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Sources, input pathways, and
distributions of Fe, Cu, and Zn in a
Chesapeake Bay tidal freshwater

marsh

M.A. Knight - G.B. Pasternack

Abstract Tidal freshwater marshes exist at the
interface between watersheds and estuaries, and
thus may serve as critical buffers protecting estu-
aries from anthropogenic metal pollution. Bi-
weekly samples of newly deposited marsh sed-
iments were collected and analyzed for Cu, Zn, and
Fe concentrations over 21 months from July 1995
to March 1997 in five distinct habitats at the head
of Bush River, Maryland. Bi-weekly anthropogenic
metal enrichments ranged from 0.9-4.7. Anthropo-
genic excess metal loadings averaged over 1996
ranged from 6-306 and 25-1302 pg cm ™2 year~
between sites for Cu and Zn, respectively. Based on
Fe-normalized trace metal signatures, Susquehanna
River sediment does not significantly contribute to
upper Bush River. Organic matter was found to
dilute total metal concentrations, whereas past
studies suggested organics enhance labile metal
content. Analysis of metal input pathways shows
that marsh metals are primarily imported from
nearby subtidal accumulations of historic water-
shed material by tidal flushing.
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Introduction

Coastal wetlands have long been characterized as sinks
for metals and other potential pollutants (Windom 1975;
Simpson and others 1983a; Odum 1988). Strong evidence
for the buffering role of wetlands comes from core stud-
ies that show excess concentrations of metals in modern
sediment strata relative to low background levels in pre-
industrialization strata (Varekamp and others 1992;
Bricker 1993; Valette-Silver 1993; Khan and Brush 1994).
The sediment transport and geochemical mechanisms by
which this buffering occurs have been widely studied for
salt marshes (e.g. De Groot and Allersma 1975; Hedges
1977; Millward and Moore 1982; Zwolsman and others
1983; Allen and others 1990; Varekamp 1991), whereas
the processes affecting metal chemistry in tidal freshwater
marshes have received little attention, except for work
carried out in Delaware Bay (Simpson and others
1983b,c; Orson and others 1992).

Metal accumulation and retention in tidal freshwater
marshes can occur by both sediment transport and solute
transport. The former encompasses input and burial of
metals already incorporated into or onto fine inorganic
and organic particles (Warren 1981; Olsen and others
1982; Olsenholler 1991). Along urbanized coasts, direct
urban runoff and tidally redistributed urban pollution
can significantly contribute to metal accumulation in
tidal freshwater wetland soils (Simpson and others 1983c;
Velinski and others 1994). For example, Orson and others
(1992) reported sharp increases in metal concentrations
coincident with the introduction of tidal flow to study
sites. Solute transport mechanisms, on the other hand,
involve adsorption of metals onto soil and decomposing
plant litter (Millward and Moore 1982; Simpson and
others 1983b,c, Orson and others 1992), downward
migration of free metals into sedimentary strata (Simpson
and others 1983b; Dubinski and others 1986), and plant
uptake (Sculthorpe 1967; Banus and others 1975; Dowdy
and Larson 1975).

Excluding geochemical studies involving direct applica-
tion of sewage sludge that contains known amounts of
heavy metals (Giblin and others 1980, 1986; Dubinski and
others 1986), few data have been collected on short-term
changes in metal accumulation on the surface of a tidal
freshwater wetland. In this investigation, the concentra-
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tions of Cu, Zn, and Fe in new marsh surface deposits
were monitored on a bi-weekly basis. As indicated by the
sampling and analysis methods used, this study primarily
addresses changes in surface deposit metal concentrations
caused by sediment transport in an upper Chesapeake
Bay tidal freshwater marsh. Data were used to evaluate
on-going metal loading, the role of anthropogenic versus
natural inputs, and the relative roles of tidal flushing ver-
sus other processes as input pathways. In addition, sed-
iment metal contents in five distinct marsh habitats were
compared to determine the significance of spatio-tem-
poral differences in short-term metal accumulation.

HaHa
Branch

Winters
Run

Study site

HaHa Branch Wetland is located on the north flank of
Otter Point Creek in Harford County, MD. Otter Point
Creek feeds into the head of Bush River, which is located
one tributary down from Susquehanna River on the west-
ern shore of upper Chesapeake Bay (Fig. 1). HaHa
Branch Wetland consists of 3.8 ha of tidal freshwater
marsh and 1.4 ha of riparian forest (Fig. 2). Water inputs
to the wetland include direct precipitation, direct urban
runoff from the adjacent townhouse community, Chesa-
peake Bay tidal pumping, HaHa Branch stream flow,
groundwater, and some Winters Run stream flow. HaHa
Branch drains the 5.5-km? watershed whose terminus is
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Map of Chesapeake Bay showing the
location and delta zonation of Otter
Point Creek at the head of Bush River.
HaHa Branch Wetland is on the
northern flank of Otter Point Creek
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HaHa Branch Wetland habitats identified by plant species and
abundances. Sampling sites used for this study are shown
(circles)

the study area, whereas Winters Run drains 150 km? into
Otter Point Creek. The area surrounding the wetland con-
sists of a townhouse community to the west, Maryland
Route 40 to the north, and a trailer park to the east.
Seasonal cycles in sediment deposition and erosion in
this system were reported by Pasternack and Brush
(1998). The 88-week average accumulation rate was found
to be 1.21 g cm~2 year~!, with bi-weekly point rates
ranging from -7.43 to 29.96 g cm™~? year~'. The vegeta-
tion at Otter Point Creek and HaHa Branch Wetland has
been mapped and analyzed (Hilgartner 1995; Pasternack
1998). Nine distinct plant associations are present in
seven tidal freshwater wetland habitat types at Otter
Point Creek. Six of the habitat types are present in HaHa
Branch Wetland, including pioneer mudflat, floating leaf,
low marsh, middle marsh, high marsh, and shrub marsh
(Fig. 2). In addition to being delineated by plant associa-
tions, habitats show statistically significant differences in
sedimentation and organic content (Pasternack and
Brush 1998).

Cases and solutions

Methods

Between 7 July 1995 and 13 March 1997, bi-weekly sur-
face sediment samples were collected in preweighed, pre-
washed glass jars from detachable 20 x 20 cm? ceramic
tiles that were anchored and mounted flush with the
marsh surface (see Pasternack and Brush 1998 for full
procedure). Collections were discontinued from mid-De-
cember to mid-March because colder than normal con-
ditions, including a record-setting blizzard, resulted in
the marsh freezing over with up to 15 cm of ice for most
of the winter. Winter observations indicated that no sed-
iment transport occurred when the marsh was frozen.
Bi-weekly sediment samples from one site representative
of each habitat (high marsh, middle marsh, low marsh,
floating leaf, pioneer mudflat; see Fig. 2) were analyzed
for metal content for the period 18 March 1996-21
November 1996. Past research has suggested that the
high marsh would show the greatest temporal variability,
so additional samples from 7 July 1995-18 March 1996
and 21 November 1996-13 March 1997 were analyzed,
even though there were gaps in the sampling record as
described above. Unless otherwise noted, all data analyses
are reported for the common 1996 period. Because it is
well known that metals preferentially occur in the finest
grain-size fractions (De Groot and Allersma 1975; For-
stner and Wittmann 1983; Varekamp 1991), surficial sed-
iments adjacent to the bi-weekly sampling sites were col-
lected and analyzed for their grain-size distributions
according to Folk (1974) after organics were removed by
reaction with 30 % H,0, (full grain-size methodology
reported in Pasternack 1998). Adjacent sediments had to
be used because bi-weekly samples were too small to
carry out this analysis along with all of the others. As it
turned out, almost no material larger than 63 pumwas
present at any of the sites, so sand content was not a sig-
nificant factor in reported metal concentrations. Grain-
size variations among fines were accounted for using a
standard geochemical normalization technique (Loring
1991).

All retrieved samples were processed in the laboratory to
obtain wet weight, dry weight, water content, organic
content, and sedimentation rate. Exteriors of jars were
washed and dried to remove excess material. Jars and
samples were weighed wet, opened and heated in an oven
at 80 °C until completely dry, and weighed again. Even
though samples were collected bi-weekly, dry weights per
tile were adjusted to units of g cm~2 year~! to facilitate
comparison with other studies. A fraction of each sample
was assessed for organic content by combusting in a
muffle furnace for 8 h at 450 °C and calculating weight
loss-on-ignition. No adjustment of loss-on-ignition was
made to account for sulfur oxidation to SO,, because this
element is not a significant constituent in the freshwater
environment (Odum 1988). The ashed material was
further used in metal analyses as described below. In
addition to the field samples, the National Institute of
Standards and Technology Standard Reference Material
#1646a (“estuarine sediment” dredged from Chesapeake
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Bay in the vicinity of the York River) was prepared using
the same procedure in order to assess completeness of
metal recovery given the sample handling procedure used
and for use as a reference for determining excess metal
inventories.

Sediment samples and the standard reference material
were subjected to metal analysis using microwave diges-
tion in concentrated HNO;. The extraction technique
used here does not yield total digestion because HF was
not used; however, the harsh treatment accounted for a
majority of metals in the sediment. Approximately 1-g
samples were placed in 120-ml Teflon PFA vessels, and
10 ml of 14 M analytical grade HNO; was added before
vessels were capped, reproducibly tightened (using a
CEM Corporation capping station), and loaded onto a
turntable. Venting tubes were connected to an MDS-81D
exhaust fan at maximum fan speed. A CEM Microwave
Digestion System, Model MDS-81D was programmed to
run for 2.5 min at 100 % power (full power output rated
at 630 £70 W), followed by 10 min at 80 % power. Ves-
sels were allowed to cool and manually vented; 5 ml
H,0, was added dropwise. Solutions were filtered and
brought to 100 ml with distilled water after the ensuing
reaction was completed. All sample solutions were
analyzed for Cu, Zn, and Fe using a Hewlett-Packard
Model 5400 Inductively Coupled Plasma Mass Spectrom-
eter.

Results

Metal concentrations
Using the National Institute of Standards and Technology
(NIST) as a basis, Fe, Cu, and Zn recoveries were > 95,
77, and 59 %, respectively. These recoveries compare very
favorably with those from other sediment geochemistry
studies, such as the recent analysis by Velinski and
others (1994), who had 75 % Fe, 41 % Cu, and 63 % Zn
recoveries. The chemical composition of each site studied
is reported in Table 1 without extrapolation to 100 %
recovery and on a dry weight basis to account for metal
contributions from organic material. Despite these con-
servative estimates, copper and zinc concentrations in
HaHa Branch Wetland were two to three times higher
than those reported for a similar tidal freshwater marsh
in the region under pristine sediment conditions at the
beginning of the industrial revolution as determined by
metal analysis of core samples (Khan and Brush 1994).
When non-parametric Mann-Whitney U-Tests were per-
formed to statistically compare habitat mean values, 1996
time-averaged Cu and Zn concentrations showed no sig-
nificant differences among habitats at the 95 % con-
fidence level, except for the low marsh, which was signifi-
cantly higher than all other habitats for both trace
metals. With respect to Fe, the pioneer mudflat was
found to have a significantly lower concentration than
the other habitats, and the low marsh was significantly
higher than the floating leaf habitat.
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Table 1
Time-averages and ranges of metal concentrations (ug g=' dry
weight for Cu and Zn; % of dry weight for Fe) for each metal
in each habitat at HaHa Branch Wetland

Sampling site Mean? Range n®
Copper

High marsh? 24.2+7.87 9.68-39.7 29
High marsh® 23.3+7.97 9.68-39.7 17
Middle marsh 25.2+5.15 15.3-31.4 16
Low marsh 31.5%5.33 21.2-38.9 15
Floating leaf 22.3+3.22 15.4-26.6 14
Pioneer mudflat 25.5+4.84 20.3-37.7 16
Zinc

High marsh?® 102 +30.0 49.5-159 29
High marsh® 96.3 +£25.6 51.6-140 17
Middle marsh 111 £28.6 66.0-146 16
Low marsh 127 £19.6 98.7-152 15
Floating leaf 97.0+11.1 80.4-117 14
Pioneer mudflat 105+18.4 85.8-140 16
Iron

High marsh® 3.30+£1.29 0.86-5.31 29
High marsh? 2.94+0.99 0.86-4.28 17
Middle marsh 3.68 +1.24 2.22-5.54 16
Low marsh 3.89+0.66 2.85-4.67 15
Floating leaf 2.96 £0.59 2.18-4.02 14
Pioneer mudflat 2.66 +1.58 1.87-8.51 16

®Mean*1 SD of temporal variability in data reported to 3 signifi-
cant figures

"Number of samples available for metal analysis

‘Calculated using all data for the high marsh site

dCalculated using same 1996 data window as available for all sites

Metal sources
The degree to which trace metals stem from anthropo-
genic sources as opposed to their natural association
with inorganic sediment was determined using a standard
geochemical normalization approach (Helz and others
1985; Windom and others 1989; Loring 1991). To validate
the use of iron as the normalizing element, linear rela-
tionships between the trace metals and iron were estab-
lished and statistical tests performed. Taken together, the
data from all 1995-1997 samples showed positive correla-
tions for both Cu and Zn, as indicated by Pearson’s r
(Fig. 3). F-tests for each case showed that the correlations
were statistically significant above the 99.99 % confidence
level. The Durbin-Watson statistic yielded insignificant
serial correlations, which confirmed that the data consist
of random samples of independent observations. When
the data were habitat stratified, all habitats except the
pioneer mudflat showed statistically significant positive
correlations (p <0.01) between trace metal concentrations
and iron concentrations (Table 2). In the floating leaf
habitat, Zn was strongly related to Fe, but Cu was not. In
the pioneer mudflat, the slopes of the regressions are
notably greater than those for the other habitats, exclud-
ing the one anomalously high Fe value.
Time-averaged Fe-normalized trace metal values are
shown in Table 3 along with those from other studies for
comparison. Fe-normalized trace metal values may be
divided by those from an appropriate regional reference
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Cu and Zn concentrations versus Fe concentrations in HaHa
Brach Wetland sediments among all sampling locations for all
sampling time intervals

to obtain enrichment factors that express the contribu-
tion of anthropogenic sources (Sinex and Helz 1981; Lor-
ing 1991; Velinski and others 1994). These calculations
were carried out using the Chesapeake Bay estuarine
mud NIST standard reference, but are not tabled sep-

Table 2
Correlation coefficients and F-test results indicating statistically
significant linear increases in Cu and Zn concentrations with
increasing Fe for most habitats

Sampling site Cu versus p Zn versus p

Fe Fe
High marsh 0.775 <0.00001  0.869 <0.00001
Middle marsh 0.651 <0.005 0.814 <0.0001
Low marsh 0.882 <0.00001  0.945 <0.00001
Floating leaf 0.269 0.332 0.794 <0.0005
Pioneer mudflat  0.283 0.270 0.276 0.284

Cases and solutions

Table 3
Time-averaged ratios of Cu:Fe and Zn: Fe based on pg g~! dry
weight

10* x Copper :iron  10® x Zinc: iron

Site Mean Max Mean Max
High marsh 8.4+28 164 35212 7.1
Middle marsh 73+1.8 10.1 3.1+0.5 4.0
Low marsh 8.1+0.4 8.6 33%0.2 3.7
Floating leaf 7715 106 33+04 4.1
Pioneer mudflat 10.6+2.2 13.7 44+£09 5.2
NIST Chesapeake Bay saline 4.0 1.5

mud

Bush River mouth brackish bed?® 8.0

Harford County shoreline? 14.7 1.2

Deer Creek freshwater bed® 8.4 2.5
Conowingo Reservoir® 12.8 8.0

South River, MD, brackish bed® 0.9 0.6

Potomac River, MD, freshwater 13.4 8.2

bedd

Upper St. Lawrence River 11.8 6.0

mudflat®

Pataguanset, CT, salt marshf 25.4 1.9

Griswold Point, CT, saline 29.5 6.8

mudflaté

?Helz and others (1985)

bUSGS (personal communication, 1992 data)
‘Marcus and others (1993)

dVelinski and others (1994)

¢Coakley and others (1993)

fScholand (1992)

8Varekamp (1991)

arately because they are difficult to compare across stud-
ies, as different reference materials are often used for the
same region. Moreover, it is unlikely that the NIST mate-
rial is representative of truly pristine conditions, so
enrichment factors are conservative estimates. Enrich-
ment factors for HaHa Branch Wetland habitats were

~2, indicating that half of the Cu and Zn present is of
anthropogenic origin on average. Although there was no
spatial trend among habitats, the pioneer mudflat had the
greatest average enrichment factors, while the high marsh
had the highest individual enrichment factors. These
maximum Fe-normalized metal values exceeded the NIST
reference by factors of 4-5 (Table 3).

Bi-weekly metal profiles
Bi-weekly concentrations of Cu, Zn, and Fe in the five
habitats showed some random variability and some non-
random trends. The 88-week record obtained for the high
marsh provides the most information for assessing tem-
poral trends (Fig. 4). All three metals showed a seasonal
cycle with high concentrations in early summer that
decreased until October when a spike input occurred.
The spike was followed by a winter minimum and then a
rise through spring. Comparing 1995 to 1996, the
summer decrease was not as dramatic in the earlier year,
but an October peak was clearly present. In terms of Fe-
normalized trace metal values, both Cu and Zn showed
significant anthropogenic inputs in autumn and early
spring. The October spike in metal concentrations is only
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Time series of high marsh bi-weekly surface sediment metal
concentrations and Fe-normalized trace metal values

indicative of anthropogenic excess for Cu. Also, Cu expe-
rienced a spike of excess input in mid-August.

Metal concentrations in the remaining four habitats are
reported for 1996 and show similar patterns among the
three metals (Fig. 5). In terms of iron concentrations, the
middle marsh had a summer plateau at double the back-
ground level, the low marsh and floating leaf habitats
showed an overall decreasing trend from 4 to less than

3 %, and the pioneer mudflat had a nearly constant value
except for an anomalous spike in autumn. The sediment
sample that generated the spike was homogenized and
tested twice to insure that the anomaly was not a lab-
oratory artifact; the same high iron concentration was

Environmental Geology 39 (12) November - © Springer-Verlag

found both times. Copper and zinc concentrations in the
middle marsh followed the same pattern as iron overall.
In the low marsh, both experienced rapid drops during
August and peaks in early autumn. In the floating leaf
habitat copper had no trend, whereas zinc showed a
steady decrease that paralleled iron. The pioneer mudflat
had nearly constant trace metal concentrations until both
copper and zinc shot up in September. These sharp
increases were not associated with the anomalous iron
spike. No impacts of the three 1996 hurricanes (Bertha,
Fran, and Edouard) that passed the region and signifi-
cantly affected water levels (Pasternack 1998) registered
in any metal data.

When trace metal concentrations were normalized by Fe,
they showed quite different temporal patterns (Fig. 5). In
the middle marsh the values were highest in spring and
late autumn, as was observed in the high marsh. The low
marsh and floating leaf habitats showed no trends, but
the latter had greater variability. In the pioneer mudflat,
both normalized trace metals showed early autumn peaks
followed by strong drops. The drops were caused by the
anomalous iron value.

Role of organic matter
Previous studies have supported differing conclusions as
to whether increases in sediment organic matter yield
higher metal concentrations. Pasternack and Brush (1998)
observed seasonal cycles in bi-weekly measurements of
organic content for HaHa Branch Wetland habitats, so it
was necessary to determine how those cycles impacted
metal concentrations. The presence of organic matter can
potentially increase soil metal concentrations by adsorp-
tion of metals from surrounding media onto plant litter,
as well as contribution of the metals directly contained in
the particulate organics. In this study, the only statisti-
cally significant correlations between metal concentration
and percentage of organic matter were observed in the
middle marsh and high marsh. The correlation coeffi-
cients for these cases were negative, indicating a dilution
effect (Table 4).

Metal loadings
March through November metal loadings (pg cm~
2 year ') were determined for total load and anthropo-
genic excess (Table 5). Total loads were calculated by
multiplying metal concentrations by corresponding bi-
weekly sediment accumulation rates, whereas anthropo-
genic loadings were estimated by adjusting total loads
according to the following equations:

Anthropogenic+natural = total (1)
Anthropogenic - natural ~! = EF (2)
Anthropogenic = total - EF - (EF+1) ! (3)

where EF denotes the enrichment factor. These calcula-
tions assume that accumulated sediment would not remo-
bilize at any time during the study period had it been left
in place. The assumption is reasonable because no HaHa
Branch Wetland sites showed erosion from March
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Fig. 5
1996 bi-weekly surface sediment metal concentrations and
Fe-normalized trace metal values for middle marsh, low marsh,
floating leaf, and pioneer mudflat sites

through November (Pasternack 1998). To the contrary,
sedimentation rates were extremely high and sampled
sediment would have been quickly buried. Pasternack
and Brush (1998) reported erosion for the high and low
marsh sites during winter 1997, but when averaged over
a whole year, even these sites experienced substantial net
deposition. On average, March through November sed-
iment loading values overestimate net annual sediment
loadings by 31 %, and this percentage is probably close

Table 4

Correlation coefficients and F-test results indicating statistically significant inverse relationships between metal concentrations and

organic content for some sites

Sampling date Sampling date

to the overestimate in each metal loading. Reported metal
loadings based on bi-weekly measurements should not be
extrapolated over years to decades because they do not
include changes via compaction, solute transport,
extreme events, etc. Nevertheless, sub-estuarine deltas are
unique among coastal systems because of the strong cou-
pling with watershed processes and impacts of human
activities (Brush 1984).

Time-averaged loads for all three metals show an expo-
nential decrease as habitat (and elevation) increases,
assuming a linear habitat gradient, with the low marsh
having a higher than expected value (Fig. 6). The anthro-
pogenic excesses had the same trends as the totals. The
exponential decreases in metal loadings reflect the large
range in sedimentation rates among the habitats (Paster-

Sampling site Cu versus organic p Zn versus organic p Fe versus organic P
High marsh -0.584 0.014 -0.506 0.038 -0.795 0.0001
Middle marsh -0.656 0.006 -0.642 0.007 -0.528 0.036
Low marsh -0.423 0.116 -0.404 0.135 -0.453 0.090
Floating leaf -0.108 0.714 -0.411 0.144 -0.509 0.063
Pioneer mudflat 0.184 0.496 0.377 0.150 0.103 0.704
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Table 5
Metal loadings (g cm™? year~!) in HaHa Branch Wetland and comparable depositional systems
Total metal loadings Copper Zinc Iron
Sampling site Mean Range Mean Range Mean Range
High marsh 8.72+£7.52 0.54-32.8 39.7+£39.8 3.37-172 12,200+ 12,300 476-52,300
Middle marsh 27.2+18.9 8.32-78.9 117 £80.5 40.1-334 38,400 + 25,800 11,400-95,100
Low marsh 152+129 3.75-475 620 + 546 18.7-2040 192,000 +£170,000  5030-630,000
Floating leaf 114 £81.8 35.0-341 510+390 131-1670 158,000 £ 133,000  37,000-565,000
Pioneer mudflat 419+£279 1.72-1130 17501100  5.66-4210 415,000 £271,000  1620-994,000
Jug Bay, MD, middle marsh® 15 42.5
Jug Bay, MD, floating leaf* 8.75 26.5
Bush River mouth® 140 18300
South River, MD, marsh® 1.4 10.1
Upper Narragansett Bay, RI salt marsh?  46.2 31.8
Excess metal loadings" Copper Zinc
Sampling site Mean Range Mean Range
High marsh 5.65+4.60 0.40-20.2 27.4+27.4 2.78-118
Middle marsh 17.7£13.2 5.41-54.3 78.9£56.4 28.2-238
Low marsh 102 £84.5 2.46-312 423 £372 13.3-1400
Floating leaf 74.1£51.2 23.7-206 349+ 259 87.9-1100
Pioneer mudflat 306217 1.26-877 1300 £ 864 3.95-3250
Jug Bay, MD middle marsh? 7.5 17,5
Jug Bay, MD floating leaf* 1.25 2.5
Griswold Point, CT mudflat® 7 17.1
Pataguanset, CT salt marshf 0.18 -0.05
Shelter Island, NY salt marsh8 0.5 0.4
Alley Pond, NY salt marsh® 27 12

?Khan and Brush (1994)
YHelz and others (1985)
‘Marcus and others (1993)
dBricker (1993)
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*Varekamp (1991)
fScholand (1992)

8Cochran and others (1998)
hSee text for equations

nack 1998). As exemplified for zinc (Fig. 7), variation in
sedimentation far outweighs differences in metal concen-
trations in determining the loading, so changes in metal
loading over time mimic changes in sedimentation. Time-
averaged metal loadings for the 1996 data were combined
with the area of each habitat within HaHa Branch Wet-
land to obtain an estimate of total annual wetland metal
influx (Table 6). In contrast to the unit area metal load-
ings of Table 5, habitat-wide influxes show a different
spatial pattern. Despite the higher unit area loading for
the middle marsh, the larger area of high marsh habitat
yields a greater total metal contribution to the wetland.
The extreme annual accretion rate in the pioneer mudflat
is still responsible for the greatest metal influx among
habitats for all three metals studied.

Metal pathways
Although several potential metal deposition pathways
exist, including sediment transport via runoff, atmos-
pheric deposition, and tidal redistribution, it is difficult
to rank and quantify contributions without measuring
the mass balance for each metal. As an alternative
approach, the relative roles of tidal flushing versus other
processes as input pathways were investigated by taking
advantage of the variability of metal concentrations as a
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Cases and solutions

function of sedimentation rate. If a single input were
responsible for transporting sediment and metals into the
marsh, then metal concentrations would be constant
regardless of sedimentation rate, assuming that the input
had a constant composition. Such is the case for the pio-
neer mudflat, with respect to all three metals and organic
content, except for some small variability in the data
(Fig. 8). The dominant single input pathway of sediment,
and thus of metals for the pioneer mudflat, has been
observed to be tidal flushing of nearby subtidal muds
(Pasternack 1998), so it is reasonable to assume that the
metal concentrations in the pioneer mudflat are repre-
sentative of those in the tidal pathway. The subtidal
muds include metals derived from watershed erosion,
atmospheric deposition, shoreline erosion, and estuarine
transport. In contrast, if a metal pathway was indepen-
dent of tidal flushing, then concentrations would vary
independently of tidally-induced sedimentation. The high
marsh demonstrates this fairly well, having no correlation
between metal concentrations and sedimentation rate
(Fig. 8). Non-tidal metal pathways include direct atmos-
pheric deposition, urban runoff, influx of riparian debris,
groundwater discharge, and in situ biomass accumula-
tion. Using these two conceptual pathway endmembers,
the relative quantities of metals transported by tides ver-
sus other processes were calculated using the following
algorithm:

IF[M] — [C] > 0

M] - [C]

Then % additional inputs = 100
’ P i (4)

M] - [C]

ELSE % depletion = 100 ]

where [M] is the measured metal concentration at a site
and [C] is the tidal pathway metal concentration as rep-
resented by the mean value in the pioneer mudflat. Note,
that it is irrelevant whether concentrations or mass load-
ings are used because the sedimentation rate cancels out
of the equations. The test in the first line of equation (4)
is necessary to determine whether the site is enriched or
depleted relative to the tidal source. If it is enriched, then
the additional amount is calculated relative to the total
input, whereas, if it is depleted, then it is calculated rel-
ative to the expected tidal baseline.

When relative source contributions were calculated and
time-averaged, significant habitat trends were evident

Table 6

Annual fluxes to HaHa Branch Wetland habitats, expressed in kg year~! to 3 significant figures

Sampling site Cu Zn Fe Organics Total sediment
High marsh 1.33 6.08 1,860 16,300 58,300
Middle marsh 1.18 5.11 1,670 9,620 52,600

Low marsh 3.20 13.0 4,030 11,200 90,700
Floating leaf 2.71 12.1 3,760 14,800 113,000
Pioneer mudflat 15.8 65.9 15,700 49,800 613,000

Marsh total 24.3 102 27,000 102,000 928,000
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(Fig. 9). All habitats except the pioneer mudflat, which
was mostly devoid of standing vegetation, received
organic material from sources other than tidal flushing.
Both the high marsh and middle marsh received more
than half of their organic contents from non-tidal
sources, with bi-weekly maximum non-tidal inputs
accounting for as much as 90 and 70 % of the total con-
tent at each site, respectively. In terms of iron, the peak
time-averaged non-tidal input occurred in the low marsh,
with diminishing inputs away from it. The pioneer mud-
flat appears depleted, but this is mostly an artifact caused
by the single anomalous data point that pulls the baseline
concentration line above most pioneer mudflat iron
values (Fig. 8). Ideally, the pioneer mudflat should have
zero values for all constituents, but scatter in the data
leaves small residuals, which were negative in this case.
Copper and zinc showed similar spatial trends, with sig-
nificant depletion in the high marsh and floating leaf
habitats, and significant additional sources in the low
marsh (Fig. 9).

Discussion

Tidal freshwater marsh sites investigated in this study
had significant spatio-temporal patterns in bi-weekly
metal chemistry. In the spatial domain, the low marsh
stood out among habitats for being enriched in time-
averaged trace metal concentrations, but its Fe-normal-
ized trace metal values were not significantly different
from the other habitats (Tables 1 and 3). Unlike these



difficult to distinguish parameters, metal loadings did
changed significantly along the habitat gradient (Fig. 6)
because of the spatial distribution of sedimentation rates
(Pasternack 1998; Pasternack and Brush 1998). As sed-
imentation rates decrease with increasing elevation,
decreased flood duration, and high bottom roughness
(caused by high plant stem density), the mass of metal
imported decreases.

Metal concentrations versus organic content also showed
statistically significant differences among habitats. The
high and middle marsh habitats have significant negative
correlation coefficients (Table 4), indicating that organic
matter dilutes soil metal concentrations at this time scale.
Moreover, because the relationships between metal con-
centration and organic content are not significant for the
other marsh habitats, organic matter does not play a role
in sorbing significant quantities of metals. In contrast to
previous findings, the negative tendencies for the low
marsh and floating leaf habitats support some degree of
metal dilution by organic matter, even though the
organic content of these zones may be insufficient to
create a statistically significant effect. The measurement
of total metal content and the focus on sediment proc-
esses in this study help to account for this observed dilu-
tion effect by organic matter; organics primarily affect
solute sorption and are, therefore, more associated with
labile metal concentrations. Dilution by organic content
when considering total metals is consistent with the
reported result that several tidal freshwater marsh plants
have metal concentrations five to ten times lower than
those in the surrounding soil (Simpson and others
1983b,c). The “sponge” effect of litter cannot be adequat-
ely assessed in this system without measuring labile metal
content, but since the total decomposition time of plant
species in tidal freshwater marsh systems ranges from
less than 2 weeks for the wettest species to several years
for the most robust (Simpson and others 1983b; Findlay
and others 1990), any ultimate impact of litter in long-
term sequestration would likely be habitat dependent.

In the time domain, all three metals showed seasonal
cycles in concentration. The cycles in Cu and Zn largely
mimicked those of Fe and overall sedimentation. Fe-nor-
malized trace metal values showed an inverted cycle, with
early spring and late autumn peaks. These excess inputs
corresponded with times when vegetation was either
decaying or not present at all in the marsh. Pasternack
and Brush (1998) reported autumn peaks in high marsh
and middle marsh organic content caused by the influx
of riparian foliage with the change of seasons. This influx
was evident in the high percentage of organic matter for
non-tidal input pathways overall (Fig. 9) and in autumn
specifically. However, this riparian influx is unlikely to
account for Fe-normalized trace metal peaks because of
the previously discussed dilution effect by organic matter.
Moreover, the high marsh showed a depletion of metals
relative to the concentration of the tidal source and the
middle marsh showed no deviation from it (Fig. 9). Other
possible pathways that could account for the excess
spring and autumn metals are stream-flow, groundwater

Cases and solutions

discharge, and urban runoff. The three highest runoff
events after January 1996 in the Winters Run basin all
occurred in autumn, and they all significantly raised
water level elevations in the marsh (Pasternack, unpub-
lished data). If these floods and corresponding direct
urban runoffs carried significant anthropogenically-de-
rived Cu and Zn in their suspended sediments, which is
likely, the high water levels in the marsh would have ena-
bled them to access higher elevation areas. Unfortunately,
no final answer can be obtained without event-based
water quality measurements, which were beyond the
scope of our program.

Comparing HaHa Branch Wetland Fe-normalized metal
values (Table 3) and metal loads (Table 5) to other areas
of Chesapeake Bay and beyond indicates that this system
is in the middle range of values reported in the literature.
Helz and others (1985) studied bed material along the
longitudinal axis of Chesapeake Bay and reported Zn:Fe
ratios at the mouth of Bush River double the average for
HaHa Branch Wetland. Similarly, the US Geological Sur-
vey reports that the bed material behind Conowingo Res-
ervoir on Susquehanna River has a Cu:Fe ratio of nearly
13 and Zn:Fe of 8. These data are very important because
they suggest that the metal-enriched suspended load
from Susquehanna River is not a major contributor to
sedimentation in the marshes of upper bay tributaries, or
else the metal ratios in the sediments there would reflect
the ratios of Susquehanna-derived material. In contrast
to those of the Susquehanna River, the trace metal signa-
tures of Bush river marsh sediments very closely resem-
ble those reported for Deer Creek bed material sampled
near Gorsuch Mills, Maryland, located just west of north-
ern Harford County (USGS, personal communication).
The Deer Creek basin is adjacent to the Winters Run
basin, so this sample is likely indicative of the source
material supplying Otter Point Creek and HaHa Branch
Wetland. Elsewhere around the bay, Potomac river bed
material is substantially more polluted, whereas South
River bed material is depleted with respect to natural
loadings of Cu and Zn. Tidal freshwater mudflats in
upper St. Lawrence River turn out to be somewhat more
polluted than HaHa Branch Wetland, but within the
spread of the spatio-temporal variability reported here
(Table 3). Cores from Connecticut River salt marshes and
mudflats are substantially more enriched in Cu and
somewhat more enriched in Zn (Table 3).

In terms of metal loading, the high spatio-temporal varia-
bility in HaHa Branch Wetland makes it difficult to com-
pare against other systems, where typically just one or
two cores are analyzed with 5- to 20-year resolution. Nev-
ertheless, it appears that there are significant differences
between HaHa Branch Wetland and another Chesapeake
Bay tidal freshwater marsh, Jug Bay on the Patuxent Riv-
er. In the latter, modern Cu and Zn loadings for a middle
marsh site and a floating leaf site were 2-15 times lower
as determined from cores (Table 5). Part of this differ-
ence stems from lower metal concentrations in the Jug
Bay study, but much of the difference is a result of the
higher sedimentation rates reported here. Since this study
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investigated short-term accretion, it excluded processes
that significantly reduce sedimentation rates when aver-
aged over the long term, such as compaction and
diagenesis. Also, although most sediment was observed to
be true deposition and not simply resuspension within
the individual habitats, there were some isolated cases of
early spring and late autumn erosion, which did not leave
sediment behind for laboratory metal analysis of eroded
material. Beyond Chesapeake Bay, metal loadings in salt
marshes and mudflats show a range of values that are
lower than those in HaHa Branch Wetland (Table 5).
Material entering HaHa Branch Wetland may be trans-
ported by tidal flushing or a variety of other carriers (e.g.
atmospheric deposition, rain, urban runoff, groundwater,
and river floods). The total load of iron entering HaHa
Branch Wetland exceeded that reaching the mouth of
Bush River from Susquehanna River by an order of mag-
nitude. This difference is accounted for by the abundance
of low level metal pollution stored in Otter Point Creek
subtidal mud that is constantly transported into HaHa
Branch Wetland from March to November, whereas
upper Chesapeake Bay receives the majority of its metal
inputs during infrequent hurricanes (Helz and others
1985). Pasternack (1998) showed that wind-enhanced
tidal flooding was the predominant mechanism for sed-
iment influx into the wetland from the subtidal zone.
These data indicate that tidal flushing plays a major role
in metal influx (Fig. 9), but it must be emphasized that
the main bay is not acting as the metal source. Rather,
watershed-derived sediment that was historically stored
in Bush River is being redistributed via this process.
Also, the new approach reported here for estimating con-
stituent input pathways based on source sediment con-
centrations and fluxes shows that tidal flooding alone
cannot account for the observed concentrations (Fig. 9).
Additional sources of organic material have been
observed in the field to derive from a combination of in
situ emergent plants and influxes of riparian debris.
Additional pathways of metals in the law marsh habitat,
as well as the depletion of Cu and Zn from the tidal input
pathway in the floating leaf and high marsh habitats, can-
not be readily explained, as many potential pathways,
such as atmospheric deposition cannot account for the
observed spatial variability.

Conclusion

HaHa Branch Wetland is a tidal freshwater wetland
located at the critical interface between an Atlantic
coastal plain stream and a Chesapeake Bay sub-estuary.
Field monitoring of sedimentation and metal chemistry
has shown that the wetland is taking in anthropogen-
ically-derived Cu, Zn, and Fe in similar quantities to
other polluted coastal wetlands along the Atlantic sea-
board, but significantly less than the most polluted trib-
utaries, such as the Potomac River near Washington, DC,
the East River near New York City, and the Patapsco
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River near Baltimore, Maryland. Based on Fe-normalized
trace metal values for HaHa Branch Wetland and upper
Chesapeake Bay, the sediments accumulating at the head
of Bush River do not include a significant Susquehanna
River component, and are principally derived from the
soils of Harford County. The spatio-temporal patterns in
metal accumulation are primarily driven by spatio-tem-
poral patterns in tidally-derived sedimentation, but dur-
ing spring and autumn additional input pathways, per-
haps storms and direct urban runoff, play an important
role.
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