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Abstract:
[bookmark: _Hlk9198487][bookmark: _Hlk9198599]	This study seeks to examine how sunken automotives are affecting the surrounding environment; “automotives” in this context are defined as any vehicle that moves on a motor (including planes, trains, boats, and cars). Pollution from automotives is a nearly untouched section of marine science with little more than speculation as to how they are affecting benthic environments. Anti-fouling paint, PBDE’s, oil/coal shipments, and other metal contaminations can cause sickness for marine organisms or severe phytoplankton blooms which may result in anoxic conditions lower in the water column. Sediment samples were sent to the University of Washington’s SEFS analysis lab for a total heavy metal contamination count, while other samples were sent through a Coulter Counter to cross examine the grainsize in the environment. Most of the metals studied show no correlation with variables that would normally produce a correlation, such as grainsize. There was a positive correlation between the size of the automotive and the percentage of metal present. Most metals did not show a correlation between grainsize and percentage of pollution, the exceptions being copper and magnesium. There was also little difference between fresh and saltwater environments. The pollution from sunken automotives gives off a decaying value for approximately 80 years, before fading into a negligible amount; given the harmful effects of these pollutants on the environment, the recommended solution would be to pull sunken automotives up shortly after they sink to avoid as much pollution as possible, especially larger sea-going vessels. Automotive pollution requires further study to draw confident correlations and conclusions.
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Introduction:
	Many studies have been conducted on anthropogenic sources of pollution in marine environments, however, studies conducted on automotive wrecks and their effects on the benthos are limited. The Parliamentary Assembly published a document in 2012 which claims shipwrecks, along with ocean acidification and the dumping of waste compromise some of the biggest sources of anthropogenic marine pollution and specifically mentions metal structures and hulls from ships that sailed during the Second World War as being particularly detrimental (“Parliamentary;” LaValle et. al. 1999; Monfils et. al. 2006). Oil leaking from ships and coal from cargo shipments pose significant threats to marine biodiversity, as does anti-fouling paint (Monfils et. al. 2006); likewise, ships from various wars carrying munitions will cause corrosion and toxic substance leakage, and batteries, televisions and other technologies will result in heavy metal corrosion (Dimitrakakis et. al. 2013). Beyond shipwrecks, little research has been done on other forms of sunken automotive pollution, such as sunken airplanes, sunken train wrecks, etc. This study aims to explore further the extent of the damage done by sunken automotives on benthic environments.
	Traditional anti-fouling paints, according to a patent entitled, “Anti-Fouling Paint” printed in 1995, is composed of pigments and biocides such as copper, zinc, or titanium compounds which are, in their nature, toxic to marine life (Kim et. al. 1994). Once these ships sink to the seafloor, they will continue to leak these toxins into the sediments and consequently, into the habitats of benthic-dwelling organisms (LaValle et. al. 1999). Older ships (and few newer ships) have lead-based anti-fouling paint, which, according to a study conducted earlier this year, can cause loss of biodiversity in benthic communities; usually, this situation only happens in high concentrations of Pb: in water, a concentration of less than one parts per million did not provide a significant increase in lead found in sediments (Frontalini et. al. 2018). However, ships sitting on the sediments themselves will have a hypothesized higher ratio of toxic metals being injected into the sediments of benthic communities and given the amount of anti-fouling paint needed to complete the hull of larger seaworthy ships, there is likely to be greater than one part per million of metal concentrated within the sediments near the wreck. Anti-fouling paint may also be copper, or zinc based, which, while better than lead-based paint still threatens marine communities. Copper and zinc are known to accumulate in the tissues of marine organisms (Xavier et. al. 2018), causing a strong decrease in species diversity. Of the toxic chemicals from anti-fouling paint, copper shows the strongest negative correlation between species diversity and metal concentration (Rygg 1985), which, ironically, is the metal commonly used in anti-fouling paints today over lead-based paint (Kim et. al. 1994).
[bookmark: _Hlk532157750]	In addition to anti-fouling paint, sunken automotives release electronics such as televisions, batteries, and engine parts into benthic environments which, over time, will corrode, releasing dangerous chemicals into the environment (lead, mercury, cadmium, etc.) (Dimitrakakis et. al. 2013). Electronic waste within marine ecosystems causes contamination of polybrominated diphenyl ethers (PBDEs) which accumulate in the tissues and in the livers of marine life (Luo et. al. 2007). While PBDE’s are present in the marine environment due to electronic waste and are important to note as a source of pollution associated with automotive wrecks, discussion will be minimal because PBDE’s will be largely overlooked for this study.
	Some ships, planes and other cargo-carrying automotives may sink to the benthos with shipments of coal. Many heavy metal contaminates leak from coal, including arsenic, copper, and molybdenum (Cherry and Guthrie 1979); studies have shown that, in regions where coal and coal ash are present, invertebrate density decreased dramatically. During one study, the density of invertebrates proved to be lowest within 300 meters of the ash basin and highest 1200 meters beyond a unanimous stream near an ash basin (Cherry et. al. 1979). Given the heavy reliance on coal today, it is likely this study will see coal shipments sent to the benthos. Molybdenum is primarily found in coal and coal ash; in high concentrations, it is toxic (Cherry and Guthrie 1979). Concentrations of molybdenum will be closely observed in sites suspected of coal presence.
	There is a strong correlation between grain size and amount of contaminates found within the sediments. Smaller sediments retain metal contaminate waste better than larger sediments; fine-grain sediments can retain as much as 70% of trace metal input from both natural and anthropogenic sources (Bloom and Crecelius 1987). Smaller grain sizes are found in regions with low currents and high residence times; while currents and residence times are important for determining the sizes of the sediments in a region, if a mud or sandy mud site could be identified without examining residence time and currents, both factors were ignored for the purposes of this study. For most of the sites, currents were determined using accounts from divers recorded in: Northwest Wreck Dives (Boyd and Carr, 2008); Lake Washington currents are assumed to be negligible and the lake floor primarily mud or clay-based.
	Many prior studies have been published on how toxic metals affect sediments, communities and biological life (surface sediments: Zhang et. al. 2009; Puget Sound sediments: Bloom and Crecelius 1987; sediment copper on benthic fauna: Rygg 1985; lead exposure on benthic foraminiferal communities: Frontalini et. al. 2018; etc.), however, there is a lack of publications regarding automotives and, furthermore, how they affect the benthos they rest in; studies done on automotives in lakebeds has even less research. The most supporting piece of evidence for this study comes from a 1999 experiment which studied wooden shipwrecks in Lake Erie and the effects of leaking toxic material on mussels. The results provide a confirmation on speculations previously made: the shipwrecks pumped toxic materials into local marine communities (As, Cd, Cr, Cu, Pb, Ni, V, Zn), the concentrations of toxic material exceeded safe levels and the concentrations of these toxic metals decreased the farther away from the wrecks samples were taken (LaValle et. al. 1999). 
[bookmark: _Hlk10443581]The ultimate goal of this study is to explore how a very large anthropogenic source of pollution is affecting the ecosystems they reside in. To achieve this goal, three questions were asked:
1) [bookmark: _Hlk9199028]How do sunken automotives affect the marine sediments in the area surrounding the wreck?
2) Are pollutants from shipwrecks more likely to show up in environments with coarse grains or small grains?
3) Is there a difference between wrecks found in Lake Washington (stagnant, fresh water) and wrecks found in the Puget Sound (fluvial, salt water)?
4) What other factors affect pollution signatures from sunken automotives?
Given current understandings of automotive contents and the toxic chemicals they supply to marine communities (LaValle et. al. 1999; Kim et. al. 1994; Dimitrakakis et. al. 2013), this study will likely be in support of the following claims: shipwrecks are a source of anthropogenic pollution which leak toxins into the marine environment: they are detrimental to marine life, and these negative effects will outweigh the benefits. A likely correlation that will reveal itself is: the more sunken material available (or, in other words, the larger the automotive vehicle was that sank), the more leaking toxins there will be in the sediments. The purpose of the ship will also play into the amount of toxins leaking: depending on the purpose of the automotive, it may have carried either a surplus or deficit of toxic materials down to the benthos. Coal, for example, may produce a surplus of molybdenum in the surrounding environment, which, in high concentrations is toxic (Cherry and Guthrie 1979).
As seen in studies of fish, toxins such as copper and zinc are often found in the tissues of marine life (Xavier et. al. 2018), and so, when comparing the sediments to the benthic invertebrates, concentrations in the organic tissues themselves will hypothetically be higher than in the sediments surrounding the wreck. 
It is hypothesized that:
1) [bookmark: _Hlk9198971]Automotives are overall detrimental to marine environments, and will have a negative effect on the functionality of marine invertebrates.
2) There will be a positive correlation between smaller grain size and higher amounts of heavy metal contamination.
3) Heavy metal contaminate pollution from automotive wrecks will be worse at the Lake Washington locations than at the Puget Sound locations due to low currents and small grain size throughout.
4) Other factors that may affect sunken automotive wrecks are: depth, shallower wrecks may experience heavier currents; automotive size, with larger automotives harboring higher amounts of pollution than smaller automotives; and residence time: shorter residence times will transfer pollutants to open water instead of allowing them to sink into the sediments.
Methods:
Field-Sampling
	Aboard the Rachel Carson, one sediment sample of approximately 1-kilometer was taken from six locations in Puget Sound, and five locations in Lake Washington. Each body of water had two control samples: in Puget Sound, one control was taken from Carr Inlet, and the other from Case Inlet. Control samples were taken from the same location, in a woodland area where no automotive wrecks are expected to be found (Figure 1). Approximately a quarter gallon of sediment was bagged and placed in a lab-grade refrigerator from each of the twelve sites; the remaining sediments were put through a series of sieves to locate macroscopic invertebrates (>0.1mm) (Table 1). Invertebrates were placed in test tubes separate from the mud samples, and added to the refrigerator. Diversity of invertebrate life was observed and recorded, and was then compared to the control sites and to other sites of interest. Once docked, samples were taken for storage to await lab work.
Sample Segregation
Samples were taken for two different analyses: a grainsize analysis offering the percent sand, percent clay, and percent silt, and a trace metal analysis of the collected mud.
Grainsize Analysis
	The mud samples were homogenized; from the homogenized sample, 5 grams were segregated out for the grainsize analysis. One gram for each of the twelve samples was used to learn the percent clay (smaller than 2μm) and percent silt (2μm < silt < 63μm) using a machine called a Coulter Counter; the four remaining grams were used to separate the sand grains (larger than 63μm) from the clay and silt grains. The smaller sample will be called the Coulter Counter sample, while the larger sample will be called the sand sample. For each of the twelve sites, the Coulter Counter and sand samples were covered with a dispersant solution, and sonicated for 20 minutes. 
The sand samples required weighed jars and pie tins; twelve jars and pie tins were labeled and weighed, and their weights recorded. The sonicated sand samples were then washed through a 1 ½ mm sieve into the pre-weighed jars. DI water was then run through the top of the sieve until the water ran clear. Afterwards, the remaining grains at the top of the sieve were washed thoroughly into the labeled pie tins. Jars and pie tins were then baked in an oven at 60°C until samples were entirely dried (about one week). Jars and pie tins were then weighed a second time with the dried sediments; this weight was subtracted from the original weight of the jar or tin to get a percentage of sand (anything left in the pie tin) and percentage of combined mud and silt (what was washed into the jars). 
	Because the above method only separates the sand from the mud and silt, the mud and silt then had to be separated from each other. The Coulter Counter samples were also filtered through a 1 ½ mm sieve, but the jars didn’t require weighing. Once the DI water ran clear through the sieve, the remaining sand particles in the sieve were discarded, and the jars of mud and silt were run through a Coulter Counter in Andrea Ogston’s lab at the University of Washington. The silt was segregated from the mud depending on the size of the grains: anything over 63 micrometers is considered “mud,” anything below is considered “sand.”
	Once data was collected, a percentage between mud and silt was taken from the Coulter Counter samples, and a percentage between sand and mud/silt was taken from the Sand samples. Then, the percent silt from the Coulter Counter sample was taken as a percent of the total mud/silt amount present from the sand sample; the same was repeated for the percent mud of the total mud/silt amount to get the percent mud, percent silt and percent sand of the total sample.
Trace Metal Analysis
	Invertebrates, at this point, should be separate from the mud sample. Invertebrates were combined to form one invertebrate sample and placed in acid-washed beakers (see flow chart for acid washing). The invertebrate beakers were baked overnight at 60°C. Each sample was then crushed up into a fine powder with a mortar and pestle to homogenize the sample, and placed on a tissue for weighing. If the dried, homogenized invertebrate sample was greater than 0.1 grams, the sample was placed into a labeled centrifuge tube, and added to a gallon plastic bag to be sent to the University of Washington’s School of Environmental and Forestry Sciences laboratory (SEFS lab).
	A similar procedure was done for the metal analysis of the mud. Mud samples were homogenized by mixing up the mud within the sample bag; ten grams of wet sediment were then transferred to acid washed beakers, and baked at 60°C until the sample was entirely dry. Once dry, the sample was ground up in a mortar and pestle to homogenize. Five grams of the homogenized dry mud sample was then transferred to a labelled plastic bag, and added to a gallon plastic bag to be sent to the SEFS lab.
	Once all trace metal samples were prepared, the gallon plastic bag full of samples was sent to Dr. Xue at the SEFS lab for a trace metal analysis to determine the concentrations of aluminum (Al), arsenic (As), boron (B), barium (Ba), calcium (Ca), cadmium (Cd), chromium (Cr), Copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), nickel (Ni), phosphorus (P), lead (Pb), sulfur (S), selenium (Se), silicon (Si), and zinc (Zn) in each of the samples. For this experiment, a total of twelve mud samples and three invertebrate samples were sent to the lab for trace metal analysis.
Mathematics
	Enrichment factors (EFMetal) were calculated by normalizing the values to values of aluminum found in the Earth’s crust; this was done by dividing the metal found at the site by the aluminum found at the site; this number was then divided by the same metal found in Earth’s crust divided by the amount of aluminum found in the crust:

The total grainsize (%grain) was calculated by taking the dry weight mentioned above for each type of grain (sand, mud, silt) (Weightgrain), and dividing the dry weight by the total amount of dried sediments (a combination of sand, mud, and silt):
 
For the decay graphs (metal decay vs. time), the average value of the control sites was taken, and subtracted from the enrichment factor. This value was then divided again by the average value of the metal found at the control sites (AvgCMetal) to get a percent pollution value compared to the control site (PC):

	The median grainsize was calculated by the Coulter Counter for mud and silt; this value was put into an excel document. Sand particles were too big to fit in the Coulter Counter, and so the median grainsize of sand had to be estimated; the lower end of the range of sand was taken to be the median grainsize (2000 μm). The median grainsize was then taken by percentage according to the decimal percentages above (%grain):

	No calculations were done to make the metal vs. automotive size graph; the percent pollution of the control values were used to compare with the size of the ship taken from the book, Northwest Wreck Dives by Boyd.
	In the bar graphs for freshwater vs. saltwater, the percent pollution value of the control site (PC) was averaged for freshwater, and compared to the averaged values of the PC for each metal in saltwater.
Results
	Of the eighteen metals sampled, eleven metals were used for the following analysis. The metals used to create the automotive’s hull include: iron, molybdenum, nickel, chromium, and manganese. The metals used as common anti-fouling paints include: copper, lead and zinc (in high doses). Barium, sulfur and magnesium constitute interesting ship-related metals. Barium and sulfur are commonly found together, while magnesium is used in older ships as bars hanging over the side to reduce rusting (site source). 
Automotive hull material pollution:
[bookmark: _Hlk9191548]	Iron showed the highest amount of pollution at the plane wreck, PB4Y-2 Privateer Bomber with a percent pollution of 143.99% more pollution than what was seen at the two control sites (Case and Carr inlets) and an enrichment factor of 7.17 (fig. 4 panel A). The lowest value of pollution was -5.01626% less polluted (the negative value in front of the percentage and the word “less” are to reiterate the negative pollution value; they do not cancel each other out as a double negative. This holds true for any other negative value throughout the results section) than the control sites and was from the Tyee wreck; the enrichment factor is 2.73 (fig. 4 panel A). Small amounts of iron were found at every site, however, when compared to the amounts of molybdenum shown, iron had little presence in this study (see appendix a1 for a graph of figure 4 without molybdenum). There was no correlation between iron and the age of the sunken automotive (fig. 5 panel A), iron and median grainsize (fig. 6 panel A), iron and size of the wreckage (fig. 7 panel A), depth (table 3), or residence time (fig. 9 panel A). For all the correlation tests, the null hypothesis is accepted: there is no correlation between iron and the conditions listed, and the p-values for each correlation test was above 0.05 (table 3). 
	Similar to iron, manganese showed the highest percentage of pollution at the PB4Y-2 Privateer Bomber plane wreck at 2283.5% more polluted than the mean value for the control sites; the lowest value of manganese was at the Tyee wreck, with -58.555% less pollution (the double negative reiterates the negative pollution value) than the mean value of the control sites (fig. 4 panel A). Manganese also showed no correlation with the age (fig. 5 panel A), size (fig. 7 panel A), or depth (table 3) of the automotive, and no correlation with grainsize (fig. 6 panel A) or residence time (fig. 9 panel A). Each of these correlation tests revealed a p-value greater than 0.05.
	PB4Y-2 Privateer Bomber had the highest value of pollution for molybdenum with a percentage relative to the control of 61.329% more polluted, equating to an enrichment factor of 207.528 (fig. 4 panel A). The Tyee, again, was the least polluted site showing a percent pollution relative to the control sites of 4.032% and an enrichment factor of 153.6102 (fig. 4 panel A). Similar to the last ship-related metals, molybdenum shows no correlation with the age of the sunken automotive (fig. 5 panel A), the grainsize (fig. 6 panel A), the size of the wreckage (fig. 7 panel A), the depth of the wreck (table 3), or the residence time of the environment (fig. 9 panel A). The null hypothesis is accepted, and the p-value is greater than 0.05 for each of these correlations. 
	Nickel pollution is highest at the PB4Y-2 Privateer Bomber wreck with a pollution percent relative to control value of 77.226%, corresponding to an enrichment factor of 12.065. Nickel pollution is lowest at the PV-2 Harpoon site, which has -36.0139% less pollution than the control (the negative value followed by the word “less” emphasizes the negative value, it does not cancel out as a double negative), and an enrichment factor of 4.356 (fig. 4 panel A). A correlation was found between nickel and medium grainsize, the p-value is less than 0.05, and this correlation can be confirmed with 95% accuracy. The R2 value for this correlation is 0.4324, the trend line is positively correlated, with larger amounts of nickel corresponding to a larger median grainsize (fig. 6 panel A). No other correlations were found; nickel is not correlated with the automotive’s age (fig. 5 panel A), size (fig. 7 panel A) or depth, or the mean residence time of the environment (fig. 9 panel A).
	Pollution for the final automotive exterior-based metal, chromium, is highest in percentage at the Al-Ind-Esk-A-Sea 169.66% more pollution present than at the control sites; the corresponding enrichment factor is 8.628. Chromium was found to have the lowest percent yield at the plane wreck, PV-2 Harpoon: -40.92% less pollution than the control sites (the negative value and the word “less” does not result in a double negative, the use of both is to reiterate the lesser value), and an enrichment factor of 2.626 (fig. 4 panel A). There were three confirmed correlations with chromium (more than any of the other metals): chromium versus the size of the automotive (fig. 7 panel A), the age of the automotive (fig. 5 panel A), and the mean residence time of the surrounding environment (fig. 9 panel A). Each of the correlations contain a p-value less than 0.05. The correlation with the size of the automotive is positively correlated: larger ships contain a higher amount of chromium pollution than smaller ships. Chomium and time elapsed from the initial submergence of the automotive shows a negative correlation: the more time that has passed, the smaller the amount of pollution present in the sediments surrounding the wreck. For this correlation, the R2 value is 0.4605. Lastly, there is a negative correlation between mean residence time and the amount of chromium pollution in the environment; the corresponding R2 value is 0.4057. Chromium has a p-value greater than 0.05 for correlations with median grainsize and with depth of the automotive wreck.
Anti-Fouling Pollution:
	The location with the highest amount of copper pollution is the Tyee wreck, with 31.16% more pollution than the control and an enrichment factor of 8.697. The lowest amount of copper pollution is found at the northwest barge (NW barge), with -99.528% less pollution than the control site and a corresponding enrichment factor of 0.031 (fig. 4 panel B). Copper showed correlation with mean residence time, specifically for saltwater (p-value less than 0.5), or water residence time values taken from Puget Sound only. The saline residence time has a negative correlation with copper, with higher saline residence times corresponding with lower values of copper. The R2 value is 0.735. Copper showed no correlation (p-value greater than 0.5) with age of the submerged wreck (fig. 5 panel B), median grainsize (fig. 6 panel B), size of the automotive (fig. 7 panel B), mean residence time (non-saline, fig. 9 panel B, panel D), or with depth (table 3).
	The greatest amount of zinc pollution was present at the Al-Ind-Esk-A-Sea: a pollution percentage of 255.109% more than the control sites and an enrichment factor of 21.297. PV-2 Harpoon, with a pollution percentage of -60.0% less than the control site, had the least amount of zinc pollution: the enrichment factor is 4.66 (fig. 4 panel B). Like copper, zinc showed only one correlation, however the correlation differs from the correlation seen for copper: zinc is positively correlated with the size of the automotive (p-value less than 0.05), the corresponding R2 value is 0.647. Zinc is not correlated with any of the other correlation categories: automotive age, median grainsize, depth, or residence time; the null hypothesis is accepted for all of the uncorrelated factors.
	Of the three metals typically used in anti-fouling paints, lead had the highest enrichment factors, with the Al-Ind-Esk-A-Sea testing highest for lead pollution at 598.6% more polluted than the control sites (enrichment factor: 244.85). The least polluted site for lead is the PV-2 Harpoon at -45.35% less polluted than the control sites (enrichment factor: 29.32). Similar to zinc, lead is positively correlated with the size of the automotive (p-value less than 0.05, R2 value is 0.676), and it is not correlated with any of the other categories.
Other ship-related metal pollution:
	Barium pollution showed up in small amounts on the graphs (fig. 4 panel C), with the highest amount of barium found at the 4-mile-rock barges: the northwest (NW) barge analysis provided 163.84% more pollution than the control and an enrichment factor of 0.35; the sister barge, southeast (SE) barge, had a pollution percent of 131.47% more barium than the control, equating to an enrichment factor of 0.48. The least amount of barium pollution is found at the PV-2 Harpoon, with -6.39% less pollution than the control sites and an enrichment factor of 0.97. Barium showed no correlations with any of the tested items, and for barium versus the age of the automotive wreck (fig. 5 panel C), the median grainsize (fig. 6 panel C), the size of the automotive (fig.7 panel C), the mean residence time (fig. 9 panel C), and the depth (table 3), the p-value is above 0.05, and the null hypothesis is accepted.
	Sulfur values are entirely negative for every site. The least negative site for sulfur is the southeast (SE) barge at -3.05% less polluted than the control; enrichment factor for this site is 15.52. Of all the negative sulfur sites, the one that turns out the most negative is the PV-2 Harpoon at -81.36% less polluted than the control and an enrichment factor of 1.7 (fig. 4 panel C). There was a single correlation found between sulfur and residence time: the correlation has a negative slope, but due to the negative values of sulfur, there is more sulfur in areas with lower residence time and less sulfur in areas with higher residence time. The R2 value between sulfur and residence time is 0.65 (fig. 9 panel C). All other tested variables were found to be uncorrelated, and for the remaining five correlation tests (age, automotive size, grainsize, depth) the p-values are above 0.05.
	Magnesium had a high pollution value of 91.85% at the southeast (SE) barge (enrichment factor 8.25) and a low pollution value of -21.87% at the coal cars (enrichment factor 2.34). There were two correlations: magnesium and median grainsize have a positive correlation (higher values of magnesium are found in regions with larger grainsize; R2 value: 0.8844), magnesium and residence time have a negative correlation (higher values of magnesium are found in regions with lower residence times; R2 value: 0.534). Magnesium was uncorrelated with the other variables tested; p-values were larger than 0.05 for magnesium versus age, depth, and size of the automotive.
Grainsize Analysis:
	Beginning with the control sites, analysis of Carr Inlet resulted in a median grainsize of 20.585μm, 7.71% clay, 81.39% silt, and 10.9% sand; analysis of Case inlet revealed a 23.4% clay, 46.7% silt, and 29.9% sand split. The Lake Washington control site had over double the median grainsize at 44.52μm, and the 4.1% clay, 34.93% silt and 60.96% sand split agrees with the higher grainsize value. 
	Despite the lower median grainsize value seen in the Puget Sound control, a majority of the Puget Sound automotive sites have a much larger grainsize with much more sand. A good example of this is the 4-mile rock barges: the northwest barge (NW barge) has a median grainsize of 61.08μm, and a split as follows: 0.9% clay, 2.42% silt, and 96.67% sand, while the southeast (SE) barge analysis provided a median grainsize of 57.84μm and a split of 2.15% clay, 6.9% silt, and 90.94% sand. The Shilshole barges are found very close to the 4-mile-rock barges, and the numbers reflect this: the vertical barge has a median grainsize of 61.42μm, 0.67% clay, 2.33% silt and 97% sand; its sister barge, the horizontal barge, has a median grainsize of 57.7μm, 2.05% clay, 8.1% silt, and 89.85% sand. The last two Puget Sound locations are less sandy: the Tyee analysis revealed the median grainsize of the area is 20.66μm and a split of 14.55% clay, 71.61% silt, and 13.84% sand. Similarly, the Al-Ind-Esk-A-Sea has a median grainsize of 35.85μm, 8.16% clay, 51.3% silt, and 40.54% sand.
	Given the silt-like nature of Lake Washington, a majority of the sites have high percentages of clay and silt. PV-2 Harpoon has a median grainsize of 29.45μm and a ratio of 6.69% clay, 73.34% silt and 19.96% sand; the second Lake Washington plane, PB4Y-2, has a median grainsize of 27.38μm, 7.86% of which is clay, 64.3% of which is silt, and 27.83% sand. The barge in Lake Washington, PA-d3, has a median grainsize of 27.16μm, with 4.88% clay, 81.27% silt and 13.85% sand. Lastly is the coal cars with a median grainsize of 22.64μm, 7.33% clay, 78.72% silt and 13.94% sand.
Discussion
	Initially, it was hypothesized that metals would show a positive correlation with increasing size of the automotive and with mean residence time, and a negative correlation with increasing grainsize, age of the automotive wreck, and depth. While this was true for several metals, it was not true for all metals; only select metals followed this pattern and some metals swung the opposite direction of what was expected (i.e., a positive correlation with increasing grainsize instead of a negative correlation). No metals correlated with depth, despite evidence that currents have more presence in shallow areas (Zhang et. al., 2009).
Metals compared to Automotive Size
	Initial enrichment values for these five metals (Fe, Mo, Ni, CR, Mn) reveal that the two most metal-rich sites are the PB4Y, the horizontal and vertical barges, the Al-ind-esk-a-sea, and the SE and NW barges. Most of the automotive material enriched sites are barges or longer sailing ships; this follows the natural progression of thought: larger vessels have more metal material pollution because they are larger and made of more metals. Despite this, there are only three metals with a P-value greater than 0.05 confirming this correlation: chromium, lead, and zinc. Other ship-related metals such as iron, magnesium, manganese, molybdenum and nickel are not correlated. This implies automotives are primarily made of chromium with hints of other metals that are not dependent on the size of the vessel. Lead and zinc are used as anti-fouling paints, and are also correlated with the size of the automotive. A larger ship requires more anti-fouling paints to coat it. The automotives used for this study seem to be more lead and zinc-based with their anti-fouling paints than copper-based. This may be due to a recent call to change from zinc anti-fouling paints to copper anti-fouling paints: newer automotives with copper-based anti-fouling paints have not found their way into benthic environments as of yet. Metals not listed (barium, copper, iron, magnesium, manganese, molybdenum, nickel, and sulfur) did not have a P-value less than 0.05: the null hypothesis was accepted because these metals were not correlated with the size of the sunken automotive.
Metals compared to Grainsize
Many prior studies (Bloom and Crecelius 1987, Zhang et. al., 2009,  Dimitrakakis et. al. 2014, etc.) imply that metal contamination is correlated with smaller grainsizes. However, this study contradicts that, for of the ten metals tested that concern sunken automotives, only two had a P-value less than 0.05: magnesium, and nickel. A possibility for the lack of correlation is that a majority of the larger sunken vessels (200 feet and larger) were sunk in regions of Puget Sound with coarser grains while many of the smaller vessels (Planes: Harpoon, PB4Y; small barge: PA-d3; small old train cars: coal cars) were found in Lake Washington, with very silty sediments. This may have affected the grainsize analysis and resulted in only two metals showing a correlation to grainsize. Median grainsize for sand was not a calculatable value given that it was taken as a percent, and this study was limited in the ability to determine median grainsize for sand; thus, the lower bound of sand was taken to represent the median value (63 μm), and grainsize was then taken by percent based on the percent of sand present in the grainsize sample (see equation _____). The following metals (barium, chromium, copper, iron, manganese, molybdenum, lead, sulfur and zinc) showed no correlation with median grainsize; the null hypothesis was thus accepted.
Looking at Lake Washington in figure 1, the pie charts get progressively more sandy as the sites move closer and closer north; this may be due to the Sammamish River which empties into the far Northern end of Lake Washington, or due to the trees that surround the upper area of Lake Washington. A majority of the “sand” particles from the Lake Washington control were sticks and twigs that could not be removed from the sample and were counted as a “sand” particle, grainsize larger than 63μm.
Metals compared to the Automotives’ Age
	Initial comparison of trendlines between the age of the sunken automotive and the pollution factor compared to the control implied that there was a negative correlation with age: the older a wreck, the less pollution was present. This held true for only one metal, and that is chromium. A deeper sediment core near the wreck may have found some correlation between metals and time: certain metals may decay on very rapid rates (less than a year) and so their decay rates were not caught on ships that are 30 years old to 100+ years old. Further analysis should be conducted with sediment cores, or small versioned models. Chromium is a very long decaying metal by comparison, taking around 120 years to fully decay to a level where it is no longer polluted as compared to the control sites. For the SE and NW barges found near 4-mile-rock, an exact age could not be determined, and so the average value was taken of the year the ships sank (1942) with a 22 year uncertainty on either side of the estimated year. For the remaining metals (barium, copper, iron, magnesium, manganese, molybdenum, nickel, lead, sulfur and zinc) the null hypothesis was accepted: the metals showed no correlation with age.
Metals compared to the Mean Residence Time of Water in the Area
	One of the key factors in searching for sunken automotives to research was finding wrecks in locations that had a longer residence time. Mean residence times were taken for the basic areas the shipwrecks were found in: Whidbey Basin has a mean residence time of 25 days (Al-Ind-Esk-A-Sea), Main Basin: 52 days (4-Mile-Rock Barges and Shilshole Barges), South Sound: 80 days (Tyee), and Lake Washington: 839.5 days (PB4Y, PV-2 Harpoon, Coal Cars, PA-d3). These residence times were then compared to the percent pollution of the control for each of the ten metals used for this study. Only three metals were found to be correlated with mean residence time: chromium, magnesium, and sulfur. Sulfur had a correlation only with residence time and showed no correlation with any of the other tests done. The leftover metals (barium, copper, iron, manganese, molybdenum, nickel, lead, and zinc) showed no correlation with residence time, and so the null hypothesis was accepted.
Metals compared to the Depth of the Automotive wreck
	No metals were found to be correlated (P-value < 0.05) to the depth of the automotive wreck; for this study we can thus conclude that it does not matter how deep the automotive is: a shallow automotive will produce the same amount of pollution as a deep automotive (as deep as 300 feet, the deepest wreck surveyed for this study. Deeper wrecks than 300 feet would need more analysis) so long as other factors such as the ship’s size, residence time of the water, age of the wreck, grainsize, hauled cargo of the ship, etc. is kept consistent between the two. 
Uncorrelated metals
	Barium, copper, iron, manganese, and molybdenum were uncorrelated with any of the five tested correlations (automotive size, median grainsize, age of the automotive wreck, depth of the automotive wreck, residence time). Barium is often found on automotives in small amounts with sulfur, and so was uncorrelated. Molybdenum and manganese are thought to be used in the construction of planes; given that this study contained two planes of twelve sites, there was no correlation seen (other vessels did not contain as high amounts of molybdenum and manganese). The null hypothesis was accepted for these five metals when compared with the five correlation tests.
Comparison of Freshwater and Saltwater environments:
	Sulfur, magnesium, and iron were found to have a negligible difference between saltwater and freshwater environments. Barium, chromium, manganese, nickel, lead, copper, and zinc showed higher metal concentrations in Puget Sound than in Lake Washington. This is contradictory to the original hypothesis that Lake Washington would have higher contaminates given the longer residence times. For a freshwater environment, Lake Washington has a very low residence time of only 2.3 years (“Quick”); compared to other freshwater lakes, this is extremely low (some lakes have residence times of upwards of a thousand years (“Quick”) and may be the reason for the contradictorily low metal contamination values found in Lake Washington. Further testing should be conducted on freshwater environments with lower residence times to determine if the automotive pollutants accumulate over time, resulting in a more polluted environment than in a saline environment.
Enrichment factor vs. percent pollution discrepancies
	Some of the data presented in the results section does not at first make obvious sense; for example, the highest percent pollution for barium has an equivalent enrichment factor of 0.35, while the lowest percent pollution has an equivalent enrichment factor of 0.97, resulting in a negative value. It is not immediately apparent why a value of 0.35 results in a positive pollution value while a factor of 0.97 results in a negative value. Therefore it is important to take the enrichment factors as a percentage of the control site using the formula:

	The levels of certain metals like barium are found in high amounts in Lake Washington, but are found in relatively low amounts in Puget Sound; taking the percent pollution of the control site nearest to where the automotive wreck is located allows a definitive analysis on the level of pollution in comparison to the surrounding environment. The high amount of barium in the example provided above (0.97) comes from the Harpoon plane wreckage; the percent pollution ends up as a negative percentage because the control sites for barium in Lake Washington are higher than this. Likewise, though the 0.35 value above is lower than the amount of barium present at Harpoon, this value comes from a site in Puget Sound, where the levels of  barium are much lower. Taking the pollution as a percentage of the site’s relative control allows an even comparison between the two different environments on the amount of pollution present at a site.
Sulfur and Copper Discrepancies
	Values for copper and sulfur were unusually low for this study with all copper and sulfur values appearing in the negative range. The ratio taken for the comparative data points was a ratio percent: 

	Looking at this ratio, a negative value would either result from a very low concentration of the metal (copper, sulfur) at all sites, or a very high ratio of the metal (copper, sulfur) at the control site. It is statistically more likely that the two control sites contained high amounts of copper and sulfur, than the twelve ship sites containing very low amounts of copper and sulfur. This is the hypothesis used to explain the negative sulfur and copper values. Grape vineyards have found to be sources of copper and sulfur pollution via runoff: elemental sulfur is a beneficial way of keeping powdered mildew in check (Kwasniewski) and a copper-based fungicide called Kocide 3000-O (the most advanced form of copper fungicide) is used to keep a variety of molds and mildews off of grapes and other vines (“Kocide”). Coincidentally, there are vineyards surrounding the Puget Sound area and rivers that run into Lake Washington near where the control sites are located (fig. 10). It is thus hypothesized that copper fungicides and mildew-preventing sulfur sprays used on grapes washes into the sediments of certain regions of Puget Sound and Lake Washington, which has affected the rest of the copper and sulfur concentrations across other automotive sites. Given the extensive shipwrecks found in the Puget Sound region (including Lake Washington) and the stretch of vineyards and anthropogenic pollution, this study was highly limited on where control sites were chosen.
Reversal discrepancies
	A “reversal” is any point of data contradictory to supporting evidence, such as nickel and magnesium showing a positive correlation with grainsize. Trace metals have a tendency to stay better in environments with fine-grained particles (Zhang et. al., 2009); with the reversal present, nickel and magnesium are showing a tendency to stay in environments with coarse-grained particles. The primary theory for the many reversals seen in this paper is: larger ships have a tendency to sail in larger bodies of water; this means that Lake Washington is left with small shipwrecks while Puget Sound finds all the largest wrecks with excess amounts of pollutants. This would give a graph similar to the magnesium vs. grainsize graph in figure 6 panel C, with lesser values of magnesium appearing in environments with smaller grainsizes, and larger values of magnesium appearing in environments with large grainsizes. It is not that magnesium and other metals stay better in regions with coarser grains, the more plausible explanation is that larger ships stay in coarser grains, and carry heavy amounts of pollutants as compared to the small ships found in fine-grained Lake Washington.
Persistence of PB4Y-2 Privateer Bomber
	For a majority of the sites, PB4Y has the highest percentage of pollution. Following along with the pattern consistent for keeping pollutants around, the PB4Y is a young wreck, in a small-grain environment with a fairly long mean residence time; it is a fairly large size, and was built from some interesting metals, such as manganese and molybdenum. Many factors play into the persistent pollution near PB4Y, resulting in the site becoming extremely polluted with a handful of metals, such as molybdenum, manganese, nickel, iron, etc. 
Conclusion
	This study provided positive insight into how sunken automotives are affecting the benthos; the main point that can be drawn from this study is that metal pollution is a complicated science that involves a lot of variables, conditions, and environments. Typically, high amounts of pollution are found in fine-grained sediments and will have a major affect on shellfish living beneath those sediments (ref); however, factors such as currents, size of the sunken automotive, material of the sunken automotive, age of the automotive, residence time, and saline environments can throw off the “normal” or “expected” patterns of metals in the marine environment.
	This study was able to conclude that chromium is positively correlated with the size of the automotive, and negatively correlated with the age of the automotive wreck and with residence time; copper is negatively correlated with saline residence time; magnesium is positively correlated with median grainsize and negatively correlated with residence time; nickel is positively correlated with median grainsize; lead is positively correlated with the size of the automotive; sulfur is positively correlated with residence time, and zinc is positively correlated with the size of the automotive. The biggest factor that appeared to affect the data for this study was the size of the automotive: larger automotives have a larger impact on the environment around them, even managing to “reverse” what the normal behaviors of metals are, such as creating positive correlations with increasing grainsize (which is entirely contradictory of what a majority of articles suggest). Large ships sink in large bodies of water, which in this study, have a larger grainsize as well. Larger ships thus pose a greater risk to the marine environment, leaking harmful anti-fouling paints such as lead and (in high amounts) zinc, in addition to some of the hull metals such as chromium and molybdenum. As time passes, the automotives become buried, and the pollution signature their ship gives off begins to fade; older ships typically have less pollution, especially when it came to chromium.
	The hypothesis that automotives can be detrimental to the marine environment is clear: yes, the leaking amounts of lead and zinc can cause toxic reactions and stick within the tissues of invertebrates. However, there is not necessarily a positive correlation between smaller grainsize and higher amounts of pollution, other factors affect this variance and may even cause a “reversal” to the point where a positive correlation occurs between larger grainsizes and higher amounts of pollution (the conclusion for this is again due to larger size ships being sampled on coarse grains). There was also no large differences between Puget Sound and Lake Washington pollution amounts; the amount of pollution in Puget sound in several metals actually exceeded that of Lake Washington (and this may again be because larger ships result in more pollution leaking into Puget Sound, plus an excess of anthropogenic pollution). The most important factor from this study was the size of the automotive, which seemed to determine a vast majority of trendlines throughout the study; other factors include: residence time and the amount of years since the automotive sunk. Depth was not a factor (up to 300 feet) in determining higher amounts of pollution levels, which means whether the automotive sank in shallow or deep water makes no difference: it will affect the environment the same.
	It is thus in the best interest of environmental conservation to remove the larger ships from the marine environment before the automotive can pollute the benthos and the fauna that live there. Automotive pollution is a complex form of study and needs more investigating to draw further conclusions.
Tips for Future Studies:
More data points would cement R2 values, and ship size should have been taken into better consideration. Rather than comparing larger ships to smaller ships across several variables, it would have been better to get a greater separation of ship sizes, comparing large ships with other large ships and small ships with other small ships. This would minimize variability in the other graphs. The same could be done with grainsize: gather more ships and more data points, then separate ships into four categories: large automotives in coarse sediments, large automotives in small sediments, small automotives in coarse sediments, and small automotives in small sediments. This would allow for a more accurate reading on how these metals decay with age relative to the sunken automotive and for how long the pollution from the automotive affects the benthos. Saltwater and freshwater had little differences, and so it would not matter as much which environment the automotives appeared in.
It would be beneficial to obtain a higher amount of invertebrate samples; using a shipek grab didn’t get very many invertebrates, and so it would be better to use a shipek grab to get the very surface sediments for grainsize analysis, followed by a van veen grab to go deeper within the sediments and pull up some invertebrates for analysis.
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Figure Captions
Fig. 1. Approximate sampling sites and wreck names. Coordinates and other additional information is given in tables 3 and 4. Sampling sites were chosen based on a strict criteria: small grain size (mud or sandy mud), steel-hulled wrecks, low currents and high residence times. Graphs of the grainsize are included next to each site. There are two pie charts next to the four mile rock barges and next to the Shilshole barges; this is because there are two wrecks at each location (four mile rock barges: NW and SE barge. Shilshole barges: vertical barge and horizontal barge). The vertical barge pie graph is above the horizontal barge pie graph; the NW and SE barges are oriented in their cardinal directions (the NW pie chart is directed northwest of the SE barge’s pie chart, and vice versa).
Fig. 2. Flowchart demonstrating the steps required to complete the research section of this study. Note there are three different branches: one for invertebrates, one for sediment analysis, and one for grainsize analysis. Invertebrates were discarded for this study due to the lack of data, invertebrates are still present in the flowchart for future studies.
Fig. 3. Flowchart demonstrating how to properly acid-wash beakers. This step occurs prior to the flowchart seen in fig. 2. 
Fig. 4 Enrichment factors of each metal at each site location; series without trendlines have a p-value greater than 0.05, series with a trendline show a p-value greater than 0.05. Panel A shows all metals used in an automotive’s hull that were analyzed. Panel B shows the same metals but excludes molybdenum so the rest of the metals can be better seen. Panel C shows the metals used in anti-fouling paints; the Al-Ind-Esk-A-Sea shows the highest amount of all anti-fouling paints compared to the other site locations. Panel D shows other interesting metals related to ships. Sulfur and barium are rarely found without each other in the context of ships, and magnesium is usually hung off the side of certain ships to keep the ship from rusting. 
Fig. 5 A comparative chart of the percent pollution of the control site for each metal against the amount of time the automotive has been beneath the water; series without trendlines have a p-value greater than 0.05, series with a trendline show a p-value greater than 0.05. Panel A shows this for the five metals used in an automotive’s hull, panel B represents the decay of anti-fouling paints, and panel C represents the decay of the “other” metals, sulfur, barium and magnesium. R2 values greater than 0.3 are considered correlated enough to draw a conclusion from.
Fig. 6 A comparative chart of the percent pollution of the control site for each metal against the median grainsize per site; series without trendlines have a p-value greater than 0.05, series with a trendline show a p-value greater than 0.05. Panel A shows this for the five metals used in an automotive’s hull, panel B represents the grainsize comparison of anti-fouling paints, and panel C represents the grainsize comparison of “other” metals, sulfur, barium and magnesium. R2 values greater than 0.3 are considered correlated enough to draw a conclusion from.
Fig. 7 A comparative chart of the percent pollution of the control site for each metal against the size of the automotive; series without trendlines have a p-value greater than 0.05, series with a trendline show a p-value greater than 0.05. Panel A shows this for the five metals used in an automotive’s hull, Panel B represents the size of the automotive compared to anti-fouling paints, and panel C represents the automotive size compared to “other” metals, sulfur, barium, and magnesium. R2 values greater than 0.3 are considered correlated enough to draw a conclusion from.
Fig. 8 A comparison of the average values for each metal found in salt water (Puget Sound) versus the average values for each metal found in fresh water (Lake Washington). Panel A shows this for the five metals used in an automotive’s hull, panel B represents the anti-fouling paints, and panel C represents the “other” metals used in automotives, sulfur, barium and magnesium.
Fig. 9 A comparison of mean residence times to metals found in shipwrecks; series without trendlines have a p-value greater than 0.05, series with a trendline show a p-value greater than 0.05. Panel A shows this relationship for the five metals used in an automotive’s exterior, panel B is representative of the anti-fouling paints, panel C is the “other” or “interesting” metals in regards to mean residence times, and panel D is only for mean residence times found in Puget Sound (Lake Washington’s residence times are ignored; note that copper has a p-value greater than 0.05 when Lake Washington is taken into account, but a p-value of less than 0.05 when Lake Washington is ignored).
Fig. 10 Map displaying location of grape vineyards and wineries in the Puget Sound area. Only the relevant locations are noted (near rivers, Puget Sound, and other water runoff locations) due to the large amount of wineries in western Washington. A large vineyard lies between both of the control sites in Puget Sound, and the Sammamish River, flowing into Lake Washington, has many vineyards surrounding the freshwater source (which may result in a runoff into Lake Washington). Vineyards use known copper and sulfide-based sprays to keep grape vines in shape for wine making, and may cause an excess of pollution of copper and sulfides in the control sites, resulting in the unusually negative values of copper and sulfide in the other sunken ship sites.
Table 1. Automotive wrecks in Puget Sound. Material is very important for studying marine pollution, as a wooden hull will dissolve faster than a steel hull, and will have less of an impact on the environment than steel. Steel is currently being used for most automotives; studying steel automotive wrecks allows for a modern examination of anthropogenic pollution. Locations with silt and mud are ideal, as pollutants will be more likely to hang around in a silted or mud bottom. The primary method of choosing global priority was sediment type.
Table 2. Automotive wrecks in Lake Washington. Metal wrecks are prioritized over wooden wrecks. All wrecks are found in muddy or silt environments; when choosing priority of wrecks in Lake Washington, sediment type was ignored given that the lake bottom should all be uniform. Priority of wrecks was chosen by unique automotive type (i.e., planes, coal cars, etc.) and size of the wreck.
Table 3: p-values for the various correlation tests done between variables and metal data. Highlighted boxes have a p-value of less than 0.05.
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Table 1:
	[bookmark: _Hlk531389123]Automotive Name
	Automotive Type
	Date Sank
	Material
	Size
	Location
	Sediment Type
	Depth

	The Al-Ind-Esk-A-Sea
	Fish processor
	1982
	Steel-hulled
	336 feet
	47° 59.0336’N, 
122° 14.7703’W
	Mud (sandy mud)
	230 feet

	Four Mile Rock Barges
	Barges
	1973
	Steel-hulled
	~200 feet each
	47° 38.415' N 122° 25.640' W
&
47° 38.409’ N
122° 25.611’ W
	Coarse
	110 feet

	Tyee (otherwise unnamed)
	Fish processor
	N/a
	Steel
	160 feet
	47°  17.718' N  122°  25.450' W
	Sandy Mud (silt)
	80-120 feet

	Shilshole Barges
	Barges
	~1965
	Steel-hulled
	~200 feet each
	47° 40.4300' N 122° 25.3567' W (horiz)
&
47° 40.3767’ N
122° 25.3183’
W (vert)
	Muddy Sand
	50 to 90 feet

	Control Sample 1
	Control sample, no known automotives 
	N/a
	N/a
	N/a
	47°  15’20” N  122°  40’31” W
	Mud to sandy mud
	N/a



Table 2:
	Automotive Name
	Automotive Type
	Date Sank
	Material
	Size
	Location
	Sediment Type
	Depth

	PB4Y-2 Privateer Bomber
	Aircraft, bomber
	1956
	Steel
	110’ wing span
	47° 40.57' N 122° 14.47' W
	Mud
	210 feet

	PV-2 Harpoon
	Aircraft
	1947
	Steel
	75’ wing span, 53’ body length
	47° 30.332' N 122° 12.819' W
	Mud
	140 feet

	PA-d3 Barge
	Barge
	N/a
	Steel/wood
	45’ long
15’ wide
	47° 31.4398' N 
122° 14.9918' W
	Mud
	110 feet

	Coal Cars
	Coal Cars
	1875
	Wood and coal
	N/a
	APPROXIMATE
47.629726° N 
122.26045° W
	Mud
	200 feet

	Control Sample 2
	Control sample, no known automotives.
	N/a
	N/a
	N/a
	47° 17’30” N 
122° 15’54” W
	Mud
	N/a




Table 3
	
	Ba
	Cr
	Cu
	Fe
	Mg
	Mn
	Mo
	Ni
	Pb
	S
	Zn

	Automotive 
Size
	0.38
	0.0008
	0.52
	0.85
	0.13
	0.42
	0.93
	0.14
	0.016
	0.12
	0.015

	Median
Grainsize
	0.12
	0.17
	0.11
	0.96
	5.13E-05
	0.37
	0.75
	0.038
	0.93
	0.06
	0.99

	Age
	0.56
	0.044
	0.88
	0.68
	0.11
	0.98
	0.43
	0.08
	0.17
	0.59
	0.26

	Depth
	0.40
	0.44
	0.55
	0.21
	0.24
	0.15
	0.14
	0.91
	0.12
	0.18
	0.08

	Residence 
Time
	0.32
	0.047
	0.97
	0.42
	0.016
	0.11
	0.48
	0.18
	0.29
	0.005
	0.33

	Res. Time 
(Salt)
	0.38
	0.53
	0.029
	0.40
	0.43
	0.49
	0.55
	0.46
	0.27
	0.54
	0.26



 



















Appendix
A1: edited graph of figure 4 panel A without molybdenum present.  		[image: ]
 

A2: table of enrichment factors for all sites and metals
	Sample site:
	
	
	B
	Ba
	Ca
	
	Cr
	
	
	K
	Mg
	Mn
	Mo
	Na
	Ni
	P
	Pb
	S
	Se
	Zn
	Si

	Carr Inlet (Control)
	
	5.169789
	0.324157
	2.40455
	
	2.987848
	
	
	0.6907
	4.649916
	0.000276
	151.6451
	17.51467
	4.722009
	8.546513
	35.72513
	19.95442
	2455.4182
	6.262329
	0.02539

	Case Inlet (Control)
	
	4.549786
	0.303763
	2.168223
	
	3.411277
	
	
	0.5822
	3.954115
	0.000496
	143.6683
	7.311879
	5.390293
	9.720613
	34.36755
	12.06779
	2621.8228
	5.732318
	0.016093

	Lk. WA 01 (Control)
	
	2.711524
	1.045112
	2.5227
	
	4.548022
	
	
	0.127628
	3.069865
	0.000257
	128.5024
	0.239139
	7.041894
	7.054666
	52.78145
	9.762491
	2385.4597
	11.68277
	0.023971

	Lk. WA 02 (Control)
	
	2.508843
	1.023464
	2.155626
	
	4.340267
	
	
	0.227024
	2.910576
	0.000247
	128.7702
	0.212252
	6.573552
	7.275785
	54.51714
	8.465752
	2452.2779
	11.63955
	0.026013

	SE Barge
	
	
	7.988854
	0.480615
	5.217054
	
	5.425338
	
	
	1.198234
	8.253203
	0.000916
	169.1479
	35.30811
	7.627832
	12.50354
	47.86435
	15.52255
	3280.7603
	5.450854
	0.031428

	NW Barge
	
	
	6.887109
	0.350333
	3.519494
	
	4.122526
	
	
	1.031065
	6.823096
	0.000678
	156.6164
	19.88059
	6.753362
	10.94067
	43.83612
	8.92771
	3069.4296
	5.235605
	0.024931

	Al-Ind-Esk-A-Sea
	
	
	4.893428
	0.466917
	2.431724
	
	8.627977
	
	
	0.529954
	5.674805
	0.000487
	173.8552
	10.75311
	7.302434
	10.42942
	244.8455
	7.446776
	2977.16
	21.29704
	0.021544

	PB4Y
	
	
	6.241294
	1.758672
	1.971555
	
	5.036318
	
	
	0.155387
	3.335006
	0.006008
	207.5283
	0.298707
	12.06503
	32.98468
	59.59456
	4.131466
	4241.2657
	10.10163
	0.015769

	Harpoon
	
	
	2.708581
	0.968197
	1.95125
	
	2.625703
	
	
	0.154296
	3.056892
	0.00027
	135.3453
	0.269198
	4.356
	7.254132
	29.3198
	1.698458
	2398.2163
	4.664222
	0.010591

	Tyee
	
	
	4.769306
	0.382531
	3.029295
	
	2.512462
	
	
	0.699418
	4.18661
	0.00016
	153.6102
	16.32121
	3.825179
	10.88321
	34.92232
	12.30124
	2482.8835
	4.734342
	0.020749

	Coal Cars
	
	
	3.290565
	1.571101
	1.243879
	
	3.167478
	
	
	0.178577
	2.336279
	0.001357
	137.1825
	0.280586
	5.485997
	18.24103
	54.60941
	2.93002
	2597.8882
	11.80621
	0.027052

	PA-D3
	
	
	2.890733
	1.266448
	1.497627
	
	2.826097
	
	
	0.158767
	2.622624
	0.001251
	135.9607
	0.260374
	4.858653
	15.59219
	48.92387
	1.933257
	2424.9307
	8.908641
	0.013502

	Vertical barge
	
	
	5.137031
	0.726715
	3.476741
	
	4.419975
	
	
	0.624692
	6.961146
	0.000504
	158.6501
	16.70892
	7.878036
	11.54147
	41.17553
	10.62424
	2942.1174
	4.81399
	0.035531

	Horizontal barge
	
	
	5.966127
	0.828361
	3.723768
	
	4.753222
	
	
	0.820832
	7.741748
	0.000929
	174.9882
	21.65206
	8.671734
	13.13193
	45.79659
	11.27483
	3141.5714
	5.935022
	0.037096



		Sample site:
	
	
	Cu
	Fe
	K
	Mg
	Mn

	Carr Inlet (Control)
	
	7.483333
	2.759497
	0.6907
	4.649916
	0.000276

	Case Inlet (Control)
	
	5.778275
	2.99673
	0.5822
	3.954115
	0.000496

	Lk. WA 01 (Control)
	
	9.260153
	3.036254
	0.127628
	3.069865
	0.000257

	Lk. WA 02 (Control)
	
	8.53873
	2.844111
	0.227024
	2.910576
	0.000247

	SE Barge
	
	
	3.555258
	3.836607
	1.198234
	8.253203
	0.000916

	NW Barge
	
	
	0.031276
	4.187811
	1.031065
	6.823096
	0.000678

	Al-Ind-Esk-A-Sea
	
	
	8.323938
	3.631238
	0.529954
	5.674805
	0.000487

	PB4Y
	
	
	6.999717
	7.173761
	0.155387
	3.335006
	0.006008

	Harpoon
	
	
	5.623905
	2.938116
	0.154296
	3.056892
	0.00027

	Tyee
	
	
	8.697064
	2.73374
	0.699418
	4.18661
	0.00016

	Coal Cars
	
	
	8.099471
	3.951182
	0.178577
	2.336279
	0.001357

	PA-D3
	
	
	6.613877
	3.647943
	0.158767
	2.622624
	0.001251

	Vertical barge
	
	
	3.115208
	3.796864
	0.624692
	6.961146
	0.000504

	Horizontal barge
	
	
	3.909436
	3.958973
	0.820832
	7.741748
	0.000929



	




	
	
	
	
	
	
	
	
	P

	

	Sample site:
	
	
	Mo
	Na
	Ni
	P
	Pb

	Carr Inlet (Control)
	
	151.6451
	17.51467
	4.722009
	8.546513
	35.72513

	Case Inlet (Control)
	
	143.6683
	7.311879
	5.390293
	9.720613
	34.36755

	Lk. WA 01 (Control)
	
	128.5024
	0.239139
	7.041894
	7.054666
	52.78145

	Lk. WA 02 (Control)
	
	128.7702
	0.212252
	6.573552
	7.275785
	54.51714

	SE Barge
	
	
	169.1479
	35.30811
	7.627832
	12.50354
	47.86435

	NW Barge
	
	
	156.6164
	19.88059
	6.753362
	10.94067
	43.83612

	Al-Ind-Esk-A-Sea
	
	
	173.8552
	10.75311
	7.302434
	10.42942
	244.8455

	PB4Y
	
	
	207.5283
	0.298707
	12.06503
	32.98468
	59.59456

	Harpoon
	
	
	135.3453
	0.269198
	4.356
	7.254132
	29.3198

	Tyee
	
	
	153.6102
	16.32121
	3.825179
	10.88321
	34.92232

	Coal Cars
	
	
	137.1825
	0.280586
	5.485997
	18.24103
	54.60941

	PA-D3
	
	
	135.9607
	0.260374
	4.858653
	15.59219
	48.92387

	Vertical barge
	
	
	158.6501
	16.70892
	7.878036
	11.54147
	41.17553

	Horizontal barge
	
	
	174.9882
	21.65206
	8.671734
	13.13193
	45.79659

	



	
	
	
	
	
	
	

	Sample site:
	
	
	S
	Se
	Zn
	Si

	Carr Inlet (Control)
	
	19.95442
	2455.418
	6.262329
	0.02539

	Case Inlet (Control)
	
	12.06779
	2621.823
	5.732318
	0.016093

	Lk. WA 01 (Control)
	
	9.762491
	2385.46
	11.68277
	0.023971

	Lk. WA 02 (Control)
	
	8.465752
	2452.278
	11.63955
	0.026013

	SE Barge
	
	
	15.52255
	3280.76
	5.450854
	0.031428

	NW Barge
	
	
	8.92771
	3069.43
	5.235605
	0.024931

	Al-Ind-Esk-A-Sea
	
	
	7.446776
	2977.16
	21.29704
	0.021544

	PB4Y
	
	
	4.131466
	4241.266
	10.10163
	0.015769

	Harpoon
	
	
	1.698458
	2398.216
	4.664222
	0.010591

	Tyee
	
	
	12.30124
	2482.883
	4.734342
	0.020749

	Coal Cars
	
	
	2.93002
	2597.888
	11.80621
	0.027052

	PA-D3
	
	
	1.933257
	2424.931
	8.908641
	0.013502

	Vertical barge
	
	
	10.62424
	2942.117
	4.81399
	0.035531

	Horizontal barge
	
	
	11.27483
	3141.571
	5.935022
	0.037096



	
	
	
	
	
	
	
	
	8.546513

	



A3: Table of metal pollutions as a percentage of the mean control sites 
(Puget Sound locations were kept separate from Lake Washington locations, the percent pollution is taken as a fraction of the control that most correctly matches the wreck’s location, Lake Washington or Puget Sound. Highlighted metals are metals used for this study)


	Site Name
	
	
	B
	Ba
	Ca
	Cr
	Cu

	Al-Ind-Esk-A-Sea
	
	
	0.692216627
	48.71853092
	6.356621
	169.6612
	25.53437

	PB4Y
	
	
	139.1132773
	70.03696173
	-15.7154
	13.32479
	-21.3466

	Harpoon
	
	
	3.769776768
	-6.389975547
	-16.5834
	-40.9177
	-36.8061

	Tyee
	
	
	-1.861846661
	21.84058097
	32.49268
	-21.4748
	31.16153

	Coal Cars
	
	
	26.06644834
	51.9017191
	-46.8237
	-28.7269
	-8.98899

	Vertical barge
	
	
	5.70484342
	131.4673193
	52.06265
	38.1431
	-0.25527

	Horizontal barge
	
	
	22.76517843
	163.842923
	62.86693
	48.5585
	-53.0192

	
	
	
	
	
	
	
	

	SE Barge
	
	
	64.38688259
	53.08173039
	128.1789
	69.56501
	-46.3827

	NW Barge
	
	
	1883.184006
	11.58529674
	53.93256
	28.84657
	-99.5283

	PA-D3
	
	
	14132.45431
	22.44638522
	-35.9759
	-36.4085
	-25.6821



	
	
	
	
	
	
	
	
	9.720613

	


	Site Name
	
	
	Fe
	K
	Mg
	Mn
	Mo

	Al-Ind-Esk-A-Sea
	
	
	26.16729051
	-16.7327781
	31.91038
	26.2864
	17.74284

	PB4Y
	
	
	143.9903252
	-12.372266
	11.53043
	2283.548
	61.32952

	Harpoon
	
	
	-0.070275571
	-12.9872196
	2.229669
	7.254921
	5.215504

	Tyee
	
	
	-5.016260913
	9.893627181
	-2.68259
	-58.555
	4.031968

	Coal Cars
	
	
	34.38560165
	0.705428878
	-21.8693
	438.3966
	6.643714

	Vertical barge
	
	
	31.92196178
	-1.84731865
	61.81127
	30.59081
	7.445233

	Horizontal barge
	
	
	37.5544406
	28.97041185
	79.9563
	140.637
	18.51019

	
	
	
	
	
	
	
	

	SE Barge
	
	
	33.30284575
	88.26845087
	91.84503
	137.3058
	14.55485

	NW Barge
	
	
	45.50541894
	62.00258622
	58.60232
	75.63324
	6.067911

	PA-D3
	
	
	24.07198545
	-10.4661339
	-12.2933
	396.2793
	5.693888



	
	
	
	
	
	
	
	
	7.054666

	


	Site Name
	
	
	Na
	Ni
	P
	Pb
	

	Al-Ind-Esk-A-Sea
	
	
	-13.37408094
	44.42674527
	14.18788367
	598.63361
	

	PB4Y
	
	
	32.34983512
	77.22570086
	360.3439464
	11.081716
	

	Harpoon
	
	
	19.27505296
	-36.01385207
	1.240800767
	-45.34915
	

	Tyee
	
	
	31.48189243
	-24.34603166
	19.15622102
	-0.353866
	

	Coal Cars
	
	
	24.32088053
	-19.41509637
	154.5772489
	1.7896173
	

	Vertical barge
	
	
	34.60528537
	55.81092693
	26.36323227
	39.597659
	

	Horizontal barge
	
	
	74.42672097
	71.50860336
	43.77664558
	17.488808
	

	
	
	
	
	
	
	
	

	SE Barge
	
	
	184.4383673
	50.86241882
	36.89662451
	36.574447
	

	NW Barge
	
	
	60.15592749
	33.56726014
	19.78539869
	25.080449
	

	PA-D3
	
	
	15.36503479
	-28.63028118
	74.50308032
	-8.807989
	





	Site Name
	
	
	Se
	Zn
	Si
	S

	Al-Ind-Esk-A-Sea
	
	
	17.27471679
	255.109051
	3.868880105
	-53.48993354

	PB4Y
	
	
	75.34087456
	-13.37367824
	-36.90235727
	-54.66961359

	Harpoon
	
	
	-0.853809208
	-60.00206934
	-57.62429977
	-81.36453925

	Tyee
	
	
	-2.195564488
	-21.05907885
	0.038644346
	-23.1705732

	Coal Cars
	
	
	7.400954779
	1.243909521
	8.241604043
	-67.85186759

	Vertical barge
	
	
	15.89433517
	-19.73102071
	71.30332664
	-33.6445432

	Horizontal barge
	
	
	23.75112185
	-1.038821417
	78.84850305
	-29.58122134

	
	
	
	
	
	
	

	SE Barge
	
	
	29.23397718
	-9.111897402
	51.52098587
	-3.051390112

	NW Barge
	
	
	20.90934921
	-12.70096984
	20.20082835
	-44.24051837

	PA-D3
	
	
	0.250610545
	-23.6041471
	-45.97440805
	-78.78833297





A4: Mean Values for Puget Sound and Lake Washington Controls
	
	B
	Ba
	Ca
	Cr
	Cu
	Fe

	Puget Sound Control
	4.859788
	0.31396
	2.286387
	3.199562
	6.630804
	2.878113

	Lake Wash control
	2.610183
	1.034288
	2.339163
	4.444145
	8.899441
	2.940182

	

	
	
	
	
	
	



	
	
	
	
	
	
	
	
	7.275785

	
	
	K
	Mg
	Mn
	Mo
	Na
	Ni

	Puget Sound Control
	0.63645
	4.302015
	0.000386
	147.6567
	12.41327
	5.056151

	Lake Wash control
	0.177326
	2.99022
	0.000252
	128.6363
	0.225695
	6.807723

	


	
	
	
	
	
	

	
	P
	Pb
	S
	Se
	Zn
	Si

	Puget Sound Control
	9.133563
	35.04634
	16.01111
	2538.621
	5.997324
	0.020741

	Lake Wash control
	7.165226
	53.6493
	9.114121
	2418.869
	11.66116
	0.024992



	



	
	
	
	
	
	
	
	
	12.50354

	
	
	
	
	
	
	
	
	
	
	10.94067

	
	
	
	
	
	
	
	
	
	
	10.42942

	
	
	
	
	
	
	
	
	
	
	32.98468

	
	
	
	
	
	
	
	
	
	
	7.254132

	A5: Categories for correlation tests

	


	
	
	
	
	
	
	
	
	10.88321

		Site Name
	Age Range
	Year ship sank
	Age since wreck
	Age Uncertainty

	Al-Ind-Esk-A-Sea
	*
	1982
	37
	0

	PB4Y
	*
	1956
	63
	0

	Harpoon
	*
	1947
	72
	0

	Tyee
	*
	1927
	92
	0

	Coal Cars
	*
	1875
	144
	0

	Vertical barge
	*
	1958
	61
	0

	Horizontal barge
	*
	1958
	61
	0

	
	
	
	
	

	SE Barge
	1926-1970
	1948
	71
	22

	NW Barge
	1926-1970
	1948
	71
	22

	PA-D3
	*
	*
	*
	*



	
	
	
	
	
	
	
	
	
	18.24103

	
	
	
	
	
	
	
	
	
	
	15.59219

	
	
	
	
	
	
	
	
	
	
	11.54147

	

	Site Name
	Median Grain by % um
	Auto Size (m)
	Mean Residence Time (days)
	Depth (m)

	Al-Ind-Esk-A-Sea
	35.84620341
	102.5
	25
	230

	PB4Y
	25.600275
	33.5
	839.5
	210

	Harpoon
	25.8774
	13.7
	839.5
	140

	Tyee
	20.65942422
	54.9
	20
	80

	Coal Cars
	20.85502222
	*
	839.5
	200

	Vertical barge
	61.41918331
	61
	52
	50

	Horizontal barge
	57.69705176
	61
	52
	90

	
	
	
	
	

	SE Barge
	57.64350844
	61
	52
	110

	NW Barge
	61.00628069
	61
	52
	110

	PA-D3
	24.72831
	13.7
	839.5
	110



	
	
	
	
	
	
	
	
	
	13.13193
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