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Abstract
During the spring and summer months of 2012, 219Po and 210Pb activity were

measured in the dissolved and particulate phases from the Delaware and upper Chesapeake
estuaries. Both nuclides were also determined in the dissolved phase during a tidal cycle
from a lower Delaware salt marsh. The upper Delaware estuary, near the freshwater end
member, was characterized by high-suspended matter concentrations that scavenged
dissolved 210Po and 219Pb. The intertidal marsh acted as a source for dissolved 210Po and
210Ph to the Delaware estuary, while deeper within the marsh evidence of bioaccumulation
and remineralization of 210Po was observed. Box models were applied using mass balance
calculations to assess the nuclides residence times in each estuary. A consecutively
sectioned (upper, mid, and lower) box-model of the Delaware estuary found the mean
dissolved scavenging residence time of 210Po to be relatively constant (20-25 days)
throughout all of the sections. However, dissolved 210Pb scavenging residence times
decreased from 21 to 10 days from the upper to lower estuary. Only 60% of the dissolved
210Po and 55% of the dissolved 210Pb from the Delaware estuary were exported to coastal
waters. A large fraction of soluble 210Po and 219Pb within the estuary was either reversibly
adsorbed onto suspended particles or trapped in sediment accumulation zones (such as
intertidal marshes), or bioaccumulated by phytoplankton and discharged to the coastal
ocean. The upper Chesapeake estuary was largely characterized by sub-oxic bottom waters
that contained higher concentrations of dissolved 210Po and 210Pb, hypothesized to be
subjected to redox cycling of manganese. The Delaware and Chesapeake estuary mean
residence times for 210Po differed significantly at 87 and 126 days respectively, while they
were similar for 210Pb (53-67 days). The difference in residence times corresponds to the
greater extent of biogeochemical scavenging and regeneration processes within the upper

Chesapeake.
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1 Introduction
Estuaries are among the most important regions for the transfer of continental

dissolved and particulate elements to the oceans (Millward and Turner, 1995). These
elements enter the estuarine system via rivers from natural weathering of continental
material, anthropogenic discharges from urban areas, groundwater, and atmospheric
fallout. In the estuarine region, the elements are subjected to a series of biogeochemical
processes in the water and sediments, which include adsorption, transformation,
uptake/release by estuarine microorganisms, and removal by biogeochemical scavenging.
These processes can result in significant modification of the transfer fluxes from the
continent to the oceans. Such transfers associated within the estuarine river and seawater-
mixing zone are well established (Church, 1986). However, the rates are difficult to
establish without the use of radionuclide tracers to help understand and quantify the
changes.

Over the past several decades, the naturally occurring radionuclide pair of 219Po and
210Ph has been widely used to examine dissolved and particle dynamics in open ocean
ecosystems (Bacon et al., 1976; Nozaki, et al. 1976; Thomson and Turekian, 1976; Cochran
and Masque, 2003; Rutgers van der Loeff and Moore, 2007). The systems controlling 210Po
and 219Pb dynamics in the ocean are relatively well constrained and mainly associated with
sorption onto particles (210Pb) and biogenic material cycling (21°Po). However, in coastal
and estuarine systems these dynamics are less constrained due to high temporal and spatial
variability. Indeed, estuarine and coastal waters are subjected to seasonal changes of water
flow, particle re-suspension/transport from different origins, eutrophication,
phytoplankton bloom events, exchange with the ocean, and anthropogenic inputs that
influence 210Po and 219Pb dynamics. In addition, 219Po and 219Pb radionuclides have several
origins in coastal environments. Sources include riverborne sediment (Chung and Chang,
1995; Smoak et al.,, 1996; Santschi et al., 1979), boundary scavenging of 210Pb (Bacon et al.,,
1976; Chung and Chang, 1995; Smoak et al.,, 1996), or regeneration of 219Po from rapidly
degrading biogenic particles or upwelling (Heussner et al., 1990).

Several studies have used the 21°Pb and 210Po nuclide pair in the estuarine marine
environment as quantitative tracers (Benninger, 1978; Santschi et al., 1979; Church, 1986;
Church and Sarin, 1995; Carvalho, 1997). From this limited research, it has been verified
that removal of these nuclides are primarily controlled by the particulate matter
concentration (Santschi et al., 1979) and with nuclide disequilibria imposed along the

seasonal salinity gradient, which is due to particle scavenging along these gradients (Church
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and Sarin, 1995). Estuarine environments are also subject to hypoxic/anoxic conditions
with specific biogeochemical dynamic at redox interfaces that clearly impact the 210Po and
210Ph dynamics in the ocean (Bacon et al., 1980; Wei and Murray, 1993; Kim et al., 2005). It
was shown that within anoxic basins scavenging of radionuclides by Fe and Mn rich
particulate matter and by bacteria affects distribution in the water column.

This paper presents a comprehensive estuarine data set on the radionuclides 219Po
and 219Pb for two of the largest U.S. estuaries, the Delaware and Chesapeake (Figure 1). Both
estuaries receive major fresh water input, the Delaware and Susquehanna Rivers, which
host the metropolitan regions of Philadelphia and Baltimore, respectively. The Delaware
River is shallow, with an average depth of 10m, and bordered by numerous intertidal creeks
and salt marshes. The upper Delaware estuary has a well-defined turbidity maximum, and
during the spring, bloom events occur within the lower estuary. In contrast, the Chesapeake
Bay is a composite of several smaller river-estuarine systems, each with individual
lithologies and drainage characteristics. The section north of the Potomac (Figure 1) is a
deep drowned river channel sided by clay cliffs that often contain basins of suboxic to
anoxic conditions at depth during the summer time. On average, the Delaware estuary has a
flushing time averaging 3 months, while the upper Chesapeake flushing can range from 6-12
months. Both estuaries are commensurate with the 210Po half-life (138days) and thus
compatible with the 210Po/210Pb radionuclide parent-daughter pair (Church and Sarin,
1995). These estuaries present two distinct biogeochemical systems and provide an overall
rationale to use the 219Po and 21°Pb radionuclides to better understand and quantify
processes controlling the fate and behavior of other proxy trace elements in estuarine
environments.

Here we report data on 219Po and 210Pb activities in the dissolved and particulate
phases along the salinity gradients of the Delaware and upper Chesapeake estuary. This
data is supported by physiochemical water parameters: temperature, salinity, dissolved
oxygen, fluorescence, suspended matter, particulate organic carbon (POC) and nitrogen
(PON), and major nutrients (NO3z-, NH4*, PO43-and Si) concentrations. The main objectives of
this paper are to 1) improve understanding of 210Po and 210Pb cycling in the estuarine
environment, 2) use the radionuclide pair to quantify dissolved-particulate exchange rates
that translate to scavenging residence times 3) assess the potential role of pervasive
intertidal salt marshes that may contribute to the nuclide distribution of the lower

Delaware Bay, and 4) trace the redox processes in deep waters of the upper Chesapeake.
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Quantitatively, this study uses mass balance calculations in order to model the mean
scavenging residence times, defined by the mean dissolved 210Po and 219Pb adsorptive
exchange rates onto particles. Such reaction sorption rates (4,,) are defined as the
scavenging rate constant for dissolved 210Po and 21°Pb onto suspended particles and can be
transposed to residence times. The results are compared between the two estuaries, as well
as regionally for the Delaware estuary. These rates can be employed as proxies for other
trace elements with similar biogeochemical behavior in order to determine their behavior

and fate in the estuarine environment.

2 Material and Methods

Water samples for 210Po and 21°Pb analysis were collected during April and August of
2012 for the Delaware and Chesapeake estuaries, respectively. The samples were collected
aboard the R/V Sharp along the entire salinity gradient (0-31psu) in the Delaware and the
upper Chesapeake estuaries (2-17psu) (Figure 1). At 34 stations surface (2m) and bottom
samples at depth were collected using Niskin bottles, supplemented by the surface ship
pump (SMS). Additional water samples were taken from intertidal waters of a lower
Delaware salt marsh to investigate whether a salt marsh can act as a source or sink for 210Po
and 219Pb radionuclides. This collection occurred over a 12-hour tidal cycle on 01 June
2012 at two sites, near the Roosevelt Inlet (RI) and within Canary Creek (CC) (Figure 1). A
single end member sample was collected from Red Mill Pond, a primary freshwater source
for the marsh (RMP, Figure 1).

A total of 34 Delaware estuary, 17 intertidal Delaware salt marsh, and 17 Chesapeake
dissolved and particulate samples were collected. They were dispersed into 20L
Cubitainers® filled with filtered seawater using Gelman Sciences sterilized Mini Capsule
Filter membranes (<0.45um), and acidified to pH 2 using HCl. The cubitainers were sealed
and stored in the dark until they were transferred into cold dark storage once ashore. The
filtered and acidified seawater samples were assumed to be isolated from storage artifacts
based on earlier findings (Chung and Craig, 1983). Separate subsamples were filtered
through pre-weighed 0.45um polycarbonate membrane filters for 210Po and 219Pb
particulates. Separate samples were collected on ashed glass fiber filters for POC and PON
and placed in an -80°C freezer until processing. Polycarbonate membrane filters were
subjected to HNO3 digestion at 90°C for a day. Filtrate from POC and PON samples were

collected and stored using HCI cleaned vials in order to analyze dissolved bay nutrients
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(NO3-, NH4*, PO43-and Si). Physiochemical parameters such as temperature, salinity,
dissolved oxygen, conductivity, fluorimetry, transmissometer were measured in-situ using a
CTD probes in the estuary and manual probes in the marsh (Seabird and YS], Inc.).
Suspended particulate matter (SPM) was determined by weighed mass on the
polycarbonate filter.

Dissolved seawater samples were processed for 210Po and 210Pb using an established
protocol (Fleer and Bacon 1984) and modified according to Rigaud et al. (2013). Weighed
additions of 209Po isotope spike (1 dpm) and stable Pb carrier (20 mg) were added to each
sample for isotopic dilution analysis and chemical yield. The 209Po spike was calibrated
using two certified reference materials (IAEA-RGU-1 and NIST-SRM983) and found to be
2.12+0.05 dpm/g (35.3 £0.8 mBq/g). Stable Pb carrier was calibrated using atomic
absorption. Nuclides were extracted by co-precipitation with Fe(OH)3 (Thomson and
Turekian, 1976). The precipitate was recovered by filtration (0.45pm polycarbonate
Nucelpore) and then dissolved in a 0.5M HCI solution. In the case of particulate samples, the
solid phase is dried, weighed and spiked with 209Po and lead carrier before being completely
dissolved using a mixture of strong acids (including HF). The solution digest is evaporated
to near-dryness, any residue oxidized with nitric acid, reconstituted after several
evaporations in strong HCl, and recovered in 0.5M HCl solution. The 219Po and 209Po were
plated in this solution by spontaneous deposition onto a silver disc heated in this solution
with about 200 mg of ascorbic acid (Flynn, 1968) and their activities measured by alpha
spectroscopy. A small aliquot of the solution was taken from this solution in order to
measure Pb recovery from the time of collection. The remaining Po in solution was
removed in 9 M HCI using AG-1X8 anion exchange resin as described by Sarin et al,, (1992).
After separation, another small aliquot was taken from the final eluate solution containing
the 210Pb to gauge the Pb yield during subsequent in-growth of 210Po from 210Pb and both
measured using Flame atomic absorption to determine Pb recovery. The final eluate
solution was re-spiked with 209Po and stored at least 6 months to allow in-growth of 210Po
from 210Pb. The 210Pb activity of the samples was then determined by plating the eluate
solution on another silver disc, via the in-growth of 210Po.

Finally, the determination of the initial activities of 210Po and 210Pb at the time of collection
was calculated using the equations and corrections accounting for decay and ingrowth of
the nuclides, which are detailed in Rigaud et al., (2013). High errors on a few ratios are due

to low activity concentrations, as is normal when sample volumes are limited. Overall,
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errors were <10% for most samples. Duplicate blanks were determined by processing a
liter of distilled water in the same way as the samples to correct the calculated activities
(<4% sample activity). Detector background was individually subtracted from each sample
activity (<3%). The reproducibility of the method was tested based on duplicate analysis of
five different stations with the relative variations found to be 3.3% between duplicate

analyses.

3. Results

The radionuclide activities and associated errors are presented in Table 1 for the
Delaware and Chesapeake estuaries and in Table 2 for the Delaware salt marsh. Two
dimensional distribution plots of 210Po, 210Pb, and 210Po/210Pb activity ratios in the dissolved
and particulate phases for the Chesapeake and Delaware estuaries were created using
Ocean Data View (ODV)(Schlitzer, 2013) (Figures 2 and 4). All of the physiochemical data,
which includes temperature, salinity, dissolved oxygen, conductivity, suspended matter and
chemical analysis of POC, PON, NO3-, NH4*, PO43-and Si, are reported in the Supplemental

Materials (including Figures 2 and 4 in color).

3.1 Delaware Estuary

Throughout the Delaware estuary, the salinity and temperature display well mixed
features from the surface to within a few meters of the bottom. Increased temperatures
were observed in the upper estuary and gradually decreased towards the high salinity
coastal waters. Dissolved oxygen (DO) concentrations were constant (93% DO saturation)
in the upper estuary, increased to 96% in the surface waters of the mid estuary, and
ultimately decreased to concentrations of <90% in the lower estuary. The maximum oxygen
and fluorometer signal, along with a decrease in dissolved nutrient concentrations of NOz-,
NH4*, P0O43-, are indicative of a phytoplankton bloom in the mid to lower estuary. This
occurrence is common in the Delaware estuary, as reported by Voynova and Sharp (2012).
The upper estuary exhibits low concentrations of suspended particulate matter (3.91mg/L)
that dramatically increase to 35 mg/l in the mid estuary, where a turbidity maximum is
found.

Dissolved 210Po concentrations in the Delaware estuary ranged from 1.3 dpm/100L in
the upper estuary to 4.7 dpm/100L in the lower estuary (Table 1 and Figure 2). Dissolved

210Ph concentrations varied from 1.0 to 4.0 dpm/100L, with the greatest variation occurring
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in the lower estuary deep waters (0.91 dpm/100L) and in the mid estuary where the
phytoplankton bloom occurred. The dissolved 219Po/210Pb activity ratios in the upper
estuary (0-50km transect distance) were less than one, while an excess (>1) was present in
the mid to lower estuary.

Particulate concentrations of 210Po and 219Pb ranged from 1.1 to 18 and 0.42 to 60
dpm/100L, respectively. Particulate 219Po concentrations were highest in the turbidity
maximum, defined by the transmissometer readings and weighed filters of particulate
matter. The particulate 210Pb maximum was located in the intermediate waters of the upper
estuary, while the minimum was found at the surface and bottom samples throughout the
lower estuary. Of the total concentration in 219Po, 60% was found in the dissolved phase at
the headwaters (sample DB01) and decreased within the turbidity maximum to 11% before
increasing again in the lower bay to 68%. Of the total concentration, dissolved 210Pb activity

comprised 12% in the headwaters and dropped to 3% in the turbidity maximum.

3.2 Lower Delaware Salt Marsh (Canary Creek)

Intertidal sampling occurred at two locations, Roosevelt Inlet (entrance) and Canary
Creek (upstream). The salinity concentrations over the tidal cycle ranged between 27-29
and 20-24 psu for the Roosevelt Inlet and Canary Creek sampling sites, respectively
(Supplemental Materials). Here is noted that little difference between the temperature,
dissolved oxygen, and NO3- concentrations for each sampling site and over the tidal cycle.
POC, PON, Si and P043-concentrations were greatest at high tide in Canary Creek, while
Roosevelt Inlet concentrations were constant over the tidal cycle (Supplemental Materials).

Dissolved 210Po ranged from 2.8 to 9.9 dpm/100L at Roosevelt Inlet and 3.9 to 14
dpm/100L at Canary Creek (Table 2 and Figure 3). In the sample collected at Red Mill Pond,
the fresh water end member of the creek, 219Po activity was 9.0 dpm/100L. Over the tidal
cycle, 210Po activities in Canary Creek increased during the flooding tide, while activities
increased during low tide at Roosevelt Inlet. Dissolved 21°Pb ranged from 1.2 to 12
dpm/100L at Roosevelt Inlet and from 4.6 to 14 dpm/100L at Canary Creek, while it was
higher (19 dpm/100L) at Red Mill Pond (Table 2). The maximum dissolved 21°Po and 219Pb
for Roosevelt Inlet were both observed during low tide. Interestingly, at Canary Creek,
farthest from tidal influence, 219Po reached a maximum at flooding tide and 219Pb at ebbing
tide. Dissolved 210Po/210Pb activity ratios at Canary Creek indicated a similar to greater

proportion of 210Pb versus 210Po (<1) during high, ebbing and low tide, while a dissolved
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210Pg excess (>1) was measured during flooding tide (up to 2.3+£0.3). In Roosevelt Inlet,
210Po /210PD ratio presented the opposite trend, with significant excess at high to ebbing tide

and values close to equilibrium during and following low and flooding tide.

3.3. Upper Chesapeake Estuary

During late summer, the upper Chesapeake estuary can be divided into two main
zones: an upper zone (from 0-10m) that is vertically well mixed along the upper extent (0-
50km), and with deeper waters (10-25m) isolated by a strongly stratified water column
along a lower zone (60-120km) according to temperature and salinity (Supplemental
Materials). In the vertically well-mixed upper zone, salinity ranged from 3 to 10 psu with a
constant temperature of 27°C. In the upper well-mixed zone of the estuary, a turbidity
maximum was present with suspended particulate matter concentrations greater than
60mg/L (Supplemental Materials). These high suspended sediment concentrations were
constant until midway down the estuary and decreased to <10 mg/L in the lower estuary.
Dissolved nutrient concentrations of NO3z- and Si at the mouth of the Susquehanna River
reached a maximum and decreased down the estuary, while the opposite trend was
observed for NH4* and PO43-. In the upper stratified zone the water column exhibited well-
oxygenated surface water (90% DO above 12 m depth) and suboxic/anoxic (02 <1% DO)
bottom waters below (Supplemental Material).

Dissolved radionuclide concentrations along the upper Chesapeake ranged from 0.8 -
4.4 dpm/100L and 0.4 - 4.3 dpm/100L for 210Po and 210Pb, respectively (Table 1 and Figure
4). The first sample near the headwaters of the Chesapeake estuary consisted of high
dissolved 210Po concentrations (4 dpm/100L). These concentrations decreased to 1-
2.5dpm/100L seaward (to 40 km), with a mid-depth water column increase to 5 dpm/100L
at 120km (Figure 4). The dissolved 219Pb activity was generally constant at 1 dpm/100L
throughout the upper Chesapeake estuary, except for two samples: 60km (at surface) and
120km (at depth) transect distance (2-5 and 3-5 dom/100L, respectively). At 60km transect
distance, an enrichment of 4.0 dpm/100L of dissolved 219Pb was observed in the vicinity of
the Baltimore Harbor. North of the Potomac, a suboxic zone was associated with increases
in dissolved 21°Pb and 210Po concentrations. Here between 7m and 12m the dissolved 219Po
(4.4 dpm/100L) and 21°Pb (3.0 dpm/100L) concentrations were at a maximum before

decreasing to 1 dpm/100L in lower oxygenated waters (below 12m). An excess of dissolved

10
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210Po /210PD activity ratio (>1) was observed over most of the Chesapeake estuary, and at
depth two locations (55km and 120km) reached a ratio of 5 (Table 1 and Figure 4).

Particulate concentrations ranged from 0.3 to 31 dpm/100L and from 0.3 to 67
dpm/100L for 210Po and 210Pb, respectively. In the upper estuary, the radionuclide
particulate concentrations were associated with similar trends to the suspended matter at
the turbidity maximum (0-20 km), as noted by Chuch and Sarin, 1995. The highest
particulate activity for 219Pb was located (120km transect distance) at 15m in the sub-oxic
bottom waters (67 dpm/100L), while the highest particulate activity for 210Po (31
dpm/100L) was located at 10m depth (15km). The proportion of total 210Po in the dissolved
phase at the freshwater end member (CB01) was 6% and increased gradually to 26% until
60km transect distance. 210Pb increased from 3% to 28% until 60km transect distance. At
this point the percent of 210Po in the dissolved phase changed to 83% while, the 210Ph

increased to 58%.

4 Discussion

The 210Po and 210Pb dynamics will be discussed in association with the main
characteristics observed in both estuaries. These characteristics include, the turbidity
maximum, phytoplankton blooms, exchanges with surrounding salt marshes along the
Delaware estuary, and redox chemistry at the oxic/anoxic transition in the Chesapeake
estuary. Finally, box-model calculations for both estuaries will be applied to determine

dissolved-particulate sorption rates that translate to scavenging residence times.

4.1 210Pg and 219Pb cycling in the maximum turbidity zone

Maximum turbidity zones were found in both the upper Delaware and Chesapeake
estuaries and corresponded to a decrease of dissolved nuclides and an increase of
particulate nuclide activities. This is clearly illustrated when reporting the differential
removal of dissolved versus total nuclides. Indeed, outside the turbidity maximum zone,
210Po is mainly present under dissolved form 59 * 6% in the Delaware and 55+5% in the
Chesapeake. However this proportion decreased to 11+1 % and 7+1% in the turbidity zone
for the Delaware and the Chesapeake, respectively. Similarly, 210Pb is mainly present in the
dissolved form 66+5% in the Delaware and 51+5% in the Chesapeake outside of the
turbidity zone. Within the turbidity zone, the proportion decreases to 3+1% in the Delaware

and 3+1% in the Chesapeake.

11
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Such observations suggest that 210Po and 210Pb undergo marked chemical transfers
from the dissolved to the particulate phases in the turbidity zone, as 210Pb has a strong
surface particle affinity (Benninger, 1978). It is suggested that 210Pb transfer from the
dissolved to particulate phase is due to surface adsorption of 210Pb onto surface particles.
This is further enhanced in the turbidity zone due to the increase of the available surface
particulate sorption sites. However, in the case of 210Po, adsorption process and biological
uptake may both be involved in 210Po transfer, although this is unlikely in the turbidity
maximum zone.

These observations in two distinct estuarine systems give evidence that most 219Po
enters estuaries in the dissolved phase. However, most 210Pb enters the estuaries in the
particulate phase or is scavenged further upriver in each system. Within the turbidity
maximum, both nuclides are rapidly scavenged as previously reported in estuarine systems
(Church and Sarin, 1986; Benninger, 1978). Both studies reported that 219Pb and 210Po
become largely associated with suspended particles and tightly correlated in the low
salinity turbidity maximum. This is in agreement with our findings of nuclide scavenging
within the turbidity maximum for both the Delaware and Chesapeake estuaries. The
increased 210Po and 219Pb activity ratios in the particulate phase (Po/Pb >1) indicating

higher scavenging of 210Po, most likely the result of bioaccumulation.

4.2 210Pg and 219Pb cycling with phytoplankton bloom

In each estuary, a phytoplankton bloom was present and led to scavenging and
subsequent remineralization of nuclides. Within the entire Delaware water column a bloom
was observed (75-90km). Correspondingly in the Chesapeake surface waters (0-5m) the
bloom was evident from 50-120km. This was indicated by a higher fluorimetry signal
coupled with corresponding nutrient data (Supplemental Materials). In these areas the
210Po and 219Pb activity ratios in the particulate (Po/Pb >1) indicates higher scavenging of
210Po from the possibility that bioaccumulation may have occurred. The Delaware bloom
displays these conditions with a particulate Po/Pb ratio that ranged from 4 to 6, while
within the Chesapeake bloom a ratio of 2.5-3 is observed (Figure 2 and 4). Another
illustration to support the observation of bioaccumulation is the dissolved nuclides versus
particulate nuclides. The proportion of total dissolved 210Po in the surface water at the point
of the proposed bloom was 17+3% in the Delaware and 38+4% in the Chesapeake. Notably

greater was, the proportion of total dissolved 210Pb within the bloom area in the Delaware

12
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at 50% and 46% in the Chesapeake. This suggests that biogeochemical processes in the
bloom act as efficiently to either solubilize both nuclides or allow greater particulate
removal.

Remineralization of nuclides down estuary within the bloom (Delaware) and at depth
within the water column (Chesapeake) also leads to increased distribution of dissolved
versus particulate 210Po activities. In these areas estuarine conditions resulted in the
dissolved ratio 210Po /210Pb to range from 2-2.5 and 3.5-5 for the Delaware and Chesapeake,
respectively (Figure 2 and 4). Here too the proportion of dissolved versus particulate
nuclide for dissolved 21°Po was 68% in the whole Delaware and 73% in the Chesapeake.
Such differential behavior implies that the 210Po has been regenerated in the mid-salinity
surface water region (100-150km) within the Delaware and at depth within the
Chesapeake. It is important to note that this trend does not continue at deeper depths
(>10m), as the waters become suboxic.

Previous studies within the Delaware estuary (Church and Sarin, 1995) included only
surface samples and thus were not able to observe the regeneration processes occurring at
bottom depths during times of high productivity in the Delaware estuary. Thus it is
proposed that the scavenging and regeneration of 210Po and 210Pb occurs in a similar
manner to that at depth in the open ocean. In the open ocean there is a preferential transfer
of 210Po from the dissolved phase to the particulate phase by bioaccumulation in surface
waters and export to the subsurface by the settling of particles (i.e., scavenging) (Stewart, et
al,, 2007). In a vertically stratified trench, this sorption step appears to be very fast (hours)
and becomes evident during times of high productivity, such as during spring and summer
months. In deeper ocean waters, the remineralization of particulate matter results in a
release of 210Po from the particles to the dissolved phase (Bacon et al., 1976, 1978; Cochran
et al., 1983; Stewart and Fisher, 2003a; Stewart et al., 2007). It appears that these processes

can occur on time scales comparable to larger estuaries as documented in this study.

4.3 210Pg and 219Pb cycling in salt marshes (and exchange with the Delaware estuary)

The dissolved concentrations for both radionuclides in the Delaware intertidal marsh
are generally higher than those measured in the estuary and coastal waters (Table 2). The
radionuclides also present strong variations over tidal cycles and furthermore differ
between the two sampling sites, located at the entrance of the salt marsh (Roosevelt Inlet;

RI) and within the salt march (Canary Creek; CC) (Figure 3). These variations, which
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transpire over a 12hr tidal cycle, are a result of rather rapid biogeochemical and physical
processes occurring within the salt march.

At RI, both dissolved radionuclides follow the same trend throughout the tidal cycle
with a maximum activity (10 dpm/100L) present at low tide. During low tide, the dissolved
proportion of the water from the salt march at RI is greatest. The high activity values also
found at low tide suggest the salt marsh as a source for both 219Po and 219Pb to Delaware
Bay. At low tide, the activity ratio is about 1, which indicates similar and older sources of
210Pp and 21°Pb. Conversely, an activity ratio of >1 is present during high and ebbing tide,
which evidence a greater proportion of water from the Delaware estuary.

On the other hand, the interior (CC) concentration of dissolved 219Po reached a
maximum (14 dpm/100L) at flooding tide, while the dissolved concentration of 21°Pb
reached a maximum (14 dpm/100L) during ebbing tide. At flooding tide, 21°Po activity at CC
is notably higher than in the Delaware Bay and RI. In addition, the increase in activity ratio
of 210Po /210Ph >1 during the flooding tidal transit from RI to CC indicates remineralization of
210Po-bearing particles, which originated in the Delaware Bay. During high tide in CC, the
210Po decreased and reached equilibrium with 219Pb, which indicates that the 210Po is
released then scavenged within the marsh at high tide. Contrarily, the maximum dissolved
210Ph activity during ebbing tide may be caused by 210Pb inputs within the marsh, such as
redox mobilization during groundwater discharge. This input is then conserved during the
ebbing tidal transit from CC to RI when a 219Pb maximum occurred at low tide, supporting a
continuous groundwater discharge.

The difference in nuclide behavior between salt marsh sites indicates that the
dissolved 210Po from the Delaware Bay entering the marsh is removed during flooding tide.
The 210Po removal processes within the marsh could also be associated with the 210Po
bioaccumulation by vegetation (Church, 1986), and 219Pb scavenging by sedimentation with
other proxy trace elements such as stable Pb (Kim, et al. 2004). Alternatively, dissolved
210Po could be precipitated by the marsh sediments during the reduction of sulfur, its
elemental analogue (Luther and Church, 1988). In any case, the data suggests that the salt
marsh is a probable net source of dissolved 210Pb to the surrounding estuary. Such
processes would support our findings of higher levels of dissolved 219Pb and 219Po are found

within the marsh compared to the surrounding estuary.

4.4 210Po and 219Pb cycling at oxic/suboxic interface
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In order to investigate processes in an estuarine redox environment, 219Po and 21°Pb
nuclides can be an important tool. The upper Chesapeake Bay contains a pervasive suboxic
and anoxic deeper zone, which occurs at depths as shallow as 5 to 10m. However, during
the August 2012 cruise only sub-oxic waters were evident below 12m in the mid-estuary
(75-120km) (Supplemental Materials). In surface waters (0-10m) from 100-125km, an
elevated 210Po/210Pb activity ratio in the particulate phase of 4 indicates preferential
scavenging of 219Po from bioaccumulation (Figure 4). The proportion of total particulate
210Po in the surface water was 68+5%. As the waters approach suboxic levels, a pycnocline
(10m) arises and can be identified by high dissolved 21°Po and 219Pb activity, 5 and 4
dpm/100L, respectively (Table 1). The proportion of total dissolved 21°Po and 219Pb
increased at the pycnocline to 86+5% and 63+4%, respectively; indicating that regeneration
of the nuclides has taken place. Interestingly, below the pycnocline (12-20m) the activity of
both radionuclides in the particulate phase largely increased,10 dpm/100Lin1%Po and 80
dpm/100L in 210Ph. As such, the proportion of nuclides in the particulate phase increased to
80+7% and 98+6% for 219Po and 219Pb, respectively.

We hypothesize that the solubilized 219Po and 219Pb seen at 12m depth is due to sub-
oxic reduction and dissolution of MnO;. The newly released dissolved 21°Po and 219Pb diffuse
upward in the water column towards the sub-oxic boundary for scavenging by MnO»..
Alternatively, the nuclides could diffuse downward towards anoxic sediments where 219Pb
and 219Po could be permanently removed from the water column by sulfide co-precipitation.
Thus, we propose that in the upper Chesapeake Bay, the water column profiles of 21°Po and
210PDh in sub-oxic areas are influenced by the redox cycling of Fe/Mn oxides at the water
column pycnocline, or Fe sulfides at depth. This is analogous to the vertically stratified
anoxic oceanic systems as follows.

There are limited investigations of the aqueous geochemistry of 219Po and 21°Pb at
sub-oxic and anoxic interfaces in the open ocean (Bacon et al,, 1980; Todd et al., 1986; Wei
and Murray, 1994), and none exist for an estuarine environment. From these few studies we
know the following; at the pycnocline particulate 21°Po and 21°Pb show evidence of
enrichment relative to mid-depth water column values (Todd, et al., 1986). In the region
above the redox interface where MnO; begins aerobic reduction and dissolution, MnO»-
bound 210Po and 219Pb becomes solubilized (Bacon et al., 1980; Wei and Murray, 1994). In
contrast, FeEOOH-bound 219Po and 21°Pb are not released here because Fe does not undergo

reduction and dissolution until the anoxia is reached.
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Observations from the Chesapeake estuary data agree with the oceanic studies and
suggest similar behavior of 219Po and 21°Pb across the oxic/anoxic interface in an estuarine
environment. Previous studies of the Chesapeake Bay characterized the chemical structure
of the water column during periods of anoxia (Luther et al.,, 1994). Prominent features
include the presence of a redox front, defined by the 0,/H:S interface, and the presence of a
well defined manganese-rich particulate layer above the interface. In this region particulate
Fe (I1I) and Mn (III, IV) are reduced to their divalent states, thus solubilized with reduced
electron activity (Luther et al., 1994). As the dominant carrier phase of many metals and
radionuclides, Fe and Mn oxide dissolution and precipitation at the 0,/H,S interface can
determine the fate of such particle reactive elements. Furthermore, redox reaction involving
sulfur species in anoxic waters can form aqueous polysulfide ions to efficiently scavenge
many free metals, such as Pb+2, to form highly insoluble phases such as galena, PbS (Stumm

and Morgan, 1981; Luther and Church, 1988).

4.5 Residence times

Under different conditions within both estuaries (phytoplankton bloom, max turbidity
zone, anoxic/oxic interface) both 210Po and 219Pb are primarily scavenged on particles,
inducing disequilibrium, which is used to estimate the net scavenging residence time. A
scavenging rate constant for transfer of dissolved 210Po and 210Pb onto suspended matter is
based on a simple box model (Figure 5). This rate can then be translated into scavenging
residence times. The Delaware Bay geomorphology matches that of a typical estuary with a
broad inner bay bound by two cape entrances, with partially mixed characteristics. As such
the Delaware Bay meets the general requirements of a simple box-model based on a mass
balance of the radionuclides between phases. From this we assume that measured
concentrations of radionuclides (Table 1) are representative of yearly spring and summer
annual periods. The estuaries may be characterized by a single (upper Chesapeake estuary)
or three successive (upper, mid, and lower Delaware estuary) box-models, each assuming
steady-state conditions are maintained for several months (Figure 5).

The balance of dissolved 210Po concentrations in the estuary depends upon the
following: discharges of dissolved 210Po into the estuary, 210Po produced through
radioactive decay of dissolved 219Pb, 210Po removal from solution, and 210Po exported with
the water discharged to the coastal sea. Therefore, the mass balance equation for dissolved

210Pg in the estuary is
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ApoApp + I + Ismpo + Apolsmpp + lapo + Apolarb = ApoApo + AsApo + AwApo (1)

All parameters and rates as noted are specified in Figure 5 and Table 3. Substituting
the data into the equation (1) and solving for A, the scavenging rate constant in the
Delaware estuary for 210Po onto suspended matter and sediment particles, is 4.2 a'1. A
corresponding residence time of 210Po can be translated for the whole estuary as 86 days.
The 210Po is exported at a rate that is consistent with about 60% of the annual delivery of
dissolved 210Po into the estuary. Therefore, only 40% of the dissolved 21°Po, entering or
generated in the estuary from the decay of 219Pb, is removed by sorption onto sedimentary
particles and trapped in the estuary and intertidal marshes.

In the Delaware estuary sufficient data allows an upper, mid, and lower region to be
readily defined (on the basis of salinity) into three box-models zonally distributed to
distinguish successive estuarine processes. Similarly, the same equations can be abridged
using values for each specific region of the Delaware. Using the concentration of dissolved
210Po broken down by region (i.e. upper, mid, and lower) results in scavenging residence
times of 22 days, 20 days, and 25 days, with errors of less than one day per region. Though
the residence times do not display a large range between regions, they differentiate
between different scavenging processes: onto suspended particles (turbidity maximum,
upper estuary), biogenic scavenging during phytoplankton blooms (mid estuary), and a
combination of regeneration and salt marsh exchange (lower estuary).

An identical mass balance equation may be written for dissolved 210Pb in the Delaware
with:

AppAra + Iy + Ismpp + Applsm + Ig + App = AppApp + AsApp + AwApp (2)
where, 1p;, is the radioactive decay constant 219Pb, Ap, AR, corresponds to the 219Pb
ingrowth from dissolved 226Ra in the estuary and the other variables similar to those
already introduced (Figure 5 and Table 3). The contribution of 226Ra from atmospheric
deposition is assumed to be negligible. The input of dissolved 226Ra through radioactive
decay as a source of total dissolved 210Pb also is also assumed to be minimal, compared with
other 210Ph sources primarily weathering of particles in the watershed or atmospheric
deposition.

Solving equation (2), A, defined as the scavenging rate constant for dissolved 210Ph
onto suspended sediment particles, is 5.5 a1, and as transposed inversely, a mean residence
time of soluble 219Pb in the whole Delaware estuary of 67 days. This discharge of soluble

210Pb to coastal waters accounts for 55% of the annual input received by the estuary, which
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includes atmospheric deposition. Therefore, most of the 210Pb entering the estuary in the
soluble phase is either absorbed onto suspended particles and trapped in sediment
accumulation zones of the estuary, such as intertidal marshes, or discharged via binding to
suspended matter into the coastal ocean. As with 210Po, the 210Pb residence time for the
Delaware estuary can be differentiated by zonal region resulting in times of 21 days
(upper), 14 days (mid), and 10 days (lower) that notably decrease down estuary.

Utilizing a similar approach, mean residence times for surface waters of the upper
portions of the Chesapeake estuary in the summer were calculated using a single box-
model. As the sampling focused only on the upper Chesapeake, a zonal approach was not
applied. The upper estuary of the Chesapeake is defined here as the oxic region extending
from the mouth of the Susquehanna River, seaward to the mouth of the Potomac Estuary
and from 0-5 meters in depth. This region encompassing the upper bay includes the eastern
and western tributaries, which include 1484 km2 and 14% of the total Chesapeake Bay area
(Ranasinghe et al,, 1998). Unlike the Delaware estuary, there are essentially no significant
intertidal marshes surrounding the upper bay, thus no marsh exchange is considered. Using
the data from Table 1, the scavenging rate constant for dissolved 21°Po onto suspended
matter and sediment particles is 2.91a-1. The mean residence time of 210Po in solution
relative to adsorption on sediment particles is translated to be 125 days, while dissolved
210Ph scavenging rate is 6.6a-1, with the mean residence time translated as 55 days.

Comparing the two single-box model residence time results of 219Po for the entire
estuary, Delaware (87 days) and the Chesapeake (126 days), suggest that biogenic cycling is
greater in the upper Chesapeake estuary. However, 210Pb scavenging residence times of the
Delaware (66 days) and the Chesapeake (53 days) suggest that the physicochemical
adsorption on particles is slightly greater in the Delaware. It is hypothesized that other
trace elements with similar chemical characteristics as 210Pb (Type A) and 210Po (Type B)
will present similar sorption rates. “Type A” trace metals tend to form cations, which react
with negatively charged ions and suspended particles, including elements such as Fe, Mn, Co
and Cr (Church, 1986). However, “Type B” metals tend to form stronger complexes with

organic matter, which include elements such as Zn, Ni, Cu, Cd, Ag, and Hg.
5.1 Conclusions

The following conclusions and implications of geochemical cycling of 210Po and 210Pb

in the estuarine waters of the Delaware and Chesapeake Bays can be made. Both upper
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estuaries are influenced by maximum turbidity zones, which correspond to a decrease in
dissolved and an increase of particulate nuclide activities. Outside the turbidity maximum
zone, 219Po is mainly present in the dissolved form at 59 * 6% in the Delaware and 55+5%
in the Chesapeake, while this proportion decreased to 11+1 % and 7+1% in the turbidity
zone for the Delaware and the Chesapeake, respectively.

Phytoplankton blooms in both estuaries scavenge 219Po in surface waters and are
regenerated at depth similar to processes seen in the open ocean. The scavenging by
biological particles is one of the main processes that affect nuclide distribution found in
lower sections of the estuaries. Regeneration occurs at depth for more stratified systems in
the Chesapeake and further down the estuary in the Delaware. In a lower Delaware salt
marsh sources of 210Pb and 210Po are evident during tidal cycling. Within the Delaware salt
marsh scavenging and regeneration of 210Po occurs, whereby 210Po is released by biological
particles during low tide and scavenged during high tide. In the Chesapeake estuary redox
chemistry at the oxic/suboxic transition show a release of radionuclides at the pycnocline
and scavenging as the waters become more anoxic, proposed evidence of redox cycling from
Fe/Mn oxides. In the Delaware, box-model calculations result in 210Po residence times for
three successive regions similar at 20-25 days, while 219Pb decreased from 20 to 10 days
from the upper to lower estuary. The upper Chesapeake has a longer residence time, 125
days for 210Po and 55 days for 219Pb due to greater biological scavenging and stratified
waters than the Delaware. The use of the radionuclides 219Po and 219Pb to determine
residence times can also be applied as proxies for other Type A (219Po) or Type B (210Pb)
trace elements and thus potential pollutant impacts such elements have on estuarine

systems.
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Table and Figure Captions

Table 1: Dissolved and particulate 219Po and 210Pb activities (dpm/100L) for the Delaware
Bay (DB) and salt marsh (DBSMS), and Chesapeake Bay (CB).

Table 2: Dissolved 210Po and 210Pb activities (dpm/100L) for Roosevelt Inlet (RI) and
Canary Creek (CC) lower Delaware Bay salt marsh.

Table 3: Box model units, rates, and residence times for the Delaware Bay and upper
Chesapeake Bay estuaries

Figure 1: Location of the sampling sites in the Delaware Bay and Chesapeake Bay estuaries.
The dashed line delineates the regions modeled. Samples were collected as follows:
Delaware estuary 2012 April 1-3, Delaware salt marsh two locations over a 12hr
tidal cycle 2012 June 1, and Chesapeake estuary 2012 August 20-25. The shaded
area denotes deeper estuarine basins.

Figure 2: Distribution of dissolved and particulate 210Po and 210Pb activities (dpm/100L)
and 210Pg/210Ph activity ratios distribution in the Delaware Bay estuary. Contour
plots were carried out using the DIVA gridding tool of Ocean Data View software.
Dashed lines delineate the regions modeled (upper, mid and lower estuary).

Figure 3: Dissolved 210Po, 210Pb activities (dpm/100L) and 210Po/210Pb activity ratios in
Roosevelt inlet and Canary Creek over a 12-hr tidal cycle.

Figure 4: Distribution of dissolved and particulate 21°Po and 210Pb activities (dpm/100L)
and 210Po/210Ph activity ratios distribution in the upper Chesapeake Bay estuary.
Contour plots were carried out using the DIVA gridding tool of Ocean Data View
software. Dashed lines delineate the regions modeled (upper, mid and lower
estuary).

Figure 5: Box model depiction and symbol notation for dissolved 219Po in the Delaware Bay
and upper Chesapeake Bay estuary. The Delaware Bay utilized a regional (3 box-
model) estuary model, while the Chesapeake used a single box model for the entire
upper estuary.
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906

Table 1
Station  Salinity Oxygen Depth %P0 yies %P0, 2P 7Pb o 21%pg/?Ph 4, #°P0/*Pb .
(psu) (umol/L) (m) (dpm/100L) (dpm/100L) (dpm/100L) (dpm/100L)
DB 01 0.1 323 11.8 1.8 + 0.2 1.2 + 07 19 + 03 13.1 + 16 0.9 + 02 0.1 + 00
DB 01 0.1 325 2.4 1.4 + 0.2 13 + 11 2.2 + 04 15.2 + 21 0.7 + 01 0.1 + 00
DB 03 2.0 319 10.4 1.6 + 0.1 4.7 + 1.0 3.0 + 0.2 16.7 + 20 0.5 + 0.1 0.3 + 0.1
DB 03 2.0 321 2.8 1.7 + 0.2 4.8 + 1.0 3.2 + 04 16.8 + 21 0.5 + 0.1 0.3 + 0.1
DB 05 7.2 320 2.0 2.6 + 0.2 18.4 + 19 14 + 03 15.9 + 32 19 + 04 1.2 + 03
DB 10 6.7 327 1.8 19 + 0.2 148 + 20 2.1 + 03 57.8 + 50 0.9 + 02 0.3 + 01
DB 10 8.5 319 9.1 2.0 + 0.2 15.4 + 1.0 2.1 + 04 60.1 + 49 0.9 + 0.2 0.3 + 0.1
DB 11 8.2 337 2.0 2.3 + 0.2 4.9 + 1.7 3.2 + 04 9.1 + 27 0.7 + 0.1 0.5 + 0.1
DB 11 12.4 315 10.0 2.0 + 0.2 6.0 + 10 1.7 + 03 14.7 + 29 1.2 + 02 0.4 + 01
DB 12 16.5 315 12.9 25 + 0.2 110 + 1.7 3.8 + 04 20.1 + 20 0.7 + 01 0.5 + 02
DB 12 10.9 342 2.2 1.8 + 0.2 8.4 + 26 1.0 + 03 10.8 + 29 1.8 + 06 0.8 + 0.2
DB 13 12.3 353 2.2 2.2 + 0.2 6.8 + 13 1.3 + 03 10.7 + 24 1.7 + 04 0.6 + 0.2
DB 13 15.4 300 10.1 23 + 02 131 + 15 13 + 03 144 <+ 28 1.8 + 05 0.9 + 02
DB 14 215 308 2.1 25 + 0.2 16.1 + 23 1.6 + 03 14.5 + 30 1.6 + 03 1.1 + 02
DB 14 16.2 347 15.4 2.2 + 0.2 13.3 + 26 2.4 + 03 14.1 + 43 0.9 + 02 0.9 + 03
DB 15 18.8 330 2.0 4.7 + 04 4.0 + 1.0 3.9 + 04 0.6 + 03 1.2 + 0.2 6.8 + 23
DB 15 23.7 307 14.3 21 + 02 21 + 09 2.0 + 03 0.6 + 03 1.1 + 02 3.9 + 14
DB 16 25.5 306 2.1 39 + 03 1.8 + 09 2.8 + 03 0.4 + 03 14 + 02 4.5 + 12
DB 16 215 318 11.7 2.6 + 0.2 14 + 11 1.6 + 03 1.2 + 09 1.6 + 03 1.2 + 08
DB 17 24.1 310 1.9 3.2 + 03 1.6 + 1.0 3.1 + 04 0.5 + 03 1.0 + 0.2 3.2 + 1.0
DB 17 26.0 301 12.1 34 + 03 21 + 09 2.9 + 04 0.6 + 03 1.2 + 02 35 + 11
DB 18 26.3 306 2.0 4.5 + 04 3.4 + 14 2.2 + 03 1.2 + 10 2.1 + 03 2.7 + 08
DB 19 28.2 297 2.0 3.3 + 03 4.4 + 1.2 1.6 + 03 2.1 + 13 2.0 + 04 2.1 + 15
DB 20 31.8 297 1.6 2.5 + 0.2 1.6 + 08 2.2 + 03 2.4 + 12 1.1 + 02 0.6 + 03
DB 21 30.4 295 2.0 2.2 + 0.2 23 + 13 1.8 + 02 2.4 + 20 13 + 01 1.0 + 03
DB 21 31.0 292 15.3 2.7 + 0.2 11 + 04 1.2 + 03 1.0 + 04 2.2 + 05 1.1 + 03
DBSMS 1 5.2 326 2.0 1.5 + 0.2 15.1 + 1.8 13 + 03 14.2 + 23 1.1 + 03 11 + 0.1
DBSMS 2 10.3 323 2.0 2.0 + 0.2 9.1 + 22 1.6 + 03 14.0 + 25 1.2 + 03 0.7 + 0.2
DBSMS 3 13.2 315 2.0 2.4 + 0.2 10.0 + 20 13 + 03 11.8 + 18 19 + 05 0.9 + 02
DBSMS 4 15.1 311 2.0 13 + 0.2 7.5 + 13 1.0 + 03 10.5 + 25 13 + 04 0.7 + 03
DBSMS 5 17.6 308 2.0 2.5 + 03 3.7 + 11 3.8 + 05 0.8 + 02 0.6 + 01 4.8 + 19
DBSMS 6 21.2 303 2.0 1.5 + 0.2 1.4 + 09 1.7 + 03 0.8 + 04 0.9 + 0.2 1.8 + 0.6
DBSMS 7 233 302 2.0 4.3 + 03 1.7 + 09 2.1 + 04 0.6 + 02 2.0 + 04 2.9 + 10
DBSMS 8 25.9 301 2.0 3.9 + 03 3.3 + 12 2.0 + 03 1.4 + 09 2.0 + 04 2.4 + 10
cBO1 12.7 188 4.8 2.1 + 0.2 0.8 + 01 1.2 + 03 1.8 + 03 1.8 + 05 0.4 + 0.1
CB 01 14.2 130 10.4 1.4 + 02 0.5 + 02 0.6 + 03 3.1 + 05 2.2 + 11 0.2 + 01
CB 01 15.9 34 17.7 2.8 + 0.2 0.5 + 02 0.9 + 03 1.0 + 04 3.2 + 12 0.5 + 02
CB 01 171 2 220 2.2 + 0.2 13 + 01 0.7 + 03 0.7 + 03 3.0 + 12 1.8 + 05
CB 02 13.1 153 3.0 1.5 + 0.2 2.4 + 0.1 0.6 + 03 0.7 + 03 2.5 + 12 3.5 + 14
CB 02 14.2 71 8.2 4.4 + 04 53 + 01 3.0 + 05 19 + 03 1.5 + 03 2.8 + 01
CB 02 15.5 41 13.9 2.7 + 03 107 + 0.2 1.0 + 05 67.1 + 09 2.6 + 13 0.2 + 06
CB 02 17.0 1 219 11 + 0.2 2.6 + 01 4.3 + 10 0.3 + 02 0.2 + 01 8.3 + 25
CB 02 17.0 1 215 1.3 + 03 1.6 + 0.2 0.4 + 03 0.4 + 0.2 3.2 + 27 4.3 + 1.8
CB 03 10.8 142 0.8 1.6 + 02 0.3 + 01 2.7 + 04 19 + 01 0.6 + 01 0.2 + 00
CB 03 133 23 9.1 25 + 0.2 6.9 + 01 0.5 + 03 2.8 + 02 4.7 + 27 2.5 + 02
CB 04 8.0 188 11 1.4 + 0.2 5.5 + 01 0.7 + 03 1.8 + 02 2.0 + 09 31 + 03
CB 05 6.6 177 1.9 2.0 + 03 3.3 + 0.1 2.4 + 05 3.3 + 0.2 0.8 + 0.2 1.0 + 0.1
CB 05 10.0 96 9.1 2.0 + 03 9.6 + 01 0.9 + 05 10.7 + 02 2.1 + 11 0.9 + 00
CB 06 3.2 175 0.5 0.8 + 0.2 100 + 0.2 0.4 + 03 7.6 + 03 19 + 13 13 + 01
CB 07 21 172 0.5 2.6 + 04 3.5 + 02 11 + 05 34.8 + 05 23 + 11 0.1 + 00
CB 07 3.1 155 9.0 2.1 + 0.2 31.3 + 0.6 0.9 + 0.3 27.6 + 0.7 2.3 + 09 1.1 + 0.0
DB: Delaware Bay Stations DBSMS: Delaware Bay Surface Mapping System

9 O 8 CB: Chesapeake Bay Stations
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Table 2:
Station Salinity Tide Height 219P0 e 219Ph e 210pg/21%Ph .
(psu) (dpm/100L) (dpm/100L)

RI 01 26.8 high tide 4.3 + 03 1.7 + 04 2.5 + 05

RI 02 27.4 ebbing 3.5 + 03 1.2 + 04 2.8 + 0.5

RI 03 27.6 ebbing 5.8 + 0.5 3.8 + 04 1.5 + 0.2

RI 04 27.4 ebbing 2.8 + 0.2 1.9 + 04 1.5 + 0.3

RI 05 25.8 low tide 9.9 + 0.8 11.6 + 1.1 0.9 + 0.1

RI 06 25.7 flooding 5.0 + 04 4.2 + 05 1.2 + 0.2

RI 07 27.9 flooding 3.5 + 0.3 2.5 + 05 14 + 0.3

RI 08 28.1 flooding 3.3 + 03 2.6 + 0.7 1.2 + 04
ccol 21.7 high tide 6.7 + 0.6 6.4 + 0.7 1.0 + 0.1
CCo02 23.2 ebbing 3.9 + 04 7.2 + 0.8 0.5 + 0.1

" cco3 21.2 ebbing 6.1 + 0.7 6.4 + 0.7 1.0 + 0.2
CCo4 20.2 ebbing 6.7 + 1.1 13.8 + 15 0.5 + 0.1
CCO05 19.5 low tide 4.8 + 0.7 5.5 + 0.7 0.9 + 0.2
CCo06 18.2 flooding 8.3 + 0.7 4.6 + 0.6 1.8 + 0.3
cco7 19.3 flooding 10.1 + 0.9 8.7 + 0.9 1.2 + 0.2
CCo8 20.5 flooding 13.9 + 1.0 6.0 + 0.7 2.3 + 0.3
RMP 0.4 low tide 9.0 + 14 18.8 + 25 0.5 + 0.1

RI: Roosevelt Inlet Marsh

CC: Canary Creek Marsh

RMP: Red Mill Pond end member
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992

Table 3

Aa?) A(dpm/100L) I,(dpm/100L) I,(dpm/100L) I,(dpm/100L/a’) Afa?) A.(@a')  Residence Time (d)
240(*°Po) 480 (*Po) 480 (*°Po)
1.8 (*°Po) 180 (*°Pb) 240 (**°Pb) 780 (*°Pb) 1.3x10° (**°Po) 4.2 (*°Po) 87(**°Po)
Delaware  3.1x10%(*°Pb) 540 (**Ra) 180 (***Ra) 1080 (**Ra) 1.3x10° (*°Pb) 5.5 (*°Pb) 29 66 (*°Pb)
180 (*°Po) 240 (*°Po)
1.8 (*°Po) 120 (*°Pb) 120 (**°Pb) 1.3x10° (**°Po) 2.9 (*°Po) 126 (**°Po)
Chesapeake 3.1x107(*°Pb) 1860 (*Ra) 600 (*Ra) - 1.3x10° (*°Pb) 6.6 (*°Pb) 1.0 53 (*°Pb)
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