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Abstract

Sediments are storage compartments for many toxicants and act as indicators of pollution. The
objective of this research was to study the chronological changes in the toxicity and heavy metals

Ž . Ž .concentrations in the sediments of Wicomico River WR and Pocomoke River PR —two
Chesapeake Bay tributaries. The sediments were collected from four sites in both the rivers;
sediment and porewater were separated and analyzed for toxicity using the marine luminescent

Ž w.bacteria—Vibrio fischeri Microtox . The most toxic site from each river was used for studying
the chronological changes in toxicity and heavy metals concentrations. A mean sedimentation rate
Ž .7.5 cmryr was used for calculating the time scale. The sediments were collected at a depth of
23.0 cm and divided into three 10-yr periods. The sediment collected from the depth correspond-
ing to the years 1965–1975 was the least toxic and contained the lowest amount of metals in both
the rivers. The toxicity and heavy metal concentrations from this depth were used as the baseline
data. Five heavy metals—all EPA priority pollutant—zinc, lead, copper, cadmium and arsenic
were identified and measured both in the sediment and porewater. The results show an increase in
both the toxicity and input of metals over the next 20 yr compared to the baseline data for both the
rivers. The increases in toxicity and heavy metals concentrations appear to be related to increase in
industrial and agricultural activity around WR and PR, respectively. q 1998 Elsevier Science B.V.
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1. Introduction

Aqueous sediments originate from weathering and erosion of rocks and end up in the
water bodies with runoff. Sediments are storage compartments for many toxicants;
because of their ability to sequester pollutants they can record the effects of both natural

w xand anthropogenic inputs and act as indicators of pollution 1 . Sediments are complex in
nature and their composition changes with the nature and concentration of various
chemical inputs in to the water body. The distribution of pollutants in sediments sampled
from industrialized estuaries has been used as an indicator of past and present pollution

w xevents 2 .
The Chesapeake Bay is the largest estuary in the United States with 150 tributaries.

w xThe rivers and streams that feed into the bay transport huge quantities of sediments 3 .
The WR and PR are two tributaries of Chesapeake Bay on the Eastern Shore of

Ž .Maryland, that receive the municipal sewage treatment plant STP effluents from the
cities of Salisbury and Pocomoke, respectively. Municipal wastewaters contain pollu-

w xtants from variety of sources such as industries, hospitals and atmospheric fall-out 4 .
Wastewaters consist of both organic and inorganic materials including metals such as

w xAs, Cd, Cu, Pb and Zn 5 . These metals are EPA priority pollutants and can also be
found in natural waters. Sediments tend to accumulate metal pollutants especially near

w xsewage outfalls. Agricultural runoff can also contribute these metals 6 to a water body.
The objective of this research was to study the chronological changes in toxicity of and

Ž .heavy metals toxicants that contribute to the toxicity of both WR and PR porewaters
concentrations in the sediments of WR and PR.

2. Material and methods

2.1. Study site

Ž .The four study sites Figs. 1 and 2 were 1.6 km upstream of the sewage treatment
Ž . Ž .plant WR1, PR1 , at the sewage treatment plant outlet WR2, PR2 , 1.6 and 3.2 km

Ž .downstream of the sewage treatment plant WR3, PR3 and WR4, PR4 , respectively.
Ž . Ž .Sediment samples were collected on July 17 WR and 19 PR , 1995 to a depth of 23.0

cm and separated into 0–7.5 cm, 7.5–15.0 and 15.0–23.0 cm depths using Peterson
classmate dredge. Significant differences in toxicities and toxicity inducing substances

w xof the sediments from these depths have been reported in previous studies 7,8 ; the
Žsamples were stored in polythene Ziplock bags with little redox changes as measured

Ž . .using a Fisher Scientific Pittsburgh, PA Accumet pH meter , and shipped on ice to the
University of Maryland Eastern Shore Environmental Sciences Research Lab. The

Ž .porewater and solid phase sediment were separated in an IEC Needham Heights, MA
Model 2K centrifuge at 5000=g for 30 min using teflon centrifuge bottles. Porewater
and sediment were then stored in glass and plastic sample bottles, respectively at 48C.

2.2. Microtox w toxicity test

Microtox w is a bacterial assay using luminescence bacteria developed by Beckman
w xInstruments 9 . Based on the reduction in bioluminescence of the marine bacterium
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Ž .Fig. 1. Sampling sites in Wicomico River WR .

Ž .Vibrio fischeri by toxicants, the toxicity EC % of porewater was measured using the50

Microtox w Toxicity Analyzer 2055. The lower the EC % value the more toxic the50

substance is. Some inconsistencies with the use of Microtox w were reported by Ankley

Ž .Fig. 2. Sampling sites in Pocomoke River PR .
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w x w x w x w xet al. 10 and Dieter et al. 11 but Hoke et al. 12 and Toussaint et al. 13 have shown
that the results of this test compare favorably with toxicity tests using both fish and
invertebrates for a large number of compounds.

2.3. HeaÕy metals analyses

Ž .Metals were analyzed using Perkin–Elmer Norwalk, CT Atomic Absorption Spec-
Žtrophotometer with graphite furnace and auto sampler detection limits for As, Cd, Cu
. Žand Pb were 0.2, 0.003, 0.02 and 0.05 mgrl, respectively or flame emission detection

.limit for Zn was 100 mgrl . Nitric acid digestion procedure was used for preparing the
w xsamples for analyzing the heavy metals in sediment and porewater 12 .

3. Statistical analyses

Randomized complete block was used as the experimental design to minimize the
Ž .error due to sediment heterogeneity; analysis of variance ANOVA and least significant

Ž . w w xdifferences LSD were calculated using SAS 14 to compare the means of three
replicates sampled at each site.

4. Results and discussion

Chronological study on anthropogenic input of pollutants is done either by comparing
pollutant concentrations from previous studies at the same site or from baseline

w xconcentrations 15 . The sedimentation rates in the WR and PR regions are known to
w xrange from 0.25 cm–1.25 cmryr 16 . Using the mean value of 0.75 cmryr, the time

scales for the sediments collected from different depths were estimated and along with
the corresponding changes in human population density are shown in Table 1. The data

Ž .for the lowest 15.0–23.0 cm depth sampled may be considered as the baseline data for

Table 1
Sediment depths from Wicomico River and Pocomoke River and corresponding population data

Sediment Estimated Salisbury Wicimico River Pocomoke Pocomoke River
a asample periods population sewage treatment population sewage treatment

depths plant influent plant influent
Ž . Ž . Ž .cm 1rday 1rday

7 515.0–23.0 1966–1975 16,302 1.2=10 2187 5=10
7 67.5–15.0 1976–1985 20,592 1.3=10 3500 1=10
7 60–7.5 1986–1995 25,000 1.6=10 4000 1.2=10

a wSource: Maryland Community Profile Maryland Community Profile—Lower Eastern Shore, Wicomico
County, MD—Community Profile, 1996, Internet Homepage http:rrwww.skipjack.netrswedrpop.html;
Maryland Community Profile—Lower Eastern Shore, Worcester County, MD—Community Profile, 1996,

xInternet Homepage http:rrwww.skipjack.netrle_shorerWorcesterraudit. .
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Table 2
Ž w .Porewater toxicity Microtox EC % mean values with sediment depth50

aŽ .Depth cm Estimated periods Sites LSD

1 2 3 4

Wicomico RiÕer
15.0–23.0 1966–1975 60 28 62 96 2.62

bŽ . Ž . Ž . Ž .7.5–15.0 1976–1985 51 15 24 14 55 11 84 12 6.24
Ž . Ž . Ž . Ž .0–7.5 1986–1995 42 18 21 13 43 22 78 7 3.74

LSD 5.43 5.84 9.17 4.69

Pocomoke RiÕer
15.0–23.0 1966–1975 97 71 39 62 2.43

Ž . Ž . Ž . Ž .7.5–15.0 1976–1985 92 5 63 11 25 33 46 25 1.52
Ž . Ž . Ž . Ž .0–7.5 1986–1995 85 8 58 8 13 50 37 20 3.62

LSD 2.48 2.92 3.26 2.49

a Ž .Least significant difference pF0.05 .
b Values in parentheses indicate the % decrease in Microtoxw EC % from previous years.50

Lower EC % value equates with higher toxicity.50

toxicity and metals concentrations in this study because the toxicity of the samples from
this depth were the lowest of all the samples tested from both rivers. The most toxic

Ž . Žsites were WR2 adjacent to STP outlet and PR3 1 mile downstream of STP and
. Ž .adjacent to a poultry farm in WR and PR, respectively Table 2 .

The volumes of influent to STPs during the three 10-yr periods are shown in Table 1.
Ž .The daily average effluent concentrations from the WR-STP October–December, 1995

for Zn, Pb and Cu were 50, 8 and 25 mgrl, respectively. Site WR2 porewater
Ž .15.0–23.0 cm depth had an EC % value of 28 and metal concentrations of Zns1.85,50

Ž .Pbs0.42, Cus0.022, Cds0.007 mgrl during 1966–1975 Table 3 . The relative
Ž .increases % in the concentration of metals during the period 1976–1985 were

ŽZns414, Pbs28, Cus27 and Cds14. Also during this period, the toxicity Micro-
w .tox EC % and human population increased by 15% and 26%, respectively. Metal50

fabrication, metal finishing and water conditioning industries are possibly the major
w xcontributors of Zn to WR STP 17 . Domestic wastes, non-process wastewaters, storm-

water runoff, ships and barges and accidental spills to storm sewer system also
w xcontributed Zn to WR 7 . Studies have shown that municipal wastewater contains Zn

along with other metals and organic pollutants from variety of sources such as industries
w xand atmospheric fallouts 4,5 . Along with a human population increase, there was an

w xincrease in industrial activity mainly from shipbuilding and barges 7 during this period.
Ž .The subsequent increases % in the concentration of metals during the period

1986–1995 compared to the period 1976–1985 were quite small except in the case of Pb
and Cd. The main sources for Pb are from industries that finish metal or use metal salts
and commercial establishments such as photography and print shops, auto repair shops,

ŽX-ray laboratories and dentists E. Ludy, The City of Salisbury Wastewater Treatment
.Plant. Personal Communication, March 11, 1996. . Cadmium occurs as an impurity in

w xZn additives and it tends to accumulate in sediments around sewage outfalls 18 .
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Table 3
Ž . Ž . Ž .Changes in metal concentrations in sediment mgrkg and porewater mgrl samples in the Wicomico WR2

Ž .and Pocomoke PR3 rivers with depth

Ž .Depth cm Zn Pb Cu Cd As
Žestimated Sediment Pore Sediment Pore Sediment Pore Sediment Pore Sediment Pore

.period-yr water water water water water

( )Wicomico RiÕer WR2
a a a a a a a a a0–7.5 90.75 9.91 18.01 5.12 5.23 0.039 0.49 0.026 3.07 0.001

Ž .1986–1995
b b b b b b b b b7.5–15.0 72.16 9.50 7.60 0.54 4.30 0.028 0.48 0.008 2.73 ND

Ž .1976–1985
c c b c b c c b c15.0–23.0 63.75 1.85 7.43 0.42 3.73 0.022 0.37 0.007 2.50 ND

Ž .1966–1975
LSD 3.12 0.13 0.54 0.01 0.60 0.002 0.01 0.001 0.12

( )Pocomoke RiÕer PR3
a a a a a a a a a a0–7.5 176.42 4.62 5.14 0.74 2.33 0.108 0.28 0.025 0.29 0.007

Ž .1986–1995
b bb b b b ab b b b7.5–15.0 123.26 3.51 3.51 0.59 1.29 0.076 0.24 0.003 0.24 0.005

Ž .1976–1985
c c c b c c b b c15.0–23.0 111.64 2.89 2.35 0.59 0.92 0.055 0.20 0.002 0.18 ND

Ž .1966–1975
LSD 10.81 0.12 0.19 0.004 0.09 0.006 0.05 0.005 0.03 0.001

NDsNot detected.
Ž .LSDsLeast significant difference pF0.05 .

Ž 3 .Atmospheric deposition mgrm ryr of heavy metals on the Eastern Shore of Maryland
Ž . Ž . ŽWye site is in the order of Zn 4.70"0.56–48.20"6.70 )Pb 0.32"0.20–13.60"

. Ž . Ž . w x0.98 )Cu 0.31"0.23–9.24"0.71 )Cd 0.01"0.01–0.43"0.04 19 . The toxi-
cants input increased from 1966 to 1995 due to the increase in human population and
industrial activities. Various other factors such as water and sediment equilibrium, tidal
actions, rainfall, efficiency of STP and EPA regulations can influence the toxicants
input, storage and transport.

The concentrations in the WR sediments of Zn, Pb, Cu, Cd and As showed a slight
Ž .increase during 1976–1985 from the baseline values Table 3 . During the years

1986–1995 the concentrations of these metals further increased significantly; the
concentration of Pb increased by 137%. The proposed criteria for Pb for STP effluent,
set by the state of Maryland, is a weekly average of 4.9 mgrl but the daily average
concentration of the effluent from WR-STP is 8 mgrl. During the years 1986–1995 the

Žnumber of various industries such as metal fabrication and finishing, food industries,
.poultry processing, microwave, water treatment, plastic, pharmaceuticals and other

Ž .sources such as hospitals and printers contributing Pb and Cd to STP increased
significantly leading to the increases in sediment and porewater concentrations of Pb and

wCd in WR E. Ludy, The City of Salisbury Wastewater Treatment Plant. Personal
xCommunication, March 11, 1996. .

Ž .Site PR3 porewater 15.0–23.0 cm depth had an EC % value of 39 and metal50

concentrations of Zns2.89, Pbs0.59, Cus0.055, Cds0.002 mgrl during the
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Ž . Ž .baseline period 1966–1975 Table 3 . The lands around the sampling sites in PR are
Ž .mostly used for agriculture Fig. 2 while the WR runs through residential areas. Site

ŽPR3 is 1.6 km downstream from the STP outlet but adjacent to a poultry farm started
.during 1971 which may also be the source of heavy metals into the river along with

Ž .other agricultural runoff. The relative increases % in the concentration of metals during
Ž .the period 1976–1985 were Zns21, Cus38 and Cds50 Table 3 . Also, during this

period, the toxicity and human population in the PR region increased by 33% and 60%,
respectively. About 4.05=105 hectares are used as farmland in Worcester county where

Ž .PR is located. Agricultural crop production corn and soybean yield , use of pesticides
and fertilizers have increased significantly with time. Also, poultry production increased
from 2.5=105 birds in 1976–1985 to 2.85=106 birds during 1986–1995 in this area
w x20 . Increased agricultural activities including runoff from the poultry farms likely
contributed the toxicants found in the PR sediments. Poultry litter contains metals such

Ž . Ž . Ž . Ž . w xas Zn 320 mgrkg , Cu 320 mgrkg , Cd 35 mgrkg and As 35 mgrkg 21 .
Ž .Subsequent increases % in the concentration of metals during the period 1986–1995

were small except Cd which increased by 733%. Cadmium is also present in small
amounts in phosphate fertilizers and it accumulates in coastal sediments from different

w xsources of aquatic pollution 18 .
The concentrations of Zn, Pb, Cu, Cd and As in the PR sediments showed increases

Ž . Ž .% equal to 53, 95, 121, 37 and 54, respectively, from the baseline values Table 3 .
Zinc and Pb accumulates in sediments receiving extensive drainage from agricultural

w xareas 22 . In addition to poultry litter, molluscicides, herbicides, fertilizers and algicides
w xcontain Cu, Cd and As 23 . The increase in metal concentrations in PR sediments may

be related to increased agricultural activities including the runoff from poultry farms in
the region.

5. Conclusions

Ž .The following conclusions can be made from this study: 1 Due to increase in
population, increased industrial activities, and increase in the volume of the sewage
treatment plant influent, both the metals concentrations and toxicity of sediment

Ž . Ž .increased significantly with time 1966–1995 in WR. 2 Due to the increase in
agricultural activities including poultry farms, the metals concentrations and toxicity of

Ž . Ž .sediments have steadily increased with time 1966–1995 in PR. 3 Lead concentration
increased significantly in WR sediment and porewater possibly due to an increase in
various industrial activities, commercial facilities that use lead compounds and through
atmospheric deposition.
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