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a b s t r a c t

Rain falling at or near low tide is capable of eroding and transporting cohesive sediment from intertidal

areas. Given that metals adsorb strongly to silt- and clay-sized particles, it is conceivable that low-tide

rainfall may also liberate previously-deposited metals from storage in intertidal sediment. To

investigate the potential for rainfall as an agent of remobilization, this study tested the hypothesis

that suspended sediment in a tidal creek during low tide rainfall events contains different suites of

adsorbed metals than during wind-only events and fair weather days. Water samples were collected

during low-tide rain events in winter and wind resuspension events in summer. The concentrations of

suspended sediment, particulate organic carbon and nitrogen, and the total adsorbed concentration

(g L�1) of most metals were higher for a low-tide rainfall event than during wind-only and fair-weather

conditions. Metal contents (g g�1) were also greater during the rain event for most metals. Principal

components analysis and relationships between metal content and suspended sediment concentration

suggest that rainfall during low tide can mobilize a different source of sediment than wind–wave

resuspension and regular tidal action. The metal content of bulk sediment samples from around the

study area could not be matched satisfactorily to the suspended sediment in any of the events. This

implies that bulk sediment composition should not be used to extrapolate to suspended sediment

composition in terms of adsorbed metal content.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Rain falling at low tide may be a non-negligible contributor to
sediment cycling in estuarine landscapes. For instance, the shear
stress necessary to entrain cohesive salt marsh sediment ranges
from 0.02 to 5 N m�2 (Amos, 1995), but ambient shear stresses
produced by overmarsh currents and wind generated waves are
generally below 2 N m�2 (Christiansen et al., 2000; Christie and
Dyer, 1998; Whitehouse and Mitchener, 1998). By contrast, rain
drop impact and drop deformation are capable of imparting up to
668 N m�2 of kinetic energy (Hartley and Alonso, 1991) to the
marsh surface, greatly exceeding the intertidal zone sediment
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critical shear stress. Moreover, low-tide rainfall may increase
subsequent salt marsh sediment erodibility through changes in
hydration and disruption of biofilm cohesion (Tolhurst et al.,
2006). One outcome of low tide rainfall is that it can produce an
increase in suspended sediment concentration, in some cases
up to 1000 times above background values (Settlemeyer and
Gardner, 1975).

The net result of low-tide rainfall runoff is that it can help
redistribute intertidal zone material, including organic matter and
nutrients. For example, in a South Carolina salt marsh rainfall
irrigation experiments showed that low density, organic-rich
particles with low C:N ratios were preferentially transported in
response to rainfall and runoff fractionation of N-rich organic
matter with a smaller amount of inorganic N (Torres et al., 2003).
Rainfall at low tide may also liberate dissolved organic carbon
from intertidal zone porewaters (Chalmers et al., 1985).

Given the documented effects of low-tide rainfall on sediment
and nutrient dynamics, and the fact that metals adsorb strongly
to silt- and clay-sized particles, it is conceivable that low-tide
rainfall may reintroduce metals to the water column for wider
redistribution. Indeed, Chen et al. (2012), in an artificial irrigation
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in a South Carolina salt marsh, found elevated metal contents in
suspended sediment of the ‘‘first flush.’’ Hence, low-tide rainfall
and subsequent surface runoff are potentially important mechan-
isms for sediment remobilization, and the introduction of nutri-
ents and metals to the estuarine water column. In the case of
historically contaminated intertidal zone landscapes, low-tide
rainfall and runoff events may then become nonpoint sources
for potentially toxic metals and organic compounds into estuarine
waters.

To investigate the potential of low tide rainfall as an important
estuarine metal cycling agent, we investigated the hypotheses
that suspended sediment concentrations in a tidal creek are
greater during low-tide rainfall than that generated by wind
waves or regular tides, and that different suites of metals may
be mobilized into the creek waters in response to different
sources and types of sediments mobilized by these events. To
gain further insight on this potential remobilization and redis-
tribution mechanism, and to determine the provenance of the
suspended sediment, we determined the elemental budgets
associated with weakly and strongly adsorbed metals in the
mobilized suspended sediment. The study focuses on physical
processes associated with rainfall events and sediment mobiliza-
tion rather than on chemical reactions and transformations.
2. Study area

The study was conducted in Grizzly Bay in central California
(Fig. 1). Grizzly Bay is a shallow subembayment of Suisun Bay, in
the San Francisco Bay complex, an area with historical and
current metal contamination. The main channel of Suisun Bay is
located along the south shoreline, and the shallow Grizzly Bay is
to the north. Grizzly Bay covers 24 km2 and is less than 2 m deep
in most areas (Warner et al., 2004). Tides in Grizzly Bay are mixed
semidiurnal with a range of approximately 2 m (Warner et al.,
2004). Flooding tides enter Grizzly Bay from a deep extension of
the main channel and propagate as a partial standing wave across
the shallows (Cuetara et al., 2001). Suisun Bay connects to San
Pablo Bay and the coastal ocean via Carquinez Strait. Freshwater
input is predominantly from the Sacramento River with some
discharge from the San Joaquin River (Jassby et al., 1995). Salinity
is usually minimal and uniform with depth during the winter
rainy season, but periodic stratification may develop during the
summer dry season (Cuetara et al., 2001).
Fig. 1. Location of the study area within the San Francisco Bay complex (insets)

and the sampling station within the study area.
Bottom sediment from Suisun Bay in the northern San Fran-
cisco Bay complex is known to be contaminated by certain metals
(Brown and Luoma, 1995; Hornberger et al., 1999; Alpers et al.,
2000a; 2000b). For example, Suisun Bay sediment contains Cu at
35–100 mg g�1 of sediment, Pb at 20–120 mg g�1, Zn at 60–
240 mg g�1, and Cd at concentrations less than 1 mg g�1 (Luoma
et al., 1990). Sediment with these concentrations is highly toxic to
bivalves and the metals can be found in high concentrations in
their tissues, although different species are susceptible to differ-
ent metals (Luoma et al., 1990; Brown and Luoma, 1995; Phillips
et al., 2003). Metal contents of marsh sediment from around
Suisun Bay have not been reported in the literature, but other
marshes in the San Francisco Bay complex show metal contam-
ination. For example, Stege Marsh in Central Bay and China Camp
marsh in San Pablo Bay both contain anthropogenically enriched
concentrations of Ag, As, Cd, Cu, Ni, Pb, Se, and Zn in surface
sediment, with aluminum-normalized enrichment factors varying
between 8 and 49 relative to baseline concentrations reported in
Hornberger et al. (1999), Hwang et al. (2006, 2009).

Known sources of metals in San Francisco Bay include histor-
ical contamination from gold, mercury, zinc, and copper mining
(Nichols and Thompson, 1986; Hornberger et al., 1999) and acid
mine drainage from upstream (Alpers et al., 2000a, 2000b),
outflows from wastewater treatment plants and various indus-
trial sites (Nichols and Thompson, 1986; Hornberger et al., 1999;
Flegal et al., 2005), resuspension of contaminated bottom sedi-
ment (Smith and Flegal, 1993; Ritson et al., 1999; Squire et al.,
2002), runoff from agricultural fields and urban areas (Alpers
et al., 2000a, 2000b), erosion of natural source rocks (Hornberger
et al., 1999), and groundwater seepage (Spinelli et al., 2002). The
temporal and spatial patterns in metal concentrations are con-
trolled by a variety of physical factors. The strong rainfall
seasonality in the area causes inputs of metals and fine-grained
suspended sediment from urban runoff and fluvial transport from
landward portions of the watershed to be greatest during winter
(Cloern and Nichols, 1985; Conaway et al., 2007). Resuspension of
bottom sediment and consequent remobilization of relict con-
taminants, however, is greatest in summer when winds and
wind–wave-induced mixing are strongest (Cloern and Nichols,
1985; Conaway et al., 2003). Bottom sediment contamination
tends to be higher in areas of deposition, such as mudflats, in
areas of concentrated industrial activity, such as near wastewater
treatment plants, and near rivers that drain historical mining
areas (Smith and Flegal, 1993; Conaway et al., 2003).
3. Methods

3.1. Field methods

A suite of equipment was deployed during the winter rainy
season and the summer dry season. Instruments were deployed at
Grizzly Bay between 15 February and 30 March 2011 for winter,
and 26 June to 14 July 2011 for summer. The equipment was
located in the mouth of a tidal creek emptying into the north-
eastern corner of Grizzly Bay, near salt marsh, mudflats, and
managed waterfowl hunting preserves (Fig. 1).

The wintertime equipment package included an automatic
water sampler (ISCO, model 6712) and a weather station located
above the intertidal zone on a levee on the north bank of the tidal
creek. The intake hose of the water sampler was located about
5 cm below the water surface in the center of the tidal creek to
ensure collection of fresh runoff water, and kept in place with a
small anchored buoy. The weather station consisted of a data
logger (Campbell Scientific CR1000), a barometer (Setra, model
278), a rain gauge (Texas Electronics, model 525), a wind sensor
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set (Met One, model 034B), and a laser disdrometer (Ott, Parsivel)
to measure rainfall intensity and rain drop characteristics. Mea-
surements were recorded every 1 min, but the disdrometer was
programmed to turn on and record data only when the rain gauge
tipped. The water sampler was triggered by a second tipping
bucket rain gauge and programmed to take one L of surface water
every 5 min. The sampler was initially programmed to start
sampling immediately upon reaching the trigger intensity of
1.27 mm of rainfall in 15 min. The trigger was later decreased to
0.76 mm with a 30 min delay to start sampling. The settings
produced 24 1-L samples at 5 min intervals following the rainfall
trigger for the first event, and 24 1-L samples at 10 min intervals
during four additional rainfall events at the lower rainfall trigger.

During summer, the water sampler was placed in the same
location in the tidal creek as during winter, but the rain gauges
and disdrometer were not used. Instead of the rain gauge, the
water sampler was triggered by a 30-min running average of
wind speed exceeding a threshold value, which was raised
gradually throughout the deployment, starting at 5 m s�1 and
increasing to 8 m s�1. The settings produced 24 1-L samples at
5 min intervals following the wind speed trigger, during 4 sepa-
rate events.

Water samples were also collected during a fair-weather tidal
cycle in late March at the same location, on a sunny day with calm
wind and no rain. Tidal cycle samples were taken from the surface
waters in the center of the tidal creek every half hour for 12 h to
capture any tidal variability, resulting in collection of 24 1-L
samples at 30 min intervals starting approximately at high tide.

Additionally, bulk sediment samples were collected from
Grizzly Bay in April 2011 for comparison of bed sediment
characteristics to suspended sediment during each event. Samples
were taken from marsh, mudflat, bay bottom, and levee-top areas.
Sediment from the sediment surface (approximately 5 mm) was
scooped into plastic bags using a plastic spoon or a spackling
blade. Bay bottom samples from Grizzly Bay near the sensor
location were collected with a hand-held Benthos manual push-
corer in July 2011. The short cores were extruded from the core
barrel, requiring only gravity and not a piston. The top 1 cm of
sediment was sliced off and stored in a plastic bag and iced for
transport to the lab. All bulk sediment samples were kept frozen
until analysis.

3.2. Lab methods

Water and bulk sediment samples were processed for deter-
mination of suspended sediment concentration, organic carbon
and nitrogen contents, and adsorbed metal content. Blank filters
and blank runs were tested and subtracted from sample results on
all analyses. Trace metal clean techniques were used during
metals analyses. Filtering was not performed under trace metal
clean conditions, but the concentrations of the metals adsorbed to
the suspended sediments were so many orders of magnitude
higher than typical concentrations in water as to render any
resulting effects inconsequential.

Water samples were retrieved within 12 h of the end of
sampling and refrigerated between 1 and 4 1C for up to 1 week.
Samples were filtered within 24 h through one membrane filter
with pore size of 0.45 mm (Pall Life Sciences, Supor membrane,
47 mm diameter, not pre-treated) and as many precombusted
glass fiber filters with pore size of 0.45 mm (Pall Life Sciences, GF,
47 mm diameter) as necessary to process the whole bottle. Filters
were weighed before use, dried overnight at 50 1C to retain
organic matter, and re-weighed to determine SSC. The filters
were then stored under refrigeration until shipping in dry ice to
South Carolina for further analysis. Samples from selected rain
and wind events were tested for organic and metal content.
Organic analysis comprised determination of total organic
carbon and nitrogen contents of both suspended particles and
bulk sediments by high temperature combustion of acid treated
sediments (e.g., Goñi et al., 2008; Holser et al., 2011). Briefly, dried
samples were loaded onto silver boats and exposed to concen-
trated HCl acid fumes for 36–48 h to remove inorganic carbon
prior to analysis. In the case of the suspended particles, the
47 mm filters were sub-sampled using a hole-puncher of known
diameter and cuttings from each filter were analyzed in the same
way as the ground sediments. The ratio of the total filter area to
the area of the sub-sampled filters was used to estimate OC and N
contents of each whole filter. After acidification, samples were
dried at 60 1C for 24–36 h, placed into tin boats and folded in
preparation for analyses. Organic carbon and nitrogen contents
were measured by flash combustion at 1020 1C using a NC2500
elemental analyzer (CE Instruments) controlled by the EAS Clarity
software (Costech Analytical Technologies Inc) and the instru-
mental setup of Verardo et al. (1990). A series of six standards
(L-cystine N: 11.66%, C: 29.99%, Atropine N: 4.84%, C: 70.56% and
GoniLabTM 2ndary low C standard N: 0.119%, C: 1.298%) and boat
blanks were analyzed in each run to calibrate the analyzer
response. In the case of filter samples, cuttings of blank, pre-
combusted filters were analyzed to determine carbon and nitro-
gen contents of the glass fiber and used to correct the contents of
the filter samples. In all cases, the C contents of the blank filters
were less than 5% of the sample signals whereas there was no
measurable N in the blank filters. Analyses of replicate samples
showed standard errors of less than 5% of measured value for both
N and C.

Metals analysis was performed at the Center for Elemental
Mass Spectrometry, Department of Earth and Ocean Sciences,
University of South Carolina using trace metals clean techniques.
The membrane filters were used for the metals analysis for all
tested samples except for the first rain event, which was filtered
with only glass fiber filters. Each filter was quartered with
precleaned ceramic scissors in a clean flow bench and one of
the quarters was used for the metals extractions. The filter
quarter was placed in a pre-cleaned single use polypropylene vial
and was first allowed to react with 2 mL of 25% acetic acid (Fisher
Scientific, OPTIMA grade), following Hurst and Bruland (2008).
The weak acetic acid leach is thought to release bioavailable Fe
and Zn (Hurst and Bruland, 2007) and it is used here as the
operationally defined ‘‘leachable fraction’’ of metals from the
collected sediment. The acetic acid and subsequent 18 MO cm�1

water rinses where collected in 7 mL teflon beakers and dried
down. The samples were dried down with a few drops of
concentrated HNO3 (distilled in house by sub-boiling distillation)
to promote dissolution and subsequently picked up in 10 mL of
2% (wt) HNO3, with 1 ppb Indium added as internal standard.

The filter residue from the acetic acid leach was subsequently
digested using hot nitric acid and H2O2 following EPA method
3050B (Edgell, 1996). This method releases the strongly bound
metals not liberated by the acetic acid leach. The digest was
finally diluted to approximately 2% HNO3 with added 1 ppb
Indium used as internal standard. The solutions from each
leaching process were analyzed for metals on a ThermoFisher
ELEMENT2 HR-ICP MS for the presence of 41 metals, using
previously established techniques for this lab (Das et al., 2012;
Sen et al., 2011). Briefly, for sample introduction we used a Glass
Expansion nebulizer and a cyclonic spray chamber (ESI) with
routine sensitivity 2–2.5 e6 cps ppb�1 for 115In. Full procedural
blanks were processed and determined along with the samples
and the concentrations were corrected for blank, although blanks
were insignificant (o1%) for all elements analyzed.

Concentrations were determined using Indium as internal drift
monitor and the BCR-2 USGS basalt as external standard, using
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the recommended concentrations from the GEOREM database
(http://georem.mpch-mainz.gwdg.de/). The standard was run at
10 ppm Total Dissolved Solids (TDS) so as to minimize any matrix
mismatch between the samples and standard (e.g., Das et al.,
2012). In-run errors are less than 5% for all reported elements. The
same metals analysis procedures were used on subsamples of the
bulk sediment samples as well, although these sediment samples
were processed directly instead of on filters. Metals analysis data
are reported as content, grams of metal per dry weight of
sediment (g g�1), or as concentration, grams of metal per liter
of filtered water (g L�1).

Grain size analysis was performed for several of the bulk
sediment samples with a Coulter 100LS particle sizer. A subsam-
ple of the sediment was filtered through a 1 mm sieve with
5% sodium hexametaphosphate deflocculant prior to analysis.
Correlation matrices and statistical tests (Kruskal–Wallis Anova
on Ranks, Dunn’s Multiple Comparisons) were calculated with
SigmaPlot software, and principal components analysis was
performed in Matlab. Relationships were considered statistically
significant for po0.05.
Fig. 3. Weather and SSC data for the 2-16-11 rain event at Grizzly Bay. (A) Water

level and rainfall intensity, (B) wind speed and SSC.

Fig. 2. Comparison of SSC timeseries generated by (A) rain events, and (B) wind

events at Grizzly Bay. Note that the sampling time was changed from 5 min to

10 min after the first rain event due to low rainfall intensities, but was returned to

5 min for the wind events.
4. Results

4.1. Weather and SSC

Suspended sediment and weather data were collected during
rain events in February and March 2011, during wind events in July
2011, and during a fair-weather tidal cycle in March 2011. Five rain
events occurred in February and March. The average 15-min rainfall
intensity per event was 2 mm h�1, with an average total accumula-
tion per event of 20.5 mm and average duration of 175 min. Wind
speed varied up to 14 m s�1 and averaged 2.88 m s�1, while the
wind direction was predominantly southwesterly.

Of the five recorded rain events in February and March, two
occurred during low tide (2-16-11 and 3-13-11). The suspended
sediment concentration (SSC) during low-tide rain was noticeably
higher than the SSC observed during high-tide rainfall or during
fair-weather (Fig. 2A). The average SSC during the tidal cycle was
94 mg L�1, but the average SSC during the two low-tide rain
events was 343 and 337 mg L�1. Furthermore, the SSC varied by
about 400 mg L�1 during the course of a low-tide rain event, but
varied by only 100 mg L�1 during the tidal cycle and high-tide
rain events. The SSC in the 2-16-11 event was higher than the
3-13-11 event, as was the rainfall intensity and duration, so the
2-16-11 event was chosen for closer analysis and comparison to a
wind event in summer.

The rainfall for the 2-16-11 event began just after low tide, and
featured two pulses of heavier rain separated by about 1 h with
lighter drizzle, with strong winds occurring with the second pulse
of rain (Fig. 3). The rainfall intensity reached a maximum of
13.5 mm h�1 in the first pulse and 10 mm h�1 in the second.
Winds were relatively calm in the first pulse (o6 m s�1) but
increased markedly with the second rain pulse (48 m s�1). SSC
increased from 199 to 464 mg L�1 within 15 min during this first
pulse and continued to rise during the subsequent lighter rain.
SSC began to decrease before the second pulse, but increased
again by another 184 mg L�1 during the second rainfall pulse. The
first SSC pulse during the wind event seems to be driven by
rainfall, but the second peak, co-occurring with stronger winds,
could be attributed to wind resuspension, runoff from a more
distant part of the tidal creek’s watershed, changes in tidal creek
velocity, or a combination thereof.

Wind speed at Grizzly Bay in July 2011 was measured up to
10 m s�1, with an average value of 3.98 m s�1, while the wind
direction was predominantly southwesterly. No rain was observed
during this period. Suspended sediments were sampled during
4 wind events, with 30-min average wind speeds of 6.0, 6.0, 7.5,
and 8.0 m s�1. Suspended sediment concentration increased
slightly during sampling or remained steady (Fig. 2B), with values
between 60 and 163 mg L�1 for all but the 8 m s�1 wind event,
which was about 100 mg L�1 higher. The suspended sediment
concentrations during the 8 m s�1 wind event (7-13-11) were the
highest of all wind events, so that set of samples was selected for
further analysis.

The 7-13-11 wind event featured winds between 7 and
9 m s�1 from the west (Fig. 4). The 30-min running average wind
speed exceeded the trigger value of 8 m s�1 for 11 min and stayed
above 7.8 m s�1 for a further 23 min. SSC began at 663 mg L�1,

http://georem.mpch-mainz.gwdg.de/


Fig. 5. Weather and SSC data for the fair weather tidal cycle collected at Grizzly

Bay. (A) Water level, (B) wind speed and SSC.

Fig. 6. Summary plots of measured organic parameters. (A) POC (B) PN (C) C:N

(D) total leachable metal concentration, sum of all measured metals. Solid line

inside box is the median and dashed line is the mean. Letters indicate statistically

significant differences.

Fig. 4. Weather and SSC data for the 7-13-11 Grizzly Bay wind event. (A) Water

level, (B) wind speed and SSC.
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then dropped to 218 mg L�1 and increased steadily throughout
the 2 h sampling window to a value of 304 mg L�1. In contrast to
the rain events, SSC elevation during the wind event was
sustained and steady rather than rising and falling rapidly during
sampling.

During the tidal cycle sampling event, no rain or strong winds
were observed. Winds varied between 0 and 5 m s�1 from the
south to southwest (Fig. 5). SSC was steadily close to 100 mg L�1

throughout the first half of the sampling period, but increased to
167 mg L�1 just after low tide. This pulse of higher SSC was also
preceded by an hour of winds just above 5 m s�1. The near-
doubling of SSC after low tide may therefore be caused by
resuspension due to relatively light winds or by resuspension
due to water acceleration as the tide direction changed.

In summary, SSC during rain events occurring near low tide
was 2–6 times higher than during rain occurring at high tide and
fair-weather background conditions. The first observed increase
in SSC during low-tide rainfall coincided with a pulse of higher-
intensity rain after an initial delay of about 30 min. A second
pulse of increased SSC may have been at least partially wind-
driven. Winds in excess of 8 m s�1 were capable of an increase in
SSC up to 3 times above background concentrations, although
some wind-driven resuspension was also evident at wind speeds
above 5 m s�1. The wind effect on SSC was more muted and
longer in duration than the rain effect. The wind may have
contributed to observed variability in SSC during the rain and
tidal cycle events as well.
4.2. Organic matter and total metal concentrations

Organic matter analyses were run on the same sets of samples as
the metals analysis. Particulate organic carbon (POC), particulate
nitrogen (PN), and the carbon–nitrogen ratio (C:N) were all higher
during the rain event than during either the wind event or the tidal
cycle sampling (Fig. 6). The range of each of these variables was also
much greater during the rain event. Organic carbon concentration
ranged from 5.0 to 91.8 mg L�1 during the rain event, but was
always less than 13.1 mg L�1 for the wind and less than 5.9 mg L�1

during the tidal cycle samples. Nitrogen concentration varied
between 0.5 and 5.7 mg L�1 during the rain, 0.4–1.0 mg L�1 during
the wind, and 0.2–0.6 mg L�1 during the tidal cycle. Values of C:N
had the greatest amount of overlap between events, varying from
10.1 to 18.7 during the rain event, 7.7–15.6 during the wind event,
and 10.6–15.9 during the tidal cycle.

Total leachable metal concentration was summarized in the
same manner as the nutrient data, and is provided in Fig. 6D for
comparison. The rain event samples had the highest total metal
concentration, or the sum of all measured adsorbed metals,
ranging between 11.7 and 26.9 mg L�1. The tidal cycle and the
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wind event had somewhat overlapping ranges with the rain
event, but the interquartile ranges were much lower than the
interquartile range during the rain event.
Fig. 7. Summary statistics for certain metals for rain, wind, and tidal events. Solid line

significant differences.
Particular metals also follow the same pattern as total metal
concentration, with much higher concentrations and ranges of values
during the rain event than during the wind or tidal events (Fig. 7).
inside box is the median and dashed line is the mean. Letters indicate statistically
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Unlike with POC and PN, the wind event SSC metal concentrations
are distinct from both the rain event and the tidal cycle, with
higher metal concentrations during the wind event than the tidal
cycle but not as high as the rain event. For most metals, except for
Zn, Cd, and Ag, the differences in metal concentrations are
statistically significant between the three events.

4.3. Leachable metal contents

To test whether the different weather events result in differential
sediment mobilization and to potentially constrain the provenance
of suspended sediment during these events, leachable metal con-
tents on the suspended sediment were determined for three sets of
samples from Grizzly Bay: the fair weather tidal cycle, the 2-16-11
low tide rain event, and the 7-13-11 8 m s�1 wind event (referred
to, respectively, as the tidal, rain, and wind events hereafter). Table 1
lists the measured elements along with the mean and interquartile
ranges of total leachable metal content (acetic plus HNO3 leachates)
per dry weight of sediment, and total leachable metal concentration
per liter of filtered water. In order to determine which elements
Table 1
Mean and interquartile range (IQR) of total leachable metals content (mg g�1) and conc

that values of mean normalized metal content were higher than 1. Metal contents were

except for those marked with an asterisk, which were normalized to the North Americ

Metal Rain event Wind event

lg g�1 lg L�1 lg g�1

Mean IQR Mean IQR Mean IQR

Y 20.87 3.14 1.96 1.15 14.36 2.10

Zr 9.51 5.48 0.58 0.19 5.66 1.11

Yb 1.61 0.24 0.18 0.09 1.22 0.20

Rb 28.78 5.85 4.27 2.26 28.72 4.29

Sr 88.09 20.22 8.96 5.46 53.84 6.69

Nb 0.84 0.11 0.13 0.06 0.85 0.11

Cd 0.07 0.02 0.02 0.00 0.03 0.01

Sn 1.26 0.35 0.33 0.06 1.09 0.18

Cs 2.43 0.51 0.39 0.24 2.54 0.36

Ba 168.74 40.77 22.35 12.90 163.45 23.30

La 15.11 2.05 1.52 0.92 10.99 1.67

Ce 37.27 5.42 3.51 2.15 25.30 3.86

Pr 4.22 0.39 0.45 0.28 3.26 0.45

Nd 17.69 2.08 1.89 1.16 13.91 2.05

Sm 4.00 0.45 0.44 0.25 3.23 0.47

Eu 0.97 0.11 0.14 0.08 0.78 0.11

Gd 3.65 0.39 0.50 0.29 3.37 0.48

Tb 0.61 0.08 0.08 0.05 0.49 0.07

Dy 3.55 0.62 0.37 0.20 2.67 0.39

Ho 0.67 0.09 0.07 0.04 0.50 0.08

Er 1.88 0.32 0.20 0.10 1.38 0.22

Lu 0.22 0.03 0.04 0.02 0.16 0.02

Hf 0.17 0.07 0.02 0.01 0.11 0.02

Ta 0.01 0.00 0.01 0.00 0.02 0.00

Pb 24.60 2.88 3.43 1.66 19.20 3.68

Th 4.50 0.81 0.51 0.35 3.59 0.50

U 1.55 0.30 0.13 0.09 1.15 0.19

Li 22.01 3.73 2.69 1.75 19.84 3.11

Aln 18535 3825 2653 1832 17696 2943

Sc 10.07 1.73 1.36 0.95 8.28 1.45

Tin 745.03 142.16 91.83 57.40 738.77 100.50

V 76.44 9.75 9.45 6.08 61.41 8.32

Cr 102.76 18.59 12.90 6.76 126.78 12.07

Mnn 3005 1031 232.72 128.86 1073 166.46

Fen 35872 4782 5192 3274 32299 4593

Co 26.08 2.66 2.83 1.33 18.82 2.36

Ni 115.47 11.83 10.21 6.86 109.43 12.26

Cu 113.82 40.66 5.72 4.15 57.69 12.59

Zn 142.28 13.27 13.11 8.86 96.92 11.41

Ga 5.74 1.05 0.83 0.56 5.67 0.87

Ag 0.18 0.15 2.28 1.05 0.09 0.07
were enriched relative to typical crustal sediment values, and
therefore possibly derived from anthropogenic activities, we nor-
malized the metal content data to that of the average upper
continental crust (Rudnick and Gao, 2003). Normalized values were
greater than 1 in all three events for 8 elements: Pb, Cr, Mn, Co, Ni,
Cu, Zn, and Ag. Twelve metals were chosen for further investigation:
Pb, Cr, Mn, Co, Ni, Cu, Zn, Ag, Fe, Cd, Y, and Nd. The rare earth
elements (Y and Nd) are included as a proxy for crustally derived
material since they are not known to be anthropogenically enriched
in this area’s sediments.

The relationships between total leachable metal content and
SSC were distinctly different between the three events and among
different metals (Fig. 8). The total leachable metal contents in
suspended sediment samples were 2–4 times higher during the
rain event than the wind event for most metals. Only for Fe, Ag,
and Cr was there a significant overlap between the rain and wind
samples; for all other metals, wind samples had lower leachable
metal contents for a given SSC than the rain event. In contrast, the
tidal cycle samples had either higher (e.g., Fe, Cr, Pb, Co, Ag),
lower (Cu) or similar (e.g., Nd, Y, Zn, Ni) leachable metal contents
entration (mg L�1) during wind, rain, and tidal cycle events. Shaded rows indicate

normalized to upper continental crust values (not shown; Rudnick and Gao, 2003),

an Shale Composite (EarthRef.org database version, accessed 27 October 2011).

Tidal cycle

lg L�1 lg g�1 lg L�1

Mean IQR Mean IQR Mean IQR

4.09 0.79 19.70 3.54 1.96 1.15

1.61 0.27 6.07 0.97 0.58 0.19

0.35 0.06 1.81 0.36 0.18 0.09

8.23 1.62 44.13 8.61 4.27 2.26

15.29 3.42 100.01 22.44 8.96 5.46

0.24 0.03 1.30 0.23 0.13 0.06

0.01 0.00 0.25 0.02 0.02 0.00

0.30 0.03 3.85 2.10 0.33 0.06

0.73 0.12 3.92 0.50 0.39 0.24

46.99 16.61 239.57 37.54 22.35 12.90

3.14 0.37 15.30 2.22 1.52 0.92

7.24 0.98 35.27 5.17 3.51 2.15

0.93 0.14 4.52 0.72 0.45 0.28

3.98 0.59 18.97 3.08 1.89 1.16

0.92 0.13 4.49 0.84 0.44 0.25

0.22 0.04 1.60 0.19 0.14 0.08

0.96 0.15 5.29 0.91 0.50 0.29

0.14 0.02 0.94 0.14 0.08 0.05

0.76 0.13 3.80 0.69 0.37 0.20

0.14 0.03 0.71 0.13 0.07 0.04

0.39 0.07 2.06 0.41 0.20 0.10

0.05 0.01 0.46 0.04 0.04 0.02

0.03 0.01 0.23 0.03 0.02 0.01

0.01 0.00 0.09 0.01 0.01 0.00

5.44 0.67 35.39 4.93 3.43 1.66

1.03 0.09 5.09 0.98 0.51 0.35

0.33 0.08 1.30 0.45 0.13 0.09

5.68 0.89 27.18 3.98 2.69 1.75

5055 861.33 26845 5071 2653 1832

2.36 0.25 13.75 2.70 1.36 0.95

212.44 42.17 921.55 156.66 91.83 57.40

17.54 2.83 95.38 14.54 9.45 6.08

36.73 4.57 133.53 17.01 12.90 6.76

304.78 69.45 2442 1115 232.72 128.86

9234 1567 53360 9437 5192 3274

5.38 1.00 29.28 4.82 2.83 1.33

31.63 5.60 102.46 16.02 10.21 6.86

16.31 4.15 55.63 12.54 5.72 4.15

27.87 3.04 131.50 24.69 13.11 8.86

1.62 0.28 8.35 1.34 0.83 0.56

1.33 0.99 0.52 0.24 2.28 1.05



Fig. 8. Total leachable metal content versus SSC for the three examined events. The rain event is represented by black circles, the wind event by open squares, and the fair-

weather tidal cycle by gray triangles. Note that the units on the y-axes change by several orders of magnitude.
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relative to the rain event, but always lower SSC than the other
two events.

Analytical uncertainty in the metal content measurements was
5%, and the uncertainty in SSC measurements was up to
710 mg L�1. These values are at or smaller than the symbols
size on Figs. 8, 10, and 11, and do not add any additional
information to the distribution of metals among the three events.

Relationships between specific metals and SSC differed among
the three events (Fig. 8 and Tables A1–A3). Mn and Cu content
had statistically significant (po0.05) positive relationships with
SSC during the rain event, while Cr, Fe, and Zn content had
statistically significant negative relationships with SSC (Tables
A1–A3). During the wind event, no metals had positive relation-
ships with SSC, significant or not, but several metals had statis-
tically significant negative relationships with SSC, including Y, Pb,
Mn, Fe, Co, and Cu. During the tidal cycle event only 2 metals had
statistically significant relationships with SSC: a positive relation-
ship for Cu and a negative one for Ag.

Certain metals also had statistically significant relationships
with organic carbon during the three events (Tables A1–A3).
During the rain event Mn and Cu had positive significant relation-
ships with POC, while Fe and Zn had negative ones. During the
wind event there were no significant negative relationships with
POC, but five positive ones: Y, Nd, Pb, Mn, and Cu. During the tidal
cycle sample only Mn had a positive significant relationship with
OC, and only Nd had a negative one.

The differences in suspended metal content (g g�1) between
the three events tended to be small, and overlapped for many
Fig. 9. Principle components analysis results. (A) Components 1 and 2;

(B) components 1 and 3. Events are separated by symbol shape and color. Note

that the rain event is separated into three parts, separating the first and second

SSC peaks and the end of the event.
metals. Nevertheless, samples from each of the three events are
very different in terms of concentration (g L�1) (see Fig. 7 and
Table 1). Metal concentrations during the rain event were
between 2 and 7 times higher than concentrations during the
tidal cycle event, with concentrations during the wind event
being midway between the rain event and tidal cycle event values
for most metals (Table 1).

Principal components analysis (PCA) confirmed the essentially
different character of the sediments mobilized during each of the
three events. PCA was run on the 12 metals chosen for closer
analysis. The first three principle components explained 87.55% of
the variation between samples (Table 2). Loadings on the first
three component axes are provided in Fig. A1, but are not
otherwise discussed. Samples from the three events clustered
together in PCA space with very little overlap (Fig. 9). The wind
event samples fell on the positive end of Components 1 and 3 and
mostly on the positive side of Component 2. The tidal cycle
samples were negative on Component 1, positive on Component 2,
but straddled the zero mark on Component 3. The rain event
samples were negative on Component 2, and straddled the zero
mark on Components 1 and 3. The first 8 samples in the rain event,
comprising the first SSC peak in Fig. 3, did not separate from the rest
of the rain event samples nor did they overlap with the wind
samples in Fig. 9A. The two individual peaks in the rain event
therefore probably derived by similar mechanisms, instead of one
peak from rain and the other from wind resuspension during the
rain event. On Fig. 9B, however, the rain samples did overlap with
the tidal cycle samples, indicating some commonality to the rain
event and regular tides.

The acetic-leached fraction of the total leachable metal con-
tent, which is weakly bound to sediment and thus presumably
bioavailable varied from 0.14 to 0.95 for the 12 target metals,
with the highest values in Cd and Mn, and the lowest in Ag
(Table 3). The acetic-leachable metal contents were greater
during the rain event than for the wind event for Mn, Zn, Ni,
Cu, Y, Pb, and Cd, but for most metals the rain event samples
overlapped considerably with the tidal cycle event (Fig. 10).
Furthermore, there were differences in the relationships
between acetic-leachable metals and SSC compared to total
leachable metals and SSC. Ni content increased with increasing
SSC in the acetic-acid leachable metal, but had no trend in the
total leachable metals. Other metals such as Zn, Co, Pb, and Mn
had greater scatter in the relationship between SSC and acetic-
acid leachable metal content than total leachable metal content.
Cu and Fe, by contrast, retained the strong trends previously
described between SSC and total leachable metal. The other
metals displayed no distinct trends with respect to SSC. Addition-
ally, although the three different events remain distinct from
each other in SSC vs. content space, the groupings are less distinct
with more overlap than for total leachable metals (compare
Figs. 8 and 10).

In summary, nine adsorbed metals were present in the
suspended sediment samples in amounts suggesting enrichment
beyond average upper continental crust values. Total leachable
metal contents were up to 4 times higher during the rain event
than the wind event for most metals, and comparable to the range
of variation during the tidal cycle for many. The statistically
significant relationships between specific metals and SSC differed
between events. The overall assemblages of adsorbed metals were
distinctly different between the rain, wind, and tidal samples. The
acetic-leachable fraction varied between 0.14 and 0.95, with
highest values in Mn and Cd. There were slight variations in the
relationship between metal content and SSC for the acetic-acid
leachable fraction compared to total leachable metals, and most
of the total leachable metal content could be attributed to the
nitric-leachable fraction.
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4.4. Bulk sediment samples

The metal contents in bulk bed sediment samples were lower
than the contents in the suspended sediment for most metals
Fig. 10. Acetic-acid-leachable metal content versus SSC for the three examined events.

tidal cycle by gray triangles. Note that the units on the y-axes change by several orders o

two high-concentration outliers were cropped out of the plots for Ni, Nd, Cr, Y, Cs, and
(Fig. 11, Table 4). The bulk samples analyzed included sub-
environments near the sampler: the top of the artificial levee on
the north edge of the creek, the bay bottom just bayward of the
creek mouth, in-creek mudflats, the marsh surface, and a denuded
Rainy is represented by black circles, windy by open squares, and the fair-weather

f magnitude and in some cases the ranges are different from those in Fig. 8. One or

Cd. Asterisks along the upper x-axes indicate the SSC of the outliers.



Fig. 11. Average metal content of bulk sediment samples and event suspended

sediment samples, for selected metals. The gray line separates the bulk and event

samples.

Table 2
Percent of total variance explained by the top

6 principle components.

Component % variance

1 50.76

2 18.74

3 18.05

4 6.21

5 3.21

6 2.15

Table 3
Mean acetic-acid-leachable metal content and percent of total leachable metals

that was acetic-acid-leachable.

Rainy Windy Tidal

Metal Mean acetic
(lg g�1)

Acetic
(%)

Mean Acetic
(lg g�1)

Acetic
(%)

Mean Acetic
(lg g�1)

Acetic
(%)

Y 1.35 6.48 1.14 7.96 0.75 3.83

Cd 0.04 50.77 0.02 71.02 0.23 90.51

Co 5.34 20.47 4.22 22.44 3.48 11.88

Nd 0.91 5.16 0.99 7.15 0.71 3.72

Pb 2.26 9.18 1.39 7.23 1.23 3.47

Cr 3.79 3.69 43.26 34.12 3.41 2.55

Mn 1363.09 45.35 538.44 50.15 735.13 30.10

Fe 2673.29 7.45 2354.83 7.29 4489.73 8.41

Ni 16.25 14.07 32.84 30.01 8.11 7.92

Cu 24.30 21.35 15.53 26.92 9.55 17.18

Zn 34.44 24.21 18.21 18.79 19.44 14.79

Ag 0.001 0.82 0.002 2.68 0.006 1.23

Table 4
Average nitric-acid-leachable metal contents (mg g�1) in the three sampled events and t

peninsula near the sampler that was about 30 cm lower in elevation than the regular

Rain Tidal Wind Levee

Ag 0.18 0.51 0.09 0.02

Cr 98.96 130.12 83.52 11.20

Mn 1642.34 1707.41 535.25 68.16

Fe 33198.75 48870.79 29944.21 5209.16

Co 20.74 25.80 14.60 2.30

Ni 99.22 94.34 76.59 7.99

Cu 89.52 46.07 42.16 14.12

Zn 107.83 112.06 78.71 11.65

Y 19.52 18.95 13.22 2.28

Cd 0.03 0.02 0.01 0.00

Pb 2.43 3.89 2.53 0.25

n 24 24 24 1
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and heavily eroded area of marsh. Total leachable metals could
not be reported for the bulk sediment due to technical difficulties,
so the presented data are from the nitric-acid-leachable fraction
only. For the elements shown in Fig. 11 the nitric acid leach
dominated (475%) the total leachable elemental budget in the
SSC (Table 3), so we expect that the nitric-acid-leachable fraction
closely represents the total leachable elemental budget.

The metal contents in the bulk sediment samples were highest
in the marsh and the mudflats within the tidal creek, and lowest
in the bay bottom and levee-top sediment. The bulk sediment
metal concentrations were also lower than the suspended sedi-
ment metal contents during all three events, with the exceptions
of Cu, Mn, and Ag. The bulk sediment Cu contents were compar-
able to the rainfall SSC contents at the in-creek mudflats and the
denuded marsh area. The Mn and Ag contents overlapped slightly
with the range of suspended sediment metal contents, but they
were still much lower in the bulk sediment than in the event
samples. Bulk sediment contents of all other metals were well
below the contents in suspended sediment during all three
events.
5. Discussion

5.1. Rainfall as a metal mobilization force

The data presented in this study suggest that low-tide rainfall
can influence the amounts of sediment and metals mobilized in
estuarine systems. Suspended sediment concentrations were
higher during rainfall occurring close to low tide than during
high-tide rainfall, and were higher than the SSC observed during a
strong wind event and a fair-weather day. Concentrations of POC,
PN, total adsorbed metal content, as well specific metal contents
including easily leachable fractions, were significantly higher
during the rain event than the wind event or tidal cycle. A rain
event during low tide is therefore capable of mobilizing higher
amounts of sediment-adsorbed metals to local tidal creeks than
average tidal cycles.

Although some metal contents in the suspended sediment
were highest during rainfall (e.g., Mn, Cu, Ni), several metals
showed a trend of decreasing content with increasing SSC (Fig. 8).
Fe content, for example, decreased by a factor of almost 3 as SSC
increased (Fig. 8). The increase in SSC, however, was by a factor of 6.
The net result, therefore, was more total Fe mobilized with the
suspended sediment during the rain event than during the tidal
cycle sampling. The same applies to other metals such as Zn, Cr, Pb,
and Co, where the decrease in adsorbed metal content was less than
the increase in SSC. Even though these metals had decreasing
content with increasing SSC, the net result was a higher amount
he bulk sediment samples. Denuded Marsh denotes an area at the tip of the marsh

marsh and devoid of plants.

Bay In-creek Mudflat Marsh Denuded Marsh

0.04 0.19 0.07 0.18

20.32 46.61 44.98 41.08

159.43 591.77 511.34 124.90

9286.26 16713.78 20511.54 16918.84

4.57 9.55 10.55 7.31

20.15 41.63 45.98 36.53

16.17 90.41 38.81 75.99

21.43 43.06 56.16 42.73

4.14 13.23 9.28 11.03

0.00 0.01 0.00 0.02

0.62 0.68 1.28 0.62

2 2 3 2
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of metals mobilized in the suspended sediment during rainfall than
during a normal tidal cycle or windy day (Fig. 7). Rainfall at low tide
therefore represents a punctuated event that exerts a disproportio-
nately large effect on the total metal content mobilized in the tidal
creek with the suspended sediment.

The sediment supply into Suisun Bay changes seasonally,
leaving open the possibility that observed changes in SSC metal
contents between events are actually associated with suspended
sediment seasonality. We did not sample a wind-only event
during winter, but comparison with another Suisun Bay monitor-
ing site can provide some insight into SSC seasonality in the study
area. SSC at the Mallard Island monitoring station near the
landward limit of Suisun Bay is used to track sediment and water
inflow from the rivers (McKee et al., 2006), and can provide an
estimate of local seasonal variations in SSC. SSC at this station is
dominantly less than 150 mg L�1, usually exceeding 300 mg L�1

only during the first river flood of the rainy season (e.g., Buchanan
and Ruhl, 2001; Buchanan and Ganju, 2002; Buchanan and
Lionberger, 2006, 2008). SSC during the fair-weather tidal cycle,
lower-magnitude wind events, and high-tide rain events were
consistent with the range of variation at the Mallard Island
station, all varying around 100 mg L�1. In contrast, SSC during
the rain event in the sampled tidal creek was between 198 and
550 mg L�1, a wider range of variation than is seen seasonally in
the rivers. Although some of the difference between the three
studied events may be attributed to seasonality in sediment
supply to Suisun Bay, the variability in SSC between events was
greater than is typically measured at the landward limit of
the bay.

The decrease in suspended sediment metals concentrations
with increasing SSC suggests changes in the mobilized material
during rainfall. This was also observed in the artificial irrigation
experiment of a South Carolina salt marsh (Chen et al., 2012),
where runoff suspended sediment metal concentrations were up
to four times higher during the first few minutes of the rainfall
than near the end of the runoff. Therefore, rainfall appears to
trigger a ‘‘first flush’’ mechanism, where presumably surface,
loosely bound and relatively metal-rich sediments are mobilized
easily during early rainfall, while additional rain mobilize more
hard bound sediment. Metal transport by rainfall has also been
observed in other environments, such as dredge spoil piles (Singh
et al., 2000). In that case, simulated rainfall of 40 mm h�1 and a
surface slope of 19% resulted in high metal fluxes that were
directly proportional to the metal content of the bulk sediment
(Singh et al., 2000).

While the mobilization of sediment-adsorbed metals is greater
during rainfall than tidal inundation, tidal flooding has been
shown to induce the mobilization of certain metals in the
dissolved phase within intertidal porewaters and to the water
column from intertidal sediments (Caetano et al., 1997; Falc~ao
and Vale, 1990; Taillefert et al., 2007; Santos-Echeandia et al.,
2010). These metals, such as Fe, Mn, Cu, Zn, Pb, and Cd, are
mobilized at a greater rate than can be expected from simple
diffusion (Santos-Echeandia et al., 2010). Santos-Echeandia et al.,
(2010) reported dissolved metal concentrations in flooding over-
marsh water. Specifically, Fe concentrations peaked at 60 mM
(3.351 mg L�1), Mn at 7.5 mM (0.412 mg L�1), Zn at 2.5 nM
(0.163 mg L�1), Cu at 550 nM (0.035 mg L�1), Pb at 100 nM
(0.021 mg L�1), and Cd at 1.7 nM (0.191 mg L�1). In contrast,
the mean adsorbed concentrations of these metals during
the rain event in the present study were 11.98 mg L�1 for Fe,
1.085 mg L�1 for Mn, 29.381 mg L�1 for Zn, 0.041 mg L�1 for Cu,
0.008 mg L�1 for Pb, and 0.024 mg L�1 for Cd. Although a direct
comparison of the present study with the tidal flooding literature
is unfeasible due to the different phases of the transported metals
and the different study areas, the above exercise indicates that
the question of the relative importance of the two metal mobi-
lization processes is a valid one that should be explored.

5.2. Provenance of the suspended sediment

The total metal load in the studied tidal creek suspended
sediment depends partly on SSC and on the weather, but the
results indicate that rain and wind mobilize different sources of
sediment. There are several potential sources in the immediate
study area to supply suspended sediment to the tidal creek, such
as the marsh surface, the bay bottom, intertidal mudflats, and the
levee. These sediments may have different physical and chemical
compositions, leading to the observed differences between
events. Furthermore, suspended sediment flux into Suisun Bay
changes magnitude and direction seasonally, with sediment input
from the rivers and high sediment export out of the bay during
the winter rainy season followed by landward sediment input
during the dry season due to development of vertical gravitational
circulation (McKee et al., 2006; Ganju and Schoellhamer, 2006).
The attribution of observed bottom sediment toxicity to storm-
water runoff by the Regional Monitoring Program (San Francisco
Estuary Institute (SFEI), 2003) along with this seasonality in
sediment input implies that the source of metal-contaminated
sediment is from the Sacramento and San Joaquin River
watershed, but the present study indicates that the source of
these metals could also be rainfall-induced remobilization of local
sediment, perhaps from intertidal areas.

The suspended sediment samples clustered into distinct
groups by type of event in scatterplots of metal content versus
SSC (Figs. 8 and 10). If rain, wind, and tidal events were simply
mobilizing different amounts of sediment from the same source,
then one would expect the contents of all metals to fall in the
same range during all three events, and for the relationship
between SSC and metal content also to be similar between events.
Instead, the contents of certain metals such as Cu, Mn, Fe, Pb vs.
SSC shows distinct groupings for rain, wind and fair weather tides
that require multiple sources. Taking Cu as an example, the
roughly linear relationship between Cu and SSC between tidal
and rain SSC, could suggest mixing between a high-Cu source
preferentially mobilized during the low tide rain, and a low-Cu
source mobilized with the tide. The wind event samples are off
the mixing line, however, requiring a different source with lower
Cu than the rain event source. The similar Cu contents between
the tidal and wind event may then suggest the same source for
the wind event as the tidal event (same Cu concentration, higher
SSC). However, this cannot be the case when, for example, the
wind event suspended sediment contents have lower values than
the tidal suspended sediment for several other metals (Co, Mn, Y,
Nd, etc.). Similar analyses can be performed for all above ele-
ments, with the end result being that multiple (at least 3)
sediment sources must be differentially mobilized during the
three different events, and perhaps being variably available
during any single event, to explain the variability of a single
metal in one event.

The organic matter data support the sediment source mixing
concept derived from the metals results. POC and PN were highest
during the rain event, which is consistent with previous research
(Torres et al., 2003; Tolhurst et al., 2008). POC and PN both were
similar between the wind and tide events, which were both
distinctly different from the rain event. The C:N ratio, however,
was highest for the rain event, lowest for tides, and intermediate
for wind. In brackish lakes, the C:N ratio of suspended sediment
can differ with the origin of the sediment (Bordowskiy, 1965a,
1965b). In contrast to the sharp distinction between wind/tides
and rain in POC and PN, the C:N ratios imply that the carbon and
nitrogen during the rain event and background tides might come



Table 5
Comparison of metals concentrations and toxicity guidelines. ERL ¼ effects range

low. ERM ¼ effects range median. ERL and ERM data are from Long et al. (1995).

Element ERL
(ppm)

ERM
(ppm)

Rain mean
(ppm)

Wind mean
(ppm)

Tidal mean
(ppm)

Ag 1 3.7 0.18 0.09 0.52

Cd 1.2 9.6 0.07 0.03 0.25

Cr 81 370 102.76 126.78 133.53

Cu 34 270 113.82 57.69 55.63

Ni 20.9 51.6 115.47 109.43 102.46

Pb 46.7 218 24.96 19.2 35.39

Zn 150 410 142.28 96.92 131.5
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from two different sources, with the wind event mobilizing
sediment from both. One scenario that would fit this concept
would be tidal resuspension from the creek bed and bay bottom,
rainfall erosion from the marsh surface and intertidal mudflats,
and wind–waves causing bottom erosion and erosion from the
channel banks and mudflats. However, as we showed above with
the metals, the wind event requires sediment from a source
distinct from the tide and rainfall.

The bulk sediment samples were expected to provide informa-
tion that can be used to further clarify the sources of sediment for
the background tides, the wind event and the rain event, but the
bulk sediment contents of metals could not be matched to the
metal content of suspended sediment for any of the three events.
The reason could be due to grain size and surface adsorption
issues. The range of disaggregated grain sizes in a subsample of
marsh-surface sediment samples was 2–800 mM. By contrast,
visual inspection of filtered suspended sediment under 100�
magnification revealed the largest captured grains to be 250 mM
in the longest dimension. These largest grains comprised less than
ten particles per filter; the vast majority of particles were less
than about 40 mM. Given that metal concentrations in salt marsh
sediments are a function of sediment size (e.g., Das et al., 2012),
the fine size suspended sediment should have higher metal
content than the bulk sediment because the larger particles (with
lower metal content) would have settled out, perhaps while still
over the marsh platform, while the smaller particles become
suspended in the tidal creek. This is also consistent with the data
in Fig. 11, where the suspended sediment generally has higher
metal contents than the bulk sediment samples. Other factors
such as inhomogeneous mineralogy in the source sediment
leading to differential separation of material (and therefore
elemental fractionation) during transport and settling may also
result in fractionation and differentiation of sediment concentra-
tions from source to the sampling location. Nevertheless, the
metal contents of the bulk sediment in the study area cannot be
used to extrapolate to the metal contents of suspended sediment
during rainy, windy, or fair-weather events.

5.3. Toxicity

Given the contamination history of the San Francisco Bay
watershed, some consideration of toxicity due to rainfall-
induced sediment mobilization is appropriate. Several of the
metals examined in this study can behave as nutrients but also
may be toxic at higher concentrations (e.g., Fe, Cu, Zn). We have
examined the amounts of adsorbed metals without discriminat-
ing between nutrients and contaminants, but the importance of
rainfall-induced mobilization of metals to particular ecosystems
may depend on that distinction. Rainfall could be a factor
contributing to metals pollution by remobilization of contami-
nant metals from historically contaminated areas, like the San
Francisco Bay area. Rainfall could also increase nutrient delivery
from marshes to the coastal ocean, a situation that could be
beneficial or lead to eutrophication.

The total leachable content of some of the metals do exceed
toxicity criteria, and are therefore of potential concern to the
Grizzly Bay ecosystem (Table 5). Mean concentrations of Cr and
Cu during the three events exceed the Effects Range Low deter-
mined by Long et al. (1995) and mean Ni concentration exceeds
the Effects Range Median. Furthermore, the rain event and tidal
cycle contain data exceeding the ERL for Zn although the mean
values are below the ERL. The 2003 Regional Monitoring Program
report cited Cu and Ni as recurring sediment contaminants in
Grizzly Bay, with bottom sediment concentrations exceeding
California contaminant guidelines greater than 90% of the time
between 1997 and 2001; bottom sediment in Grizzly Bay is also
frequently toxic to amphipods and mussels (San Francisco Estuary
Institute (SFEI), 2003). Bottom sediment is toxic to amphipods
more frequently during the winter rainy season than during the
summer dry season, which suggests that rainfall runoff is an
important source of toxic chemicals. Suisun Bay water, however,
has tested as toxic to at least one test species only 13% of the time
between 1993 and 2003 (San Francisco Estuary Institute (SFEI),
2003), which indicates a more complex pathway between bed
sediment metal concentrations and water toxicity.

Whether or not rainfall-mobilized sediment-adsorbed metals
are actually toxic depends on the bioavailability of the adsorbed
metals. The fraction of the total metal that is leachable by acetic
acid represents the metal that is weakly bound to the sediment,
and is presumably bioavailable (e.g., Hurst and Bruland, 2008).
Given that the mean acetic-leachable fraction is highest during
the rain event for only Zn and Pb (Table 3), the overall bioavail-
ability of metals adsorbed to suspended sediment during low-tide
rain events is probably low. Nevertheless, sediment mobilized by
low-tide rainfall does represent a source of potentially toxic
metals to waterways. Given that Grizzly Bay bottom sediment
in the vicinity of the tidal creek mouth have lower metal contents
than the suspended sediment that is presumably the deposition
source (Fig. 11), it is possible that the rainfall-mobilized sediment
and metals do not remain near the mobilization site but instead
could spread throughout regional waterways, or even be trans-
ported further landward into the marsh. Even assuming some
signal dilution with regional dispersion, the contribution of
sediment to regional metals budgets could therefore be under-
estimated if this rainfall effect is not taken into consideration,
especially in light of the strong rainfall seasonality in the study
area. Water and suspended sediment sampling for metals budget
development should therefore be cognizant of the effects of low
tide rainfall-driven metal cycling.
6. Conclusions

This study investigated the potential for rainfall to act as an
agent of remobilization of metals from intertidal sediments by
examining the elemental budgets associated with weakly and
strongly adsorbed metals in tidal creek suspended sediment.
Samples were taken during a low-tide rain event, a wind event,
and a fair-weather tidal cycle. The data presented in this study
suggest that a rain event during low tide is capable of mobilizing
higher amounts of sediment-adsorbed metals to local tidal creeks
than tidal resuspension and wind events. We found
�
 SSC during rain events occurring near low tide was 2–6 times
higher than during rain occurring at high tide and fair-weather
background conditions.



Table A1
Correlation matrix for the rain event, including total leachable metal content for the 12 metals examined (mg g�1) plus SSC (mg L�1) and OC (mg g�1). P-values are below

the values of r2. Correlations with po0.05 are highlighted.

OC Y Cd Nd Pb Cr Mn Fe Co Ni Cu Zn Ag

SSC 0.767 0.171 0.238 �0.231 �0.356 �0.452 0.706 �0.772 �0.0832 �0.302 0.621 �0.739 �0.167

1.25E�05 0.425 0.262 0.278 0.088 0.0268 0.000115 9.93E�06 0.699 0.151 0.0012 3.67E�05 0.436

OC 0.0447 0.21 �0.272 �0.271 �0.271 0.575 �0.699 �0.155 �0.385 0.476 �0.649 �0.186

0.836 0.326 0.199 0.201 0.2 0.00327 0.00015 0.468 0.063 0.0187 0.000603 0.384

Y 0.305 0.896 0.605 0.581 0.561 0.352 0.799 0.811 0.755 0.112 0.661

0.147 3.23E�09 0.00175 0.00289 0.00431 0.0919 2.85E�06 1.52E�06 1.98E�05 0.601 0.00044

Cd 0.209 0.445 �0.0234 0.553 �0.0945 0.407 0.0324 0.552 �0.0173 0.277

0.326 0.0292 0.913 0.00504 0.661 0.0482 0.881 0.0051 0.936 0.191

Nd 0.799 0.775 0.244 0.71 0.809 0.92 0.471 0.472 0.736

2.90E�06 8.88E�06 0.252 0.0001 1.68E�06 2.00E�10 0.0202 0.0199 4.13E�05

Pb 0.642 0.258 0.674 0.755 0.616 0.376 0.605 0.649

0.00072 0.224 0.0003 0.00002 0.00135 0.0702 0.00172 0.0006

Cr �0.0409 0.754 0.624 0.805 0.17 0.528 0.619

0.849 2.12E�05 0.00112 2.06E�06 0.427 0.00803 0.00127

Mn �0.411 0.467 0.0705 0.956 �0.401 0.256

0.0459 0.0214 0.744 3.49E�13 0.0524 0.227

Fe 0.538 0.757 �0.225 0.859 0.557

0.00668 1.84E�05 0.289 7.85E�08 0.00473

Co 0.808 0.6 0.399 0.689

1.81E�06 0.00193 0.0533 0.00019

Ni 0.311 0.467 0.684

0.139 0.0214 0.00023

Cu �0.311 0.382

0.14 0.0654

Zn 0.605

0.00173

Table A2
Correlation matrix for the wind event, including total leachable metal content for the 12 metals examined (mg g�1) plus SSC (mg L�1) and OC (mg g�1). P-values are below

the values of r2. Correlations with po0.05 are highlighted.

OC Y Cd Nd Pb Cr Mn Fe Co Ni Cu Zn Ag

SSC �0.265 �0.558 �0.185 �0.499 �0.555 �0.00141 �0.446 �0.509 �0.418 �0.00916 �0.427 �0.26 �0.0154

0.211 0.00463 0.386 0.013 0.00485 0.995 0.029 0.011 0.0419 0.966 0.0372 0.22 0.943

OC 0.675 0.116 0.523 0.587 �0.0595 0.66 0.15 0.308 �0.0586 0.733 0.301 0.307

0.00029 0.591 0.00879 0.00259 0.782 0.00045 0.485 0.143 0.785 4.66E�05 0.153 0.145

Y 0.307 0.957 0.855 0.0362 0.731 0.732 0.66 0.0538 0.787 0.601 0.297

0.145 2.91E�13 1.01E�07 0.867 4.98E�05 4.86E�05 0.00045 0.803 4.97E�06 0.00189 0.159

Cd 0.357 0.572 0.0124 �0.328 0.143 �0.126 �0.0138 �0.0778 0.425 0.612

0.087 0.00346 0.954 0.118 0.506 0.557 0.949 0.718 0.0386 0.00149

Nd 0.874 0.113 0.587 0.848 0.68 0.128 0.646 0.736 0.385

2.44E�08 0.598 0.00254 1.69E�07 0.00026 0.553 0.00064 4.11E�05 0.0632

Pb �0.0422 0.365 0.624 0.391 �0.0494 0.445 0.815 0.65

0.845 0.0798 0.00112 0.0589 0.819 0.0295 1.2E�06 0.00059

Cr 0.108 0.408 0.639 0.999 0.278 0.0187 �0.128

0.615 0.0481 0.00077 1.12E�29 0.188 0.931 0.552

Mn 0.49 0.739 0.142 0.929 0.0892 �0.269

0.015 3.67E�05 0.507 5.89E�11 0.678 0.204

Fe 0.838 0.427 0.511 0.644 0.13

3.17E�07 0.0374 0.0107 0.00068 0.544

Co 0.666 0.757 0.298 �0.181

0.00039 1.82E�05 0.157 0.398

Ni 0.307 0.00775 �0.162

0.145 0.971 0.449

Cu 0.137 �0.147

0.523 0.494

Zn 0.735

.4.22E�05
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Winds in excess of 8 m s�1 produced an increase in SSC up to
3 times above background concentrations, although some
wind-driven resuspension was also evident at wind speeds
above 5 m s�1.

�
 POC, PN, the carbon–nitrogen ratio (C:N), and total leachable

metals concentration (g L�1) were all higher during the rain
event than during either the wind event or the tidal cycle
sampling.

�

Fig. A1. Loadings on the first 3 component axes, from Principle Components

Analysis of metal content data.
Total leachable metal contents (g g�1) were up to 4 times
higher during the rain event than the wind event for most
metals, and comparable to the range of variation during the
tidal cycle for many.

The results of metals and organics analysis together, as well as
principle components analysis, indicate that rainfall during low
tide mobilizes a different source of sediment than wind events
and fair weather processes, and that multiple sources of sediment
are necessary to fully explain metal content variability between
events. The metal content of bulk bed sediment samples
from around the study area could not be matched satisfactorily
to the suspended sediment in any of the events, implying
that bulk sediment should not be used to extrapolate to sus-
pended sediment in terms of adsorbed metal content. Low tide
sediment mobilization may be an underestimated agent for metal
remobilization in estuarine environments, and important to
fully understanding the total adsorbed metal variability in these
dynamic environments, especially in the San Francisco Bay-Delta
region.
le A3
relation matrix for the tidal cycle event, including total leachable metal content for the 12 metals examined (mg g�1) plus SSC (mg L�1) and OC (mg g�1). P-values are

w the values of r2. Correlations with po0.05 are highlighted.

OC Y Cd Nd Pb Cr Mn Fe Co Ni Cu Zn Ag

C �0.139 0.349 �0.349 0.296 �0.345 �0.389 �0.245 �0.256 �0.292 0.303 0.706 0.24 �0.613

0.571 0.143 0.143 0.218 0.148 0.0996 0.313 0.29 0.225 0.207 0.00074 0.323 0.00524

C �0.438 0.0885 �0.495 �0.0505 �0.276 0.593 �0.0177 0.443 �0.429 �0.105 �0.196 0.0599

0.0604 0.719 0.0312 0.837 0.253 0.00739 0.943 0.0574 0.0666 0.668 0.421 0.808

0.0354 9.82E�01 0.646 0.662 �0.38 0.463 0.0162 0.909 0.668 0.711 0.023

0.886 9.92E�14 0.0028 0.00204 0.109 0.0458 0.948 6.99E�08 0.00176 0.00064 0.926

d �0.0266 0.411 0.0213 0.148 0.14 0.338 �0.24 �0.234 �0.238 0.388

0.914 0.0802 0.931 0.546 0.566 0.157 0.322 0.335 0.326 0.1

d 0.619 0.712 �0.451 0.497 �0.0577 0.941 0.641 0.751 0.0219

0.00469 0.00063 0.0527 0.0303 0.814 2.16E�09 0.0031 0.00021 0.929

b 0.795 0.196 0.765 0.605 0.557 0.277 0.557 0.343

4.82E�05 0.421 0.00014 0.00608 0.0132 0.251 0.0132 0.15

r �0.199 0.688 0.166 0.718 0.159 0.586 0.375

0.415 0.00112 0.497 0.00054 0.515 0.00844 0.114

n 0.207 0.886 �0.378 �0.0113 �0.0887 0.0417

0.396 4.35E�07 0.111 0.964 0.718 0.865

0.478 0.577 0.392 0.669 0.0717

0.0385 0.00972 0.0966 0.00174 0.77

o �0.0607 0.14 0.186 0.182

0.805 0.569 0.447 0.455

i 0.722 0.854 �0.113

0.00048 3.22E�06 0.645

u 0.771 �0.553

0.00011 0.0141

n �0.272

0.26
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