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course of 53 days, the floodwaters of Harvey delivered 14 x 10° m® of freshwater to Galveston Bay. This resulted
in record flooding of Houston bayous and waterways, all of which drained into the San Jacinto Estuary (SJE,) with
its main tributaries being Buffalo Bayou and the San Jacinto River. The lower SJE and lower Buffalo Bayou has ex-
perienced up to 3 m of land subsidence in the past 100 years and, as a result, prior to Hurricane Harvey, up to 2 m
of sediment within the upper seabed contained an archive of high concentrations of Total Hg (HgT) and other
particle-bound and porewater contaminants. Within the SJE, Harvey eroded at least 48 cm of the sediment col-
Keywords: umn, resulting in the transport of an estimated 16.4 x 10° tons of sediment and at least 2 tons of Hg into Galves-
Hurricane Harvey ton Bay. This eroded sediment was replaced by a Harvey storm deposit of 7.73 x 10° tons of sediment and 0.96
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tons within the SJE, mostly sourced from Buffalo Bayou. Considering that the frequency of slow-moving tropical

cyclones capable of delivering devastating rainfall may be increasing, then one can expect that delivery of Hg and

other contaminants from the archived sediment within urbanized estuaries will increase and that what hap-

pened during Harvey is a harbinger of what is to come.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Many of the world's urbanized estuaries and deltas are experiencing
elevated rates of subsidence (Jelgersma, 1996; Syvitski et al., 2009;
Tessler et al., 2015; Al Mukaimi et al., 2018a), which can lead to the ar-
chiving of legacy contaminants in their sediments (Uncles et al., 1988;
Olsen et al., 1993; Kennish, 2002; Swales et al., 2002;). If these legacy
contaminants are buried by a few decimeters of sediment, they are gen-
erally believed to be buried deep enough with the seabed to no longer
be susceptible to erosion (e.g. Cutshall et al., 1981; Olsen et al., 1993).
However, these legacy contaminants can also be “environmental time
bombs” if they do get eroded because they will then also be re-
introduced to the water column where they can be broadly dispersed
and detrimentally impact ecosystems and the environment. Numerous
published studies have addressed the erosion of legacy contaminants
within drainage basins, flood plains and river beds (e.g. Macklin et al.,
1997; Turner et al., 2008; Ciszewski and Grygar, 2016) as well as within
coastal landfills (O'Shea et al., 2018) and coastal mining sites (Ayuso
et al., 2013). In addition, there are also numerous studies addressing
the re-distribution of contaminated surficial sediments within estuaries
(e.g. Cave et al., 2005; Schoellhamer et al., 2007; de Souza Machado
et al.,, 2016; Rodriguez-Iruretagoiena et al., 2016), and the public health
risk this exposure plays (Bera et al., 2019; Knap and Rusyn, 2016;
Plumlee et al., 2013), however, there is a paucity of studies addressing

the erosion of more deeply buried (i.e., deeper than a decimeter or
more) legacy contaminants within an estuary, despite their potential
existence within rapidly subsiding estuaries. This study adds to our
understanding of how large storms and intense flooding within
heavily industrialized and urbanized estuaries can erode nearly
0.5 cm of the bay bottom, and re-introduce and disperse tons of leg-
acy Hg into surface sediments and the water column. Here, we assess
the impact of unprecedented flooding due to Hurricane Harvey on
the upper reaches of Galveston Bay, within Buffalo Bayou and the
San Jacinto Estuary where there is a well-documented inventory of
legacy contaminants buried down to depths greater than 50 cm (Al
Mukaimi et al., 2018a).

Buffalo Bayou flows 75 km, from the Barker and Addicks reservoirs
through the heart of metropolitan Houston and empties into the SJE,
which then flows into Galveston Bay (Fig. 1). Houston is the fifth-
largest metropolitan area in the United States, (population of 7 million)
and is the fourth-largest city in the US. Houston hosts the second-largest
petrochemical complex in the US and second in the world (Morse et al.,
1993; Santschi et al., 2001). The Port of Houston is the second-largest
seaport in the U.S. in terms of total shipping tonnage (Chambers et al.,
2018). Galveston Bay and the SJE are micro-tidal, with a tidal
0.5-0.7 m tidal range (Armstrong, 1982; Solis and Powell, 1999). The
bay is considered to be meteorologically dominated, given its small
tides, shallow depths, and high susceptibility to wind forces (Solis and
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Fig. 1. Galveston Bay subsidence and sedimentation rate map contour plot (red line) of subsidence (meters) between 1906 and 2000 (HGSD, 2008). The gray shaded area represents the
Trinity River incised valley (Rodriguez et al., 2005). Note, the highest subsidence was within the San Jacinto Estuary and Buffalo, with subsidence of 2.5-3.0 m (-3 cm y~') and
sedimentation rates averaging 2 cm y~! indicating that although there were extremely elevated sedimentation rates, sedimentation did not keep pace with subsidence (from Al

Mukaimi et al., 2018a).
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Powell, 1999; Ward, 1980), with cold fronts driving much of the sedi-
ment resuspension and transport (Carlin et al., 2016).

Elevated groundwater was withdrawn to both support the
expanding population of metropolitan Houston as well as the growing
petrochemical complex. This has resulted in elevated land subsidence
across much of both greater Houston and also upper Galveston Bay
(Fig. 2), with as much as 3 m of subsidence since 1900 focus the area
of lower Buffalo Bayou, the San Jacinto Estuary (SJE) and upper Galves-
ton Bay, as the Houston Petrochemical complex (Coplin and Galloway,
1999; HGSD, 2013). Al Mukaimi et al. (2018a) addressed the question
of whether sedimentation kept pace with subsidence and found that
within the lower SJE, where subsidence rates averaged 3 cm yr— !,
sedimentation was at half of this rate, averaging 1.5 cm yr—!. Al
Mukaimi et al. (2018b) found that the elevated subsidence within
the lower SJE resulted in the elevated preservation of legacy contam-
inants, including Hg, Pb, Ni, and Zn. In sediment core C-22, a peak in
HgT of 2374 ng g~ ! was found at 77 cm within the core and elevated
HgT concentrations were found as deep as 110 cm (Fig. 3) with back-
ground concentrations of HgT between 20 and 50 ng g~ ! throughout
Galveston Bay.

Mercury (Hg) is one of the most detrimental global aquatic con-
taminants (Bank, 2012; Liu et al., 2011). In marine environments,
Hg bioaccumulates as methyl mercury, contaminates seafood, and
thus poses a human health hazard (Di Leonardo et al., 2006). There
are likely numerous sources of Hg within the Galveston Bay drainage
basin, including atmospheric outfall from coal combustion, effluent
from wastewater treatment, agricultural runoff, and various

industrial runoffs (Al Mukaimi et al., 2018b). However, historically,
the greatest, and likely the dominant source of Hg within the drain-
age basin appears to be industrial wastewater runoff from Patrick
Bayou (PB), a small tributary of Buffalo Bayou, with a water surface
area of 0.18 km?, located 4 km upstream from the confluence of Buf-
falo Bayou and the SJE. Patrick Bayou is a US Environmental Protec-
tion Agency (EPA) Superfund Site for Polyaromatic Hydrocarbons
(PAHSs), Polychlorinated Biphenyls (PCBs), Dioxins, Hg, and several
other industrial contaminants (US EPA, 2017). Industrial wastewater
discharge into PB from a Chloralkali plant located within Patrick
Bayou is listed by the EPA as the likely source of the contamination
(USEPA, 2017). The Texas Natural Resources Conservation Commis-
sion (TNRCC) reported that during a site inspection in 2000,
sediment samples collected in PB had HgT levels as high as
41,500 ng g~ . Patrick Bayou is located in an area that has experi-
enced over 3 m of subsidence. A summary of a report from the US
EPA was found online (HGAC, 2012) showing results of a sediment
core collected upstream of the bridge in PB, directly in front of the
outfall. A profile of HgT shows peak HgT concentration at ~130 cm
depth and peak PCB's at 100 cm, indicating over 1.5 m of archived
legacy contamination within Patrick Bayou.

Al Mukaimi et al. (2018a) investigating the historical input of Total
Mercury (HgT) into Galveston Bay (Fig. 4A). In this study, they found
that surface HgT concentrations vary widely from site to site, ranging
from between 6 and 162 ng g, with an average of 50.0 ng g~ ', gener-
ally following the previously reported range of 10-280 ng g~ ! (Morse
et al., 1993; Santschi et al., 2001). Al Mukaimi et al. (2018b) also

(a) 32 1200
31 1000
> ]
ﬁ 30 : 800
o =
= 1600
£ 99 > Galyeston Bay i
© ® 30/8
- g 1400
T e .
28 : .\26/8 29/8 Gulf Mexico 1 200
;/ Accurﬁu\lated precipitation (mm) over Aug.21 to Aug.31
27 T o ‘ . - "
-98 97 -96 95 -94 93 92 91
Longitude (deg)
(b) 400 . . : ‘ , :
H Daily precipation ]

300

20/08

27/08 03/09

averaged over Galveston Bay

10/09

17/09 24/09 01/10

Date of 2017

Fig. 2. Hurricane Harvey Rainfall for Metropolitan Houston and eastern Texas. (a) Accumulated precipitation during Hurricane Harvey between August 21 and 31, 2017 and (b) daily
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Fig. 3. Base map of the study area. Base map showing the location of the Addicks and Barker Reservoirs as well as the location of Buffalo Bayou, Patrick Bayou, and the San Jacinto Estuary.

documented background concentrations of HgT, in deeper sections of
the core (Fig. 5A), likely deposited during the pre-Industrial period of
the bay, ranged range from 8 to 20 ng g~ '. NOAA considers levels of
4-51 ng g~ ! as background conditions (Buchman, 2008).

Hurricane Harvey (Harvey) struck the Texas coast between 25
and 27 August 2017, making landfall as a category 4 hurricane, and
delivering between 76.2 and 127 cm of rain to the Houston Metro-
politan area and the drainage basin of Galveston Bay (Fig. 2; NOAA,
2017). Over the course of 44 days, the floodwaters of Harvey deliv-
ered 14 x 10° m? of freshwater to Galveston Bay, a volume equiva-
lent to 3.7 times the volume of the entire bay (Du et al., 2019a,
2019b). This record rainfall resulted in unprecedented flooding of
Houston bayous and waterways, all of which drained into the SJE,
with its main tributaries being Buffalo Bayou and the San Jacinto
River. The associated river discharge delivered 149 x 10° tons of sed-
iment to the bay, which constitutes 35 yrs. of normal fluvial sediment
yield (Du et al., 20193, 2019b).

Harvey was a slow-moving tropical cyclone. The amount of precipi-
tation a tropical cyclone delivers is inversely proportional to the transla-
tional speed of the storm (Kossin, 2018), thus, slower-moving storms
deliver more precipitation than fast-moving storms, having the poten-
tial to deliver substantially greater volumes of floodwaters. Since
1949, globally, there has been a 10% decrease in the translation speed
of storms (Kossin, 2018). With an increase in anthropogenically en-
hanced climate change, there is also a trend towards an increase in per-
sistent weather extremes (Mann et al., 2017), an increase in the

frequency and intensity of tropical cyclones (Held and Soden, 2006;
He and Soden, 2015; Vecchi and Soden, 2007; Vecchi et al., 2006, and
He et al,, 2017), and, with an increase in global temperature, there is
also an anticipated increase in the amount of rain associated with trop-
ical cyclones (Kossin, 2018; Walsh et al., 2016). These slow-moving
storms can cause catastrophic flooding, as was the case with Harvey
(2017) and more recently Hurricane Florence (2018), which struck Wil-
mington, NC. When this intense precipitation falls within the water-
sheds of urbanized/industrialized estuaries, the associated floods
increase the risk of erosion and dispersal of legacy contaminated sedi-
ments (e.g. Santschi et al,, 2001). If the urbanized/industrialized estuary
has been subjected to elevated subsidence rates, then there is an even
greater likelihood that sediments within the urban river/estuary con-
tain an archive of elevated levels of legacy contaminants, which are po-
tentially available for erosion and dispersal. The impact of Harvey
provides the opportunity to investigate what happens when a heavily
industrialized estuary, which has undergone significant land subsidence
and which sediment contains an archived of legacy contaminants, is hit
by a major flood event associated with a slow-moving hurricane. This
paper reports on how the flooding associated with Harvey eroded and
transported massive amounts of mercury contaminated sediment
within Buffalo Bayou, Patrick Bayou, and the SJE. To address this ques-
tion, results from vibra-cores collected and analyzed pre-Harvey are
compared to results from vibra-cores and push cores collected post-
Harvey within the SJE and the collection of vibra-cores in Patrick
Bayou, a tributary of lower Buffalo Bayou.
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Fig. 4. Surface Sediment Total-Hg (HgT) maps for the San Jacinto Estuary (SJE). A) The pre-Harvey HgT Concentrations map for surface sediment is from Al Mukaimi et al. (2018a) and
shows that the highest concentration of HgT is centered around Burnett and Scott Bay, Buffalo Bayou was not sampled pre-Harvey. B) Post Harvey HgT shows again that the highest
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2. Material and methods
2.1. Data collection and core processing

Core 22 and Patrick Bayou Core 1 were collected as vibra-cores using
a 7.6 cm diameter aluminum barrels. The vibra-cores were collected
using an Oztec vibra-coring head attached to a 7.6 cm diameter alumi-
num barrel, with core recovery ranging from 1 to 4 m. The cores were
brought back to the lab, split axially, using power shears to cut the
core barrel and wire used to cut the core. One half of the core was sub-
sampled, with half of the core preserved under refrigeration for archival
purposes. Core 22 was collected in August of 2012, and analyses of Core
22 are reported in Al Mukaimi et al. (2018a, 2018b). Patrick Bayou Core
1 was collected on May 8, 2019.

Push cores were collected using a repurposed Benthos® checkvalve
pushcoring head, which was attached to an aluminum conduit with
stainless steel hose-clamps and electrical tape. The conduit was in
1.5 m long sections that screwed together, with a maximum length of
5 m. The removable core barrels consist of 7.6 cm diameter polycarbon-
ate tubes generally ranging in length from 0.3 to 0.6 m. During recovery,
the pushcoring system was brought to the surface and the core barrels
were capped while the end of the core was still in the water to prevent
the loss of the cores from the check valve. While holding the core verti-
cally, the bottom core cap was immediately sealed with electrical tape
while still being kept vertical. Flourofoam was pushed into the core
top so that it rested just above the sediment-water interface, the
flourofoam was cut flush with the top of the core barrel and then the
top of the core was sealed with a core cap and electrical tape and stored
vertically for transport back to the lab.

None of the recovered cores showed any signs of degradation from
transportation. The cores were stored in a cold room which is held at
a constant temperature of 4 °C. X-radiographs were taken of all cores
atanenergy level of 64 kV and exposure time of 1.6 mAS with a portable
Medison X-ray source and a Varian PaxScan® Amorphous Silicon Digital
Imager.

After each core was x-rayed, the entire Harvey layer was extruded.
In some cases, each one-centimeter interval was collected, in others,
the entire interval was extruded as a single sample. For those for
which the sediment was extruded into 1 cm intervals, a subsample of
each interval of equivalent volume was combined to make a single Har-
vey sample and homogenized and subsamples of this were collected for
Hg and grain size analyses. For those samples where the entire interval
was sampled, the interval was homogenized and subsamples were col-
lected for Hg, grain size distributions, and water content.

2.2. Water content and porosity

Samples (10 g) collected when the cores were sampled and were
immediately placed in pre-weighed aluminum tins and kept in an
oven at 50 °C for at least 24 h, and then re-weighed to determine
water content. The porosity was calculated from the water content by
estimating the salt content, using an average sediment density of
2.65gcm™>,

2.3. Total Mercury analysis

For the analysis of total mercury concentration (HgT) in the sedi-
ments, approximately 100 mg of dry and homogenized pulverized sed-
iment samples at 5 cm intervals were analyzed using Direct Mercury
Analyzer (DMA-80, Milestone SRL, Italy) which is compliant with U. S.
EPA Method 7473 (EPA, 1998). The DMA-80 was calibrated using pre-
pared standard solutions of mercury and the calibration curve was ver-
ified with Certified Reference Materials (CRM). In order to ensure
precision, reliability, accuracy, and consistency of the sediment samples
for the total Hg, three CRMs (MESS-3 Marine sediment (0.091 +
0.009 mg 1~!, National Research Council of Canada), NIST 2702

Inorganics in Marine sediment (0.4474 4 0.0069 mg1~!, National Insti-
tute of Standards and Technology), and PACS-2 Marine sediment
(3.04 + 0.2 mg I~!, National Research Council of Canada)) were used
representing a different Hg range. Once the instrument was calibrated
with liquid standard solutions, the calibration curve was verified with
the three CRMs. Blanks and duplicates were analyzed every 10 samples
to ensure accuracy. The results obtained from the CRMs were excellent
and in good agreement within the certified range with an average re-
covery rate for MESS-3 of 97% + 7% (Mean 4 RSD, n = 137), NIST
2702 (96% + 7% (Mean 4 RSD, n = 43), and PACS-2 (97% + 11%
(Mean 4 RSD, n = 64).

2.4. Geographic Information System (GIS) map preparations and volume
and mass calculations

The maps used in this study were created using various ArcMap Pro
2.5.1 mapping tools. The basemaps were created using elevation data
from the United States Geological Survey and bathymetry data (USGS,
2013) from the Texas Parks and Wildlife Department (TPWD, 2013).
The development data was retrieved from NOAA (NOAA, 2016). The
raw data set was inserted into ArcGIS and was reclassified so that only
medium to high development is shown. The shoreline data was re-
trieved from the Texas Natural Resources Information System (TNRIS,
2014). Contours of the data were generated using the Inverse Distance
Weighted (IDW) tool, which assumes that the influence of a variable de-
creases with distance.

The flood deposit volume was determined based on the contoured
data for each sub-bay and converted to mass by assuming a water con-
tent of 70% and a sediment density of 2.65 g cm?, which is the density of
quartz. To estimate HgT masses for each sub-bay, an average concentra-
tion was used for each sub-bay and the concentration was multiplied by
the mass of sediment within the sub-bay.

3. Results
3.1. Comparisons of vibracores and pushcores in San Jacinto Estuary

Bear Lake and Clear Lake are represented by SJRVC-1, which was col-
lected in Clear Lake, 6 river km upstream from the confluence of the San
Jacinto River and Buffalo Bayou, and is the only core collected upstream
in the SJE upstream of Buffalo Bayou. The Harvey layer in SJRVC-1 was
6.25 cm thick and had a HgT concentration of 30 ng g~'. Burnett Bay
had a Harvey thickness of 31.5 cm and a surface HgT concentration of
670ngg~ .

The pre and post-Harvey Cores 22 were collected at a site within
Scott Bay, which is a small, semi-enclosed bay within the SJE in an
area where the average Relative Sea Level Rise rate for the past century
is estimated to be 2.78 5cmy ™' (Al Mukaimi et al., 2018a). In 2012, pre-
Core 22 was collected and subsequently analyzed by Al Mukaimi et al.
(2018a, 2018b) for down core concentrations of Hg, x-radiographs
were collected as unsplit core x-rays, down core grain size distributions
and 2'°Pb geochronology was performed on the core (Fig. 5). Based on
these analyses, it was determined that the average sediment accumula-
tion on this core was 1.5cmy .

In the pre-Harvey Core 22, the x-radiographs and the grain size pro-
files reveal that the core is consistently composed of 90-98% mud with
only 2-10% sand. In pre-Harvey Core 22, there is a prominent Hg spike
in concentration of 2374 ng g~ ! at 76 cm, according to Al Mukaimi
et al. (2018b), this corresponds to a depositional event estimated to
have happened around 1972. Above this spike, the concentration of Hg
sharply decreases and at the surface, the Hg concentration is 162 ngg~".

In Post-Harvey Core 22, the x-radiograph was taken from a split core
and reveals the presence of a 22 cm thick layer at the surface of the core.
The base of this new layer is marked by an erosional surface above
which is a basal deposit 12 cm thick consisting of shell gravel and
sand. The shell layer included intact shells up to 2-3 cm long and coarse
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Fig. 6. (a) X-radiograph, (b) color photograph, (c) percent sand content, Total-Hg (HgT) content of Patrick Bayou Core 1. The color photograph (b) shows the Harvey layer as a brown, oxic
layer, sitting atop a black, anoxic layer. The x-radiograph (a) reveals that the Harvey layer is generally featureless, suggesting rapid deposition. The percent sand content profile (¢) and HgT

(d) both reveal that there is a lower, mud dominated averaging 10,000 ng g~ !, whereas the upper Harvey layer is sand dominated and has a much lower HgT averaging 2255 ng g

shell fragments. There is a sharp transition at 10 cm in the core, above
which there is a layer of well-laminated mud, with sandy laminations,
the average sand content of this interval is 25%. This upper 22 ¢cm
thick layer found in post-Harvey Core 22 is interpreted as the Harvey
layer, with the coarse, basal portion of the flood layer represents
bedload transported during the higher flow conditions and the finer
upper layer having been deposited during the waning phase of the
flood and represents deposition of the suspended load.

The erosional surface within the x-radiograph at the base of the flood
layer suggests that there was erosion of the bed during the peak flood
discharge conditions. Comparisons of HgT profiles from pre- and post-
Harvey Core 22 reveal that at depth, below the flood layer, the HgT pro-
files correlate well with the 1972 peak HgT spike at 51 cm in the post-
Harvey core. The pre-Harvey core collected in 2012 and additional
cores collected in 2016 (shown in Hill, 2020) at the Core 22 site all reveal
comparable HgT profiles. While the pre-Harvey Core 22 contained no
significant or discernable sand layers within the upper 1 m of the core
(Al Mukaimi et al., 2018b), aligning the HgT spikes in both cores show
that ~48 cm of mud was eroded at the post-Harvey site prior to deposi-
tion of the 22 cm thick flood layer. The average concentration of HgT

within the muddy portion of the Harvey flood layer was 197 ng g~ .

3.2. Patrick Bayou Core results

Patrick Bayou Core 1 (PBC-1) was collected on May 8, 2019. As noted
above, all of the samples were wet sieved to remove sand prior to mea-
suring HgT concentrations, so these concentrations are not significantly
skewed due to grain size variabilities. Core photographs (Fig. 6A) reveal
that the upper 17 cm of the core contains brown sandy mud and the x-
radiograph revealed this layer to be the base of which is delineated by a
sharp contact. The upper 17 cm interval appears to consist of two inter-
vals, a basal layer from 10 to 17 cm and a surface layer from 0 to 10 cm.
The basal layer has a sand content averaging 22% and it progressively in-
creases upwards from 13.6% at 17 cm to 38% sand at 10 cm and has a
HgT concentration averaging 10,762 ng g~ !, with a peak HgT concentra-
tion of 24,011 ng g~ ! at 12.5 cm. The x-radiograph reveals no bedding

-1

horizons, although there does appear to be a horizontal fabric. In addi-
tion, there are a few vertical burrows, suggesting escape burrows and
also other vertical sedimentary structures indicative of fluid escape
structures, which extend all way to the surface of the core. The fluid es-
cape structures suggest dewatering due to rapid sedimentation, consis-
tent with a storm deposit. The interval from 0 to 10 cm has a higher
average sand at 38% with the surface interval having a sand content of
52%,a HeT concentration ranging from 1243 to 4004 ng g~ !, with an av-
erage HgT of 2255 ng g~ !, and generally looks similar to the layer below.
It is assumed that the layer from 0 to 17 cm represents the Harvey layer.
Directly below the Harvey layer, the HgT concentrationis 51,270 ngg ™",
the highest concentration found within the entire core, and below this,
from 21.5 to 40 cm, the HgT concentrations are generally 10,000 ng g~
or higher. Additionally, from 20 to 60 cm, the core contains black mud,
which had a very strong petroleum smell when the core was split and
within this interval, the sand content within the core progressively de-
creases upwards from 69% at 55 cm to 4.2% at 20 cm. The HgT concen-
tration of 51,270 ng g~ ' at 19.5 cm is over 1000 times background
concentrations and is the highest concentration found anywhere else
in Galveston Bay, by a factor of 20.

3.3. San Jacinto Estuary Pushcore Harvey layer thickness estimation results

Only the portions of the SJE outside of the dredged and navigable
channel are considered in this study. A combination of extremely high
vessel traffic, maintenance dredging, and water depths precluded sam-
pling within the ship channels. A total of 6 sites within the SJE were
cored to determine deposit thicknesses, each of these sites were within
sheltered bays, including Scott, Tabbs, and Burnet Bays, as well as Bear
Lake and the upper SJE.

From the x-radiographs, the base of the Harvey layer was deter-
mined as well as the thickness of the layer and recorded (Table 1). For
each core, the base of the Harvey deposit was easily identified as an
anomalous erosional surface with a sand layer sitting atop of it, and
above this a high-water content mud deposit (Figs. 5D and 6A). The
sand layer was clearly evident as a lighter tone in the x-rays and is an
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Table 1
Hurricane Harvey sediment and HgT loads for San Jacinto Estuary and Patrick Bayou.
Sub-Bay Sediment mass deposited Mass of HgT deposited Sediment mass scoured Mass of HgT scoured
Burnet Bay 7.87 x 10° tons 0.70 tons 1.72 x 10° tons 1.15 tons
Scott/Crystal Bay 1.01 x 10° tons 0.20 tons 2.21 x 10 tons 0.43 tons
Tabbs Bay 3.18 x 10 tons 0.10 tons 8.49 x 106 tons 0.25 tons
Upper San Jacinto Bay 7.52 x 10° tons 0.04 tons 1.64 x 10° tons 0.08 tons
Clear/Bear Lake 1.74 x 10° tons® 0.05 tons® 2.39 x 10° tons® 0.07 tons®
Patrick Bayou® 2.43 x 10 tons? 0.24 tons® 1.43 x 10° tons? 1.43 tons®
Total for San Jacinto Estuary Sub Bays 7.73 x 106 tons 0.96 tons 16.42 x 10° tons 2.0 tons

2 Not included in total for the San Jacinto Estuary.
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Fig. 7. Isopach map of Hurricane Harvey deposit in the San Jacinto Estuary. This map does not include the thickness of the Harvey deposit within the Houston Navigational Channel but
extrapolates deposit thicknesses from the undredged areas across the navigation channel as a minimum thickness estimate. The thickest deposit was found in Core HSC VC-4, which is
downstream from the Lake Houston Dam spillway. The next thickest deposit was found in Burnett Bay, where Buffalo Bayou flows into the San Jacinto Estuary. The deposit becomes
progressively thinner towards the mouth of the San Jacinto Estuary within upper Galveston Bay.
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anomalous feature within these cores as they were all collected in areas
where the remainder of the cores are mud dominated. In most cores,
there were also shells, many of which were articulated, also sitting
atop the erosional surface.

Based on the measurements of the Harvey layer, an isopach map of
the thickness of the Harvey deposit was generated for the portion of
the SJE investigated, using ArcGIS (Fig. 7). Note, the contours on the
map range from 0 to 50 cm, showing the range of cores from those
areas outside of the dredged ship channel. For the basis of consideration
of the Harvey deposit across the SJE, the dredged Houston Ship channel
was ignored and the values from the adjacent areas are extrapolated
across the channel areas as a minimum thickness estimate. The Harvey
Isopach maps (Fig. 7) show that the thickest deposits were found within
the SJE, south of the confluence with Buffalo Bayou, with thicknesses ex-
ceeding 50 cm in some places, and also forming a deltaic deposit in Gal-
veston Bay at the mouth of the SJE.

Using ArcGIS, we determined the volume of the entire flood layer
within the sub-bays of the SJE to be 9.72 x 10 m>. Using the density
of quartz (2.65 g cm ™) for the sediment density and average water
content for the flood deposit (70%), this volume of flood deposit con-
tains a mass of 7.47 x 10° metric tons.

Within the SJE, the analyses of the Scott Bay core document 48 cm of
sediment erosion within this bay. We have no other cores where we
could effectively estimate the scour depth due to Harvey. However,
the other portions of the SJE are generally less sheltered than Scott
Bay, suggesting that comparable or greater currents were experienced
in these locations. Assuming a scour depth of 48 cm and the same sed-
iment parameters as assumed for estimating the mass of the Harvey de-
posit, with an area of the sub-bays of the SJE of 43 km?, it is estimated
that 16.4 x 10° tons of sediment was scoured from the SJE from Harvey
and that this scoured sediment contained 2 tons of Hg (Table 1).

4. Discussion
4.1. Sources of Hg
According to Al Mukaimi et al. (2018b), Hg is sourced to Galveston

Bay through both point-source and non-point sources. Non-point
sources include atmospheric fallout from coal-burning and runoff
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from fertilizer, industrial waste streams from paper mills (e.g.
Williams et al., 2015). However, there is one significant point source
that has been identified, the wastewater outfalls of Patrick Bayou. Pat-
rick Bayou (Fig. 8) is a 3 km long, sheltered slough that empties into
lower Buffalo Bayou and contains seven industrial wastewater outfalls
that empty into it. These include two outfalls from Oxyvinyl, (Occidental
Chemical Company), as well as outfalls from Shell Oil Company and
Lubrizol Corp. refineries. Hg has historically been used as a catalyst in
the manufacturing of polyvinyl chloride (PVC; Vallette, 2018) and is a
major source of Hg contamination throughout the world (e.g. Ren
et al,, 2014). PVC is one of the primary product streams of Oxyvinyl
(Vallette, 2018).

Patrick Bayou was placed on the US EPA Superfund list for pesticides,
polynuclear aromatic hydrocarbons (PAHs), and polychlorinated bip