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A B S T R A C T

Coastal wetlands have a long history of degradation and destruction due to human development. Now re-
cognized as one of the most productive ecosystems in the world, substantial efforts are being made to restore this
critical habitat. While wetland restoration efforts are generally viewed as beneficial in terms of providing
wildlife habitat and flood control, they are often accompanied by dramatic physical and chemical changes that
may result in unintended consequences, which are rarely studied. Alviso Slough, a tidal slough in South San
Francisco Bay, California, is the site of an ongoing effort to restore former salt-production ponds to intertidal
marsh habitat. Restoration is complicated by the fact that (1) the ponds undergoing restoration are severely
subsided and (2) subsurface sediments within the slough and surrounding ponds are contaminated with legacy
mercury deposits. Due to concerns regarding mercury remobilization, restoration has proceeded in a cautious,
methodical manner. To assess the amount of legacy mercury remobilized since restoration began, we developed
a technique of combining high-resolution, biannual measurements of bathymetric scour with mercury con-
centration measurements from sediment cores. We estimate that 52 kg (± 3) of mercury was remobilized in the
6 years since restoration began. Net bathymetric change analyses revealed seasonal trends of peak erosion during
the winter months and little to no net change during summer months. Our analyses provide crucial insight on the
spatial and temporal scales of geomorphic evolution within a tidal slough resulting from both natural (seasonal)
variability and restoration actions. The technique presented here could be applied to other study sites and
various sediment-associated contaminants of concern to aid in the design and management of restoration pro-
jects aiming to minimize negative impacts from legacy contaminants.

1. Introduction

Coastal wetlands are among the most productive ecosystems in the
world (Barbier et al., 2011; Ramsar Convention, 2018). Wetlands serve
as critical habitat for fish and wildlife (Goals Project, 1999), filter and
improve water quality (Chapman and Wang, 2001; Day et al., 2012),
buffer shorelines from the impacts of storms and sea-level rise (Kirwan
and Megonigal, 2013; Rodríguez et al., 2017), sequester carbon dioxide
from the atmosphere (Callaway et al., 2012; Nahlik and Fennessy,
2016) and provide valuable public recreation space. Unfortunately,
coastal wetlands have been greatly impacted by human activities that
resulted in either their destruction (through draining, diking, infilling)
or degradation through land-use practices that have altered the flow of
water and sediments to coastal estuaries (e.g., water diversions, dams,
wastewater discharge, agriculture, mining operations, etc.). Located at
the confluence of upland watersheds and the ocean, estuaries also serve

as a receiving basin for anthropogenic contaminants flushed from the
landscape. As a result, wetland restoration projects designed to restore
these critical habitats face the additional challenge of mitigating ne-
gative impacts from sediment-associated legacy contaminants already
in the system.
San Francisco Bay (SFB) is the site of the largest wetland restoration

project on the west coast of the United States. The South Bay Salt Pond
Restoration Project (SBSPRP) aims to restore 61 km2 (15,100 acres) of
former commercial salt-production ponds to a mix of intertidal habitats.
However, restoration is complicated by mercury (Hg) contamination.
Historic practices of gold-mining in the Sierra Nevada Mountains and Hg-
mining in the California Coast Ranges delivered tens of thousands of tons
of mercury from the upstream watersheds to North and South SFB, re-
spectively (Alpers et al., 2005; Wright et al., 2014). Much of this Hg
persists as a large pool of contaminated sediments stored within the Bay
(Hornberger et al., 1999; Gehrke et al., 2011; Davis et al., 2012; Eagles-
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Smith et al., 2016). When buried beneath the surface of the Bay floor, the
Hg-contaminated sediments are relatively harmless. However, once the
previously sequestered Hg is liberated via sediment scour (i.e., re-
mobilized) and exposed to active circulation in the contemporary aquatic
environment, the Hg poses a serious risk to wildlife and ecosystem health
(Grenier and Davis, 2010; Eagles-Smith et al., 2016). The concern is that,
if sediment scour is increased as a result of restoration actions, and this
legacy Hg is liberated, it has the potential for uptake through the aquatic
food web (Marvin-DiPasquale and Cox, 2007; Davis et al., 2012), pos-
sibly harming the ecosystem and wildlife that the restoration project
aims to protect. The ecological risks associated with Hg remobilization
have been at the forefront of the SBSPRP's permitting, design, and im-
plementation process (EDAW et al., 2007; SBSPRP, 2018).
The primary objective of this study was to quantify the amount of

Total Hg (THg) remobilized within Alviso Slough, a tidal slough in South
San Francisco Bay (SSFB), as wetland restoration progressed. We devel-
oped a new technique of combining biannual measurements of slough
scour with THg concentration data from sediment cores to estimate THg
remobilization within the slough. In doing so, we have not only quan-
tified THg remobilization, but also produced a remarkable series of 13
high-resolution bathymetric surveys over the course of 6 years. This is
the only dataset we are aware of that captures the changes in mor-
phology of a tidal slough with this level of detail. This series of surveys
offers an unprecedented view of the geomorphic evolution of a mesotidal
slough in response to both natural, seasonal variability and changes in
hydrodynamics resulting from restoration actions. This paper details the
technique we developed for estimating THg remobilization from sub-
surface sediments as well as changes in slough bathymetry through time.
Combined, these datasets assess the impact of both seasonal variability in
natural forcings and restoration-induced modifications of flow to provide
insight on the spatial extent, rate, and magnitude of morphologic change
and associated mercury remobilization.

2. Study area

2.1. Regional setting

San Francisco Bay is the largest estuary on the west coast of the
United States. Fresh water enters the estuary primarily through the

Sacramento–San Joaquin River Delta, a drainage basin that covers
∼40% of the state of California, and mixes with saline waters entering
from the Pacific Ocean beneath the Golden Gate Bridge (Conomos et al.,
1985). Tides are mixed semi-diurnal with a range that increases to-
wards the south reaching 2.6m at the Dumbarton Bridge (Fig. 1; NOAA,
2018). Lower SSFB, south of the Dumbarton Bridge, is extremely
shallow (average depth of< 2m at mean tide level), and intertidal flats
cover over 70% of the surface area (Jaffe and Foxgrover, 2006). The
surface sediments are composed primarily of silt and clay, with a mean
grain size of 15 μm (Barnard et al., 2013).
San Francisco Bay has a Mediterranean climate with>95% of the

annual average precipitation delivered via episodic winter storms be-
tween October 1st and April 30th of each Water Year (WY spans October
1 –September 30 for any given year; McKee et al., 2013). The spring and
summer months are marked by little precipitation and sea breezes, ty-
pically from the west or northwest (Conomos et al., 1985). Annual peak
suspended sediment concentrations occur during the springtime at both
the Dumbarton Bridge, 400–1200mg/L (Shellenbarger et al., 2013) and
within Alviso Slough,> 1500mg/L (Shellenbarger et al., 2015). The
two main tributaries to lower SSFB are Coyote Creek, which enters from
the east and the Guadalupe River, which feeds into Alviso Slough.

2.2. Mercury in South San Francisco Bay

Hg contamination is a concern throughout the entire SFB estuary
due to a combination of natural and anthropogenic sources (Gehrke
et al., 2011; Davis et al., 2012; Eagles-Smith et al., 2016). Hg con-
tamination is of particular concern in SSFB because the largest histor-
ical Hg mining district in North America, New Almaden, is located
30 km upstream and feeds into its waters (Cargill et al., 1980; Gehrke
et al., 2011; McKee et al., 2017). Over 37 million kg of Hg was mined
from the New Almaden mine between 1845 and 1975 during which
mining waste and processed ore were deposited on the surrounding
lands and creeks (Cargill et al., 1980). Over time, mining waste was
transported downstream to the Guadalupe River, which feeds into
lower SSFB. Although decommissioned in the 1970s, the legacy of the
mining era is still apparent in elevated Hg concentrations in sediments
throughout the watershed drainage to the Bay (Guadalupe River and
upstream reservoirs; McKee et al. (2017)), the length of Alviso Slough

Fig. 1. Study Area. (A) San Francisco Bay, star denotes New Almaden mercury mines. (B) Lower South San Francisco Bay and Alviso Study area. Yellow rectangles
indicate A6 breach locations and arrows are sites of flow control structures. (C) Pond A8 Tidal Control Structure (A8-TCS). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

A.C. Foxgrover, et al. Estuarine, Coastal and Shelf Science 220 (2019) 1–12

2



(Marvin-DiPasquale and Cox, 2007), within the surrounding ponds and
marsh (Conaway et al., 2004; Miles and Ricca, 2010), and within the
resident birds and fish (Schwarzbach et al., 2006; Ackerman et al.,
2014; Eagles-Smith and Ackerman, 2014).

2.3. Alviso Slough and salt ponds

Alviso Slough is a region that has undergone extensive landscape
modifications that have altered natural hydrologic flows including the
construction of levees, commercial salt ponds, and upstream reservoirs
as well as channel rerouting and dredging. Historically, Guadalupe
River flowed directly to Guadalupe Slough rather than Alviso Slough
(see historical maps in SFEI (2018)). In the mid-to-late 1800s a junction
was formed connecting the two sloughs, and in the early 1900s when
levees were constructed for salt evaporation ponds, the Guadalupe
River was disconnected from Guadalupe Slough and has since drained
directly into Alviso Slough. Since the salt pond levees were constructed
in the early-to-mid 1900s, this region has subsided> 1m as a result of
excess groundwater withdrawal in the greater Santa Clara Valley
(Poland and Ireland, 1988; Ingebritsen and Jones, 1999; Watson,
2004). Subsidence was largely halted by the 1970s, yet the interior of
the ponds and the surrounding communities remain at elevations below
mean tide level.
Our focus here is Alviso Slough itself, and the ponds to the west

undergoing restoration. Alviso Slough is ∼100m wide where it meets
Coyote Creek and tappers up slough to a width of 30m or less near
Pond A8 (Fig. 1). The slough is lined by marsh habitat, predominantly
pickleweed and cordgrass in the lower slough and bulrush and cattails
in the mid to upper slough (Fulfrost et al., 2012), which provides a
buffer between the slough and the earthen levees surrounding the ad-
jacent historic salt production ponds. Waters flow throughout the up-
slough ponds (A5, A7, and A8) through a series of internal levee
breaches. This larger combined complex (hereafter Pond A8 complex)
covers 6.2 km2 and is separated from the smaller (1.5 km2) down-
slough Pond A6 by an intact levee. Mean pre-restoration depths of 1.8
and 2.4 m below mean higher high water (MHHW) within Ponds A6
and A8, respectively (Foxgrover et al., 2007a,b; Athearn et al., 2010),
translate to sediments voids on the order of 2.7× 106m3 and
14.6×106m3. Combined, over 17×106m3 of sediment is needed to
fill the ponds to MHHW to sustain tidal marsh habitats and 7×106m3

to reach the elevation of mean tide level where plants can begin to
colonize. Opening these subsided ponds to tidal action has been pro-
jected to more than double the tidal prism of Alviso Slough (Achete,
2016).

2.4. Restoration design

Closest to the Bay, where Hg contamination is lower, a levee/dike
breach style restoration (Pethick, 1996; Williams and Orr, 2002) was
initiated in December of 2010. The levee surrounding Pond A6 was
breached in four locations (two along Guadalupe Slough and two along
Alviso Slough; Fig. 1) to allow the pond to naturally fill with sediment
delivered via tidal flux. Just up slough from the breaches there are two
pairs of 1.2-m-wide culverts modifying flow into or out of the larger
Pond A8 complex through Ponds A5 and A7. Due to legacy Hg concerns
associated with restoration of the larger Pond A8 complex, a dike
breach approach was impermissible. Rather, a tidal control structure
(A8-TCS) was constructed in the far southeastern corner of Pond A8,
connecting the larger A8 pond complex to upper Alviso Slough (Fig. 1).
The concrete structure is approximately 12m wide and consists of 8
openings, each outfitted with a 1.5-m-wide gate that can be opened or
closed independently to control water flow (Fig. 1c). A single gate was
first opened for 6 months, June–December of 2011, and then closed
over the winter months to prevent juvenile salmonids from getting
trapped inside the ponds. Three gates were opened from June–De-
cember of 2012 and again in 2013. In March of 2014, three gates were

once again opened, but rather than closing them during the winter, they
remained open from that point forward, while the number of opened
gates increased over the subsequent 3-year period. In September 2014,
five gates were opened, and in June 2017 all eight gates were opened,
and remain open as of 2018. The timing and extent of gate operations
were determined in part based upon the results of the research pre-
sented here, in combination with numerous studies analyzing the
physical and biological impacts of restoration (SBSPRP, 2018).
Alviso Slough provided a unique case study on the geomorphic

evolution of a slough in response to a large increase in tidal prism re-
sulting from two separate restoration actions: (1) open breaches that
allowed the sudden introduction of tidal water to a smaller pond (Pond
A6) in the lower slough and (2) a tidal control structure (TCS) in the
upper slough and the gradual, controlled introduction of tidal waters to
a larger (Pond A8) complex. As levees surrounding the subsided ponds
are breached and the tidal prism enlarged; higher velocity tidal flows
are anticipated to increase sediment scour within Alviso Slough. If re-
storation was shown to exacerbate Hg contamination within Alviso
Slough, with the potential for long-term environmental impacts, the A8-
TCS gates would be closed and tidal exchange halted (EDAW et al.,
2007).

3. Methods

3.1. Bathymetric surveys

Tidal sloughs are a challenging environment in which to conduct
bathymetric surveys. Typically, bathymetric change analyses in tidal
sloughs or riverine environments are performed by transects with either
single-beam bathymetry, lead line, or walking surveys performed at
fixed intervals along the length of the study area, providing a cross-
sectional view at specific locations, but no information on what oc-
curred between transects. To obtain full coverage of Alviso Slough, a
234 kHz SWATHplus (aka BATHYSWATH) interferometric sidescan
sonar system was pole-mounted to the U.S. Geological Survey (USGS)
research vessel, R/V Parke Snavely (Foxgrover et al., 2018). The
SWATHplus is optimized for collecting high-resolution bathymetry in
shallow conditions, has a beam width greater than 12 times the water
depth, and was able to map the entire slough in just two passes up and
down the slough. The output is a continuous, 1-m horizontal resolution
survey with an average density of 20 soundings per square meter.
The baseline, pre-restoration bathymetric survey in 2010 and all

subsequent surveys were conducted following the procedures outlined
in Foxgrover et al. (2018). During the fall of 2011 we began collecting
bathymetric surveys on a biannual basis, spring and fall, to measure
bathymetric change as restoration progressed. Spring (either March or
April) and fall (either October or November) were targeted as our
survey months to best capture seasonal fluctuations in regional sedi-
ment flux (Shellenbarger et al., 2013). We mapped the bathymetry of
Alviso Slough (area of ∼250×103m2) every spring and fall between
October 2011 and March 2017, with the exception of spring 2014. All
13 of the bathymetric surveys (available from Foxgrover et al., 2018)
were collected using the same methodology and referenced to the same
datums so that they could be directly compared to one another for
analyzing volumes and patterns of morphologic change through time.
Bathymetric change was calculated by differencing pairs of bathymetric
surveys.
There are two types of error associated with bathymetric surveys,

bias and random error. Bias can enter through differences in horizontal
or vertical datums (reference points), thereby introducing false, sys-
tematic offsets between surveys. Random error, on the other hand, is
randomly distributed in space, has a mean of zero, and is generally
associated with sounding inaccuracies or noise. Although each in-
dividual sounding contains some error, the large number of soundings
both above and below a surface (average point density of 20/m2) will
cancel out, resulting in a true average depth. In comparing bathymetry
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from two time periods, random error cancels out whereas systematic
bias will not. We assessed bias by comparing repeat surveys of the
slough collected within days of one another. The mean difference in
areas of overlap from five separate repeat surveys (spanning November
2013–March 2017) represents the bias between individual surveys
(range of 1–5 cm, mean=2 cm). Volume change uncertainty was ap-
proximated by adding the mean bias for each survey (2 cm), in

quadrature and multiplying the result (3 cm) by the surface area of the
bathymetric change grid.
For the purposes of our analyses, we divided the slough into three

reaches of comparable slough lengths; lower (0.2–2.7 km from the
mouth), mid (2.7–5.0 km from the mouth), and upper (5.0–7.1 km from
the mouth; Fig. 2). The difference in cross-sectional areas between these
reaches is noteworthy. While the greatest volume change often

Fig. 2. A: Net bathymetric change from December 2010–March 2017. Location of sediment cores 1–11, cross-section profiles, and three slough reaches shown for
reference. B–E: Slough cross-section profiles. 2010 digital terrain model (DTM) of 2010 bathymetry merged with aerial topographic lidar displayed to provide context
on the upper portion of the banks not captured by bathymetric surveys. F: Volumes of gross erosion (blue), gross deposition (red), and net bathymetric change (black
line) over the duration of our study. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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occurred within the lower slough, where the slough is widest, when
normalized by area (i.e., centimeter of vertical change per square meter
of surface area) the mid and upper slough can exceed the area-nor-
malized change of the lower slough. Graphs of change through time are
thus normalized by surface area so the results are directly comparable
across all three slough reaches. For simplicity, when referring to
changes that occurred in the late fall and winter, we use the end year
naming convention, e.g., change from October 2014–April 2015 is
simply ‘2015 winter’.

3.2. Sediment core collection and Hg analyses

A total of 12 sediment cores were collected along the center of
Alviso Slough over three separate coring campaigns during September
2006 (5 cores), May 2012 (4 cores), and January 2016 (3 cores). The
sampling locations of Cores 1–11 are displayed on Fig. 2. Core 12 (not
shown) was collected outside of the bathymetric survey extent, ∼500m
up slough of Core 11. All of the 2006 core analytical results and
methodological details associated with field sampling, core logging, and
laboratory analysis of Hg and non-Hg species have been previously
published (Marvin-DiPasquale and Cox, 2007). The same field and la-
boratory methods were used for the 2012 and 2016 cores, and the
analytical results are available on-line (Marvin-DiPasquale et al., 2018).
Core lengths ranged from 79 cm to 231 cm (mean=189 cm,
median=198 cm). Sub-sampling intervals typically ranged from 10 to
30 cm and were determined based on visual changes in stratigraphic
features (color, apparent grain size) of the longitudinally split cores and
non-destructive scans of sediment bulk density and magnetic suscept-
ibility (Marvin-DiPasquale and Cox, 2007). However, for the purposes
of modeling sediment Hg mobilization (this study), THg concentrations
(ng/g dry weight) were converted to regularly spaced 10-cm intervals
by linear interpolation and then transformed to (ng/cm3) using coin-
cident measurements of sediment bulk density.

3.3. Hg remobilization calculations

While there is a mobile/active layer of Hg-contaminated near-sur-
face sediments exposed to the aquatic environment through shallow
tidal mixing or bioturbation, that is not our primary focus here. Our
main focus is the sediment-associated Hg deposits buried beneath the
Bay floor of Alviso Slough, originating primarily from runoff of the now
decommissioned New Almaden Hg mine (hereafter legacy Hg). In this
dynamic estuarine environment, sediments are often reworked, with
periods of erosion followed by deposition and vice versa. However, in
this study we are most concerned with the initial exposure of long
buried, Hg-contaminated bed sediments to Bay waters. For example, for
a given location the deepest point of erosion may have occurred during
April 2015, but was then covered by newly deposited sediments in the
weeks or months following. Regardless, that April 2015 depth is what
we used for our Hg remobilization calculation for this location.
Whether or not sediments were redeposited in that same location later
was not accounted for in our calculations since the origin of those se-
diments would be unknown and our primary concern was the initial
exposure of the ecosystem to remobilized legacy Hg. For a number of
reasons (detailed in Section 5.1) this approach may be considered a
conservative estimate of THg available to the ecosystem.
The series of 13 seasonal bathymetric surveys were imported into

ArcGIS software for bathymetric change analyses. The maximum depth
of scour over the entire time series was extracted using the Cell
Statistics Tool in ArcGIS to select the deepest measurement for each
individual 1×1m grid cell over the entire slough. The resulting raster
surface represents the maximum depth measured for each individual
grid cell within Alviso Slough throughout the 12 seasonal surveys col-
lected between October 2011 and March 2017. The maximum depth
surface was then differenced from the 2010 baseline survey to generate
a surface of the maximum amount of scour since restoration began.

Data from 12 sediment cores were used to capture the variability of
THg concentration with depth beneath the slough floor and also with
distance along the slough (locations shown in Fig. 2). Although the
sediment cores were collected over three separate coring campaigns
(2006, 2012, and 2016), our scour calculations are all relative to the
2010 pre-restoration baseline bathymetry. To account for this differ-
ence in time, within our model we adjusted the vertical position of the
sediment cores to the same reference plane as the 2010 baseline
bathymetry. The amount of bathymetric change that occurred between
2010 and the core collection date was approximated using bathymetric
surveys most recent to core collection. A single-beam survey from April
2005 (Foxgrover et al., 2007b) and our April 2012 and October 2015
SWATHplus surveys were used for reference. The average amount of
sediment erosion or deposition that occurred within a 3-m radius of the
core collection site between the approximate time of collection and
2010 was used to shift the cores vertically to match the 2010 reference
plane. For the two cores that did not extend to 2m depth (Cores 11 and
12), or for very localized erosional hotspots where sediment scour ex-
ceeded 2m (<0.1% of the study area), the THg concentration from the
deepest measured interval was applied to underlying sediments.
Once all of the cores were shifted to the 2010 vertical reference

plane, 10-cm-thick horizons of THg concentration were linearly inter-
polated between core sites along the length of the slough and down to a
depth of 2m below the 2010 baseline elevation surface. In all, a total of
20 data layers captured THg concentration variation, one for each 10-
cm-thick sediment horizon along the length of the slough. For each
survey time step, the maximum depth of scour was calculated on a cell-
by-cell basis for the entire slough. The depth of scour was then con-
verted to a volume of sediment eroded (cm3) for each 10-cm horizon
and multiplied by the THg concentration (in ng/cm3) for that specific
slough location and depth. The values were summed by survey time
step to calculate mass of THg remobilized as a result of sediment scour
within the slough since December 2010.
The largest uncertainty in our remobilization calculation is attrib-

uted to the high spatial variability of THg concentration in slough se-
diments. Admittedly, a linear interpolation based upon 12 cores is a
simplified representation of true spatial variability over the entire
slough. To estimate uncertainty we applied two additional techniques
for approximating THg concentration within the slough: (1) using a
single, depth-averaged THg concentration for each slough reach de-
rived from average core concentrations, and (2) using average THg
concentration per slough reach for each 10-cm-thick horizon. These two
techniques generated remobilization numbers within±5% of the more
sophisticated interpolation method.

4. Results

4.1. Slough morphology and bathymetric change

Patterns of morphologic change varied spatially along the length of
the slough. Sections of the slough channel migrated laterally (one side
deposited and the other eroded), widened (both banks eroded while the
thalweg remained stable), deepened, or shoaled (Fig. 2). As of March
2017 approximately 75% of Alviso Slough was deeper than in the pre-
restoration 2010 survey (average erosion= 42 cm). In terms of total
survey area, 51% eroded< 0.5m, 16% from 0.5 to 1m, 5% from 1 to
1.5 m, and 1% from 1.5 to 2m. Scour> 2m (<0.1% of the area) was
confined to localized hotspots immediately adjacent to breaches, cul-
verts, or the tidal control structure at Pond A8 (A8-TCS). The remaining
25% of the slough was depositional (average=21 cm).
In addition to spatial variability, sedimentation patterns also varied

through time (Fig. 2f). In the 6 years following the A6 breaches (De-
cember 2010–October 2016) there was a net erosion of 26×103m3

(± 7). With the winter of 2017 included (December 2010–March
2017), net erosion increased to 58×103m3 (± 7). This highlights the
point that due to seasonal and inter-annual variability, net change

A.C. Foxgrover, et al. Estuarine, Coastal and Shelf Science 220 (2019) 1–12

5



volumes vary significantly based upon the time period over which they
were calculated. Therefore, we have emphasized comparable time steps
and seasons when interpreting change results.
Within each year there was significant seasonal variability and a

general pattern of higher volumes of net erosion during the winter
months (average erosion of 24×103m3, max of 48×103m3) and either
decreased amounts of erosion or net sedimentation over the spring and
summer months (average deposition of 7×103m3, max of 30×103m3;
Fig. 2f). Out of the five winter seasons surveyed, all except the 2016
winter had a net erosion of sediment with peak area-normalized net-
erosion rates of 3 cm/mo for the entire slough (Fig. 3). Net change over
the four summer periods generally fluctuated between slightly erosional
to slightly depositional. The highest rate of area-normalized net deposi-
tion recorded in our study, an average of 2.1 cm/mo over the entire
slough, occurred during the summer of 2015 (Fig. 3).
Throughout the duration of our study, the hydrodynamics within

the slough were influenced by restoration actions (A6 breaches and A8-
TCS operations) as well as natural variability in freshwater delivery
from the Guadalupe River (Fig. 3). Guadalupe River discharge was
measured at USGS gaging station 11169025, approximately 8 km up-
stream of the A8-TCS (USGS, 2018a). Much of our study period, Water
Years (WY) 2012–2015, coincided with a severe drought in California.
There was near-average precipitation in WY 2016 and record pre-
cipitation in WY 2017 (McKee et al., 2017; East et al., 2018; Swain
et al., 2018). On February 21, 2017, the Guadalupe River gage recorded

the highest maximum peak discharge since 1998. Based upon 87 years
of flow measurements (combined records of 2 nearby gages (USGS,
2018a; USGS, 2018b)), the February 21st peak of 180m3/s had an es-
timated recurrence interval of 5–10 years. Perhaps what is more im-
pressive is that during WY 2017 six flow events exceeded 77m3/s, the
equivalent of a 2-year flood event. In other words, there is a 50%
chance of a flow of this magnitude happening in any given year, and
there were 6 in early 2017. The high flows of WY 2017 were also as-
sociated with high sediment loads. Nearly 75,000 tons (∼68×106 kg)
of sediment passed the Guadalupe River gage from October
2016–March 2017 (Fig. 3), nearly 25 times the average winter loads of
the preceding 5 years (USGS, 2018a).
Over the course of our study there were three comparable peaks of

net erosion (Fig. 3). During the first erosional peak, in the winter of
2012, the rate of area-normalized net change was highest in the upper
slough, −3.7 cm/mo, and decreased to −1.4 cm/mo in the lower
slough. The early winter of 2012 was a period of relatively low dis-
charge and only one of the A8-TCS gates had been opened for 6 months
(Fig. 3). The second erosional peak was not until the winter of 2015 and
encompassed a large discharge event in December (peak of 150m3/s).
Furthermore, it was the first time the A8-TCS gates were left open all
winter and the A8-TCS opening was expanded from 3 to 5 gates at the
end of September 2014. During the third erosional peak in the winter of
2017, the A8-TCS had remained open at 5 gates for over 2 years,
Guadalupe River had record-high discharges (detailed above) and the
mid slough had the highest net erosion rate, −3.7 cm/mo (Fig. 3).
In the first year following the breaches of the A6 levees, the amount

of erosion immediately adjacent to the breaches was countered by a
nearly equivalent amount of sediment deposition just up slough, re-
sulting in a slight net deposition of sediment in the lower slough over
the first year. Over the subsequent 2 years (October 2011–November
2013), the lower slough experienced net erosion (Fig. 4). Beginning in
November 2013 this trend reversed and the lower slough became net
depositional. With the exception of the 2015 winter, there was a cu-
mulative net deposition of sediment in the lower reach from November
2013 through October 2016. During both the winters of 2015 and 2017
all reaches were net erosional; however, the lowest rates of erosion
remained in this lower reach (Fig. 3).
Greater context for the changes within Alviso Slough were obtained

through comparisons of geomorphic change within Pond A6 and be-
yond the mouth of Alviso in lower SSFB. An average annual sediment
accumulation rate of 20 cm/yr was measured at 10 sediment pins dis-
tributed throughout Pond A6 in the 28 months following the levee
breaches (Callaway et al., 2013). The average accumulation of 47 cm
over the surface area of Pond A6 equates to a deposition of over

Fig. 3. A: Area-normalized net change rate (cm/mo) per slough segment.
Vertical dashed lines represent bathymetric survey dates, the gray shading and
rectangles across the X-axis are A8-TCS gate openings (1 box per gate). B: 15-
min Guadalupe River discharge (blue lines) and cumulative suspended sedi-
ment loads per wet season (horizontal red lines) (USGS station 11169025). (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

Fig. 4. Cumulative area-normalized net change (cm) per slough segment.
Negative changes represent erosion and positive deposition. Gray shading and
rectangles across the X-axis are A8-TCS gate openings (1 box per gate).
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625×103m3 of sediment (Callaway et al., 2013) or approximately 7
times the cumulative gross erosion from Alviso Slough over the same
timeframe (88× 103m3 during December 2010–April 2013). Since the
volume of sediment deposited within Pond A6 exceeded the erosion
within Alviso Slough, sediments must have been transported from be-
yond the vicinity immediately adjacent to Pond A6, a conclusion which
is further supported by our larger bathymetric change maps (Figs. S1
and S2). Although the scope of the immediate study is focused on Alviso
Slough, our bathymetric surveys also covered the surrounding area
within lower SSFB, along Coyote Creek from east of Calaveras Point to
the railroad bridge, along the lower 3.7 km of Guadalupe Slough, and
when tides permitted, the adjacent tidal flats. The pattern of increased
erosion during the winter and decreased erosion/net deposition over
the summer documented within Alviso Slough also existed throughout
our larger study area (Figs. S1 and S2).

4.2. Mercury remobilization

To assess the remobilization of Hg deposits from within Alviso
Slough's subsurface sediments, we focused our analyses on the timing
and magnitude of the maximum depth of scour (Fig. 5), the deepest
point of erosion measured over the duration of our surveys, and the
associated volume of sediment scoured from the slough. Once the
subsurface Hg deposits have been remobilized and exposed to surface
water, a number of things can happen, including: a) inorganic Hg(II)
previously associated with solid-phased reduced mineral species (e.g.
FeS, FeS2) can become more readily available for biological uptake as
those solid-phase substrates become oxidized; b) Hg(II) can become
available for microbial conversion to methylmercury; c) particulate
associated Hg(II) and methylmercury can be transported as newly
suspended material throughout the system (up or down slough, into
ponds, or into fringing wetlands) (Marvin-DiPasquale and Cox, 2007).
For much of the lower slough the maximum scour depth was reached by
April 2015, whereas the deepest points measured in the mid and upper
slough were primarily from the final survey in March 2017 (Fig. 5b).
Sediment cores revealed a high degree of spatial variability, both

horizontally and vertically, in THg concentration throughout the
slough. THg concentration ranged from 0.04 to 10.4 μg/g (mean= 1.0,
median=0.8). The median of 0.8 μg/g is comparable to pre-restoration
surface sediment samples collected within the Alviso ponds, 0.7 μg/g
(Miles and Ricca, 2010), which is the concentration shown to frequently
cause adverse biological effects in benthic fauna (Long et al., 1995).
Concentrations in the surface interval of the cores tended to be lower
than in subsurface sediments (median of 0.6 μg/g), but still elevated
compared to samples from throughout SFB; from deep cores (range of 6
surface samples= 0.3–0.4 μg/g; Hornberger et al., 1999), intertidal and
wetland locations (N= 29, median= 0.3 μg/g; Gehrke et al., 2011),
and subtidal samples (N= 51, median=0.2 μg/g; Conaway et al.,
2003).
Although the sediment cores revealed a general pattern of higher

THg concentration in deeper sediments in the mid to upper slough,
there was not a consistent trend of increased Hg with core depth or
distance up slough (Fig. 6). Given the complex depositional history,
environmental setting, and number of hydrologic modifications to the
slough over the past 150 years, this is not surprising. There is, however,
a general pattern of increased concentrations at depths> 30 cm, with
the mid and upper slough cores having the highest overall concentra-
tions, and the 3 highest peak measurements (all > 4000 ng/cm3)
found in the upper slough (Fig. 6).
During the first 3 years of the restoration project, rates of THg re-

mobilization increased modestly in the winter months coincident with
increased rates of erosion (Fig. 7a), but generally averaged about 3mg/
mo/m2 and were comparable across all slough reaches (Fig. 7b).
However, in the winters of 2015 and 2017 larger spikes of THg re-
mobilization (9–16mg/mo/m2) occurred in the mid and upper sloughs
(Fig. 7b). The cumulative volume of sediment erosion and the THg

remobilization associated with the sediment scour is shown in Fig. 8.
The cumulative volume of sediment eroded throughout the study was
greatest in the lower slough (Fig. 8), where THg concentration is
lowest. From December 2010–March 2017 an estimated 52 kg (± 3) of
THg was remobilized throughout the entire slough and the largest

Fig. 5. A: Maximum amount of scour measured throughout all 13 seasonal
bathymetric surveys. B: Survey date when the maximum scour depth (left) was
reached.
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increases in THg remobilization occurred during the winters of 2012,
2015, and 2017. While the volume of sediment eroded and the mass of
THg remobilized generally tracked one another, in the spring of 2015,
THg remobilization began to level off in the lower slough while it
continued to increase (relative to the amount of sediment scour) in the
mid slough (Fig. 8). This trend reflected elevated erosion in the mid
slough beginning to reach deeper sediment intervals with higher THg

concentrations during October 2014, which continued through March
2017. The average and maximum depths of erosion along a cross-sec-
tional profile at each core location are shown for reference in Fig. 6a.
During the winter of 2017, the cumulative amount of THg remobilized
in the mid slough exceeded that of the lower slough for the first time
since our study began (Fig. 8).

Fig. 6. A: Core data. Sequential core ID in the top right corresponds to locations displayed in Figs. 2 and 3. Core IDs from data reports are shown at the bottom right,
the format is collection date (MM.YY) followed by core number. Beneath the core ID is the approximate distance (km) from the mouth of Alviso Slough. The dashed
lines represent the mean and maximum depth of scour across a cross-sectional profile taken at each core location. Core 12 (distance 7.50 km) is located up slough of
our bathymetric survey extent, thus erosional depths are not displayed. B: Interpolation of THg concentration into 10-cm-thick horizons down-core with a 1-m
horizontal resolution. Open circles represent sample measurements.
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5. Discussion

The legacy of mining operations and watershed manipulations re-
main pronounced in SSFB and provide an additional level of compli-
cation to wetland restoration projects. There are both advantages and
disadvantages to sediment remobilization within Alviso Slough. Scour

remobilizes Hg-contaminated sediments in the slough, which poten-
tially has adverse effects on the ecosystem, but is also a source of se-
diment to help fill subsided ponds to an elevation that can sustain tidal
marsh vegetation, a goal of the restoration project.
Alviso Slough and Pond A6 in particular, exhibit the three char-

acteristics that Williams and Orr (2002) listed as favorable traits for
restoration success: (1) a nearly unrestricted tidal exchange, (2) high
suspended sediment availability and (3) limited wind-wave induced
resuspension. These are undoubtedly characteristics that contributed to
the short timespan (approximately 3–5 years) between the Pond A6
breaching in 2010 and when the lower slough became net depositional.
This reversal between scour and net sedimentation trends could be
indicative of the lower slough beginning to approach a new dynamic
equilibrium. In comparison, the Pond A8 complex has experienced re-
stricted tidal exchange through the A8-TCS, is located further up slough
where tidal suspended sediment concentration transport is lower, and
due to its size and increased fetch, has greater potential for wind-wave
induced resuspension. Our measurements showed that the upper
slough, as of March 2017, still appeared to be on an erosional trajec-
tory. The maximum depth of scour for much of the mid and upper
sloughs occurred in the most recent survey (March 2017) suggesting the
mid and upper reaches are still evolving, potentially in direct response
to management actions associated with A8-TCS manipulations that
continued throughout this study. Until Alviso Slough reaches a new
equilibrium, scour will likely continue to remobilize Hg-contaminated
sediments.
Our measurements of increased erosion during the winter months and

decreased erosion/net deposition during the summer months are con-
sistent with larger patterns of sediment transport documented within
SSFB. Periods of high suspended sediment concentration in the spring and
summer months measured north of the Dumbarton Bridge (Brand et al.,
2010; Lacy et al., 2014) support the common conceptual model that
wind-wave resuspension mobilizes sediments north of the Dumbarton
Bridge that are then transported to the south (Conomos et al., 1985; Lacy
et al., 2014). However, Shellenbarger et al. (2013) did not measure a
consistent southern flux through the channel leading to the lower SSFB in
the summer months and stressed that the mechanism controlling the
timing and direction of net sediment flux through the Dumbarton narrows
is not entirely understood. Shellenbarger et al. (2013) hypothesized that
salinity gradients (both vertical and longitudinal) over the entire SFB
drive gravitational circulation (McCulloch et al., 1970; Walters et al.,
1985) and net sediment flux in lower SSFB. These earlier studies, in
combination with our broader bathymetric change maps (Figs. S1 and
S2), show that seasonal variations in sedimentation persist throughout
lower SSFB, and that regional SSFB sediment transport patterns influence
sedimentation trends within Alviso Slough.
Over our study period of 6 years, there were three separate peak

erosional events that spanned the range of A8-TCS operations and hy-
drologic conditions. The fact that the three peaks were of similar
magnitude, despite varying conditions suggests that a combination of
factors influence erosion within Alviso Slough. During the winter of
2012 discharge was low, the rate of erosion was highest in the upper
slough and decreased with distance from the A8-TCS. This suggests that
the opening of the first A8 gate (1.5 m) in June–December 2011 was at
least partially responsible for the increase in erosion. There were no
changes to A8-TCS gate configurations between the fall of 2014 and the
spring of 2017, yet both winters 2015 and 2017 experienced high net
erosion rates, while the intervening winter, 2016, experienced the
lowest recorded winter erosion rates throughout our study. Therefore,
gate operations were not the only factor controlling scour in the slough
and having the A8-TCS open during the winter months did not ne-
cessarily or consistently result in enhanced erosion during winter.
Rather, the morphology of Alviso Slough has been shaped by a com-
bination of both natural, seasonal variability (in precipitation, winds,
and tides) as well as changes in the tidal prism resulting from specific
restoration actions.

Fig. 7. A: Area-normalized erosion rate by slough reach. B: Area-normalized
rate of THg remobilization. Vertical dashed lines represent bathymetric survey
dates, the gray shading and rectangles across the X-axis are A8-TCS gate
openings (1 box per gate).

Fig. 8. Cumulative volume of erosion (solid lines) and kilograms of THg re-
mobilized (dashed lines).
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After 4 years of drought conditions, California experienced record
amounts of precipitation in WY 2017 and correspondingly, the
Guadalupe River had the highest peak discharge in 19 years and nu-
merous high-flow events. Despite record-high flows, the rate of scour in
Alviso Slough was similar to that seen during the winters of 2012 and
2015. One plausible explanation is that scour resulting from increased
current velocities during storm events was countered, at least in part,
by the massive amount of sediments (∼68×106 kg) delivered over
that winter from the upstream watershed (USGS, 2018a). Assuming a
sediment bulk density range of 1350–2060 kg/m3 (range of near-sur-
face samples throughout SSFB; Jones and Jaffe (2013)), this equates to
33×103–50×103m3 of sediment or an amount which would raise the
bed elevation of Alviso Slough by approximately 13–20 cm. Of course
all of the sediment that passed the Guadalupe gage would not ne-
cessarily reach, or stay within Alviso Slough, but some portion likely
did. It is also likely that the timing and duration of peak discharge
events had an influence on the amount of scour occurring within Alviso
Slough. The net impact on scour down slough could be modulated by
tidal stage, with current speed and sediment transport down slough
amplified on ebb tides and dampened/redirected through the A8-TCS
during flood tides (M. Downing-Kunz, pers. comm.). Overall, our
measurements support the findings of Shellenbarger et al. (2015) and
Achete (2016) who found that episodic winter events can have a large
influence on suspended sediment flux for brief periods of time, but the
overall net transport patterns are predominantly driven by larger-scale
sediment-transport processes.
Although any increase in Hg exposure to the aquatic ecosystem is of

concern, our estimate of 52 kg (± 3) of THg over 6.3 years, should also
be interpreted in the context of annual loads delivered from the
Guadalupe River watershed. Our estimate of 8.2 kg/yr is on the low end
of annual estimates of watershed delivery of 7–320 kg/yr (Abu-Saba
and Tang, 2000), later refined to 4–30 kg by Thomas et al. (2002).
McKee et al. (2017) updated THg flux estimates to incorporate inter-
annual variability and emphasized the importance of intermittent,
storm-induced events in transporting larges fluxes of sediment and as-
sociated contaminants from upstream watersheds (Whyte and Kirchner,
2000). Based upon 8 years of THg measurements combined with 14
years of suspended sediments loads, McKee at al. (2017) proposed a
more refined, climatically adjusted average annual load of 139 kg/yr.
Through an intensive, storm-focused sampling regime over 7 days,
McKee et al. (2018) estimated that 70 kg of Hg were transported to
Alviso Slough over a single storm series in January 2017 and concluded
that hundreds of kilograms were likely transported over the winter of
2017. This finding emphasizes the point that high-flow events can have
very large impacts and that sources both within estuaries and upstream
watersheds must be considered when looking at the potential for con-
taminant remobilization.

5.1. Limitations of mobilization calculations

There are a number of assumptions and limitations associated with
our THg remobilization calculations. First, each core profile is a com-
posite of 3–4 individually collected core segments (approximately
70–80 cm each; see Marvin-DiPasquale and Cox (2007)). Some spatial
variability was likely introduced due to the challenges of maintaining
an exact sampling position and penetrating the same benthic substrate
location with each subsequent sub-core. Second, our interpolation of
THg concentration assumes that the THg sampled within the center of
the channel is representative of that entire cross-sectional profile (from
bank to bank), and that THg varies linearly, between core locations.
This layer-cake like approach is undoubtedly an oversimplification as
the morphologic behavior of the slough is highly variable, as indicated
by changes in depositional and erosional patterns through time, as well
as the range of THg concentration present in the cores. Third, for cores
where the targeted 2-m penetration depth was not achieved, the dee-
pest THg concentration measured was assigned to the underlying

sediments not sampled. There are also a number of reasons why our
estimates may be considered a conservative estimate of the total
amount of Hg available to the aquatic ecosystem. (1) We only consider
sediments above the maximum depth of scour in our remobilization
calculations. In reality, any Hg in the shallow sediments just below the
maximum depth of scour could be considered part of the new active
surface layer exposed to the aquatic environment. (2) Our submerged
bathymetric survey system is unable to measure the upper portion of
the channel banks closest to the shoreline, thus, we were unable to
account for any erosion that occurred above roughly mean tide level.
(3) We do not account for Hg associated with incoming sediments de-
posited within Alviso Slough following our core collections. (4) Lastly,
our measurements do not account for continuous sediment reworking
within the system. We have quantified where there was a net deposition
or erosion of sediment for each given time interval (between con-
secutive bathymetric surveys), but cannot speak to what happened
during intervening times.

6. Conclusions and future work

Restoration projects face a particularly daunting challenge in ur-
banized estuaries where the remobilization of legacy contaminated-
sediments can potentially harm the ecosystem and wildlife they aim to
protect. We have presented a new technique for integrating physical
measurements of bathymetric scour and THg concentration data within
a geographic information system to estimate the amount of THg re-
mobilized within a tidal slough undergoing restoration. Our analysis of
6 years of biannual bathymetric surveys documents the response of
Alviso Slough to both natural and human-induced changes. Seasonal
surveys captured an overall trend of summertime lows and wintertime
highs in erosion rates, which is important to understanding the overall
sediment transport patterns. Since restoration began, approximately
52 kg (± 3) of THg was remobilized within the slough. The largest
increases in THg remobilization were associated with sediment scour
that occurred over winter months and are likely a result of increased
discharge during the winter from the Guadalupe River, increased tidal
current velocities due to levee breaches and A8-TCS gate operations, as
well as larger sediment transport patterns south of the Dumbarton
Bridge. After 3–5 years, erosional trends reversed and the lower slough
became net depositional, a possible indication that the lower slough is
adjusting towards a new equilibrium. In contrast, the middle and upper
sloughs were still actively eroding as of our last bathymetric survey in
March 2017 and are likely to continue serving as a source for THg re-
mobilization into the future.
Future data collection efforts will be focused on large events (either

changes to A8-TCS, the addition of new breaches, or large winter
storms) when scour, and thus THg remobilization, are most likely to
occur. Additional studies detailing sediment transport pathways would
help elucidate the geographic scope and magnitude of ecological im-
pacts resulting from THg remobilization. Methylmercury production is
dependent, in part, upon where the remobilized sediments are ulti-
mately deposited, which could be assessed through numerical mod-
eling. To this end, our bathymetric surveys have already been used in
the development and validation of sophisticated, process-based nu-
merical models that show promise in tracking sediment-bound mercury
and reproducing the morphologic changes we have measured (Achete,
2016; van der Wegen et al., 2018). Through continued refinement of
such models we can begin to address crucial questions regarding the
ultimate fate of remobilized THg and the long-term evolution of Alviso
Slough under various restoration and sea-level rise scenarios. Both the
technique presented here and models stemming from this research
could be transferred to other study sites to characterize the redis-
tribution of sediment-associated contaminants and inform future re-
storation projects.
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