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Abstract Sedimentation of metals preserves histor-
ical records of contaminant input from local and
regional sources, and measurement of metals in
sediment cores can provide information for recon-
struction of historical changes in regional water and
sediment quality. Sediment core was collected from
Stege Marsh located in central San Francisco Bay
(California, USA) to investigate the historical input
of trace metals. Aluminum-normalized enrichment
factors indicate that inputs from anthropogenic
sources were predominant over natural input for
Ag, Cu, Pb, and Zn. Among these, lead was the most
anthropogenically impacted metal with enrichment
factors ranging from 32 to 108. Depth profiles and
coefficients of variation show that As, Cd, and Se
were also influenced by anthropogenic input. The
levels of these anthropogenically impacted metals
decline gradually towards the surface due to regula-
tion of the use of leaded gasoline, municipal and
industrial wastewater discharge control, and closure
of point sources on the upland of Stege Marsh.
Although trace metal contamination is expected to be
continuously declining, the rates of decline have
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slowed down. For lead, it is estimated to take 44, 82,
and 153 years to decrease to probable effects level
(112 pg/g), the San Francisco Bay ambient surface
sediment level (43.2 ng/g), and the local baseline
levels (5 pg/g), respectively. Some metals in surface
sediments (0-6 cm) are still higher than sediment
quality guidelines such as the probable effects level.
To further facilitate the recovery of sediment quality,
more efficient management plans need to be devel-
oped and implemented to control trace metals from
non-point sources such as stormwater runoff.
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Introduction

Trace metals in the water column generally tend to be
adsorbed onto suspended particulate matter and then
deposited to the bottom as sediments. This sedimen-
tation of particle-bound metals preserves historical
records of contaminant input from local and regional
sources. Therefore, measurements of metals in core
sediments can provide information for reconstruction
of historical changes in regional water and sediment
quality (Hartmann et al. 2005; Cantwell et al. 2007).
The reconstructed contaminant input history then helps
evaluate efficiencies of management and regulatory
actions implemented to reduce potential health effects.
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Generally, the environmental quality of watersheds
reflects urbanization and land use patterns of sur-
rounding areas (Van Dolha et al. 2008). Growth of
human population and industrialization in coastal
areas has resulted in increased input of hazardous
trace metals that degrade the quality of bays and
estuaries. San Francisco Bay has experienced signif-
icant contamination due to population growth
combined with industrial activities, which started
more than 100 years ago and especially grew during
and after World War II. Population in the San
Francisco Bay area increased from 0.1 million in
1860 to 1.2 million in 1920, 2.7 million in 1950,
5.2 million in 1980, and 6.8 million in 2000 (Bay
Area Census 2000). San Francisco Bay is known as
one of the most contaminated estuaries for anthropo-
genically derived metals. Since the mid 1800s San
Francisco Bay has received mercury from historic
gold extraction and mercury mining (Nriagu 1994).
Municipal and industrial wastewater discharges and
urban and agricultural runoff have added enormous
amounts of many toxic metals to the San Francisco
Bay system (Conaway et al. 2007; Squire et al. 2002).
Until the mid 1960s, raw or minimally treated sewage
(approximately 1 million tons every day) containing
large amounts of toxic metals was discharged into San
Francisco Bay (SFBRWQCB 2000). In spite of
population increase, input of toxic metals from
municipal and industrial wastewater discharges has
been decreasing since the Porter Cologne Water
Quality Control Act was passed in 1969, and more
significantly since the San Francisco Bay Regional
Water Quality Control Board (SFBRWQCB) issued
its first Water Quality Control Plan for the San
Francisco Bay Basin in 1975 for the fulfillment of the
Clean Water Act (SFBRWQCB 2000).

Coastal tidal salt marshes play important roles in
sustaining ecological diversity by providing vital food
and habitat for clams, crabs, and juvenile fish as well
as offering food, shelter, and nesting sites for water-
fowl and shorebirds. They also play critical buffering
roles by slowing shoreline erosion and absorbing
nutrients and contaminants before they reach the
oceans and estuaries, resulting in excess levels of
contaminants accumulated in marshes near urban and
industrial areas. In San Francisco Bay, a vast majority
(~80%) of the original wetlands has disappeared
during the last 150 years and the remaining wetlands
are fragmented so the distribution of certain wildlife is
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isolated (Goals Project 1999). When these fragmented
wetlands are heavily contaminated by numerous toxic
chemicals, as in the case of Stege Marsh, wetland
dwelling animals, including endangered clapper rail
and vegetarian mice and vole, would be substantially
stressed and may disappear in the near future in the
worst case.

Various industrial and munitions manufacturing
operations on the upland portion and urban runoff
from Carson Creek and Meeker Creek have signif-
icantly contaminated Stege Marsh for more than
100 years (URS 2000). Due to severe contamination,
Stege Marsh has been included in the list of ten high-
priority candidate toxic hot spots and has been the
subject of several environmental investigations,
remediation, and restoration under the direction of
the SFBRWQCB (1999). These investigations mostly
focused on surface sediment contamination in inner
Stege Marsh located inside the bike path and paid less
attention to outer marsh. Our previous studies
(Hwang et al. 2006a, b, 2008a, b) revealed that
surface sediments in outer Stege Marsh also had high
levels of contaminants that may affect the health of
wildlife that inhabits Stege Marsh. However, there is
no detailed information regarding historical input of
toxic metals to outer Stege Marsh. The purpose of the
present study was to reconstruct historical changes in
terms of trace metal pollution in the tidal flat of outer
Stege Marsh. This type of information will help
predict future trends of marsh sediment quality and
decide if further actions are required to accelerate
recovery of healthy ecosystem in outer Stege Marsh.

Study area

2Stege Marsh is on the western margin of central San
Francisco Bay (California, USA), located near the city
of Richmond (Fig. 1). In the late 1940s, a railroad
track was constructed along the southern portion of
Stege Marsh and operated until 1969 to move
munitions. The railroad track was changed into a
bike trail in the 1970s. This bike trail separates inner
and outer Stege Marsh. Through two channels (Carson
Creek and Meeker Creek) the inner and outer marshes
are connected and stream water and bay water are
exchanged by tidal action. Over the last 100 years,
Stege Marsh has become heavily contaminated by the
adjacent historic industrial activities, including an
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Fig. 1 Sampling site map

agrochemical manufacturing facility, asphalt manu-
facturing plant, and shipbuilding facility (URS 2000).
Stormwater runoff entering through Carson Creek
and Meeker Creek from adjacent urban areas and
highways also contributes to contamination. Other
potential sources of contaminants in the vicinity of
Stege Marsh include landfill operated during the
1940s through the 1960s in Hoffman Marsh located
east of Stege Marsh. During this period, various filling
materials, including substantial amounts of lead-
containing crushed battery casings, were deposited
(URS 2000). The majority of sediments deposited in
Stege Marsh are transported from the two freshwater
creeks (Carson Creek and Meeker Creek) and San
Francisco Bay. Due to high levels of pollutants, the
Bay Protection and Toxic Cleanup Program that was
established under the San Francisco Bay Regional
Water Quality Control Board included Stege Marsh
in the list of ten high-priority candidate toxic hot
spots and issued Cleanup and Abatement Orders
(SFBRWQCB 1999). Stege Marsh is a habitat for
endangered species such as the California clapper rail.

Chemical analysis

A sediment core (54 cm) was collected using a piston
core sampler from the center of eastern outer Stege
Marsh in June 2004 (Fig. 1). The collected sample
was immediately transported to the laboratory and
sliced at 2 cm intervals. Then each layer was split
for analysis of metals and organic contaminants.

Former landfill site

Analytical procedures for the measurement of metals
in core sediments were identical to those used for
surface sediments in a previous study (Hwang et al.
2006b). This method is similar to those used by others
to measure metals in soils and sediments (Schiff and
Weisberg 1999). To measure metals (aluminum,
arsenic, cadmium, chromium, cobalt, copper, iron,
lead, lithium, magnesium, manganese, nickel, sele-
nium, silver, zinc, vanadium), an aliquot of wet
samples (~500 mg) was placed into tall glass tubes
and 2 mL concentrated trace-metal-grade HCIO,
(70%) and HNO3 (65%) mixture (1:5) was added.
Compared to very strong acid (HF), extraction
efficiencies of the digestion acid mixture used in the
present study are lower for some metals such as Al, Cr,
and V by up to 30% (Hornberger et al. 1999). A batch
of samples included one procedural blank, two sample
duplicates, and one standard reference material
(National Institute of Standards and Technology
SRM 1646a, estuarine sediment) to validate quantifi-
cation data. Tubes were kept at room temperature
overnight and then were placed in the digestion block.
The temperature of the digestion block was increased
to 200°C in several steps over 4 h to enhance
digestion. Tubes were then centrifuged at 2,000 rpm
for 10 min. An aliquot (1 mL) of extract was removed
from the tubes and diluted 500-fold for instrumental
analysis. Quantification of metals was performed
using an Agilent 7500i inductively coupled plasma-
mass spectrometer (ICP-MS, Palo Alto, CA, USA).
Calibration standards for ICP-MS were prepared by
serial dilution from National Institute of Standards and
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Technology (NIST)-traceable stocks purchased from
Spex CertiPrep (Methuen, NJ, USA) and verified
against standard reference materials (SRMs) such as
SLRS-4 (National Research Council, Ottawa, Canada)
and NIST 1643e (Gaithersburg, MD, USA). Concen-
trations in the blank were not compensated. Relative
percentage differences for duplicate samples were
within 25%. The levels of target compounds in the
SRMs were within 30% of certified values except for
Al, Cr, and V, which are known to be incompletely
recovered using out digestion method (Cook et al.
1997; Hornberger et al. 1999). Metal concentrations
are reported on a dry weight basis. To determine water
content, an aliquot (~ 1 g) of wet sediment was dried
to constant weight (60°C for 24 h).

Results and discussion

Concentrations of metals in core sediments are given
in Table 1. The highest and median concentrations of
toxic metals such as Ag, Cd, Cu, Pb, and Zn in Stege
Marsh core sediments were much higher than those
found in sediments from the subtidal open waterway
of San Francisco Bay (Hornberger et al. 1999) by up
to tenfold, presumably because of the proximity of
Stege Marsh to source areas. The levels found in the
present study, however, were much lower than those
in inner Stege Marsh by up to two orders of

Table 1 Concentrations (pg/g) of metals in sediment core

magnitude (URS 2000). Concentrations of Al, Co,
Cr, Fe, Li, Mg, Mn, Ni, and V were nearly constant
throughout the whole sediment core layers and their
depth profiles were quite similar (Fig. 2). Near-
surface enrichment of Mn and Fe due to upward
migration of reduced species and precipitation in oxic
surface layers is well known (Farmer and Lowell
1984), however, this diagenetic subsurface enrich-
ment of Fe and Mn was not found in the present
study. Depth profiles of As, Cd, Cu, and Se were
almost identical, with highest concentrations at
depths around 40 cm and gradual decline towards
the surface (Fig. 2). Similar depth profiles and high
correlation coefficients (discussed below) indicate
that these metals were associated with similar types
of sources. Zinc was found highest at the deepest
section (approximately 55-60 cm) and exhibited a
continuously decreasing pattern towards the surface.
Depth profiles of metals (Fig. 2) showed that the
levels of metals of concern such as Ag, Cd, Cu, Pb,
and Zn had been significantly influenced by anthro-
pogenic input and declining following the regulations
on the use of leaded gasoline and municipal and
industrial wastewater discharge control. However,
their levels in surface sediments (0—6 cm) were still
higher than sediment quality guidelines such as the
threshold effects level (TEL) and probable effects
level (PEL), meaning that the health of wildlife
species dwelling in Stege Marsh could not be fully

Ag Al* As Cd Co Cr Cu Fe®
Range 0.70-1.73 3.76-5.17 21.1-164 0.69-7.75 17.3-254 135-241 101-541 5.36-8.30
Median 1.27 4.62 80.2 4.70 21.6 186 385 7.38
Mean 1.27 4.63 89.1 4.13 21.7 187 341 7.29
Sp® 0.25 0.34 49.4 1.97 2.15 22.4 133 0.75
CV® (%) 20 7.4 55 48 10 12 39 10

Li Mg* Mn Ni Pb Se \Y Zn
Range 43.1-63.8 1.59-2.42 362-430 110-145 218-750 1.91-9.12 90.1-122 280-1,430
Median 53.6 2.03 305 130 363 3.90 107 854
Mean 54.4 2.04 343 130 370 4.37 108 804
Sp® 4.81 0.17 37.1 8.12 125 1.95 7.82 281
CV® (%) 8.9 8.3 11 6.3 34 45 7.2 35

* Concentrations of Al, Fe, and Mg are mass %

® SD: standard deviation

¢ CV: coefficient of variation (100 x SD/mean)
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Fig. 2 Depth profiles of metal
sediment core collected from Stege Marsh, San Francisco
Bay. Solid and dashed vertical lines are probable and threshold

concentration (ppm)

in

effects levels, respectively. X-axis represents metal concentra-
tions (ppm) and y-axis represents sediment core depth (cm)
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supported (Hwang et al. 2008b). The average con-
centration of lead (416 pg/g) in the surface layer (0—
6 cm) was higher than the PEL (112 pg/g) by a factor
of 3.7. The concentrations of copper and zinc were
very close to their PELs (Fig. 2). The levels of
arsenic, chromium, and silver were lower than their
PELs but higher than their TELs. When the concen-
tration of a metal in the sediment is lower than its
TEL or higher than its PEL, adverse biological effects
are observed rarely or frequently, respectively.

To minimize the toxicity potential of metals, their
levels in environmental media need to be reduced
through source control and/or treatment control. For
better source control, it is important to know the
sources of metals and, as the first step of the source
identification, the contribution of anthropogenic input
should be determined. Contrary to organic contam-
inants such as polychlorinated biphenyls (PCBs) and
chlorinated pesticides, which have anthropogenic
origins only, trace metals can come from both
anthropogenic and natural sources. Natural occur-
rence of metals and geographical mineralogical
variation can hamper the accurate assessment of
anthropogenic input of metals. Generally, the anthro-
pogenic and natural contribution of metals can be
distinguished by comparing metals in environmental
samples with a representative background, which is
obtained from regional soil data or sediment core
data. To minimize the effects of geographical vari-
ations and sediment grain size, concentrations of each
metal in samples and background are normalized
with reference elements (e.g., Fe, Al, Li). Among
them, Fe and Al have been used most frequently
(Velinsky et al. 1994; Daskalakis and O’Connor
1995; Hornberger et al. 1999; Lu et al. 2005).
Anthropogenic input of metals can be suspected
when the normalized concentrations of metals in
samples are higher than background levels. The
enrichment factor of this study is defined as

Enrichment factor = (Cu/CR)gumpte/ (CM/ CR ) paseline

where Cy, is the concentration of metal (M) and Cy is
the concentration of a reference metal (Al). Iron- or
lithium-normalized enrichment factors were similar
to aluminum-normalized enrichment factors. The
enrichment factors of metals were calculated using
the baseline concentrations reported by Hornberger
et al. (1999).
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Aluminum-normalized enrichment factors (Fig. 3)
indicate that inputs from anthropogenic sources were
predominant over natural input for Ag, Cu, Pb, and
Zn. Among these, lead was the most anthropogeni-
cally impacted metal with enrichment factors ranging
from 32 to 108 (Fig. 3). The enrichment factors of Cu
varied from 3.6 to 19. The enrichment factors of Ag
and Zn were slightly lower than those of Cu.
Chromium, nickel, and vanadium did not show
enrichment compared with their baseline concentra-
tions. Their enrichment factors were slightly lower
than 1. The enrichment factors of As, Cd, and Se
cannot be calculated because their baseline concen-
trations were not available. In this case, coefficients
of variation might be used as a less conservative
indicator for anthropogenic input of metals (Horn-
berger etal. 1999; Hwang etal. 2006b). The
anthropogenically enriched metals (Ag, Cu, Pb, and
Zn) had greater variation in their core sediment
concentrations (Fig. 2). The coefficients of variation
(percentage of the standard deviation against the
mean) of these metals were 35% (Zn), 34% (Pb), 39%
(Cu), and 20% (Ag). Metals such as Ni, V, and Cr
that are dominated by natural inputs had much lower
coefficients of variation (6.3-12%), which are the
same as those of Al (7.4%) and Fe (10%). As a less
conservative approach, the high coefficients of var-
iation for As (55%), Cd (48%), and Se (45%) indicate
that these metals were likely enriched by anthropo-
genic input. Low coefficients of variation (8-11%)
for Co, Li, Mg, and Mn indicate that these metals
were not likely enriched by anthropogenic input.

Metal data were subject to linear regression
analysis to identify any correlation among metals
measured in the present study. High regression
coefficients (r2) indicate that they have similar sources
and geochemical fate. Generally regression coeffi-
cients were higher when a metal in one group
(anthropogenically contaminated or dominated by
natural input) was compared with another in the same
group, while they were lower when metals were
compared between different groups (Table 2). This
pattern can be seen clearly in the cases of Al and Cu.
The regression coefficients between Al and anthro-
pogenically enriched metals (Ag, As, Cd, Cu, Pb, Se,
and Zn) were 0.01-0.12, which is much lower than
those (0.42-0.83) between Al and naturally dominant
metals (Cr, Fe, Li, Mn, Ni, and V). Copper had lower
coefficients (0.01-0.06) with naturally dominated
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Fig. 3 Enrichment factors of metals in sediment core
Table 2 Regression coefficients of metals in sediment core
Ag Al As Cd Cu Cr Fe Li Mn Ni Pb Se Zn v
Ag
Al 0.11
As 0.18 0.05
Cd 0.48 0.05 0.82
Cu 0.41 0.01 0.61 0.82
Cr 0.70 0.48 0.28 0.51 0.30
Fe 0.53 0.54 0.19 0.32 0.23 0.65
Li 0.13 0.81 0.21 0.15 0.03 0.42 0.56
Mn 0.08 0.42 0.04 0.03 0.01 0.17 0.29 0.61
Ni 0.13 0.63 0.04 0.01 0.06 0.33 0.38 0.35 0.23
Pb 0.01 0.10 0.35 0.23 0.20 0.01 0.01 0.01 0.01 0.40
Se 0.28 0.01 0.42 0.63 0.52 0.39 0.08 0.01 0.04 0.01 0.03
Zn 0.36 0.12 0.78 0.80 0.70 0.39 0.42 0.33 0.18 0.01 0.28 0.22
\% 0.04 0.83 0.01 0.01 0.01 0.31 0.40 0.60 0.28 0.64 0.20 0.01 0.01 -
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metals (Al, Li, Mn, Ni, and V) and higher coefficients
(0.52-0.82) with anthropogenically enriched metals
(As, Cd, Se, and Zn). Regression coefficients for Pb
with the other anthropogenically enriched metals were
not significantly different from those with naturally
dominated metals; presumably Pb had additional
unique input sources such as leaded gasoline.

For the present study, sediment core samples were
not dated using radioisotopes (e.g., 2'°Pb, *’Cs) so
accurate sedimentation rates are unknown. However,
though less accurate, sedimentation rates can be
estimated using depth profiles of PCBs and lead,
which have a unique history of use and release
(Hartmann et al. 2005; Cantwell et al. 2007). Cant-
well etal. (2007) demonstrated that sediment
deposition rates could be obtained using PCBs and
lead as proxies. The production of PCBs and leaded
gasoline peaked around 1970 (Nriagu 1990; Brink-
mann and de Kok 1980) before regulations were
implemented. In 1971, Monsanto, the sole domestic
commercial producer of PCBs, voluntarily restricted
sales of PCB to closed-system uses. Maximum
deposition of PCBs in San Pablo Bay, which is the
northern part of a San Francisco estuarine system, was
found in the sediment deposited around 1975 (Ven-
katesan et al. 1999). So the layers (12—-14 c¢m) having
the highest PCB concentration found in the same core
analyzed for the present study were likely deposited
around that time (Hwang et al. in preparation). Hence
the estimated average sediment deposition rate since
1975 is 0.45 cm/year.

The enrichment factors of Ag, Cu, and Zn in
surface sediment (0-6 cm) are 3.5-8 and their
decreasing trends in the top 30 cm layer are
exponential (Fig. 4). Assuming that the declines of
these metals continue following the current trends
with continuous sediment deposition at a rate of
0.45 cm/year, it is estimated that it will take 10, 2.5,
and 25 years for Ag, Cu, and Zn, respectively, for
the surface layer to reach the San Francisco Bay
ambient sediment levels (SFBRWQCB 1998)
and 82, 46, and 54 years, respectively, to reach
background levels. Lead concentration had been
increasing until it reached its highest concentration
(750 pg/g) at a depth of 11 cm, then declining
toward the surface. Changes of the enrichment
factors in the upper 30 cm layer are very similar to
the trend of historical consumption of lead in
gasoline in the USA (Nriagu 1990). The enrichment
factor of lead in the surface layer (0—6 cm) is 68,
indicating that lead is still being significantly influ-
enced by anthropogenic sources. The current
decreasing rate of lead from the peak layer seems
linear. However, as found in the cases of Ag, Cu,
and Zn, the decreasing rate of lead will also level off
as the concentration approaches the background
level. Assuming that lead will follow the same
decrease pattern as Cu, it is estimated that it will take
44, 82, and 153 years to reach the PEL (112 pg/g), the
San Francisco Bay ambient surface sediment level
(43.2 pg/g), and the local baseline levels (5 pg/g),
respectively.

Ag (EF) Cu (EF) Zn (EF)
0 5 10 15 0 10 20 30 0 5 10 15
0 - 0 L L 0 L N
P’ *
2 1 y=17.2Ln(x) - 19.7 y =21.1Ln(x) - 24.2
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— * . . 10
8 4
= 10 A1 - = 15
o S =
o 12 | T 201 )
o Q Q L
14 o5 |
16
18| ¥=218n() - 369 30 | 25 1 . .
R2=0.85
20 35 30

Fig. 4 Decline rates of enrichment factors (EF) of Ag, Cu, and Zn in sediment core
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The highest enrichment factor of Ag was found at
a depth of 19 cm and enrichment factors have been
declining gradually towards the surface due to
wastewater discharge control. The depth profile of
Ag is different from those of As, Cd, Cu, and Se,
suggesting that Ag in Stege Marsh had additional
sources. San Francisco Bay has unusually high levels
of Ag in its sediments, biota, and water (Flegal et al.
2007). In the mid 1980s, silver concentrations in San
Francisco Bay sediments were about 30 times higher
than baseline concentration. Atmospheric and fluvial
sources of silver are considered relatively small in
San Francisco Bay, so industrial and municipal
effluents were likely the major sources. In South
San Francisco Bay, most of the anthropogenic silver
was traced to effluent from a photographic processing
plant (Squire et al. 2002).

Sedimentary concentrations of Ni in the San
Francisco Bay (SFB) watershed have often exceeded
the sediment quality guidelines (Topping and Kuwa-
bara 2003; Yee et al. 2007). Nickel concentrations in
core sediments measured in the present study were
also higher than sediment quality guidelines and
anthropogenic input of Ni can be suspected. How-
ever, Ni in sediments from all depths was very
constant and enrichment factors were less than 1,
indicating that Ni measured in the present study is not
likely from anthropogenic sources. Compared with
other metals such as Cu, Pb, and Zn, which have
many anthropogenic sources, Ni in sediment cores
collected from clean (Tomales Bay) and contami-
nated (Central San Francisco Bay and Stege Marsh)
areas showed the same depth profile (no difference
between surface and 200 cm), confirming that the
majority of Ni has been coming from natural sources
(Hornberger et al. 1999). Soils in SFB watersheds
contain Ni-rich source rocks such as serpentinite, in
which Ni concentrations reach up to 3,000 pg g~
(Topping and Kuwabara 2003), which is 150-fold
higher than average continental crust in the range of
20 pug g~ ' (Taylor and McLennan 1985).

The results of the present study indicate that the
levels of trace metals in Stege Marsh sediments have
been declining. The toxicity potential of surface
sediment is, however, still high and adverse effects
are likely to be found frequently. Although trace
metal contamination is expected to decline continu-
ously, the rates of decline have been slowing down. It
may take many decades for sediment quality to

recover to levels that fully support the health of
wildlife species that inhabit Stege Marsh. To further
facilitate the recovery of the sediment quality, more
efficient management plans need to be developed and
implemented to control trace metals from non-point
sources such as stormwater runoff.
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