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Abstract

The tidal freshwater portion of the Delaware Estuary has historically been an area of intense urban and industrial activities
including dredging, point discharges, petroleum refineries, and shipyards. Multiple cores were collected in fringing marshes across
from the urban area and used here to investigate historical records of these associated activities. Two cores in the most
industrialized portion exhibited regular and congruent geochronology (0.6 cm/year downstream and an average of 1.2 cm/year
upstream) based on both natural 210-Pb and fallout 137-Cs radionuclides. Thus, these sedimentary records should reflect
sedimentary pollution histories over much of the latter past century.

Recorded in the freshwater marsh sediment upstream is a dramatic increase in total phosphorus (TP) starting in 1950-1960, and,
as in the Delaware River water, tracks the introduction of P detergent use. Although this might include increased use of P fertilizers,
there is a substantial decrease after removal of the P detergent source in the mid-1970s. Carbon stable isotopes (5'°C) track P
changes after 1955. The heavier carbon isotope ('*C) corresponds to higher levels of P in the sediments (and water), while the
lighter carbon ('*C) isotope in recent times corresponds to decreased use or discharge of P. In more recent times since the 1970s,
there is a significant relationship (p<0.05) between d'>C and sediment P, while before 1965 there is a significant but different
relationship. As such, the lower §'>C of the sediment organic matter may record decreased growth/eutrophication when P loadings
and concentrations are reduced. The N stable isotope record shows a marked increase in 8'°N (ca. 3.5%o to 7.5%o) starting in the
early 1960s. This corresponds to a substantial increase in the concentration of dissolved nitrogen (mainly as nitrate) from
population growth, fertilizer applications, or changes in the processing of wastewater leading to reduction in chemical oxygen
demand.

The industrial metals fall into at least two transient records:

(1) The Ag, As, Co, Cd, Cr, and Co show 2- to 4-fold increases after 1950, with steady inventories over the past 2030 years.
This reflects periods of increased industrialization, followed by better sewage treatment, industrial stagnation, relict sources,
or continued urban run-oft from atmospheric deposition. Episodic remobilization of sedimentary inventories is not indicated
in the regular geochronologies and lack of porosity change.
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(2) The Pb and Sn show similar, but a much larger (10-fold) increase after 1950. This reflects the use and then legislative
controls of anthropogenic organo-metallic compounds. The lead transient peak corresponds to the use (and local
manufacture) of tetra ethyl lead as a gasoline additive, but phased out starting 30 years ago. Likewise, industrial
organo-tins include tri-butyl tin (TBT), anti-fouling additives used in ship bottom paints. The sustained modern levels of
organo-tins indicate some continued relict inputs. The decreasing order of butyl-tin concentrations is mono- to di- to tri-
butyl species, implicating degradation of TBT via trans-alkylation. This also suggests the order of product stability, rather
than that of independent source loading. The conservative correlation of linear butyl tins (linear order mono—di— tri-)
with both total and butyl-tins, also strongly implicates TBT as the unique input. Although TBT use was banned about 20
years ago, there appear to be continued sources and diagenesis of buried TBT with mobilization of butyl-tin products into

the tidal Delaware Estuary.
© 2006 Published by Elsevier B.V.
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1. Introduction
1.1. Tidal marshes and biogeochemical processes

Most marshes accumulate at a rate that approximates
the rate of local sea level rise, becoming the repository
of much of the fine sediment in estuaries that occupy
drowned river valleys on passive-margin coasts (Church
et al., 1981). As a result, these intertidal areas surround
many transgressive coasts as a product of sedimentation,
sea level rise and local subsidence (Nichols, 1989).

Marshes sustain a biologically active surface in the
form of macrophyte grasses that host a complex eco-
system. These grasses also act as a sediment trap for not
only much of the fine material, but also associated
organic material and trace metals that enter marshes
on flooding tides. Marsh sediments have an upper
oxidized zone characterized by aeration via the root
systems, and a reducing zone below. The result is the
burial of abundant organic material partially decom-
posed over time, since only some of this organic matter
is seasonally regenerated (Church, 1991).

1.2. Marsh geochronology and metal records

Since the area of salt marshes is exposed longer to
the atmosphere than to lunar tidewaters, atmospheric
deposition of pollutants can be as important in the
tidal exchange of lunar contaminants (Church and
Scudlark, 1998). In freshwater tidal marshes, a mech-
anism proposed for the accumulation and retention of
metals involves incorporation in above or below
ground plant material, respectively (Orson et al.,
1992a). Thus, in spite of intense diagenesis at the
zone of redox transition, marshes appear to retain
and record ambient trace element levels on annual
time scales. This has been confirmed in the salt
marsh studies of Long Island Sound (Cochran et al.,

1998) and lower Delaware Bay (Kim et al., 2004) as
compared with marshes on the west coast of France
(Velde et al., 2003).

1.3. Objectives of the study

The objectives of this study attempt to answer the
following questions concerning the historical pollution
of the upper Delaware Estuary, relative to past indus-
trial practices and discharges.

1) Can urban tidal marshes provide historical sedimen-
tary and pollutant records in the concordantly dated
sediments?

2) Do marsh sedimentary records of C, N, P, together
with C and N stable isotopes, respond to historical
changes in eutrophication?

3) Might marsh sediment records provide dated pollut-
ant histories of the onset and abatement of metal-
based industrial activities?

4) Specifically, are there records of transient industrial
organo-metallic pollutants (e.g. lead and tin alkyl
compounds), now historically banned, confirmed in
the marsh sediment record?

2. Area descriptions, methods and material studied
2.1. Regional setting

The Delaware Estuary is the flooded valley of the
Delaware River, a partially stratified to well-mixed
coastal plain estuary that extends from the head of
tides at Trenton, New Jersey, 215 km from the mouth
of Delaware Bay. The marsh study sites fall within
the upper estuary between Wilmington, Delaware, and
Philadelphia, Pennsylvania, approximately 15—45 km
downstream from Trenton (Fig. 1). Between Trenton
and Wilmington, the Delaware flows along the Fall
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Fig. 1. Map of the upper Delaware Estuary in the greater Philadelphia urban corridor showing the locations of the Oldmans and Woodbury Creek

marsh sites and coring locations therein (PC-14 and PC-15).

Line, the geologic boundary between the Piedmont
Lowland and Atlantic Coastal Plain, physiographic
provinces to the west and east, respectively. Here
the river deeply incises crystalline bedrock and the
unconsolidated sedimentary strata of the Delaware
River Valley (Newell et al., 1998). This highly urban-
ized reach of the upper estuary is transitional between
tidal fresh and estuarine waters with mean salinities
typically less than 1 psu. Spring tidal range in the
upper estuary is 1.8 m, and corresponding depth-
averaged tidal currents reach 1 m/s in the channel
(Cook, 2004). Suspended sediments are derived from
three major sources: (1) river discharge from multiple
Piedmont and Coastal Plain tributaries; (2) subaque-
ous erosion of Holocene and older alluvial deposits of
the estuarine floor; and (3) landward advection from
Delaware Bay and adjoining coastal ocean. An esti-
mated 1.4 million metric tons of suspended silt and
clay enter the estuary from rivers on an annual basis
(Mansue and Commings, 1974), most of which is
supplied by the Delaware River mainstem, particularly
in association with spring freshets and summer rain-
storms. The landward extent of the estuarine turbidity
maximum falls between Wilmington, Delaware and
Philadelphia, where suspended-sediment concentra-
tions reach 100-775 mg/l near-bottom during spring
tides (Cook, 2004). More typically, suspended-sedi-

ment concentrations in this part of the estuary are
25—75 mg/l in surface waters.

The freshwater marshes, Oldmans Creek (site PC-
14) and Woodbury Creek (site PC-15), located down
and upestuary of the heavily industrialized corridor
(Fig. 1), were selected for sampling in this study.
This was based in part on prior work revealing the
presence of heavy metals, presumably of industrial
origin, in marshes nearby to the sites in this study
(Orson et al., 1992a). Hydraulically contiguous with
the Delaware Estuary, these marshes possess tidal
prisms that greatly exceed the volume of runoff
from their watersheds. With tidal advection being the
principal mechanism of inter-creek transport, dissolved
and particulate constituents imported from estuarine
waters are free to exchange and react within these
marshes. The main sub-environments of the marshes
include low-marsh vegetated by emergent macro-
phytes, un-vegetated intertidal mudflats, and shallow,
tidal channels. The native morphology of Oldmans
Creek and Woodbury Creek have been modified at
their mouths, originally by dikes created by European
settlers, and later by bulkheads backfilled with dredge
spoils (Orson et al., 1992b; Newell et al., 1998). On
the other hand, much of the vegetated marsh landward
of creek mouths has not been outwardly disturbed
during historical times.
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2.2. Industrial and eutrophication history of the upper
Delaware Estuary

The urban areas of the upper Delaware Estuary are
among the most heavily industrialized waterways in the
United States, experiencing a doubling of the population
over the past 50 years to almost 6 million. Throughout
the first half of the 20th century, there was a history of
eutrophication in the upper Delaware Estuary. Here the
urbanized river experienced chronic hypoxia from the
discharge of untreated sewage, resulting in lack of shad
fish runs and overwhelming stench of hydrosulfide. This
resulted in excessive fresh and marine diatom production
leading to depressed oxygen 100 to 160 km upstream
from the mouth of the Delaware Bay (E.P.A., 2000).

Starting in the second half of the century, there were
coordinated studies and a commission that resulted in
stricter point source pollution, particularly the institu-
tion of secondary sewage treatment. These improve-
ments in pollution and sewage control have expanded
in recent decades. The result is that since approximately
1980, there has been an 86% reduction in both munic-
ipal and industrial chemical oxygen demand. Phospho-
rus levels have dropped by a factor of five during this
same period, presumably from reduction in P detergent
use, as tertiary treatment has not been implemented.
Nitrogen, as nitrate, has increased substantially over
this time, while ammonium-N has decreased, as better
treatment of sewage has occurred (E.P.A., 2000).

Metal pollution of the urban Delaware Estuary has
been a recognized problem (Orson et al., 1992a). The
sources undoubtedly include local discharge from point
and non-point run-off sources in the heavily urbanized
and industrial surrounding areas. However, atmospheric
deposition from more remote regional sources has also
been recognized as equally important (Church and
Scudlark, 1998; Cochran et al., 1998).

3. Analyses
3.1. Marsh coring

In August 2001, push cores were used to collect
marsh deposits for radioisotope geochronology. Coring
sites were selected in vegetated areas proximal to the
main tidal channel, and in places where topographic
maps and aerial photographs revealed the marsh to have
been undisturbed in recent times. The coring apparatus
consisted of a 1.5-m-long, 10-cm diameter PVC pipe
(the core barrel) affixed with a piston suspended by
cable from a tripod-winch assembly. As the barrel was
advanced into the ground, the piston minimized short-

ening of the sediment column by countering friction
between the core and the inner wall of the barrel. The
winch facilitated barrel extraction upon reaching the
depth of refusal. Undisturbed cores 70-100 cm in
length were readily recovered in this manner. The
cores were then extruded vertically and sectioned into
2-cm-thick intervals for subsequent analysis.

3.2. Radioisotope measurements

To develop geochronologies for the marsh depos-
its, measurements of >'°Pb (,,=22.3 years) and
B7Cs (1,,=30.1 years) were made in sectioned
cores following methods detailed elsewhere (Cutshall
et al., 1983). Activities of total *'°Pb and '*’Cs were
measured nondestructively via gamma spectroscopy of
the 46.5 and 661.6 keV photopeaks, respectively; excess
219pp activity was determined by subtracting the activity
of its '*Bi parent (at 609.3 keV) from the total activity.
Dried and ground sediment samples were counted at
constant geometry for 48 h on a Canberra Instruments
Model 2020 low-energy Germanium detector (LEGe).
Detector efficiencies were determined from counts of
NIST Standard Reference Material 4357 (Inn, 2001),
and a self-absorption correction for 2'°Pb was made as
described in Cutshall et al. (1983). Confidence limits
reported with radioisotope data are the propagated one-
sigma background, calibration, and counting errors.

3.3. Sedimentation rates and mass accumulation rates

Both linear sedimentation rates (cm/year) and mass
accumulation rates (g/cm?/year) were estimated from
219 and "*7Cs activity profiles. In the case of '*’Cs,
the basal depth of occurrence in the sediment column
relative to the ca. 1954 widespread onset of atmospher-
ic nuclear testing was used to compute a sedimentation
rate averaged over the past 40—50 years. Sedimentation
rates representative for the past 50—100 years were
computed from 2'°Pb data by linear regression of the
excess activity-depth profile. Mass accumulation rates
were computed in a similar manner but with radioiso-
tope activity plotted, versus cumulative mass (g/cmz)
using measured dry-bulk densities for the sediments.
Implicit in these dating methods is the assumption that
the specific activity of ?'°Pb deposited at the marsh
surface is constant through time, and that '*’Cs depo-
sition follows its atmospheric source function begin-
ning ca. 1954. Additional assumptions are as follows:
(1) biological mixing has not enhanced particle burial,
(2) the radioisotopes are chemically immobile in the
sediment column; and (3) the sedimentary record is
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complete and not punctuated by non-depositional or
erosional episodes.

3.4. Carbon, nitrogen and phosphorus contents

Sediment material was dried at 40-50 °C and ground
with an agate mortar and pestle. All samples were treated
in a desiccator with fuming-HCL to remove any inor-
ganic carbon. However, some have found that treatment
of organic matter (suspended solids, plants and animals)
with HCl can cause a shift in the stable isotopic compo-
sition of nitrogen of approximately 0.5%o (Bunn et al.,
1995), while others have not (Lorrain et al., 2003; Bosley
and Wainwright, 1999; Chanton and Lewis, 1999). This
potential bias is small compared to the variations ob-
served in the samples. Samples were re-dried and ana-
lyzed for sediment organic carbon and total nitrogen
using a CE Flash 1112 Elemental Analyzer. Samples
were run in duplicate or triplicate where analytical var-
iability was generally less than 3% RSD.

Total sediment phosphorus was determined using a
dry oxidation method modified from Aspila et al. (1976)
and Ruttenberg (1992). Solubilized inorganic phospho-
rus was measured with standard phosphate procedures
using an Alpkem Rapid Flow Analyzer. Standard refer-
ence material (spinach leaves) and procedural blanks
were analyzed periodically during this study. All con-
centrations were reported on a dry weight basis.

3.5. Carbon and nitrogen stable isotopes

The stable isotopic composition of sediments was
analyzed using a Finnigan Delta XL coupled to an
NA2500 Elemental Analyzer (EA-IRMS). Samples
were run in duplicate or triplicate with the results
reported in the standard ¢ (%o) notation:

0X = (Rsample/Rstandard) - 1) x 1000

where X is either '*C or '*N and R is either '*C/'*C or
ISN/14N

The 6'°N standard was air (6'°N=0), and for 6'°C
the standard is the Vienna PeeDee Belemite (VPDB)
limestone that has been assigned a value of 0.0%o.
Analytical accuracy was based on the standardization
of the UHP N, and CO, used for continuous flow-
IRMS with IAEA N-1 and N-2 for nitrogen and
IAEA sucrose for carbon, respectively. An in-house
calibrated sediment standard was analyzed every 10th
sample. Generally, precision based on replicate sample
analysis was better than 0.2%o for carbon and 0.6%o for
nitrogen.

3.6. Trace metal sample treatment and analysis

Samples of the dated core material were sub-sectioned
from the interior of the core using clean plastic materials to
minimize contamination. Sediment samples of 100 mg
were digested with 6 ml of nitric acid (Instra Analysed,
J.T. Baker) and 2 ml of hydrofluoric acid (Instra Analysed,
J.T. Baker) using PTFE Teflon bombs in a closed micro-
wave digestion system (Multiwave 3000, Anton Paar).
The procedure first requires a 20-min temperature ramp
(20220 °C), followed by a 15-min 220 °C stage. The
analysis of trace metal concentrations in these digested
core samples was acquired by ICP-MS (Elan 6000, Perkin
Elmer) using a CrossFlow nebulizer and Scott Spray
Chamber. Method accuracy was checked for each extrac-
tion procedure with the certified reference marine sedi-
ment IAEA 405 (IAEA, Monaco).

3.7. Organo-tin analysis

3.7.1. Extraction and derivatization step

Organo-tin compounds were first extracted from
0.5 g of freeze-dried sediment using 20 ml of glacial
acetic acid with mechanical stirring for 16 h. Tripro-
pyltin (TrPT) was used as internal standard (50 pl of a
10 mg(Sn) 17" solution). Ethylation was then carried
out by using 500 pl of a 2% (w/v) NaBEt, in 20 ml of a
sodium ethanoate-ethanoic acid buffer (pH=4.8). Iso-
octane was used as the extracting organic phase (500
ul) for the ethyl derivatives. The separation and the
determination of the organo-tin compounds from 1
pl of the organic phase were performed by using an
HP 6890 capillary Gas Chromatograph coupled with a
G2350A Microwave-Induced Plasma-Atomic Element
Detection (GC-MIP-AED) system. The analytical pro-
cedure was adapted from a procedure previously de-
scribed and optimized (Bancon-Montigny et al., 1999).

3.7.2. Reagents

Mono-, di- and tri-butyl tine chloride solutions were
purchased from Aldrich. Tripropyltin chloride (TPrT,
98%) was obtained from Strem Chemicals. The
organo-tin stock solutions containing 1000 mg(Sn) 1~
were prepared in methanol. Stored at +4 °C in the dark,
they were stable for 1 year (Michel and Averty, 1999).
Working standards were obtained by dilution in water (10
mg(Sn)1~ " and 100 ug(Sn) 1™ ' solutions). They were also
stored in the dark at +4 °C. Nitric and ethanoic acids were
obtained from Merck, and isooctane from Fluka. The
deionized water used was 18 MQ (Millipore system).
Sodium tetracthylborate (NaBEt,) was obtained from
Strem Chemicals. The solution was made daily by dis-
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solving 0.02 g in 1 ml of deionized water and stored at
+4 °C in the dark.

4. Results

The results for the sediment carbon, nitrogen, and
phosphorus, together with the C and N stable isotopes
are listed in Table 1. The results for the sedimentary

metals are shown in Table 2.

Table 1

4.1. Radioisotope profiles

Cores from Oldmans Creek (PC-14) and Woodbury
Creek (PC-15) displayed '*’Cs activities that first in-
creased up-core above the minimum detectable activity
(0.02—0.03 dpm/g) and then decreased toward the core
top (Fig. 2). Core PC-15 (Fig. 2b) displayed '*”Cs profile
with an activity peak that may be concordant with ca.
1964 and an overall shape consistent with the source

Sediment organic carbon (OC), total nitrogen (TN), phosphorus (P), their molar ratios and stable isotopic compositions (8'°N, 8'>C) with depth in
(a) PC-14 (Oldmans Creek) marsh site and in (b) PC-15 (Woodbury Creek) marsh site

Depth (cm) OC (%) TN (%) P (Ag/g) C/N (molar) N/P (molar) C/P (molar) 8"°N (%o) 8"3C (%o)
a

0-2 4.62 0.25 997 21.9 5.6 124 73 —255
46 4.14 0.22 886 21.7 5.7 125 6.2 —-25.1
6-8 4.03 0.22 1066 214 47 101 6.1 —253
10-12 427 0.20 921 25.0 49 123 6.3 —25.0
14-16 3.82 0.20 867 222 5.3 117 6.7 —25.1
18-20 422 0.18 788 27.7 52 143 6.2 —-25.0
20-22 3.85 0.19 846 23.7 5.1 121 6.4 —252
22-24 3.63 0.18 944 23.0 45 103 6.2 —24.6
24-26 3.55 0.18 884 233 4.6 107 6.1 —24.1
26-28 3.33 0.14 871 27.4 3.7 102 5.9 —285
28-30 1.43 0.08 351 203 5.4 109 5.5 —24.6
30-32 1.47 0.06 201 26.6 7.3 194 5.1 —273
32-34 0.89 0.05 142 19.9 8.4 168 53 -225
34-36 0.69 0.02 120 39.9 3.9 154 4.1 —245
36-38 0.80 0.03 114 353 53 187 4.4 —235
b

0-2 5.40 0.30 1083 212 6.2 133 7.51 —27.14
4-6 4.86 0.23 1161 24.4 4.6 112 7.02 —27.03
8-10 478 0.21 797 263 6.1 160 6.53 —27.87
12-14 5.19 0.21 877 283 5.6 158 6.69 —28.06
16-18 5.05 0.22 967 26.9 52 139 6.19 —27.44
18-20 461 0.22 1250 24.4 4.0 98 6.33 —26.89
22-24 5.13 0.19 1302 31.6 3.3 105 537 —27.22
26-28 434 0.17 1351 293 2.9 86 4.39 —26.87
30-32 432 0.17 1752 28.9 2.3 66 532 —27.10
34-36 5.39 0.26 1905 245 3.1 75 5.04 —25.65
38-40 4.94 0.23 1923 247 2.8 69 4.26 —25.38
42-44 4.80 0.20 2169 27.4 22 59 3.06 —24.85
44-46 4.03 0.20 2189 23.1 2.1 49 3.53 —24.65
46-48 423 0.21 2051 233 24 55 3.39 —24.87
48-50 5.33 0.27 2088 229 3.0 68 3.19 —25.43
52-54 5.01 0.25 2261 238 2.5 59 3.35 —2527
54-56 5.58 0.27 2065 24.4 3.0 72 3.44 —25.36
56-58 443 0.23 1705 225 3.1 69 3.68 —24.98
58-60 435 0.20 1501 25.1 3.1 77 3.67 —24.67
6062 3.98 0.16 943 29.9 3.8 113 3.34 —25.38
62-64 439 0.17 982 29.4 4.0 119 3.39 —25.07
64-66 4.82 0.18 746 31.9 5.4 172 3.44 —25.73
66-68 434 0.15 672 33.4 5.2 172 3.61 —25.18
6870 5.17 0.18 542 33.4 7.6 254 3.73 —25.36
70-72 7.53 0.29 502 30.3 132 400 3.74 —25.19
74-76 473 0.20 367 27.1 12.7 344 2.89 —25.35
80-82 5.50 0.32 341 20.0 21.4 430 3.01 —25.85
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Table 2
(a) Sediment trace metals in PC-14 (Oldmans Creek) marsh site
Depth  Ag As Cd Co Cr Cu
(cm) nmol g7'  (SD.) nmolg' (SD) nmolg' (SD.) nmolg' (SD) mumolg ' (SD) pumolg' (SD)
0-2 8.07 0.20 495 4 9.57 0.33 391 2 2.24 0.07 0.93 0.02
4-6 14.67 0.50 599 2 15.19 0.47 501 17 3.01 0.08 1.29 0.05
6-8 11.52 0.11 744 7 12.35 0.28 455 17 2.75 0.12 1.18 0.04
10-12 11.21 0.28 530 5 12.28 0.45 471 18 2.71 0.14 1.11 0.07
14-16  11.30 0.15 547 6 13.15 0.50 395 4 2.67 0.05 1.20 0.01
18-20 10.51 0.36 523 4 12.41 0.86 441 26 3.07 0.21 1.43 0.08
20-22  12.01 0.32 593 11 14.10 0.34 500 22 3.45 0.23 1.51 0.06
22-24 7.36 0.17 475 6 8.45 0.29 359 10 2.18 0.07 0.96 0.02
24-26 9.11 0.04 641 7 9.56 0.23 476 12 2.87 0.12 1.38 0.05
26-28 8.08 0.16 680 12 9.82 0.64 539 25 2.79 0.15 1.30 0.06
28-30 6.04 0.20 487 2 5.04 0.49 488 27 2.76 0.19 0.77 0.04
30-32 5.18 0.23 431 6 4.06 0.26 453 20 2.52 0.20 0.59 0.03
32-34 4.01 0.08 351 8 1.46 0.15 381 17 2.17 0.18 0.39 0.02
34-36 3.90 0.10 344 3 1.33 0.17 368 14 2.14 0.12 0.36 0.01
36-38 2.90 0.06 311 5 0.81 0.06 272 10 1.56 0.08 0.28 0.01
Depth Mn Pb Sn U \% Zn
m  molg™! (SD) nmolg! (SD) nmolg”! (SD) nmolg! (SD) pumolg”! (SD) pmolg ! (S.D)
0-2 32.0 1.3 771 25 61.0 1.7 16.4 0.5 2.24 0.10 4.30 0.22
4-6 18.4 0.8 1059 32 94.5 23 19.2 0.5 3.00 0.08 6.04 0.31
6-8 22.1 1.1 941 35 70.6 1.4 17.1 0.6 2.76 0.10 5.04 0.17
10-12 145 0.8 912 37 71.4 1.5 15.2 0.6 2.75 0.11 5.15 0.51
14-16 13.0 0.4 1021 19 86.3 1.2 13.1 0.3 2.68 0.05 5.41 0.12
1820 133 1.0 1318 86 76.3 3.7 20.3 1.3 2.96 0.17 5.48 0.52
20-22 15.9 1.2 1443 84 87.5 3.7 20.0 1.1 3.23 0.21 6.20 0.63
22-24  10.6 0.5 1077 30 180.6 4.1 15.4 0.4 2.14 0.06 3.80 0.12
24-26 17.1 1.0 1602 68 80.6 2.7 16.8 0.7 2.88 0.11 5.45 0.43
26-28  18.0 1.1 1762 87 103.9 3.7 18.3 0.9 3.08 0.12 5.00 0.16
28-30  13.1 1.0 752 51 91.2 33 17.8 1.3 3.08 0.21 3.55 0.31
3032 11.6 0.9 430 27 41.2 2.1 19.9 1.2 2.89 0.18 3.23 0.13
32-34 9.7 0.8 194 11 27.6 1.8 16.3 0.9 2.53 0.21 2.07 0.20
34-36 9.3 0.7 168 8 239 1.0 17.7 0.9 2.56 0.16 2.03 0.18
36-38 6.7 0.4 131 5 232 0.9 14.2 0.5 1.78 0.10 1.21 0.08
(b) Sediment trace metals in PC-15 (Woodbury Creek) marsh site
Depth Ag As Cd Co Cr Cu Mn
(cm) nmol g™' (S.D.) nmolg ' (S.D.) nmolg' (S.D.) nmolg ' (S.D.) pmolg ' (S.D.) pmol g~' (S.D.) pmolg™' (S.D.)
0-2 14.70 1.23 358 18 60.70 328 421 35 1.91 0.11 1.67 0.11 11.3 0.9
4-6 15.62 236 365 41 45.78 8.32 389 69 227 038 1.57 0.29 8.1 0.4
8-10 21.37 1.76 560 25 37.18 3.75 468 45 2.42 020 1.55 0.14 7.3 0.3
12-14 27.76 232 472 35 49.12 5.74 506 55 2.59 028 1.85 0.20 7.3 0.4
16-18 39.18 2.11 488 16 48.21 2.92 645 38 3.14 0.17 1.98 0.11 11.7 0.4
18-20 37.86 1.80 537 21 54.23 2.96 657 44 3.11 0.18  2.00 0.13 144 0.4
22-24  40.66 241 689 26 66.79 430 631 48 4.67 035 234 0.14 138 0.5
30-32 4235 239 650 25 64.50 5.85 446 34 6.32 0.53 232 0.18 11.0 0.5
34-36 53.18 2.84 1078 57 160.43 12.66 649 51 6.49 0.51 3.50 0.24 132 0.5
3840 54.70 343 787 50 106.01 8.54 615 48 6.99 0.53  3.18 025 128 0.5
40-42 40.07 1.93 610 30 83.63 4.03 567 25 4.84 0.22  2.69 0.12  14.6 0.6
4446  49.29 2777 445 20 77.53 497 423 24 5.27 031 2.87 0.16 139 0.6
46-48  48.88 228 533 22 69.58 2.80 453 18 5.95 029 292 0.13 113 0.6
48-50 38.85 287 734 39 65.23 524 543 46 5.33 0.48  2.60 0.19  10.6 0.3
52-54 38.93 324 767 47 71.65 7.04 456 46 5.55 0.57  2.70 0.26 9.3 0.3
56-58 20.05 0.83 598 18 49.17 3.38 335 19 3.52 0.19  2.03 0.11 7.5 0.5

(continued on next page)
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(b) Sediment trace metals in PC-15 (Woodbury Creek) marsh site

Depth Ag As Cd Co Cr Cu Mn

(cm) nmol g ' (S.D) nmolg ' (S.D.) nmolg™' (S.D.) nmolg ' (SD.) umolg ' (S.D.) umol g~' (S.D.) pmolg™' (S.D.)
58-60  29.06 3.83 872 95 55.16 8.14 464 76 4.63 0.77  2.66 039 6.1 0.2

60-62  15.10 0.83 615 27 29.22 1.57 432 29 2.50 0.18 133 0.08 7.7 0.4

62-64  15.03 145 828 79 32.88 5.06 531 77 3.11 0.44  1.61 021 69 0.3

64-66  10.39 1.03 722 58 23.95 2.77 473 59 2.24 029 121 0.14 75 0.3

66-68 8.43 0.59 678 48 20.02 1.84 497 56 2.57 028 129 012 10.2 0.2

68-70 7.85 041 715 21 14.17 0.55 470 8 2.48 0.06 1.17 002 65 0.2

70-72 6.02 0.28 1304 18 21.51 0.80 590 12 1.93 0.04 134 0.02 125 0.3

74-76 4.84 022 670 23 13.32 0.66 327 12 1.80 0.07 081 0.02 84 0.3

80-82 3.66 0.11 360 13 8.26 0.38 302 7 1.54 0.05  0.63 0.01 82 0.2

Depth  Ni Pb Sb Sn U v Zn

Cm) ol ¢! (SD) nmolg™' (SD.) nmolg ' (S.D) nmolg™' (S.D.) nmol g~' (S.D.) pmolg™' (S.D.) pmol g~' (S.D.)
0-2 941 67 720 39 30.3 19 974 6.9 206 12 221 0.08 12.39 0.73
4-6 905 150 686 117 26.4 3.5 1073 125 192 34 254 033 941 1.62
8-10 952 92 745 65 335 24 1175 56 187 18 278 0.19 975 0.89
12-14 1004 109 872 97 49.8 46 1423 106  19.4 21 292 026 11.10 121

16-18 1133 58 892 43 54.6 2.1 1572 63 193 12 3.06 0.12  10.42 0.51
1820 1362 91 788 51 57.6 2.8 158.6 7.6 143 13 332 0.16  12.43 0.84
22-24 1453 107 1024 68 65.5 3.6 201.1 9.6 192 13 4.09 025 14.48 1.04
30-32 1255 83 1016 88 86.4 41 2254 73 174 22 718 052 11.36 1.02
34-36 1795 140 1477 98 1443 7.8 2884 165 16.1 1.1 939 0.67 24.58 1.64
38-40 1650 124 1343 54 1574 103 2848 142 127 12 767 0.57 18.86 1.43
40-42 1392 72 1382 73 86.3 3.6 2231 104 14.0 07 479 0.18  16.94 0.68
44-46 1170 57 1293 37 73.1 3.5 2395 129 10.6 1.0 3.65 0.19 15.18 0.83
46-48 1422 52 1442 65 80.8 3.5 2293 9.8 13.6 05 433 0.17  14.91 0.68
48-50 1489 118 1180 42 86.0 49 1977 125 122 1.7 5.02 036 13.78 1.29
52-54 1311 113 1247 119 83.1 6.7 2022 157 13.0 1.6 5.88 0.55  13.97 1.38
56-58 857 56 942 44 58.9 28  113.8 35 110 04 425 0.18 9.5 0.40
58-60 1155 179 1215 139 732 79  156.4 17.5  14.4 24 549 0.76  10.31 1.69
60-62 806 52 723 40 37.6 1.8 100.7 37 85 09 276 0.18  6.92 0.44
62-64 840 117 1053 140 78.0 75 1381 113 117 19 285 036  9.50 1.30
64-66 842 105 984 70 36.5 32 2479 211 9.0 14 236 026 731 0.88
66-68 716 75 709 66 24.1 14  124.6 92 102 1.6 237 022 578 0.66
68-70 706 19 681 19 18.7 0.8 1225 3.9 109 0.7 201 0.04 595 0.11

70-72 875 15 669 14 23.0 0.5 1045 25 108 03  1.68 0.03 648 0.13
74-76 601 19 381 18 12.0 03 704 18 97 1.1 155 0.04  4.63 0.24
80-82 558 18 284 7 8.9 03 555 08 85 08 154 0.04  3.56 0.10

function for the Mid-Atlantic region (Olsen et al., 1981).
Linear sedimentation rates (and mass accumulation
rates) based on the basal depth of '*’Cs activity were
0.6 cm/year (0.4 g/cm?/year) and 1.4 cm/year (0.5 g/cm?/
year) for PC-14 and PC-15, respectively.

Excess 2'°Pb profiles for both cores exhibited a
monotonic decrease in the log of the activity down-
core, indicative of steady-state sediment accumulation
and radioactive decay (Fig. 2). Linear sedimentation
rates derived from these profiles were 0.6 cm/year
(0.3 g/em?/year) and 0.9 cm/year (0.3 g/cm?*/year) for
PC-14 and PC-15, respectively. The fact there is uni-
form porosity with depth in both cores with depth (0.6—
0.7 for PC-14; 0.7-0.8 for PC-15) supports the notion

that these marshes have accumulated with a steady
import of fine-grained sediment over the past 50 years
without evidence of episodic input.

Atsite PC-15, the '*’Cs-derived rate was higher than
that based on >'°Pb by nearly a factor of 2. In part, this
difference can be attributed to the dissimilar time spans
over which these radiotracers average sedimentation
rates, 40—50 years for '*’Cs, and 50—100 years in the
case of *'°Pb. Because *'°Pb geochronology averages
over a wider range of sedimentary conditions, including
short periods of non-deposition, it may yield rates that
are somewhat lower than those based on '*’Cs. An
alternative explanation for the disparity is that the rate
of sedimentation has increased over the past several
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Fig. 2. Geochronology for the two marsh sediment cores (a) Oldmans Creek and (b) Woodbury Creek using both the transient fallout '*’Cs and
steady-state natural 2'°Pb radionuclides. Both nuclides give concordant sedimentation rates of 6 and 12 mm/year (average) at these two sites.

decades, perhaps due to accelerated fine-grained sedi-
ment delivery to the marshes, yet a change in sedimen-
tation rate is not apparent from the log-linear slope of the
219pp activity profiles. The computed sedimentation rate
for PC-15 based on '*’Cs chronology is markedly higher
at 1.6 cm/year, assuming the activity peak is representa-
tive for ca. 1964. However, the separation assigned to the
dates of 1954 and 1964, the background and peak of
atmospheric weapons testing, do not support this high
rate of sedimentation. Thus, as a compromise, we have
assigned the upstream Woodbury Creek site (PC-15) a

sedimentation rate of 1.2 cm/year, the average of that
determined by '*’Cs (1.4 cm/year) and *'°Pb (0.9 cm/
year) geochronology. However, the rate assigned to the
downstream Oldmans Creek site (PC-15) is the lower
concordant rate of 0.6 cm/year. These two rates are used
to plot the corresponding dated depths in the figures.

4.2. Carbon, nitrogen and phosphorus contents

All concentrations for C, N and P are plotted on a
dry weight basis (Fig. 3).
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Fig. 3. Distribution of organic carbon (@), total nitrogen () and the molar ratio of C to N () in (A) Oldmans Creek and (B) Woodbury marshes

from the upper Delaware estuary.

Sediment organic carbon (OC) and total nitrogen
(TN) exhibited slight differences between locations
and with depth. Surface OC and TN concentrations
decreased slightly from up-estuary (5.4% and 0.3%) to
down-estuary (4.6% and 0.25%), which resulted in sim-
ilar C to N molar ratios (C/N) between sites (21.2 and
21.9). The distribution of OC and TN followed slightly
different trends with depth. In Oldmans Creek (core PC-
14), OC and TN decreased by approximately 85% from
the surface concentration to 37 cm (Fig. 3A), whereas in
Woodbury Creek (PC-15), OC and TN remained fairly
constant with depth (Fig. 3B). The C to N ratio (molar)
with depth was similar between locations (Fig. 3A, B). In
the upper 40 cm, there was a slight increase with depth in
both cores, excluding the two lower depths in PC-14 due
to very low TN concentrations. In the deeper sections of
PC-15, the C to N ratio showed another maximum TN
concentration located between 66 and 70 cm.

Total sediment P (TSP) and the C to P molar ratios
(C/P) revealed large variations in PC-15, with only
small changes in PC-14 (Fig. 4). The surface sections
in both cores had similar TSP concentrations and C to P
ratios of approximately 1000 pg P/g dw and 125,
respectively. In PC-14, TSP concentrations generally
decreased slightly from the surface to approximately
27 cm, then decreased to between 113 and 120 pg P/g
dw near the bottom (Fig. 4A). The C/P ratio was nearly

constant to 27 cm, but then increased to approximately
190 near the bottom. In PC-15, TSP increased to
2261 pg P/g dw at 53 cm then decreasing to 351 pg
P/g dw at 81 cm near the bottom of the core (Fig. 4B).
C/P values decreased slightly to a minimum (with
higher TSP concentrations) at similar depths in both
cores, and increased to >300 as TSP decreased.

4.3. Carbon and nitrogen stable isotopes

The isotopic compositions of OC and N exhibited
large changes within each core (Fig. 5). In Oldmans
Creek (PC-14), the 6'°C increased slightly with depth,
from —25.5%0 to —24.1%0 at 22 cm, then became ex-
tremely variable to the bottom of the core, ranging from
—28.5%0 to —22.5%0 (Fig. 5A). In Woodbury Creek
(PC-15), the 6"3C value was —27.1%o at the surface
and decreased slightly to —28.1%0 at 10 cm, after
which the sediments became more enriched in '*C with
a0"C of —24.7%o at 45 cm (Fig. 5B). Below this depth,
the 0'3C decreased to approximately —26%o near the
bottom. The nitrogen isotopic compositions were similar
between cores with highest 6'°N at the surface (~7.3%o),
decreasing with depth to approximately 4.1%o at the
bottom of PC-14 (similar to PC-15). In PC-15, sediments
below 40 cm had similar N isotopic compositions, aver-
aging (+ 1S.D.) 3.4 + 0.3%0 (n=16).
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Fig. 5. Carbon (@) and nitrogen () isotopic composition with depth in (A) Oldmans and (B) Woodbury Creek marshes from the upper Delaware
estuary.
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4.4. Trace metals

The concentration of metals in the core on a dry
weight basis is plotted in Fig. 6.

In the Oldmans Creek site (PC-14), two groups of
metals can be identified:

1) Ag, Cd, Cu, Cr, and Co displayed a 2- to 5-fold
increase after 1950 up to 1963-1965, after which
steady inventories over the past 20-30 years are
observed.

2) Pb and Sn displayed a 10-fold increase after 1950.
Steady inventories over the last 30 years are then

observed for Sn, whereas decreasing levels are evi-
dent for Pb.

In comparing the absolute concentration back
from 1950, similar concentrations are seen for As,
Cd, Co, Cr, and V, whereas Cu, Ag and Sn dis-
played 3- to 4-fold higher levels. A marked anthro-

Ag
concentration (nmol.g)
80

pogenic influence is suspected for Pb, in that it
actually displayed a 6-fold higher level, peaking in
1960-1970.

In the Woodbury Creek core (PC-15), three groups
of metals can be identified. Starting from before
1940s to 1969, a marked increase of metal concen-
trations is manifested. Three groups of metals can be
identified:

1) Cr, Sn, V, Ni, Co and Cu that displayed a 2- to 5-fold
increase;

2) Pb, Zn, Sb and Ag that displayed a 7- to 12-fold
increase; and

3) Cd that displayed a 20-fold increase.

Comparing the concentrations before 1950 suggest
similar levels for As, Co, Cr and V, whereas Ni, Cu, Zn,
Ag, Sn and Pb displayed 1.5- to 3-fold higher levels. A
marked anthropogenic influence is suspected for Cd in
that it actually displayed a 7-fold higher concentration

As
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Fig. 6. Metal (Ag, As, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sb, Sn, V and Zn) concentration profiles in the Oldmans Creek (PC-14) marsh (O) and

Woodbury Creek (PC-15) marsh (@) sites in the upper Delaware estuary.
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Fig. 6 (continued).
overall. When the comparison of concentrations is made 4.5. Organo-tins
from 1972 to present, one group of metals (V, Cr, V, Sn,
and Ag) displayed gradually decreasing levels, whereas In the Oldmans Creek (PC-14) core downstream, the
another group (Pb, Cu, Zn, Cd and Co) displayed a more cumulated butyl tin species displayed a gradual increase

rapid decrease starting about 1976, before showing up to a well defined by 1981, followed by some de-
steady inventories up to the present. creasing concentrations in recent times (Fig. 7). This
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Fig. 6 (continued).

peak corresponds to a maximum input for each species
(MBT, DBT and TBT) between 1981 and 1986.

In the Woodbury Creek (PC-15) core profile up-
stream, there is a broad peak peaking by the mid-late
1970s (Fig. 7) for all cumulated butyl species. These
concentrations appear to decrease only somewhat in
more modern times.

5. Discussion
5.1. Marsh sedimentation rates in perspective
The influence of biological mixing on particle burial

in an accreting sediment column cannot generally be
deduced from the shape of a radioisotope profile. Thus,
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Fig. 7. Concentration profiles for organo-tin butyl compounds in the
(A) Oldmans and (B) Woodbury Creek marshes in the upper Dela-
ware estuary. The date scale reported on the right axis for the two
cores is based on the sedimentation rate of 0.6 cm/year and 1.2 cm/
year for PC-14 and PC-15, respectively.

mixing effects on sedimentation rates are commonly
estimated through iterative numerical modeling of paired
219pp and "*7Cs (or 2****°Pu) profiles (Benninger et al.,
1979; Olsen et al., 1981; Sharma et al., 1987). The results
of such mixing models revealed that bioturbation can
increase the apparent sedimentation rate by as much as a
factor 2—3 over the true rate, depending on mixing
intensity, mixing depth, and sedimentation rate. Biolog-
ical mixing was not apparent in PC-14 and PC-15, as
X-radiographs of these cores revealed well-preserved
bedding surfaces and no burrow traces. Nonetheless,
because the potential effects of biological mixing cannot
be ruled out, the rates reported herein should be taken as
maximum estimates of the actual values.

Linear sedimentation rates determined in this study
are comparable to those reported previously for the
freshwater and brackish intertidal marshes of the Dela-
ware Estuary (Orson et al., 1992a; Sommerfield and
Madsen, 2004; Scileppi, 2004). Collectively, these
rates are up to an order of magnitude higher than the
local rate of relative sea level rise (2—3 mm/year) as
documented by local National Ocean Service tide-gauge
records. Though it is widely assumed that the rate of
marsh accretion is limited by the rate of sea-level rise
(Sharma et al., 1987), on decadal-to-centennial time
scales, intertidal deposits of marshes, lagoons and estu-
aries in fact accrete at rates in excess of sea level rise
(Nichols, 1989). Here it is important to distinguish
among marsh sub-environments and note that the sites
sampled in this study were within the low marsh (sub-
jected to daily tidal inundation) and proximal to the
main tidal channel. Because the channel-to-marsh flux
of suspended sediment is controlled by ambient sedi-
ment concentrations and the frequency of tidal inunda-
tion, the so-called hydroperiod, sediment trapping and
marsh accretion rates tend to be highest near the source
channel (Friedrichs and Perry, 2001). For this reason,
the low marsh is able to accrete relative to the high
marsh, whose tidal inundation is on the order of 10 days
to a fortnight. This relatively long hydroperiod limits
high-marsh accretion to a rate approximating that of
local sea-level rise. Accordingly, the low-marsh sedi-
mentation rates reported herein are likely to be maximal
values for the greater marshes of Woodbury Creek and
Oldmans Creek. Fringing marshes of the Delaware Es-
tuary are clearly capable of trapping large amounts of
tidally imported suspended sediment, much of which is
sequestered in the low marsh.

It is worth noting that '*’Cs activity is present in
sediments of the marsh sites at appreciable levels,
despite the fact that atmospheric fallout has been
negligible since about 1980. Recalling that post-depo-
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sitional biological mixing at the coring sites is unlike-
ly, this implies a non-atmospheric source for '*’Cs
such as wash-in from upland soils and (or) redistribu-
tion of recent sediments previously buried in the estu-
ary. An advective source for '*’Cs is corroborated by
inventories of excess 2'°Pb at Woodbury Creek (78
dpm/cm?) and Oldmans Creek (55 dpm/cm?), which
greatly exceed that which could be supported by the
steady-state atmospheric flux for the Mid-Atlantic re-
gion of 23—26 dpm/cm® (Graustein and Turekian,
1986). Regional radioisotope distributions and patterns
of historical bathymetric change revealed that the Del-
aware Estuary is presently non-depositional or erosion-
al throughout much of its subaqueous extent (Scileppi,
2004; Walsh, 2004), and that the fringing marsh on the
whole is apparently a terminal sink for eroded fine-
grained material. The estimated erosional sediment
yield is significant at 2-3 x 10° kg/year averaged
over the past 50 years, which exceeds the annual
load of fine-grained sediment delivered to the estuary
(Walsh, 2004). This erosional sediment source may
explain the high inventories of '*’Cs measured in the
sediments of Woodbury and Oldmans Creeks.

5.2. Eutrophication history as recorded by P and C
content

Changes in TSP concentrations with depth occurred
over a 60-year time frame at the Woodbury Creek site
(Fig. 8) and are supported by water quality monitoring

data for total phosphorus in the upper Delaware Estuary
(J. Sharp and E. Santoro, unpublished data; E.P.A.,
2000). Although consistent TP monitoring information
is only available from the late 1960s, a similar trend was
observed between TP water concentrations (i.e., high
concentrations in the early 1970s) and the distribution
of TSP over time. These apparent trends indicate sub-
stantial change in TSP concentrations in the Woodbury
core and most likely reflect the changes in net usage and
load of P from the Delaware watershed (Fig. 8). In the
late 1940s, inputs were lower and increased dramatically
over the next 30 years. Peak loads appear to have oc-
curred in the early 1970s, after which loads and resultant
concentrations decreased.

The anthropogenic input of P is a result of both point
(i.e., waste water discharges) and non-point sources (i.e.,
farmland runoff, atmospheric deposition). The most like-
ly factors resulting in the changes in loads of P are from
fertilizer use and P-detergent use. Fertilizer use would be
a main component of non-point or diffuse sources of P,
while P use in detergents would be a main contributor to
point sewage sources. Similar water quality trends in
various water bodies within the United States showed
that the reduction of P in detergents, starting in the early
1970s, quickly reduced the concentrations and loadings
of P to many systems including the Delaware estuary
(Roman et al., 2000; E.P.A., 2000). As such, sewage
point source discharge of P was most likely the dominant
source of P to many river systems, and although fertilizer
inputs are variable, they can be large in some cases

Sediment DE River Water Fertilizer Use P Detergent Use
(Mg P/g dw) (ug TPIL) (X 10® MT/yr) (X 10® MT/yr)
0 1000 2000 30000 400 800 12000 1 2 3 00 0.1 0.2 0.3
2000 \ . | X X | . . | X :
1980 1 1 1 1
C
—
o
S 1960 B| 1 i 1
> -
1940 1 - 1 -
A
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1920

Fig. 8. Total sediment P (TSP) in Woodbury Creek (PC-15) and total P (TP) in bottom portion of the tidal freshwater Delaware River (RM 78). TP
(4-year running average) for the Delaware River is from Santoro, 1998 (E.P.A., 2000) and Sharp (unpublished data). The fertilizer and the detergent
P are national data taken from Litke (1999). Dates for sediment P are based on 1.2 cm/year. (A) First WWTP in Philadelphia started operations in
approximately 1923. (B) Three WWTP facilities operating with primary treatment (1957). (C) 1972 Clean Water Act, all three plants went online
with secondary treatment (biological treatment and chlorination) by 1974 (Grusheski, Phila. Water Dept; personal communication).
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(Carco, 1995). Approximately 60% of the P loads to the
Delaware Estuary between 1988 and 1994 have been
estimated to be derived from wastewater treatment facil-
ities, with the remainder from agriculture (31%) and
other sources (<10%) such as atmospheric deposition
(Roman et al., 2000). In the Philadelphia area, wastewa-
ter (currently at 470 mgd) is treated mainly by 3 major
facilities (Fig. 8). Between the late 1950s and early
1970s, treatment was primary (including screening and
sludge removal), until secondary biological treatment
started in 1974 that removed a substantial amount of
organic matter and oxygen demand.

Phosphorus used for detergent manufacturing started
in the 1940s when synthetic detergent compounds (up
to 15% P by weight) were first introduced. By the mid-
1960s, detergent production consumed approximately
2.2 X 10° metric tons of P per year (Litke, 1999) (Fig.
8). Starting in the early 1970s, the P content, and its use
in detergents, was reduced to <1% P, and over the next
20 years P detergent bans were enacted in many states.
Since the Woodbury Creek site (PC-15) is located in the
more urban core of the Delaware River watershed,
point sources of P are probably more dominant in the
local area. Therefore, it is probable that distribution of
TSP is related to some combination of fertilizer and
detergent use. However, the decrease starting in the
mid-1960s is more reflective of detergent use P reduc-
tions and the variable changes in fertilizer use starting
in the late 1970s (Litke, 1999).

5.3. Eutrophication history as recorded by C and N
isotopes

Changes in P concentrations and loads to the tidal
freshwater Delaware River may have also affected the

level of primary productivity in the system. Stable iso-
topes of C in organic matter have been shown to follow
productivity and eutrophication processes in lakes
(Schelske and Hodell, 1991, 1995). In aquatic plants,
carbon isotopes ('*C and '*C) are fractionated during
photosynthesis because the enzyme ribulose 1,5-bispho-
sphate (RuBP) preferentially removes the lighter isotope
(*2C-CO,) from the dissolved inorganic carbon pool
(Vogel, 1980; Estep, 1984; Raven et al., 1994). The
variability and enrichment of '*C in algae are influenced
by a number of factors including temperature, species
composition, inorganic C composition and concentra-
tions, productivity and the 3'*C of the inorganic C pools
(Sackett et al., 1964; Rau et al., 1989; Fogel et al., 1992).
For example, as productivity increases, there would be
less discrimination between the two isotopes, resulting in
more '*C enriched algal/plant cells and organic matter. In
addition, there can be a change in the source of inorganic
carbon (dissolved CO, versus HCO3 ") taken up, due the
availability of dissolved CO, at higher growth rates
(Fogel et al., 1992; Goericke et al., 1994).

In the sediments sampled at Woodbury Creek (PC-
15), changes in the §'>C-OM are related to TSP concen-
trations, suggesting changes in overall production with
time (Fig. 9). However, there were two significant rela-
tionships between sedimentary P and the §'°C of organic
matter, both of which show higher 6'*C with increasing
TSP. The first relationship (+*=0.505, p <0.01) is for the
time period when P levels increased sharply from the
1940s to 1960s, whereas the second relationship starts
from the peak in TSP concentrations in the mid-1970s to
lower concentrations in 2000 (+>=0.894; p <0.01). Dur-
ing the increasing first phase, as TSP and P loadings
increased, there is a small change in ¢ '>C with increasing
TSP. When loadings and TSP begin to decrease, there is a

24
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Fig. 9. The relationship between total sediment P (TSP) and the carbon isotopic composition of organic matter (3'*C-OM) in Woodbury Creek
marsh (PC-15) is shown. The (@) points are from late the 1940s to mid-1960s, just below the maximum TSP while (A) are points from the

maximum in the 1970s to the present when TSP decreased substantially.
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substantial decrease in 6'°C with decreasing TSP. It is
unclear why there are two distinct relationships over
time, but it may be due to the response time between
TSP and algal/plant production, or possibly interactions
with other chemicals introduced to the river between the
1940s and 1960s. Accordingly, the correlations observed
between carbon isotopes of organic matter and TSP can
be an indication in the variations of primary production
in the tidal freshwater portion of the Delaware Estuary.
This has been observed in various lake environments
using either sediment organic matter (Schelske and
Hodell, 1991, 1995), or scales from fish collected over
time (Perga and Gerdeaux, 2003). In laboratory experi-
ments, Gervais and Riebesell (2001) demonstrated that P
limitation decreased the growth rate of a marine diatom
(Skeletonema costatum) and increased the C isotope
fractionation. During a yearlong field study, there was
a positive linear relationship between &'>C-suspended
particulate material in the Delaware Estuary and areal
productivity rates (Cifuentes et al., 1989). While de-
creased light levels in this estuary due to high turbidities
are a primary controlling factor for algal production in
the winter, P can limit production, especially in the
spring (Pennock and Sharp, 1994). The carbon isotope
data from marsh sedimentary records suggests that sys-
tem productivity levels in the tidal freshwater portion of
the river may be controlled by P levels. Thus, by con-
trolling P concentrations in the river via the P-detergent
ban, overall water quality has improved (E.P.A., 2000).
In the tidal freshwater portion of the Delaware River,
sources of organic matter range from in situ production
(marsh and planktonic), river runoff, and sewage. While
there was no significant relationship between '*C and
TSP (+=0.275) in the Oldmans Creek core, it is inter-
esting to note that the 6'>C-OM in the core from Old-
mans Creek was approximately 1.6%o higher than the
values measured in the Woodbury Creek core. For ex-
ample, the upper 6 cm at Oldmans averaged —25.1%o
while Woodbury averaged —27.2%o. Additionally, the
5'3C-OM for a site in the Salem River, which is further
downstream than Oldmans and Woodbury Creeks, was
substantially more positive (—20.5 %o). The more pos-
itive 6'3C-OM may reflect a slightly greater contribu-
tion of sewage or phytoplankton-derived carbon.
Cifuentes et al. (1989) and Fogel et al. (1992) showed
a general downstream shift in 6'*C-OM to more positive
values related to more coastal and marsh sources.
Nitrogen isotopes (‘*N/'*N) showed a systematic
increase in 0'°N of the total sedimentary N (TN) since
the mid-1970s, according to the sediment chronologies.
The profile of the §'°N-TN in the sediments of Wood-
bury Creek marsh was nearly constant (3.4 + 0.3%o,

n=16) from the late 1940s to early 1970s (Fig. 5),
after which the §'°N-TN linearly increased from approx-
imately 3%o to 7.5%o. A similar trend was observed in the
core from Oldmans Creek marsh, which had a core top
0 "*N-TN value of 7.3%o. This increase does not appear to
be related to changes in organic matter sources (terres-
trial versus marine or aquatic; as per C/N) but probably
more to processes within the water column and long-
term changes in the isotopic composition of the dis-
solved N (Cifuentes et al., 1989; Teranes and Bernas-
coni, 2000; Bratton et al., 2003).

Over time, inputs from wastewater treatment plants
and agricultural run-off can vary, each having a distinct
isotopic signature (Kendall, 1998). In addition to vary-
ing sources (and N isotopic compositions), processes
within the water column and sediments can modify the
N isotopic composition before deposition. Off-setting
processes include: (1) algal uptake of heavy residual
nitrate or ammonium formed from the sequential uptake
and fractionation of N by algae (Wada, 1980; Pennock
et al., 1996), (2) reduction of nitrate via de-nitrification
and subsequent algal uptake (Cline and Kaplan, 1975),
and (3) the breakdown of particulate organic N by
bacteria that may preferentially release '*N organic
and inorganic N, leaving behind more enriched partic-
ulate material (Wada, 1980; Sachs and Repta, 1999;
Lehmann et al., 2002). The latter process, however, can
further change the 6'°N of TN by the re-incorporation
of N via bacterial growth.

This change in 6'°N-TN corresponded to the in-
crease in dissolved nitrate (and decrease in dissolved
ammonium) in the Delaware River near Philadelphia
over this time period (Jaworski and Hetling, 1996;
E.P.A., 2000). Concentrations of dissolved nitrate
were fairly stable from the 1920s to late 1960s (ca.
3740 uM N), increasing to approximately 100 pM N
by the mid-1990s. These changes are likely to be due to
population increases and agricultural use. In addition,
changes in the processing of wastewater (e.g., solids
removal, chlorination, and nitrification) in the Philadel-
phia-Camden areas during the late 1960s to mid-1970s
(D. McCarty, Philadelphia Water Department, personal
communication) could impact the load and isotopic
composition of nitrogen to the river.

Along with these changes, dissolved oxygen concen-
trations have increased since the mid-1960s (from <1 mg/L
to >5 mg/L; E.P.A., 2000). Low dissolved oxygen con-
centrations sporadically observed from the 1940s to
1960s indicate that de-nitrification could have occurred
either in the water column or sediments (Seitzinger,
1988). This process can enrich the dissolved nitrate
pool in '°N, with further enrichment via algal uptake
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and particulate N formation (Fogel and Cifuentes, 1993).
Interestingly, the N isotopic composition of suspended
particulate material collected in this reach of the river
between 1988 and 1989 (Velinsky et al., 1990) averaged
6.4 £3.7 (n=15). This is similar to the isotopic compo-
sition in the Woodbury Creek marsh at a corresponding
depth/time (5.4-6.3%0). However, during the 1940s to
1960s (80 to 50 cm) there was no apparent increase in
5'°N in the sediment core (Fig. 5), but an increase in
0'>N-TN was noted during the period when dissolved
oxygen concentrations had been improving (>1970).

Therefore, it is suggested that increases in 6'°N-TN
in the sediment cores are attributed to changes in the
source and isotopic composition of N to the river since
the mid-1970s and algal uptake of the N in the water
column. Similar conclusions were made for Lake Bal-
deggersee in Switzerland (Teranes and Bernasconi,
2000). In this study, the largest increase in 6'°N-TN
was observed after increases in dissolved oxygen and
dissolved nitrate concentrations. It was concluded that
variations in N sources (e.g., wastewater versus agri-
cultural inputs) were the primary cause for this change.
However, given that the increase in 6'°N-TN started at
the same time as changes in the treatment of wastewater
due to the Federal Water Pollution Control Act Amend-
ments of 1972 and amendments in 1977 (Clean Water
Act), changes in the N isotopic signature of discharged
wastewater could be important.

5.4. Metal comparisons

A comparison of the metal concentrations agree very
well in both profile shapes, magnitude, and timing with
those reported earlier at the same marsh sites (Orson et
al., 1992a). In this study, a comparison to the 1954
levels in the two cores suggests similar levels for V, Cr,
Ag, Co and Pb. However Woodbury Creek (PC-15)
display 1.5-3 higher levels for Cu, Zn, Cd, As and
Sn, suggesting specific enrichment at this upstream
marsh site closer to the urban Philadelphia area. The
maximum historical metal levels in Oldmans Creek site
(PC-14) is assigned to 1963-1964 (—25 cm), whereas
for PC-15 is it appears to be somewhat later in 1969
(—38 cm). This suggests that in this watershed, or at
this location in the river, the industrial activities have
been more extensively developed since about 1950
(—60 cm). Nevertheless, the peak maximum recorded
in the PC-15 core in 1969 (—38 cm), displays signif-
icantly higher levels compare to PC-14 at 1963
(—25 cm). Here they range between 1.5 and 4.6 fold
for Sn, V, Cr, Cu, Zn, As, and Ag, whereas it can go up
to 16-fold for Cd. For the two other elements (Co and

Pb), similar concentrations are reported. Thus, for most
elements, the PC-15 higher levels can be explained by
its closer proximity to Philadelphia compared to PC-14.
Normalization of the metal concentrations to organic
carbon at both sites exhibits similar depth profiles of
metal loads, except for the deeper part of PC-14 core
(28-38 cm) that is characterized by a modification of
the C and P contents (Figs. 3 and 4).

As most metal inputs appear to be clearly related to
industrial activities, the influence of sewage water treat-
ment plants might also be considered as a non-negligible
source. In fact, the vicinity of the coring sites to the
urban area of Philadelphia appears to reveal the potential
impact of sewage treatments plants. The higher Ag
levels recorded in PC-15 compared to PC-14 (Fig. 6)
are assumed to trace the specific pollution gradient
originating from sewage treatment plants located in
the upstream part of the Delaware estuary (i.e. Philadel-
phia urban area). The metal Ag has been established as a
specific tracer of the watershed inputs from wastewater
treatment plants (Sanudo-Wilhelmy and Flegal, 1992;
Shafer et al., 1998; Gobeil et al., 2005; Point, 2004).
This specificity of Ag towards wastewater inputs is
confirmed when Ag concentrations in the two cores
are compared with those of total phosphorous. Although
total phosphorous is not completely linked to sewage
inputs, having other sources (e.g. fertilizers), significant
correlations are obtained between the two parameters
exhibiting regression coefficients R* of 0.62 (p <0.001)
and 0.41 (p<0.002) for PC-14 and PC-15, respectively.

5.5. Organo-tin records

Organo-tin compounds are dominated by industrial
butyl tins that are a result of production from use in
plasticizers and biocides. A common compound has
been tri-butyl tin (TBT) that was widely used as an
anti-fouling paint applied to ship bottoms. However,
this usage has been banned in the US as it proved to
contain powerful contaminants, causing large-scale
mortality in coastal marine organisms (Donard et al.,
2001). The Delaware Estuary has been historically
dominated by shipping, construction and maintenance
of ships, and serving as a major port that hosted the
large Philadelphia Navy Yard. Thus, the organo-tin
profiles at both the marsh sites should reveal both
specific and similar industrial inputs, including
organo-tin compounds, such as TBT anti-fouling addi-
tives. If so, a recent decrease might correspond to the
adoption in recent decades of legislation that has ban-
ished the use of TBT in anti-fouling paints first on
civilian and more recently, military ships.
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5.5.1. Changes in butyl-tin inputs

The highest levels of TBT are observed at the same
maximum in cumulative butyl compounds in the two
cores (Fig. 7). The levels of TBT recorded in Oldmans
Creek (PC-14) core (Fig. 7A) are low (6 ng(Sn) g~ ')
and similar to contamination background levels ob-
served in other coastal environments (Donard et al.,
2001). However, 10-fold higher concentrations are
observed (Fig. 7B) at the Woodbury Creek (PC-15)
site (60 ng(Sn) g~ ). Here, the core site is located
upstream in an area more highly influenced by urban
and industrial activities. In particular, it is situated
closer to the Philadelphia Navy Yard, potentially a
specific point source. This indicates that the two
sites are and have been impacted by a single
organo-tin source, linked to TBT release from leaching
anti-fouling paints and shipyard activities in the upper
Delaware estuary. It can be presumed that the main
source of butyl-tin compounds is provided by TBT
inputs, and that the TBT degradation in both water
and sediment is occurring on average at a steady state.
If so, the total butyl tin measured in the sediment
profile should then correlate with the total TBT record
over the sedimentation period.

Also, independent of the degradation stage of TBT
when buried in sediments, total butyl-tin concentra-
tions should be directly related to the level of expo-
sure at the two sites investigated to this specific
pollutant. Even though TBT concentrations remain
relatively low in the Oldmans Creek (PC-14) core
profile (i.e. close to the detection limits), the level of
accumulated butyl tin species in both core profiles
indicates that the maximum input corresponds to the
carly 1980s (Fig. 7).

Downstream in the Oldmans Creek (PC-14) core
profile, a more modern peak is well defined as recently
as 1988, whereas the maximum input for the cumula-
tive species (MBT, DBT and TBT) corresponds to the
middle of 1980s. As the sediment structure is undis-
turbed, a historical recording of TBT input as recently
as 1988 appears possible.

In the Woodbury Creek (PC-15) core profile, the
relatively high concentrations of TBT recorded along
the core show two well-defined peaks, both starting at
1968 and again at 1981. Thus, the maximum of input
of organo-tins occurred here in the 1970s. This date is
totally in agreement with the historical use of TBT-
based paint in marine industries. The first record of
organo-tin contamination in the PC-15 core (1955) is
almost identical to that in the PC-14 (1954) and
defines this date as the first use of TBT in the Dela-
ware River. The decreased concentrations at the sur-

face may be explained by the more restrictive
regulation concerning the use of TBT-based paint,
including the closure of the Philadelphia Navy Yard.
It is interesting to note that in both cores there is
evidence of sustained modern concentrations and per-
haps continued mobilization. Specifically there are
sustained levels of TBT in the past decades at both
the PC-14 and PC-15 sites, presumably from a com-
mon source remobilized along this section of the
industrial river. Since this observation is not in accord
with the international policy concerning the restricted
use of TBT-based paint, it can only be presumed to be
a relict source. For example, it may indicate the period
of transition between closure of the Philadelphia Navy
Yard and its conversion to commercial ship construc-
tion. Such anomalies observed in more recent times,
particularly in the past decade at PC-15 (Fig. 7B), can
probably be related to the proximity of the Philadel-
phia Navy Yard with associated maintenance or
decommissioning activities.

5.5.2. Source and fate of butyl-tin contaminants

In order to investigate both organo-tin source and fate
at the coring sites, TBT concentrations can be compared
to MBT and DBT levels. Direct relationships between
TBT and its potential degradation products support
assumptions on the specific sources of organo-tins and
the relative degradation of butyl-tin compounds. The
linear correlation (through zero) of MBT and DBT
(TBT degradation products) with TBT, evidences spe-
cifically the degradation of TBT (Fig. 10). This trend is
particularly evident in PC-15 with the higher loading of
TBT with a better concentration resolution compared to
PC-14. The slope ratio between MBT and DBT versus
TBT also provides information on degradation kinetics
that assumes a steady state.

In the Oldmans Creek (PC-14), the DBT/TBT ratio is
close to 1.7 whereas it is more than twice that for MBT/
TBT with a constant ratio of 4. This indicates that TBT
and DBT have close degradation kinetics, whereas the
MBT degradation rate is, on average, two times slower
than TBT. In Woodbury Creek (PC-15), the DBT/TBT
ratio is close to 1, approaching 2 for MBT/DBT. Previous
investigation in many coastal environments have high-
lighted the higher persistence of MBT compared to TBT
and DBT (Donard et al., 2001). These results also indi-
cate that TBT degradation to DBT and MBT is relatively
higher in PC-14 compared to PC-15. Several studies
have demonstrated that the degradation rate of TBT is
faster in waters (hours—days) compared to sediments
(month—years) (Donard et al., 2001). The highest degra-
dation of TBT in PC-14 (25 km), compared to PC-15 (4
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Fig. 10. Linear correlation between TBT and its degradation products (MBT and DBT) in (A) Oldmans Creek and (B) Woodbury Creek marshes in
the upper Delaware estuary. This strongly suggests tri-butyl tin (TBT) as the primary source undergoing subsequent degradation before and after

deposition.

km) downstream of the Philadelphia Navy Yard, is prob-
ably linked to the higher residence time of TBT in the
tidal waters of the Delaware estuary before being trapped
in the marsh sedimentation areas.

6. Conclusions

The results of this study indicate that fresh water
marsh deposits in highly dynamic and polluted regions
of urban estuaries can provide concordant and reliable
sediment geochronologies. This supports the concept of
their role as repositories of fine sediment reflecting
associated historical records of anthropogenic activities
and pollution loading in industrial tidal areas. From the
two sedimentary records obtained from the industrial-
ized zone of the upper Delaware Estuary, the following
conclusions can be reached:

1) Sedimentation rates (0.6—1.2 cm/year) at low-marsh
sites within the Woodbury and Oldmans creeks are

steady and significantly higher than the regional rate
of sea level rise (0.2—0.3 cm/year). This confirms
that low fresh water marshes are preferential depo-
centers of fine-grained sediments in the greater part
of this urban estuarine system. However, additional
work is needed to identify how suspended sediments
tidally advected into the marshes are permanently
sequestered. In any case, the sedimentary record is
complete and not punctuated by either non-deposi-
tional or erosional episodes.

2) Changes in C, N, P and C—N stable isotopes in the
marsh sediments record historical activities associat-
ed with population growth, detergent and fertilizer
use, or potentially sewage treatment and discharge.
Carbon isotopes may also reflect changes in overall
algal productivity in the upper tidal river and suggest
tight controls by phosphorus levels.

3) The historical records associated with metals record
the urban and industrial metal activities over the past
50 years, which peaked about 30 years ago. How-
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ever, such input continues to some extent even today
from secondary relict sources such as urban runoff,
as there is no evidence in the constant geochronol-
ogy and porosity of episodic sedimentary sources.

4) The use of organo-(butyl) tin pollutants in the upper
Delaware Estuary appears to originate from the
widespread use since 1955 of TBT anti-fouling bot-
tom paints associated with the dominant ship con-
struction, maintenance, and transit activities. In spite
of the ban on further use of TBT several decades
ago, the marsh sediments continue to record modern
input presumably from relict sources, such that even
after burial, TBT degradation products continue to
enter the urban Delaware Estuary.
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