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ABSTRACT

This report describes the methods and results of a seasonal study of suspended
sediment dynamics in the Delaware Estuary using radionuclides as sediment tracers.
Specifically, Be-7, 1-131, and Pb-210 were used to determine if the estuary at selected
coring sites was depositional, and if so, what were the rates of recent deposition. Be-
7/Pb-210ys ratios were used to determine relative ages, or time since the sediment was
in contact with the water column. Cores from eight sites in the middle to lower estuary
were collected in summer, fall, and winter of 2011. Deposition rates varied among
coring sites and over time. The absence of Be-7 and 1-131 in bed deposits suggest that
the estuary at the sampling locations is experiencing no net accumulation. An analysis
of deposition variations among cores between seasons suggests large freshwater
discharges following Hurricane Irene and Tropical Storm Lee moved the usual
depositional zone about 50 kilometers seaward to the lower estuary. lodine-131 was
used to determine general transport distances since it is only sourced in the urbanized
estuary.
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Chapter 1

INTRODUCTION

Estuarys

An estuary is “an inlet of the sea, reaching into a river valley as far as the
upper limit of tidal rise” and is continually altered by freshwater and sediment supplies
(Fairbridge, 1980). Estuaries form in coastal river valleys which are drowned by rising
sea levels. In general, Atlantic coastal plain estuary systems trap nearly all fluvial and
marine sediment (Meade, 1969). There are multiple mechanisms acting to trap
sediment in an estuary, but the landward flow of salt water is one of the most
recognizable and well-studied trapping mechanisms.

Rivers provide a fresh water source on the landward end of an estuary and the
ocean provides a salt water source. Because salt water is denser than fresh water, there
is a tendency for the fresh water to flow over top of the salt water that is being pushed
into the estuary by gravitational forces. To balance the forces, a salt water front forms
in many estuaries where a mean (non-tidal) current of saline water flows landward
underneath the fresh water which flows seaward. Sediment that enters the estuary from
river and marine sources is then unable to exit the estuary mouth because of this
landward flow of salt water. The shape, size, and position of the salt water wedge vary
greatly among types of estuaries due to differences in fresh water input, tidal currents,
and estuary morphology. In a stratified estuary the salt front is very prominent and the

landward mean flow weak, whereas in a weakly stratified or well-mixed estuary, salt



water mixing with the freshwater occurs over larger areas and the landward bottom
current is weaker.

At its furthest landward reach, the velocity of the mean bottom current drops to
zero. This point of the estuary is known as the null zone and represents the point in the
estuary where there is theoretically no landward or seaward flow. This null zone,
however, may only occur at a small vertical interval of the water column. The null
zone is particularly important in sediment studies because it can lead to the formation
of an estuary turbidity maximum (ETM). Sediment being carried in the water column
flows towards the null zone where it then begins to accumulate and settle due to low
water velocity. As sediment accumulates in this area, a noticeable ETM forms where
suspended sediment concentrations (SSC) frequently reach high levels of many 10s to
100s of mg/L (Biggs, 1988). Over time, suspended sediment settles and is deposited
on the estuary floor. Deposited sediment may remain or later be resuspended and
transported to tidal flats on the sides of the estuary where it can more permanently

deposited.

Estuary Response to Episodic Events
Increased river input and storm surge currents significantly affect coastal plain
estuaries. Besides changing the hydrodynamics of estuaries, storm-generated episodic
events produce a huge influx of sediment. In his studies of the James and
Rappahannock River estuaries, Nichols founds that “an estimated 90 percent of the
average annual suspended load is delivered in less than 11 percent of the time”
(Nichols, 1993). Therefore, to understand estuary sediment dynamics, it is crucial to

understand depositional patterns resulting from storm events (Nichols, 1993).



Nichols (1993) described a coastal plain estuary’s response to a storm event in
a four step sequence which includes an initial response phase, a shock phase, a
rebound phase, and a recovery phase. The entire sequence lasts from about seven to 22
days or more. During the initial response as a storm approaches, the net landward flow
increases for a short period and then drops back to normal levels. Near-bottom
suspended sediment concentrations tend to increase by at least 5 fold as storm surge
currents and wave resuspension increase. As the storm hits the estuary and its
watershed, the shock phase begins. The shock phase is characterized by high rainfall
and river flooding. The increased input of freshwater from rivers pushes the net
current in the upper estuary seaward, resuspending bed sediment and transporting it
seaward. In the lower estuary, Nichols found that a partially mixed estuary became
highly stratified. In his studies, the estuarine turbidity maximum was destroyed at its
known site but eventually reformed at a further seaward location. Three to six days
after the storm, river flows begin to return to normal as does sediment influx to the
estuary. A strong landward flow with high sediment concentrations forms as the
turbidity maximum shifts landward again. The final phase, recovery, begins after
about seven days and can be recognized by relatively normal flow velocities, sediment
levels, and less stratification. During the recovery phase, the turbidity maximum
returns to its normal area and is generally less intense. Nichols also found that
sediment derived from the storm event is stored landward of the freshwater-salt water

convergence or farther seaward in the closed estuarine circulation (Nichols, 1993).

The Delaware Estuary
The Delaware Estuary is an urbanized coastal plain estuary stretching 215 km

from the mouth of the Delaware Bay to the head of tides at Trenton, NJ (Lebo et al.,



1993; Cook et al., 2007).The estuary and bay form the second largest estuary system
on the U.S. Atlantic East Coast and are second in ship traffic only to the New York
Harbor (Cook, 2002). In order to maintain an adequate depth in the main shipping
channel, the upper estuary is regularly dredged and the sediment is permanently
removed. The Delaware Bay also serves an important role ecologically; its shores host
the largest population of spawning horseshoe crabs in the world. Horseshoe eggs
which are deposited along the shores of the bay area crucial food source for migrating
shore birds (Howel, 2011). The amount of sediment imported to the estuary, its
residence time, and its composition are crucial to the estuary’s morphology and
ecological health (Nichols and Biggs, 1985). For the estuary’s ecology, muddy
sediment is a source of important nutrients like phosphorous and organic carbon.
Sediment filled marshes surrounding much of the Estuary provide a filtering system
for harmful contaminants from local farms and other waste sources. Sediment
dynamics, therefore, play a large role in the estuary’s ecosystem.

Each year, about 1.3 x 10° kg of suspended river sediment is delivered to the
Delaware Estuary from fluvial sources (Mansue and Commings, 1971; Walsh, 2004).
In conjunction with the Delaware Bay, the estuary system captures essentially all
incoming fluvial and marine sediment (Sommerfield and Wong, 2011). Due to a large
tidal discharge relative to the fresh water input, the estuary is considered a weakly
stratified system. An ETM with surface suspended-sediment concentrations (SSC) on
the order of 10-100 mgL™ typically exists 50-120 km from the bay mouth as a result
of residual gravitational flow (Biggs et al., 1983; Sommerfield and Wong, 2011).

While there have been numerous studies exploring large scale hydrodynamics

in the Delaware Estuary (Pape and Garvine, 1982; Wong and Garvine, 1984; Janzen



and Wong, 2002) details regarding the behavior of sediment are still sparse. Recent
research has shed much light on sediment dynamics in the Delaware Estuary (Cook et
al., 2007; Sommerfield and Wong, 2011), but there remain gaps in knowledge. The
large size and complicated circulation of the estuary give rise to highly variable
suspended sediment concentrations and bottom sediment characteristics, which makes
it difficult to predict sediment-transport pathways and rates of movement. From
sediment-flux measurements it has been found that residual gravitational circulation,
tidal velocity asymmetry, and tidal mixing asymmetry influence sediment transport
and turbidity levels in the estuary (Sommerfield and Wong, 2011). However,
sediment source areas, residence times, and centers of deposition cannot be
determined from flux measurements alone. Other methods are needed to address how

suspended sediment moves into and around the Delaware estuary.

Radionuclides as Sediment Tracers

For years, naturally occurring radionuclides have been used to trace sediment
and measure deposition in support of environmental studies (e.g., Olsen et al., 1986).
Beryllium-7 (t,,=53.3 days) and Pb-210 (t;,=22.3 years) are two well-known
indicators of estuary sediment dynamics (Matisoff et al., 2005). Beryllium-7 and Pb-
210 are delivered to aquatic waters from the atmosphere mostly in precipitation. In the
water column, the radionuclides associate with sediment particles through cation
exchange (Fitzgerald et al., 2001). In bed sediment, Be-7 can be used to indicate short
term sediment deposition because of its short half-life. Since Pb-210 and Be-7 both
have a cosmogenic source, Matisoff et al. (2005) found that Be-7/ Pb-210 ratios can be
used to predict relative ages of sediment. Be-7 activities decrease noticeably during a

few weeks, but Pb-210 decay is negligible because of its longer half-life. Therefore,



the Be-7/ Pb-210 ratio decrease with depth and constrains the time since the sediment
was labeled with the radionuclides.

More recently, Smith et al. (2008) described another radionuclide, 1-131
(t12=8 days), as “a potential short-lived, wastewater-specific particle tracer in an
urbanized estuarine system” (Smith et al, 2008). lodine-131 is a fission-produced
radioisotope which “is used as a radiopharmaceutical for medical imaging,
diagnostics, and treatments for conditions of the thyroid” (Smith et al. 2008).
Following its medical use, it is introduced to the waste stream at both hospitals and
released patient’s homes where it is then transported to waste-water release sites along
some urbanized estuaries. The work of Smith et al. (2008) was limited to the lower
Hudson River Estuary, but these authors suggested that 1-131 has potential use as a
sediment tracer in other urban estuaries. Measurements of Delaware Estuary water
and bed sediments by Dr. Sommerfield in 2010 and 2011 revealed the presence of I-
131 in both suspended and bottom sediment (Sommerfield and Duval, 2012).
Sommerfield has found that 1-131 is being introduced to the Delaware Estuary as
multiple waste water treatment plants along the upper, highly urbanized segment of
estuary. 1-131 has been detected in suspended sediment throughout the Delaware
Estuary and in the lower Delaware River landward of the head of tide (Trenton, New
Jersey). However, 1-131 is not being released into the water seaward of Wilmington,
S0 its presence down-estuary provides a source-specific tracer of water and particles

from upper estuary sources.



Chapter 2

METHODS

Field

Samples for this project were collected during cruises of the R/V Sharp in
summer, fall, and winter 2011. Freshwater discharge to the estuary during the study
period is shown in Figure 1. Seabed cores were collected at nine sites, labeled ‘A’
through ‘I’, along the middle to lower Delaware Estuary using a short gravity corer.
The weighted corer was dropped down off the side of the vessel and retrieved using a
vessel-mounted crane. Care was taken to preserve an intact sediment-water interface
for the cores, which were generally 20-24 cm in length and composed of soft mud.
After recovering a core, it was taken into an onboard wet lab intact. In the wet lab,
cores were dissected into 2 cm thick sections beginning at the sediment-water
interface. Each section was placed in a plastic bag to be stored for the remainder of the
cruise. During each cruise, a CTD sled was deployed to profile water column salinity
and turbidity at 23 sites from the mouth of the bay to the head of tide. Upon return to
shore, the bags of bottom sediment were immediately transferred to a refrigerator for

storage.
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Figure 1 Freshwater discharge of the Delaware River at Trenton during the study
period.

Lab
Beginning with the surface sections, which were most likely to contain short-
lived radionuclides, the wet sediment samples were placed in weighed jars and then
reweighed. After obtaining the wet mass of the sediment, the samples were placed in
an oven at 100°C to dry for one to two days. Once dry, the samples and their jars were
reweighed to determine the initial water content. This was used to determine porosity
and dry-bulk density. Next, using a mortar and pestle, the samples were ground into a

fine powder and put into weighed plastic containers. The powdered samples were



pressed firmly into the containers to maintain a consistent sample size. The samples
were then reweighed and a lid was placed on each. The samples were then thoroughly
brushed clean and taken to a separate room for gamma spectrum analysis. The
samples were analyzed within two weeks of sampling to capture short-lived 1-131 and
Be-7, and recounted several months later (by Dr. Sommerfield’s group). The second
round of counts was conducted to determine if Pb-210 was in secular equilibrium with
its parent nuclides (Rn-222—Ra-226) at the time of initial counting. Gaseous Rn-222
can be lost during sample preparation and from the sample container thus reducing
measured activity of Pb-210. The second counting confirmed secular equilibrium and
accuracy of the initial Pb-210 counts.

Next, each sample was individually placed in a Canberra low energy
germanium detector (LEGe). Liquid nitrogen, which is used to supercool the detector,
was added to the dewars before or after counts to avoid any interruption. Each sample
was counted for a 24-hour time period to allow for sufficient gamma counts from the
naturally occurring radionuclides. A computer connected to each detector recorded the

counts detected at each energy level from 25 to 700 keV.

Data Analysis
On the resulting gamma count spectrum, photopeaks were picked out and
marked as regions of interest (ROI) for seven radionuclides: Pb-210, Th-234, Pb-214,
1-131, Be-7, Bi-214, and Cs-137. Using the Canberra analyzing software, gamma
peaks were integrated to find the area under the radionuclide photopeak minus the
continuum background counts. If the number of counts for a photopeak was below a
set critical limit, the peak was not considered significant. Following methods

described by Wallbrink et al. (2002), the specific activity (activity/dry mass) of the



radionuclide was computed taking into account the background activity and the
efficiency of the gamma detector (Equation 1).

Equation |

c ¢ 1

Specific activity (Bq/kg) =A = (; - E) Ve
Where:
¢ = total counts (above continuum background)
T = sample count time (s) [1 day = 86400 s]

C - ,
T—b = efficiency correction
b

M = Sample mass
&4 = Activity Efficiency

Corrections were made to the specific activities to account for the decay which
took place between collection and counting. Corrections were also made to determine
excess Pb-210 activity (from atmospheric fallout of Pb-210 and particle adsorption)
from the total measured activity. For this technique, supported Pb-210 activity (by
decay of mineral-bound Ra-226) was subtracted from the total Pb-210 to obtain excess
activity.

Activity-depth plots were constructed for cores which exhibited radionuclides
of interest below the surface section and the shape of the profiles was used to compute
the deposition rates. The differences in deposition rates and inventory among the
coring sites were used to investigate sediment sedimentation rates and in the case of I-
131, transport pathways and transit times. Relative ages were determined using the
methods and equations described by Matisoff et al. (2005) (Equation I1).

Equation II

S -
= ——In\|—
1397 - APbZlO B

Where:
t = Relative age (days)
Age7 =0.01300 d?
App210 = 8.50999 x 105 d?
A = decay corrected Be-7 activity
B = decay corrected Pb-210, activity

10



In this equation, it is assumed the Be-7 and Pb-210 are introduced into the system at
the same ratio throughout time. Equation Il accounts for the change in that ratio and is
therefore relative to that initial ratio.

Beryllium-7 inventories were calculated for cores from sites A, F, and I.
Inventories represent the total, depth-integrated radionuclide activity in the sediment
column. Using the residual inventory method described by Canuel et al. (1990),
expected inventories were calculated for sites A, F, and | by decay correcting the prior
season’s radionuclide activities. A measured inventory higher than the calculated
inventory suggests additional deposition and a lower measured inventory suggests loss
of inventory, possibly by erosion between the time of initial and subsequent sampling.

Equation III
L=1xe*

Where:
I, = Inventory at time after time (t)
I; = Initial Inventory
A = Decay Constant
t = time (days)

11



Chapter 3

RESULTS

Introduction

Of the 9 sites cores were collected at each season, sites A, F, and | showed the
most valuable radionuclide data. The locations of these sites are shown in Figure 2.
The other coring sites showed little to no Be-7 and 1-131 activity, suggesting that
deposition does not normally occur around those locations. While knowing areas of
non-deposition is valuable to understanding sediment dynamics in the estuary, cores
with continuous activity or varying activity are more useful in determining seasonal
changes in depositional patterns. Therefore, the results presented are primarily from
sites A, F, and | where activity levels were above the critical limit and thus considered
significant. The absence of data for any particular core does not mean that data was
not collected, but only that it did not meet the criteria to be considered significant.
Beryllium-7 inventories were determined for cores and are expressed in terms of total

activity per square centimeter of surface area.
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Figure 2 Base map of study area with coring sites A, F, and | marked in zoomed in
areas.

Summer

Core data from the summer cores is presented in Appendix A. At site A, Be-7
and 1-131 activity decreased down the core. Be-7 activity was measureable to the core
bottom, and 1-131 was detected to 6 cm (Figure 3-b, 3-c). The total inventory of Be-7
was calculated to be 115 mBg/cm?. At site F, Be-7 activity was lower than at Site A
(Figure 4-b). The total inventory was calculated to be 24mBg/cm?. No I-131 activity
was detected in this core. Near-surface sections (0-2 cm sediment depth) of the core
from Site | showed lower activity levels of Be-7 than deeper sections (Figure 5-b).
There was a decreasing trend in Be-7 activity beginning at the 6-8 cm section. The

total Be-7 inventory from the site I core was actually the highest from the summer
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cruise at 118 mBg/cm?. No 1-131 activity was detected in Core |. Be-7/xsPb-210 ratios
showed a net decreasing trend down at Sites A, F, and I, thus there is a general
increase in relative age, or time since Be-7 was introduced to the water column, down
the cores (Figures3, 4, 5). Be-7 was detected in notable amounts at Sites A, B, F, and

I. 1-131 was only detected in significant amount at Site A and B.

Site A (Core 36): Dry Bulk Density Site A (Core 36): Be-7
DBD (g/cma) Activity (mBg/g)
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Site A (Core 36): 1-131 Site A (Core 36): Relative age
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Figure 3-c Figure 3-d

Figure 3 Summer: Depth profiles of DBD, radionuclide activities, and relative age
from core 36 (site A). Be-7 and 1-131 show decreasing activity down
core. The relative age of sediment increases down core.
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Site F (Core 41): Dry Bulk Density
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Figure 4 Summer: Depth profiles of DBD, radionuclide activities, and relative age

from core 41(Site F). Be-7 activity is lower than in core 36 but still

significant and shows a decrease down core.
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Figure 5 Summer: Depth profiles of DBD and radionuclide activities from core 44
(site I). Be-7 and DBD have nonlinear trends in the top 10 cm.

Fall

The data from the fall cores is presented in Appendix B. In the core collected
at site A in fall, Be-7 activity above the critical limit was measured down to 22 cm,
though activities were lower than in the Summer (Figure 6-b). I-131 was not detected
at significant levels at Site A. As expected, the relative ages of the sediment generally
increased down core (Figure 6-c). Site F also showed Be-7 activity, but no 1-131
activity. Be-7 was only detected above the critical limit levels down to 10 cm depth
(Figure 7-b). Site I shows much higher Be-7 than in summer and 1-131 was present
(Figure 8). Be-7 activity was above critical limits down to 12 cm depth and 1-131
activity was above critical limits down to 6 cm depth (Figure 8-b, Figure 8-c). This
core site was the only site in the lower estuary where significant 1-131 activities were
measured at any depth during any season. The relative age of the sediment is very

similar within the top 6 cm at Site | and then increases rapidly (Figure 8-d).
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Site A (Core 45): Dry Bulk Density Site A (Core 45): Be-7
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Figure 6 Fall: DBD, Be-7, and Relative Age of Core 45 (site A). There is a general
decrease in DBD and Be-7 activity measurements with increasing depth.
No significant I-131 activity was detected.
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Site F (Core 49): Dry Bulk Density Site F (Core 49): Be-7 Activity
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Figure 7 Fall: Depth profiles of DBD, Be-7 activity, and relative age from core 49
(site F). The relative age of sediment increases down core.
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Figure 8 Fall: Depth profiles of DBD, Be-7 and 1-131 activities, and relative age

from core 52 (site I). The relative age of the sediment is similar in the top
8 cm and then decreases more rapidly.

Winter
Core data from the winter cores is presented in Appendix C. Site A again had
both Be-7 and 1-131 activity in winter (Figure 9). Be-7 was present down to 8 cm
depth (Figure 9-b) with an inventory of 29 mBg/cm? and 1-131 was present down to 6
cm depth (Figure 9-c). At Site F, Be-7 was detected down to a depth of 6 cm with an

inventory of 23 mBg/cm?. No 1-131 was detected (Figure 10). Site F never showed
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any 1-131 activity during any season. Site I continued to show Be-7 activity, but 1-131

was not detected in winter (Figure 11). Be-7 was detected above the critical limit

down to 10 cm depth (Figure 11-b) and had an inventory of 44 mBg/cm?®.
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Figure 9

Winter: Depth profiles of DBD, radionuclide activities, and relative age
from core 53 (site A).
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Figure 10  Winter: Depth profiles of DBD, Be-7 activity, and relative age from core
57 (site F). Significant levels of Be-7 were only measured down to 6 cm
depth.
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Figure 11  Winter: Depth profiles of DBD, Be-7 activity, and relative age from core

60 (site 1). The relative age of sediment generally increases with depth.
No 1-131 was measured at site | in winter.
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Chapter 4

DISCUSSION

Introduction

This study looked into not only how sediment deposition changes in the
Delaware Estuary on a seasonal basis, but also how deposition is affected by an
episodic event such as a hurricane. Cores collected in the fall season were obtained
just days after the passing of Tropical Storm Lee, which was closely preceded by
Hurricane Irene. Fresh water discharge was notably increased by both storm systems
and remained above normal levels during the fall core collection period (Figure 12).
The original goal of analyzing variations in normal seasonal deposition was adjusted
to account for the atypical events prior to fall core collection.

In general, each season is predicted to represent the Delaware Estuary under
different conditions. The summer cruise followed a time of moderate river discharge
and the results therefore typify the estuary’s circulation and depositional patterns
under relatively normal conditions. As a result of Hurricane Irene and tropical storm
Lee, the fall samples represent depositional patterns following a large episodic event
in the estuary. The winter samples portray the depositional patterns of a recovering
estuary. At the time of the winter cruise, the estuary was probably still progressing
towards its normal state following a combination of storms during the fall and winter.

Freshwater discharge was still quite high during the Winter Cruise.
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Figure 12 Total Fresh Water Discharge into the Delaware Estuary with cruise dates
marked. The total fresh water discharge is the collective discharge of the
two primary rivers, the Delaware River and the Schuylkill River)

Summer
Based on previous work done by Summerfield and Wong (2010), it was
determined that the summer results best represented the Delaware Estuary during
relatively normal conditions. Maximum deposition was measured at sites A which is
located about 130 km inland of the bay mouth. Deposition rates were fairly significant
and consistent, averaging at about 5 cm per 50 days in the top 25 cm as determined by
the relative age (Figure 2-d).However, while site I, located about 70 km landward of

the bay mouth, did not show a consistent depositional trend (Figure 4-c), it actually

24



showed the highest Be-7 inventory suggesting high amounts of recent deposition. An
estimated 10 cm were deposited within a 50 day time period at site I. Site F, located
near site I, also showed significant deposition. The deposition rate at site F was about
1cm per 50 days (Figure 3-c).

Suspended sediment concentrations measured during the cruises revealed the
ETM was located about 75 km inland of the bay mouth (Figure 13). High SSC were
still present in the area of site A, likely accounting for the high deposition in that area.
There were also cores in the vicinity of the observable ETM that did not exhibit
deposition. This is believed to be due to bed forms which were seen using a side
scanning sonar device during the fall cruise. Due to bottom currents, ripples form
along the bottom and cause sediment to rapidly accumulate in some areas and not in
others. Sites A, |, and F likely contained bed forms composed of recently deposited
sediment on the bottom while some other sites, such as site B, show areas where
deposition does not normally occur.

Using the samples with significant deposition to represent general areas of
deposition, it is believed maximum sediment deposition occurred in the known area of
the ETM, about 75 km landward of the bay mouth, and further landward. It is possible
that deposition at site A is fluvial sourced sediment falling out of the water column
due to lessening water velocities. Deposition at sites F and | are most likely due to the
presence of the ETM and null zone. The null zone, which is characterized by no net
seaward or landward flow, allows even fine grained sediment to settle out of the water

column.
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Figure 13  Bottom Suspended Sediment Concentration and Salinity from an axial
survey of the estuary during the summer cruise.

Fall

As can be seen in Figure 14, the fall cruise occurred shortly after two periods
of extremely high fresh water discharge. Tropical storm Lee, which occurred after
Hurricane Irene, actually produced a larger fresh water discharge. The larger discharge
is likely due to increased run off caused by already saturated ground in the watershed.
Collectively, the two storm events clearly had a dramatic event on the estuary
hydrodynamics and sediment dynamics. Figure 14 also shows that suspended
sediment concentrations were slightly elevated between 50 and about 175 km
landward of the bay mouth, even a week after the peak freshwater discharge. In
general though, SSC were actually lower than during the summer cruise, possibly as
the result of lowered sediment input from rivers. The extremely large freshwater
discharge events may have scoured the rivers leaving less sediment to be transported

following the events. Two distinct peaks can be seen in the SSC, one at about 100 km
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and one at about 140 km (Figure 14). Biggs et al (1983) measured two separate and
distinct turbidity maxima in the Delaware Estuary. Further studies by Sommerfield
(2011) helped confirm the presence of two turbidity maxima which appear to have

been present at the time of the fall cruise.

Fall Cruise Bottom Salinity and SSC
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Figure 14  Bottom Suspended Sediment Concentration and Salinity from an axial
survey of the estuary during the fall cruise.

Cores from the fall cruise show a notable change in depositional patterns when
compared to the summer cores. Primarily, it appears that the main depocenter has
shifted from the middle estuary to the lower estuary. At the time of the cruise, the
ETM was seen at about 100 km landward of the bay mouth. However, the large
amounts of deposition at site | suggests the ETM had shifted up to 50 km seaward
during the storm events allowing large amounts of deposition to occur in the lower

estuary. Nichols (1993) saw a similar reaction to a storm event in the Chesapeake
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Estuary as a result of high fresh water discharge. In addition to high activity levels of
Be-7 at site I, 1-131 was present in the top 6 cm. Since radioiodine is only introduced
to the water column in the urbanized estuary which ends at Wilmington, DE, 1-131
tagged sediment must have been transported at least 50 km to be deposited at site I. It
is unclear if the source of the tagged sediment was from the water column or
resuspended bed sediment from near site A. However, low Be-7 activity and no 1-131
activity at site A indicate that the area was likely scoured during the high discharge

period.

Winter

Cores from the winter cruise were essential to understanding how the estuary
recovered following the large storm events in the fall. The time between the fall and
winter cruises should have allowed the system to return to a more normal state. There
were, however, multiple periods of high freshwater discharge prior to the winter cruise
which may have again disrupted the sediment system. Figure 15 shows that SSC
varied greatly and that a single ETM was not easily distinguishable.

There are two major changes between the fall and winter cores. First, site A
again showed significant deposition in winter; there was little no none in fall. Second,
site I no longer showed high rates of deposition in the winter. Also, no radioiodine was
present at | in the winter. These changes suggest that by the time of the winter cruise,
the ETM and primary depocenter had migrated back to the area of site A. It cannot,
however, be determined if any sediment deposited at site I during the fall was

transported back to site A in the gravitational circulation.
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Winter Cruise Salinity and SSC
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Figure 15  Bottom Suspended Sediment Concentration and Salinity from an axial
survey of the estuary during the winter cruise.

Seasonal Variations

During the summer, the greatest deposition rate was found at site A, though
site | actually showed the highest inventory of Be-7. Given the dry bulk density for the
core taken at site I in the summer (Figure 5-a), sand may have been present near the
surface and distorted the Be-7 activity measurements taken. In fall, the greatest
deposition was clearly seen at site I. Radioiodine was measured in the top 6 cm of core
suggesting sediment from the middle estuary was being transported to the lower
estuary before being deposited. Based on the predictions made by Nichols (1993) on
coastal plain estuary’s response to storm events, it is probable that high levels of

freshwater input pushed the ETM up to 50 km seaward. This is evinced by extremely
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high depositional patterns at site | and lowered depositional patterns at site A.
Information from the winter cruise suggests the estuary’s sediment dynamics had at
least partially returned to a normal state. In winter, significant deposition was found at
Site A as determined by Be-7and 1-131 activity. Deposition was much lower at site |
and no radioiodine were measured.

To estimate the depositional patterns at each site from season to season, the
Residual Inventory Method was used as described by Canuel et al (1990). By decay
correcting the Be-7 activity at a site from the prior season, an expected inventory was
calculated for fall and winter. The expected inventory represents the inventory
resulting from decay of the radionuclides between sampling dates only. The decay
corrected value was then compared to the measured value at each site.

Site A showed a decreasing inventory with each consecutive measurement
(Figure 16). However, the measured inventory was higher than the expected inventory
in fall and winter suggesting at least some deposition likely occurred during the
intervening time. It does appear that there was little deposition from fall to winter. The
sediment system landward of site A may have been partially scoured during multiple
storm systems during the fall and winter, lowering the source of new sediment to the

recovering system.
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Figure 16  Measured and expected Be-7 inventories at site A for each season

Figure 17 shows the measured and expected inventories for site F. The most
notable deviation occurs during the fall when the measured inventory is over 50
mBg/cm”2 higher than the expected inventory. This large increase in inventory is
believed to be a result of the fall storms which pushed the ETM seaward and increased
deposition in the area of sites F and I. The measured inventory for site | was about 100
mBg/cm”2 higher than the expected value in fall (Figure 18), further evidence that
deposition was high in this area prior to measurement. Another important factor
regarding seasonal variations in deposition are the winter inventory values for sites F
and | (Figurel8). Both sites showed a measured value near the expected value, an
indicator that there was little deposition in that area of the lower estuary from fall to

winter, a significant change from the summer to fall time period.
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Figure 17  Measured and expected Be-7 inventories at site F for each season
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Figure 18  Measured and expected Be-7 inventories at site | for each season
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Chapter 5

SUMMARY AND CONCLUSIONS

This study used radionuclides that absorb to fine grain sediment to analyze
seasonal depositional patterns in the Delaware Estuary. The project also studied the
effects of an episodic storm event on the estuary’s sediment dynamics. Using
depositional information derived from radionuclide analysis, it was determined that
there were significant changes in deposition rates and deposition location between
seasons.

Summer was the first measured season in the project and it followed a time of
relatively normal fresh water discharge. Therefore, it was used as a base model to
compare other seasons to. Fall, by comparison, had dramatically different depositional
patterns than summer. Primarily, the depocenter seemed to shift from the middle
estuary in the vicinity of site A down to the lower estuary in the area of sites F and I.
In winter, it appeared that the sediment system was beginning to return to a normal
state, but that deposition was generally less at all sites. This could be the result of a of
the sediment source being flushed by large fresh water discharges in fall and winter.
Predictions made from measurements in this project are in accordance with other
estuarine studies (Sommerfield, 2007, Nichols, 1993). Still, further work must be done
to better understand the Delaware Estuary’s sediment system and radionuclides as
measuring tool for sediment deposition.

To date, relatively little work has been done on the use of 1-131 as a sediment
tracer, but Sommerfield is continuing his studies on the use of radioiodine as a source

specific sediment tracer. In general, further studies on sediment deposition will help to
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clarify more specific areas of deposition in the Delaware Estuary. Cores near the sides
of the estuary and in the mud flats would help to determine where any resuspended
sediment is ultimately being deposited. Finally, while this study revealed valuable
information regarding bottom sediment dynamics, the results could be interpreted
better with a more encompassing understanding of the Delaware Estuary’s sediment
system. Studies currently being conducted by Sommerfield and Duval on the water
column’s sediment dynamics will help to relate suspended sediment concentrations

and hydrodynamics to bottom deposition.
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Appendix A
SUMMER RADIONUCLIDE AND DENSITY DATA

Core Interval B(_a-_? Specific I-1_3;L Specific Pb-2_1_0xs Specific Dry Bulk D3ensity
(cm) Activity (mBq/g) Activity (mBq/g) Activity (mBq/g) (g/cm?)
36 0-2 2549 + 197 49.03 + 1.82 59.39 + 5.16 0.44
36 2-4 2145 + 157 28.12 + 1.38 53.06 + 4.26 0.42
36 4-6 1576 + 131 816 + 1.05 66.79 + 4.40 0.43
36 6-8 1034 + 1.27 -0.86 + 1.03 66.87 + 4.15 0.48
36 8-10 1124 + 121 -1.61 + 0.97 92.26 + 4.37 0.44
36 10-12 846 t 1.36 199 + 1.00 9412 + 4.72 0.41
36 12-14 6.99 + 118 069 + 094 82.01 + 425 0.47
36 14-16 760 + 1.07 049 + 0.95 7375 t 3.95 0.47
36 16-18 857 + 113 199 + 0.97 8353 + 4.39 0.42
36 18-20 482 + 1.20 073 + 0.98 8423 + 4.40 0.54
36 20-22 445 + 0.95 269 + 094 7424 + 3.9 0.53
36 22-24 424 + 1.05 121 + 0.93 81.09 + 4.30 0.45
36 24-26 448 t 261 1.04 + 220 116.49 + 8.94 0.09
37 0-2 1001 + 0.89 12.73 + 0.80 1359 + 3.46 0.78
37 2-4 044 t 0.39 092 + 0.35 999 + 273 0.92
38 0-2 030 + 0.46 185 + 048 7146 + 4.68 0.50
+ + +
39 0-2 08 t 0.49 107 + 051 284 + 3.23 0.78
40 0-2 -0.83 + 0.51 055 + 0.46 61.88 + 4.86 0.50
41 0-2 402 t 0.65 -0.34 + 0.33 11.90 + 2.70 0.80
41 2-4 442 + 0.60 -029 + 0.35 1588 + 271 1.07
41 4-6 355 + 0.56 -046 + 0.34 2434 + 294 0.90
41 6-8 1.18 + 0.40 034 + 0.35 1894 + 3.15 1.03
41 8-10 -0.25 + 0.39 -1.53 + 041 35.04 + 348 0.74
41 10-12 047 t 0.36 338 + 0.36 19.26 + 2.90 0.85
41 12-14 026 + 031 -0.11 + 0.33 739 + 273 1.10
41 14-16 -0.09 + 0.27 093 + 031 18 + 220 1.10
41 16-18 096 + 0.33 0.64 + 0.37 593 + 247 0.94
41 18-20 032 + 0.36 054 + 0.37 0.86 + 215 0.90
41 20-22 067 t+ 0.32 -0.09 + 0.36 316 + 229 1.03
42 0-2 061 t+ 0.25 -0.15 + 0.21 110 + 1.28 1.59
43 0-2 199 + 0.89 275 + 0.82 30.08 + 321 0.67
44 0-2 9.80 + 0.94 -0.44 + 043 3773 + 351 0.67
44 2-4 1339 + 1.00 089 + 041 5225 + 3.65 0.64
44 4-6 1432 + 0.98 0.07 + 0.38 4541 + 3.94 0.66
44 6-8 2570 + 1.27 025 + 047 86.11 + 4.74 0.41
44 8-10 2364 + 1.28 -059 + 0.50 10094 + 4.55 0.41
44 10-12 15.04 + 1.02 -095 + 0.46 7753 t 4.35 0.52
44 12-14 1017 + 0.89 051 + 043 53.88 + 3.98 0.64
44 14-16 162 + 0.56 -0.85 + 0.46 43.68 + 4.13 0.54
44 16-18 005 + 041 1.02 + 040 1349 + 3.61 0.63
44 18-20 -0.26  + 0.40 -0.11 + 0.43 -0.46 + 2.62 0.80
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Appendix B

FALL RADIONUCLIDE AND DENSITY DATA

Dr
Core Interval Be-7 Specific Activity 1-131 Specific Activity Pb-210ys Specific Activity BuI)/I_<
(cm) (mBa/g) (mBaq/g) (mBg/g) Density
(g/cm®)
45 0-2 13.04 + 1.80 1.97 + 1.11 74.747 + 12.6 0.39
45 2-4 12.31 + 1.07 1.68 + 0.57 39.532 + 3.97 0.47
45 4-6 7.02 + 1.26 -0.11 + 0.59 79.084 + 4.74 0.35
45 6-8 10.00 + 0.99 0.39 + 0.50 52.243 + 3.95 0.44
45 8-10 8.04 + 1.05 -0.26 + 0.54 72.152 + 4.4 0.44
45 10-12 8.80 + 1.04 -0.52 + 0.58 61.3 + 4.09 0.43
45 12-14 2.85 + 0.66 0.64 + 0.46 31.821 + 3.52 0.65
45 14-16 2.32 + 0.69 -0.45 + 0.48 36.639 + 3.47 0.66
45 16-18 1.94 + 0.56 0.71 + 0.43 34.019 + 3.45 0.69
45 18-20 2.32 + 0.64 0.08 + 0.45 40.869 + 4.05 0.65
45 20-22 1.54 + 0.51 -0.44 + 0.39 35.702 + 3.51 0.85
45 22-24 0.84 + 0.47 -0.52 + 0.44 34.517 + 3.2 0.73
45 24-25 0.04 * 0.49 -0.53 * 0.47 81.488 * 3.9 0.57
47 0-2 8.12 + 1.07 0.88 + 0.93 43.194 + 2.9 0.52
48 0-2 -0.24 + 0.48 1.22 + 0.49 12.82 + 3.15 0.61
49 0-2 6.021 + 0.62 -1.53 + 0.29 9.458 + 1.85 1.05
49 2-4 7.593 + 0.75 1.19 + 0.58 5.398 + 1.85 1.04
49 4-6 13.545 + 0.82 0.86 + 0.57 25.216 + 2.14 0.71
49 6-8 3.855 + 0.61 -0.35 * 0.32 20.683 + 2.22 0.82
49 8-10 1.98 + 0.46 0.05 + 0.33 20.995 + 2.44 0.84
49 10-12 1.03 + 0.48 0.06 + 0.59 15.956 + 1.94 1.00
49 12-14 0.16 + 0.27 -0.16 + 0.26 18.235 + 1.99 0.91
49 14-16 -0.51 + 0.32 -2.63 + 0.30 23.406 + 2.21 0.76
49 16-18 -0.21 + 0.29 -0.19 * 0.32 15.793 + 1.77 1.02
49 18-20 -0.62 + 0.32 -0.07 + 0.32 17.922 + 1.93 0.97
49 20-22 0.03 + 0.23 -0.03 + 0.25 6.552 + 1.68 1.28
51 0-2 -0.36 + 0.62 -0.50 + 0.53 40.71 + 3.68 0.47
51 2-4 0.3 + 0.39 0.32 + 0.45 30.178 + 3.48 0.58
51 4-6 -0.59 + 0.38 0.05 + 0.39 22.828 + 2.82 0.84
52 0-2 56.869 + 2.09 25.31 + 1.19 100.199 + 4.3 0.28
52 2-4 33.613 + 1.4 16.94 + 0.83 56.262 + 3.09 0.41
52 4-6 33.29 + 1.44 9.44 + 0.80 60.992 + 3.44 0.43
52 6-8 31.435 + 1.36 0.88 + 0.52 55.999 + 3.25 0.43
52 8-10 8.184 + 0.72 -0.24 * 0.33 35.426 + 2.4 0.64
52 10-12 2.115 + 0.57 -0.83 + 0.46 46.102 + 3.29 0.64
52 12-14 0.36 + 0.39 -0.05 + 0.33 10.378 + 1.99 0.78
52 14-16 0.58 + 0.44 0.50 * 0.42 5.675 + 2.21 0.67
52 16-18 0.29 + 0.37 0.39 + 0.41 -1.958 + 2.13 0.77
52 18-20 0.27 + 0.34 -0.45 + 0.28 6.894 + 2.01 0.89
52 20-22 0.34 + 2.05 -0.16 + 0.32 19.282 + 1.86 0.76
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Appendix C

WINTER RADIONUCLIDE AND DENSITY DATA

Core Interval Be-7 Specific Activity I-131 Specific Activity Pb-2_1_0XS Specific BDL:I)L

(cm) (mBaq/g) (mBa/g) Activity (mBaq/g) Density

(g/cm?®)

53 0-2 10.63 + 0.96 8.24 + 0.72 31.652 + 3.86 0.61
53 2-4 14.29 + 103 9.85 t 075 27.766 t 274 0.41
53 4-6 2.97 £ 072 0.84 t 056 69.821 t 438 0.37
53 6-8 2.46 * 083 -0.44 062 85.069 + 467 0.35
54 0-2 10.58 * 0.80 3.43 073 10.7 207 0.73
54 2-4 12.72 095 0.43 t 051 27.552 277 0.65
54 4-6 14.07 t 099 0.55 t 085 23474 £ 284 0.70
54 6-8 14.07 + 1.04 0.50 + 0.81 28.776 + 2.65 0.69
54 8-10 10.09 095 -0.35 077 18.174 t 241 0.86
54 10-12 8.16 + 0.93 0.71 + 0.78 25.716 + 2.63 0.86
54 12-14 9.42 £ 11 -2.51 0097 38.67 335 0.71
55 0-2 -0.887 + 0.53 -0.68 + 0.57 64.2 + 4.26 0.54
56 0-2 -0.209 + 0.58 0.83 * 0.58 30.124 +  3.56 0.61
57 0-2 14.199 + 1.03 1.49 + 0.51 59.127 + 4.19 0.49
57 2-4 4.235 + 0.71 -0.40 + 0.43 40.417 + 3.19 0.57
57 4-6 5.211 + 0.77 -0.38 + 0.43 46.741 + 3.74 0.44
57 6-8 0.604 + 0.45 0.25 + 0.33 21.23 + 2.61 0.77
57 8-10 0.461 + 0.31 -0.29 + 0.29 10.196 + 2.04 1.04
57 10-12 0.405 + 0.35 -0.66 + 0.33 15.466 + 2.23 0.89
57 12-14 0.161 + 0.34 -0.22 + 0.35 22.125 + 2.88 0.97
57 14-16 0.683 + 0.35 -0.19 + 0.35 26.419 + 2.72 0.81
59 0-2 -0.306 + 056 0.26 + 051 17.477 26 0.72
60 0-2 15.211 + 111 -0.31 + 0.53 46.843 + 3.17 0.47
60 2-4 16.233 + 1.09 -1.64 + 0.62 62.998 + 3.21 0.41
60 4-6 4.365 + 0.72 111 + 0.57 32.083 + 2.84 0.58
60 6-8 7.322 + 0.8 0.11 * 0.48 38.24 + 274 0.54
60 8-10 2.278 + 0.51 0.61 + 0.40 29.921 + 3.5 0.71
60 10-12 0.701 + 037 0187 * 033 22069 + 2.84 0.93
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