue 

colors, the x-axis indicates time and the y-axis indicates depth below surface (m).  Water 

level in a groundwater well located near Waquoit Bay, MA is overlain on the time series 

salinity contours.  The black dashed lines indicate time points plotted on Fig 4. 

 

Fig. 3: A. Pore water salinity (dashed line) and 222Rn (grey circles, dpm L-1), sediment 

bound Mn (crosses, μmol kg-1) and sediment equilibrium 222Rn (black circles, dpm L-1) 

measured in June 2006 plotted against depth (m).  The vertical uncertainty bars on the 

sediment equilibrium 222Rn values represent the depth range of sediments mixed together 

for each sample. B. Total bulk sediment 226Ra (dpm g-1) and 226Ra/238U ratios measured 

by gamma-spectrometry.  The vertical uncertainty bars on the bulk 226Ra values represent 

the depth range of sediments mixed together for each sample. 

 
Fig. 4: Pore water properties A. in permanent wells in May 2005 during high 

groundwater level representing a wet period (see also Fig. 2C), B.  June 2006 profile 

sampled to 8 m (also during a wet period), and C. in permanent wells in September 2006 

during falling/low groundwater level. For all dates, also shown is the potential for solid 

Mn species formation calculated based on the observed pH and pε values (Eq. 1).  From 

the comparison of figures A, C with B, it is obvious that the permanent wells only 

monitor a limited section of the subterranean estuary. 
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A: Rn (dpm L-1)

B: Mn2+ (μM)

C: Salinity

 
Fig. 2 
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