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Plain Language Summary

Heavy metal pollution is both a global concern and a threat to the local communities it affects.
The local communities in the Puget Sound area of Washington state create a lot of this pollution,
which makes its way into local waterways through sewage, shipyard waste, and rivers. This area
is home to many important species that humans rely on for food and heavy metal pollution puts
these animals and the humans that consume them at great risk of metal poisoning. This study used
a digital model of the Puget Sound area, called LiveOcean, to look at how lead and copper behave
when added to the waters of Puget Sound. This was done to determine what factors influence how
metals behave while in the water and to locate areas where these metals accumulate in Puget
Sound. Based on their natural sinking behaviors, copper was modeled not to sink and lead was
modeled to sink very quickly. These metals were released within the model from three locations
where pollution is released by humans: the Puget Sound Naval Shipyard, the West Point
Wastewater Treatment Plant, and the Puyallup River. Through modeling, we found that Puget
Sound is a trap for trace metals because both copper and lead reached the bottom in high
proportions. The fate of particles is highly dependent on their sinking behavior, the location from
which they are released, and the season. With a more informed understanding of the behavior of
trace metals in Puget Sound, we can put in place strategies to clean up human-caused pollution

and minimize future health risks for the environment and the local human population.
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Abstract

Trace metal pollution is a global concern and a threat to the local communities it affects. The
human activity in the Puget Sound area of Washington state is a large source of these pollutants,
with ambient pollution, wastewater treatment plants, shipyard waste, and rivers all flowing into
the estuary. This area is home to many important organisms essential for subsistence and
commercial fisheries, as well as keystone species vital for local ecosystem functioning. Trace
metal pollution puts these organisms and the humans that consume them at great risk of trace metal
poisoning. The LiveOcean Regional Ocean Modeling System (ROMS) was used to assess if Puget
Sound acts as a trap for lead and copper, to determine what factors influence the behavior of trace
metals, and to locate areas where trace metals accumulate in Puget Sound. Based on their natural
behaviors, copper was modeled with no sinking rate and lead was modeled with a sinking rate of
40 m/day. Metals were released within the model from three trace metal point-source locations:
the Puget Sound Naval Shipyard, the West Point Wastewater Treatment Plant, and the Puyallup
River. The majority of both copper and lead reached the bottom of the water column at every
release location and time. This supports the idea that Puget Sound is a sink for trace metals. Based
on the differences in particle behavior between locations and months, the fate of particles is highly
dependent on their sinking behavior, the location from which they are released, and the season.
These findings neither support nor refute if the Main Basin is the key area of sequestration because,
within the model, copper did not reach the bottom at higher rates here compared to the rest of
Puget Sound. With a more informed understanding of the behavior of trace metals in Puget Sound,
strategies can be implemented to mitigate anthropogenic pollution and minimize future health risks

for the environment and the local human population.
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Introduction

Environmental pollution is one of the largest and most daunting concerns of the 21% century
(Ali and Khan 2017). Trace metal contamination is a form of environmental pollution that has
effects on ecosystems that are long-lasting and far-reaching (Bernhard and Andreae 1984; Gawel
et al. 2014). Trace metals are elements found in naturally low concentrations in the environment.
Not all are inherently toxic, but an overabundance of them can have negative effects on the
ecosystem in which they are released. Some of these elements, such as As, Cu, Zn, Cd, Cr, Pb, Hg,
Se, and Ni, are commonly used in human industry and are very toxic in concentrations above their
natural abundances (Duffus 2002). Without human influence, the processes that bring these
elements to the Earth’s surface and into waterways occur on slow time scales (Taylor 1964).
However, increased urbanization and industrialization have magnified the introduction of these
elements (Vardhan et al. 2019). This allows for the accumulation of these substances in waterways
and groundwater (Gu et al. 2020). Additionally, these trace metals are persistent and cumulative.
Unless they are sequestered, they will continue to increase in concentration and bioaccumulate in
organisms, contaminating food webs (Tchounwou et al. 2012; Ali et al. 2019).

Trace metals do not naturally degrade and require human intervention to clean-up (Masindi
and Muedi 2018). Trace metal pollution can be cleaned using phytoremediation techniques, such
as phytoextraction, phytovolatilization, rhizodegradation (Ali et al. 2013). These techniques use
the bioaccumulating properties of plants and microorganisms to extract heavy metals from soils
and water without the harmful by-products and expense of other chemical and physical
remediation techniques. This is only achievable once sites of contamination are located and the
extent of pollution at these sites is quantified. If released from point-sources (shipyards,

wastewater treatment plants, etc), pollution can be controlled through regulation and on-site
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filtering techniques (Champ et al. 1999; Brandenberger et al. 2008). Point-source refers to a
specific location that is a source of pollution, such as a smelter. However, historic pollutants and
non-point sources continue to contribute to high trace metal concentrations in waterways (Paulson
et al. 1989a; Brandenberger et al. 2008). Non-point source refers to ambient pollution contributed
through runoff from urbanized areas, agriculture, and the atmosphere.

In marine organisms, exposure to trace metals is often fatal. These metals start
accumulating in organisms as small as protozoans and bacteria (Fernandez-Leborans and Olalla
Herrero 2000). For herbivorous and filter-feeding organisms, scavenged metals, such as Pb and
Hg, pose the greatest threats, as these metals accumulate in sediments and are filtered or transferred
through algae to organismal tissues (Jakimska et al. 2011). Except for select specialized organisms,
trace metals within consumed organisms are incorporated into the tissues of the consumer. The
risk for carnivorous animals is elevated, as they generally have higher levels of xenobiotic uptake
due to their larger and more varied diets of higher trophic organisms. If exposure does not cause
death, these metals bioaccumulate up the food chain (Fernandez-Leborans and Olalla Herrero
2000; Ali et al. 2019). The incorporation of these metals in tissue and bone causes cancer,
decreased neurological functioning, organ failure, sterility, and death (Roemmich et al. 2002).

Humans, who both consume marine organisms and interact with marine waters and
sediment, are not exempt from the dangers of trace metal accumulation and poisoning (Fleming et
al. 2006). Studies of human bones from the West Coast of the United States from 1000 years ago
show the mean body burden for lead is one-thousand times larger in the modern population than it
was before the area was industrialized (Patterson et al. 1991). These studies speculate that all
modern Americans face dysfunctions caused by Pb poisoning. This dramatic increase of lead and

other trace metals in our bones over the past millennium is a result of industrialization and
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urbanization that have contaminated our water, air, and food sources (Paulson et al. 1989b). For
humans that consume fish or any amount of marine mammal, trace metal contamination is a huge
health risk with often fatal consequences (Johansen et al. 2000). If trace metal contamination is
high, this can also deter consumers and fishermen from participating in the fishing industry,
limiting available food, and impacting the economy.

Trace metal pollution is a global issue with immediate consequences to human and
ecosystem health. In Puget Sound, scientists have published papers about trace metals since the
early 1900s. The movement to quantify and qualify trace metals for the sake of public health gained
traction in the 1970s, around the time the long-term effects of the Tacoma copper smelter and
wastewater disposal became a public health concern (Bradford et al. 1975; Crecelius et al. 1975).
Crecelius et al. (1975) looked at the historic impact of Sb, Ar, Hg, and other associated elements
released from chemical plants and smelters using sediment cores. They were able to qualify the
types of particles associated with contamination and discovered that atmospheric contamination
from these sources was a large input of trace metals. Building off this work, Paulson et al. (1987)
theorized, based on water sampling, the Puget Sound Main basin retains about 70% of the Pb added
to it and about 40% of the Cu and Zn. These findings suggested that the Main Basin of Puget
Sound is a sink for certain trace metals. Bradenburg et al. (2008) found that while policy
implemented to reduce point-source trace metal pollution was effective, increasing urbanization
and industrialization in the Puget Sound region is contributing trace metals from non-point source
locations. These studies, and many more, show that inputs of trace metals into the Sound, both
historic and current, are an ongoing problem. They also suggested that Puget Sound may be a sink

for certain kinds of trace metals and that these metals are a risk to ecological and public health.
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At the time that Puget Sound was proposed to be a sink for trace metals, modeling
technology was not advanced enough to fully model the Sound and confirm or refute these
hypotheses. This study proposed to test this hypothesis using a version of the Regional Ocean
Modeling System (ROMS) (Haidvogel et al. 2000; Shchepetkin and McWilliams 2005). Unlike
the technology used in the 1980s and 1990s, ROMS works in space, depth, and time, so particles
modeled in ROMS are closer to actual particle flow than any kind of model historically used. This
kind of model was used to model water and sediment quality issues in Southern California by
UCLA with great success (The Coastal Center of the UCLA Institute of the Environment 2003).

The goal of this study was to use a Regional Ocean Modeling System (ROMS) to
qualitatively describe the fate of lead and copper in Puget Sound. This study aimed to determine
if Puget Sound acts as a trap for trace metal contaminants, if trace metals accumulate in the Main
Basin, and to determine whether the behavior of the metal (scavenged vs bio-active, sinking vs
remaining in the water column) is the primary determinant for the fate of the metal. | predicted
that the majority of Pb released within the model would sink and remain in the Puget Sound and
the majority of Cu released within the model would remain in the water column and eventually be
flushed out of Puget Sound. Trace metals released into the modeled Puget Sound that do not reach
the bottom were predicted to be flushed out into the Strait of Juan de Fuca. By investigating these
questions, this study intended to locate areas where trace metals accumulate in Puget Sound and

determine what factors influence the behavior of trace metals.
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Methods
Data Collection

ROMS Modelling

The version of ROMS that was used for this experiment was the LiveOcean, version

designation cas6_v3_lo8b. This model is run by Dr. Parker MacCready of the School of

Oceanography at the University of
Washington, Seattle. ROMS works in
space, depth, and time simultaneously
and accounts for factors such as tides,
currents, and chemical properties of the
modeled waterways. It does this using
Reynolds averages, Boussuneq,
incompressible equations of motion, and
tracer concentration on a rotating,

spherical grid (MacCready et al. 2021).
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The model assumes sediment is
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Figure 1. This map spans Puget Sound, from
Olympia to the Admiralty Inlet. Different shades
transitioning from brown to dark blue signify
elevation. Black arrows show the locations where
particles were released within the LiveOcean
model. These locations are the West Point
Wastewater Treatment Plant, the Puget Sound
Naval Shipyard, and the Puyallup River, in order
from most northernly to most southernly. Map made
with GeoMapApp.

stationary, as on the timescales this
project is working with, sediment is
functionally fixed (Lavelle et al. 1986).
It has been built off 15 years of region-

specific research and is regularly tested

against observational studies. For this

study, information about the particles’ sinking behavior, release conditions, and timing was given
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to Dr. MacCready, who ran the information provided through the model and provided data to then
be analyzed. A total of 12 months were run separately with the conditions for each of these months
following conditions for each month of 2018. This year was chosen because this is the most recent
year to be fully tested against observational data. Months were then chosen for post-processing
and analysis by looking at release location-specific weather conditions (e.g. rainfall) and

hydrologic data from 2018.

Table 1. Listed here are the particles released within the model (also seen in Fig. 1). At each location, 1,000
particles of Cu and Pb were programed to be released within the model.

Element Atomic Mass Sinking Rate Profile in North Pacific
Copper 63.55 AMU 0 m/day Bioactive
Lead 207.2 AMU 40 m/day Scavenged

Particle Types and Release Information

Two types of particles were programmed into the model, one type to model lead and one
type to model copper (Table 1). Lead is a heavy metal with an atomic mass of 207.2 AMU and a
scavenged profile in the Northeastern Pacific (Paulson et al. 1988; Nozaki 1997). It is found at
higher concentrations at the surface of the water column and decreases in concentration as a
function of depth. This metal sticks to particles, follows their sinking patterns, and is sequestered
in sediment. Copper has an atomic mass of 63.55 AMU and follows a bioactive profile in the
Northeastern Pacific (Nozaki 1997). In small concentrations, it is an essential nutrient for most
organisms, including humans. In oxic environments, it is found in smaller quantities at the surface
of the water column and increases in concentration with depth. These metals were chosen because

of their relative endmember behaviors, toxicity to humans and the environment, and abundance in
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anthropogenic waste. Copper particles were modeled without sinking behavior. Lead particles

were modeled with sinking at a rate of 40 meters per day.

Table 2. Listed here are the locations where particles were released within the model (also seen in Fig. 1).
At each location, 1,000 particles of Cu and Pb were programed to release at the depth and lat-longs shown
below. Locations were chosen because of their high point-source contribution to trace metal pollution in
Puget Sound.

Point-Source Lat-Long Depth Largest Near-by City

Puget Sound Naval Shipyard 47.55, -122.64 12m Bremerton

Puyallup River 47.27,-122.43 31m Tacoma

West Point Wastewater Treatment Plant 47.667,-122.44 73 m Seattle

These particles were released within the model from three locations: the affluent of the
West Point Wastewater Treatment Plant, north of downtown Seattle, at 73 m deep, the Puget Sound
Naval Shipyard in Bremerton at 12.6 km deep, and the Puyallup River mouth near Tacoma at 31.8
km deep (Table 2, Fig. 1). These three sites were chosen because all of them are point-sources for
trace metal pollution in Puget Sound (Roemmich et al. 2002; Hope et al. 2012; Hines and Landis
2014; Seattle Public Utilities 2019). Depth was chosen to imitate the depth anthropogenically
source trace metals would be released at each location (Roemmich et al. 2002; Hines and Landis
2014; Seattle Public Utilities 2019). For each modeled period and location, 1,000 particles of each
type were released. Other studies looking at Puget Sound have found that the release location of
trace metals has less of a bearing on their destination than the physical characteristics of the metals
(Crecelius et al. 1975; Bloom and Crecelius 1987). The size, mass, and chemical properties of the

trace metal are thought to be the determining factors for the fate of trace metals in Puget Sound.

Leatherman 10



Data Analysis

Post-processing

Months were then chosen for post-processing and analysis by looking at release location-
specific weather conditions and hydrologic data from 2018. For every location, the month of
January was modeled to compare the behavior of particles released from each location within the
same month. The West Point Wastewater Treatment Plant also had modeled releases for April and
August, chosen because these were the months in Seattle of highest and lowest precipitation in

2018, respectively (https://water.weather.gov/precip/, accessed 1/28/2021). The Puget Sound

Naval Shipyard had modeled releases for January and July, as these were the months of highest

and lowest precipitation in Bremerton in 2018, respectively (https://water.weather.gov/precip/,

accessed 1/28/2021). The Puyallup River had modeled releases for February and December
because these were the months where river discharge was the highest and lowest, respectively

(https://tinyurl.com/3vk7ayw5, accessed 1/29/2021).

Trace metal particle sticking and sequestration in sediment was incorporated in post-
processing using Python in JupyterLab. Particle depth was determined using relative depth, where
the sea surface is 0 and the bottom of the water column is -1. The coordinates of the first instance
where particles reached a relative depth of -0.99 or less were taken as their final location. For
particles that never reached a relative depth of -0.99 or less, the final coordinate points after 30
days were used as their final location (Dr. Parker MacCready, personal communication,
10/4/2020).

Analysis

Using the post-processed data, a series of calculations were performed to quantify the

behavior of the modeled particles. The percentage of copper and lead that remained in the water
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column was determined by dividing the number of each particle that never reached less than -0.99
relative depth by the total number of each particle. As-the-crow-flies distance traveled was
calculated using the cosine-Haversine formula (Robusto 1957) using the initial and final
coordinates of each particle. As-the-crow-flies distance was used, rather than the total distance
traveled in 30 days, because of time constraints that limited the creation of a more robust method
for calculating distance. The relative final depth and as-the-crow-flies distance were then graphed
separately for each particle using the matplotlib package. Maps were created for the final locations
for each release location and month using the cartopy package.

Results
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Figure 2. Theses maps show the location of copper and lead particles one month after release into the LiveOcean
model. The release location for (a) was the Puget Sound Naval Shipyard in Bremerton, WA. The release point for
(b) was the West Point Wastewater treatment plant underwater effluent. The release point for (c) was the mouth of
the Puyallup River. The three maps used all depict the Puget Sound Area in Washington State. Land is depicted in
brown; water is depicted in turquoise. Copper is shown in orange with a white border and lead is shown in grey
with a black border. One-thousand particles of each element type were released at the same time and depth in the
model and allowed to run for 30 days.
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Comparison between Locations in January

Copper was found to have reached the relative bottom at different ratios from each release
location within the same modeled month. When released from the Puget Sound Naval Shipyard,
2.8% of particles remained in the water column after 30 days. The average as-the-crow-flies

distance traveled by a non-sinking particle was 7.2 km (Fig. 2; Fig. 3) with a standard deviation of
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Figure 3. These maps show the location of copper and lead particles one month after release into the
LiveOcean model. The release location for both graphs was the Puget Sound Naval Shipyard in
Bremerton, Washington. Both maps depict the Puget Sound Area in Washington State. Land is depicted
in brown; water is depicted in turquoise. Copper is shown in orange with a white border and lead is
shown in grey with a black border. One-thousand particles of each element type were released at the
same time and depth in the model and allowed to run for 30 days. (a) shows particles run in January 2018
and (b) shows particles run in July 2018.

12.0 km and the average relative depth of particles after 30 days was -0.98 with a standard
deviation of 0.10. When released from the West Point Wastewater Treatment Plant, 25.7% of
particles remained in the water column after 30 days. The average as-the-crow-flies distance
traveled by a copper particle was 29.7 km (Fig. 2) with a standard deviation of 19.6 km and the

average relative depth of particles after 30 days was -0.82 with a standard deviation of 0.32. When
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released from the mouth of the Puyallup River, 11.6% of particles remained in the water column
after 30 days. The average as-the-crow-flies distance traveled by a copper was 23.4 km (Fig. 2)
with a standard deviation of 29.0 km and the average relative depth of particles after 30 days was
-0.92 with a standard deviation of 0.23.

Lead was found to have reached the relative bottom at relatively similar ratios from each
release location within the same modeled month. When released from the Puget Sound Naval
Shipyard, 0% of particles remained in the water column after 30 days. The average as-the-crow-
flies distance traveled by a lead particle was 3.6 km (Fig. 2; Fig. 3) with a standard deviation of
3.2 km and the average relative depth of particles after 30 days was -0.99 with a standard deviation
of 0.003. When released from the West Point Wastewater Treatment Plant, 0% of particles
remained in the water column after 30 days. The average as-the-crow-flies distance traveled by a
lead particle was 2.0 km (Fig. 2) with a standard deviation of 1.2 km and the average relative depth
of particles after 30 days was -1.00 with a standard deviation of 0.003. When released from the
mouth of the Puyallup River, 1% of particles remained in the water column after 30 days. The
average as-the-crow-flies distance traveled by a lead was 6.2 km (Fig. 2) with a standard deviation
of 5.3 km and the average relative depth of particles after 30 days was -0.99 with a standard
deviation of 0.01.

High and Low Hydrograph and Precipitation Months

For the Puget Sound Naval Shipyard, the month of highest precipitation in 2018 was
January and is reported above. The month of lowest precipitation in 2018 was July. When released
from the Naval shipyard in July, 8.2% of copper remained in the water column and 0% of lead
remained in the water column after 30 days. Copper traveled as-the-crow flies an average of 12.5

km (Fig. 3) with a standard deviation of 21.3 km and lead traveled 1.0 km (Fig. 3) with a standard
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deviation of 0.3 km. The average relative depth after 30 days of copper was -0.94 with a standard
deviation of 0.20 and the average relative depth after 30 days of lead was -0.99 with a standard

deviation of 0.003.

48 6°N

48 4°N

48.2°N
48°N
47 B°N

w
7
47.6°N ///

47.4°N

o
o ;
/
&
o,
P

&
47.2°N . e

123 6°W 1234°W 123.2°W 123°wW 122 8°W 122 6°W 122 4*W

124.2°W 123.9°W 123.6°W 123.3°W

Figure 4. These maps show the location of copper and lead particles one month after release into the
LiveOcean model. The release location for both graphs was the West Point Wastewater Treatment Plant in
Seattle, Washington. Both maps depict the Puget Sound Area in Washington State. Land is depicted in brown;
water 1s depicted in turquoise. Copper is shown in orange with a white border and lead is shown in grey with
a black border. One-thousand particles of each element type were released at the same time and depth in the
model and allowed to run for 30 days. (a) shows particles run in April 2018 and (b) shows particles run in
August 2018.

For the West Point Wastewater Treatment Plant, the month of highest precipitation in 2018
was April. When released from the treatment plant in April, 32.1% of copper remained in the water
column and 0% of lead remained in the water column after 30 days. Copper traveled as-the-crow
flies an average of 30.5 km (Fig. 4) with a standard deviation of 15.8 km and lead traveled 1.8 km
(Fig. 4) with a standard deviation of 1.1 km. The average relative depth after 30 days of copper
was -0.80 with a standard deviation of 0.31 and the average relative depth after 30 days of lead
was -1.00 with a standard deviation of 0.003. The month of lowest precipitation in 2018 was
August. When released in August, 28.3% of copper remained in the water column and 0% of lead

remained in the water column after 30 days. Copper traveled as-the-crow flies an average of 33.5
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km (Fig. 4) with a standard deviation of 15.8 km and lead traveled 6.3 km (Fig. 4) with a standard
deviation of 2.3 km. The average relative depth after 30 days of copper was -0.80 with a standard
deviation of 0.33 and the average relative depth after 30 days of lead was -1.00 with a standard
deviation of 0.003.

For the Puyallup River, the month of highest river discharge in 2018 was February. When

released from the mouth of the Puyallup in February, 13.7% of copper remained in the water
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Figure 5. These maps show the location of copper and lead particles one month after release into the
LiveOcean model. The release location for both graphs was the mouth of the Puyallup River in Seattle,
Washington. Both maps depict the Puget Sound Area in Washington State. Land is depicted in brown; water
is depicted in turquoise. Copper is shown in orange with a white border and lead is shown in grey with a
black border. One-thousand particles of each element type were released at the same time and depth in the
model and allowed to run for 30 days. (a) shows particles run in February 2018 and (b) shows particles run
in October 2018.

column and 1% of lead remained in the water column after 30 days. Copper traveled as-the-crow
flies an average of 15.6 km (Fig. 5) with a standard deviation of 19.5 km and lead traveled 2.8 km
(Fig. 5) with a standard deviation of 3.7 km. The average relative depth after 30 days of copper
was -0.90 with a standard deviation of 0.25 and the average relative depth after 30 days of lead

was -0.99 with a standard deviation of 0.018. The month of lowest river discharge in 2018 was
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October. When released in October, 10.8% of copper remained in the water column and 1% of
lead remained in the water column after 30 days. Copper traveled as-the-crow flies an average of
11.6 km (Fig. 5) with a standard deviation of 20.6 km and lead traveled 2.3 km (Fig. 5) with a
standard deviation of 3.8 km. The average relative depth after 30 days of copper was -0.92 with a
standard deviation of 0.23 and the average relative depth after 30 days of lead was -0.99 with a
standard deviation of 0.035.
Copper versus Lead Overall

Overall, copper particles traveled longer distances than lead particles. The average distance

traveled, using every modeled copper particle, was 20.5 km (Fig. 6) with a standard deviation of
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Figure 6. Histogram showing "as-the-crow-flies" | standard deviation of 3.6 km. The
distance traveled by each particle during the 30-day
release period. Copper is shown in orange, lead is | furthest as-the crow flies distance
shown m grey. The x-axis shows distance 1in
kilometers, and the y-axis shows the number of | traveled by a lead particle was 37.6 km
particles that traveled that distance, logarithmically
scaled. This figure used all uses all 80,000 particles | and the shortest distance traveled was
from all time periods and release locations used in
this study. 27 m.
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Copper particles, on average, were found at shallower relative depths than lead after 30

days. The average relative depth using 0.00
0.25 4
every modeled copper particle was - 050 Copper
. I 5075 -
0.89 with a standard deviation of 0.26 2
©100 T T
: . : 2000 10° 10°
(Fig. 7). The shallowest final relative | %
Z025 1m
depth was -0.0002 and the deepest 050 Jmm @ Lead
0.75 é\
was -1.00. The average relative depth 100 1= : ; : L,
10° 10! 10? 10° 10*

using every modeled lead particle was Number of Particles (log-scaled)

Figure 7. Histogram showing the distribution of
-0.99 (Fig. 7) with a standard | copper and lead across the water column after the 30-
day release period. Copper 1s shown 1n orange, lead
deviation of 0.014. The shallowest | is shown in grey. The y-axis is relative depth,
calculated by finding the ratio of particle depth
final relative depth was -0.24 and the | divided by the total depth of the water column. The
x-axis 1s the number of particles found at that depth,
deepest was -1.00. on a logarithmic scale. This figure used all 80,000
particles from all time periods and release locations
used 1n this study.

Discussion
Factors Influencing Behavioral Differences

Stratification is more distinct in the summer than in the winter in Puget Sound, and non-
sinking particles are more affected by stratification than sinking particles (Uurasjarvi et al. 2021).
It is possible the currents in the winter around Bremerton allowed lead to be more mobile after
sinking, while stratification in the summer allowed copper particles to travel further as they became
trapped in different stratified layers of the water column (Fig. 3). Release depth, which varied
between locations (Table 2), was not directly related to distance traveled or ratio remaining within
the water column for either particle type (Fig. 6; Fig 7). Other studies have shown that, in winter

(including January), Puget Sound is less stratified than in the summer months (Moore et al. 2008).
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However, the Puyallup River has been known to remain stratified for 70% of months, in
comparison to the Main Basin, which is stratified for 25 — 50% of months. If stratification is
occurring, the behavior of non-sinking particles is affected more than the sinking particle behavior,
as non-sinking particles are known to get trapped in stratified layers (Uurasjarvi et al. 2021).

Studies have also shown that vertical advection peaks in the Main Basin in the late summer
and is at its lowest in early winter (Babson et al. 2006). Horizontal advection (deep and shallow)
in the Main Basin follows a similar trend. Near the Puyallup River, horizontal and vertical
advection dip in early winter, but are fairly constant every other time of year (Babson et al. 2006).
The differences in these trends tied with the differences in the effect of stratification between
particle types support the idea that release location, sinking behavior, and season all affect at what
ratio particles are sequestered and how far they travel if they are not.

Puget Sound: Trace Metal Trap?

Lead tended to pool within 3 km of where it was released, while copper generally pooled
within 20 km of where it was released (Fig. 6). This is likely due to the difference in sinking
behaviors, which have lead immediately sinking to the floor of the estuary while copper, without
sinking, is more likely to be caught in a current or stratified layer and taken further from its release
location (Fig. 5; Fig. 6). Other studies have found that the Puget Sound Main Basin is a sink for
both lead and copper, and that lead is sequestered in the basin at higher rates than copper (Paulson
etal. 1987). The findings from this study support that lead is sequestered at a higher rate but cannot
conclusively report if the Main Basin is a sink for copper (Fig 4). Copper was more mobile than
at other locations when released into the Main Basin and was the least mobile when released off
the coast of Bremerton (Fig. 2). However, over 70% of copper reached the bottom of the water

column within 30 days at every location and 100% of lead reached the bottom in every location
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but the Puyallup River (Fig. 7). These rates are higher than has been found in previous studies
(Paulson et al. 1987, 1989b). This supports the theory that Puget Sound is a trap for trace metals
but cannot conclusively support if the Main Basin is a sink for copper.
Implications and Broader Impacts

This study aimed to assess if Puget Sound acts as a trap for trace metal contaminants, to
determine what factors influence the behavior of trace metals, and to locate areas where trace
metals accumulate in Puget Sound. Based on the analysis conducted by this study, Puget Sound is
a trap for trace metals. Our findings cannot support or refute if the Main Basin is the key area of
sequestration. However, based on the differences in particle behavior between locations and
months, the fate of particles is highly dependent on their sinking behavior, the location from which
they are released, and the season. Copper is most likely to pool further from its release location,
while lead is more likely to pool near where it has been released. However, there were limitations
to this study that add uncertainty to these conclusions. Copper was modeled to not sink at all, while
lead was modeled with a very high sinking rate. This does not fully reflect their chemical and
physical behavior. Additionally, the LiveOcean model was not run with a biological component,
and scavenging was incorporated in the post-processing of the data, so the behavior of the modeled
particles does not fully reflect their natural behavior. Distance was calculated as-the-crow-flies,
ignoring any movement that would lead to a particle returning to a location and ignoring vertical
movement. This could give underestimates of many particle distances traveled.

Trace metals, if sequestered, remain in the sediment unless removed by human intervention
(Masindi and Muedi 2018). Copper, as an essential nutrient, can be removed by organisms from
the water column but is less likely to be removed once it reaches the sediment (Chow and

Thompson 1952; Paulson et al. 1993; Arnold et al. 2005). If sequestered in sediment, these trace
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metals can be harmless, but activities like trawling and natural bioturbation can cause these metals
to be reintroduced to the water column (Bloom and Crecelius 1987). Depending on the
concentration of copper within Puget Sound and the chemistry of the water, copper can be essential
or very harmful to the environment. Additionally, high levels of trace metals in sediments can be
harmful to benthic organisms, such as shellfish (Bernhard and Andreae 1984; Jakimska et al.
2011). Urbanization and industrialization are increasing in the Puget Sound region (Brandenberger
et al. 2008), and these are known to increase the rates of trace metal flux into waterways (Vardhan
et al. 2019; Gu et al. 2020). If Puget Sound is a trap for trace metals, a higher flux of metals to the
basins of this region could have a profound impact on the sediment and water chemistries within
the region.
Future Improvements and Studies

Future studies could look further into how particle behavior can be more realistically
modeled. This could be done by incorporating chemical and biological components to the mode
and adding a variety of more realistic sinking behaviors depending on the chemical and physical
conditions of the surrounding waters. These studies could also look more closely at how point-
source and non-point source releases differ, focus more closely on areas where metals are

accumulating, and calculate horizontal and vertical movement more precisely.

Conclusion

Trace metal pollution is a global issue with immediate consequences to human and
ecosystem health. Within Puget Sound, trace metal contamination is an issue that becomes an
increasing concern with the expansion of urbanization in the region. This study has concluded that

Puget Sound is a sink from trace metals. This raises further questions about how to quantify the
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current levels of trace metal pollution and how to implement remediation techniques. Further
studies are needed to verify these conclusions and to investigate the extent that this pollution may
be affecting the chemistry and biology of the region. These studies could also use the methods of
this paper to investigate other harmful trace metals, such as cadmium and mercury, and other
pollutants such as microplastics and chemical pollutants. With a more informed understanding of
the behavior of these pollutants in Puget Sound, we can implement strategies to mitigate
anthropogenic pollution and minimize future health risks for the environment and the local human

population.
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