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Abstract

Arsenic, a priority Superfund contaminant and carcinogen, is a legacy pollutant impacting aquatic
ecosystems in urban lakes downwind of the former ASARCO copper smelter in Ruston, WA, now
a Superfund site. We examined the mobility of arsenic from contaminated sediments and arsenic
bioaccumulation in phytoplankton and zooplankton in lakes with varying mixing regimes. In lakes
with strong seasonal thermal stratification, high aqueous arsenic concentrations were limited to
anoxic bottom waters that formed during summer stratification, and arsenic concentrations were
low in oxic surface waters. However, in weakly-stratified lakes, the entire water column, including
the fully oxic surface waters, had elevated concentrations of arsenic (up to 30 pg L™1) during the
summer. We found enhanced trophic transfer of arsenic through the base of the aquatic food web
in weakly-stratified lakes; plankton in these lakes accumulated up to an order of magnitude more
arsenic on multiple sampling days than plankton in stratified lakes with similar levels of
contamination. We posit that greater bioaccumulation in weakly-stratified lakes was due to
elevated arsenic in oxic waters. Aquatic life primarily inhabits oxic waters and in the oxic water
column of weakly-stratified lakes arsenic was speciated as arsenate, which is readily taken up by
phytoplankton because of its structural similarities to phosphate. Our study indicates that
mobilization of arsenic from lake sediments into overlying oxic water columns in weakly-stratified
lakes leads to increased arsenic exposure and uptake at the base of the aquatic food web.
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1. Introduction

Arsenic, a neurotoxin and carcinogen, is a common pollutant in urban waters that poses risks
to both environmental and human health (NRC, 1999; Vahidnia et al., 2007). Lake sediments
that have accumulated arsenic from legacy pollution represent a long-term source of arsenic
contamination to overlying waters and aquatic ecosystems. Reductive dissolution of arsenic-
bearing minerals in anoxic sediments may facilitate a diffusive flux of arsenic from
porewaters into the overlying water column. Previous studies have demonstrated that arsenic
is readily mobilized from contaminated sediments in seasonally-stratified lakes, resulting in
elevated aqueous arsenic concentrations, typically speciated as arsenite (As(l11)), in anoxic
hypolimnetic waters (Aggett et al., 1985; Aggett and Kriegman, 1988; Azcue and Nriagu,
1995; Barringer et al., 2001; Selyer & Martin, 1989; Senn and Hemond, 1994; Sohrin et al.,
1997). In these lakes, elevated aqueous arsenic concentrations are generally restricted to
anoxic bottom waters because under oxic conditions arsenic is usually speciated as arsenate
(As(V)), which readily adsorbs onto iron oxyhydroxides on settling particles in the water
column (Dixit and Hering, 2003; Tufano and Fendorf, 2008). Thus, particle scavenging
processes commonly result in low aqueous arsenic concentrations in oxic waters.

In fully oxic water columns, diffusion of arsenic from contaminated sediments into lake
waters is expected to be limited by adsorption and precipitation of arsenic by iron
oxyhydroxides at the sediment-water interface (de Vitre et al., 1991). However, while
relatively unusual, a few previous studies have demonstrated that arsenic may be mobilized
from lake-bed sediments into a well-mixed, oxic water column in absence of a well-
developed hypolimnion to maintain anoxic conditions at the sediment-water interface.
Conditions that promote the flux of aqueous arsenic across an oxic sediment-water interface
and allow for maintenance of elevated aqueous arsenic in an oxic water column are not well
understood, but may include decreased thickness of the oxic sediment layer due to high rates
of organic matter oxidation (Martin and Pedersen, 2002; Senn et al., 2007) and slow kinetics
of arsenate adsorption onto iron oxyhydroxides in both sediment and settling particles due to
the presence of competing ions (Couture et al., 2010). The prevalence of such systems is
unknown, as are the implications for arsenic exposure and bioaccumulation in aquatic
organisms in these systems.
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Arsenic is bioavailable to aquatic organisms (Eisler, 1988) and may be transferred through
lacustrine food webs to species consumed by humans. Uptake and bioaccumulation of
arsenic in phytoplankton is dependent on the chemical speciation of aqueous arsenic
(Hellweger et al., 2004; Rahman et al., 2012). In freshwater systems, inorganic arsenic
species As(I11) and As(V) dominate total aqueous arsenic concentrations and their
distribution is related to lake redox status, primarily controlled by physical mixing and
oxygenation of the water column. Phytoplankton primarily accumulate arsenic via active
uptake of As(V), the thermodynamically stable arsenic species in oxygenated waters, as a
byproduct of phosphate transport (Hellweger and Lall, 2004; Rahman et al., 2012). The
concentration of arsenic in freshwater phytoplankton has been observed to be up to 5 orders
of magnitude higher than ambient water concentrations (Caumette et al., 2011; Caumette et
al., 2014; Kaise et al., 1997). Field studies have indicated that zooplankton primarily
accumulate arsenic through consumption of contaminated food (Chen et al. 2000, Caumette
et al., 2012), although laboratory studies have shown that in culture, zooplankton exposed to
arsenic in water but not in dietary sources also bioconcentrate arsenic (Caumette et al.,
2014). Trophic transfer up the food web is largely responsible for arsenic accumulation in
fish, whose primary exposure is from dietary sources (Chen et al., 2000; Culioli et al., 2009;
Erickson et al., 2011; Rahman et al., 2012). Hence, the exposure and bioavailability of
arsenic to plankton is a critical step in the transfer of arsenic from contaminated
environments into the upper trophic levels of aquatic foodwebs.

The Puget Sound lowland region in Washington State contains a large number of densely-
populated urban lakes with sediments contaminated with arsenic by a century of aerosol
emissions from the smokestack of the former American Smelting and Refining Company
(ASARCO) copper smelter, now designated the Commencement Bay/Nearshore Tideflats
Superfund Site. We hypothesized that in thermally stratified lakes, potential transfer of
arsenic through the food web is likely limited as arsenic is expected to be largely sequestered
in anoxic waters avoided by aquatic organisms. However, arsenic mobilization in unstratified
lakes may increase the potential for biological exposure by producing high aqueous arsenic
concentrations in oxic biological habitat. The objective of this study was to determine the
impact of different redox states resulting from different mixing behaviors in lakes with
similar levels of arsenic contamination in sediments on aqueous arsenic concentrations and
on arsenic bioavailability to the base of the aquatic food web.

2. Methods
2.1. Field sites

Four study lakes were chosen as representative examples of different combinations of
arsenic contamination in sediments and lake mixing behaviors: strong seasonal stratification
with high levels of arsenic contamination (Angle Lake); strong seasonal stratification with
moderate levels of arsenic contamination (North Lake); intermittent weak stratification with
high levels of arsenic contamination (Lake Killarney); and intermittent weak stratification
with moderate levels of arsenic contamination (Steel Lake) (Table 1). All study lakes are
within 25 km of the former ASARCO copper smelter in Ruston, WA (Fig. 1) in the direction
of prevailing winds (S/SW) and within the predicted deposition field for smelter emissions
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(Gawel et al., 2014). Between September 2015 and August 2016, each of the study lakes
was generally sampled monthly in winter and early spring (Nov-Mar) and twice monthly in
late spring, summer, and fall (Apr-Oct), although sampling was occasionally missed due to
weather conditions or restricted site access (Table S1).

2.2. Sample collection

Water column temperature, dissolved oxygen, specific conductivity, and pH profiles were
measured using a multi-parameter water quality probe (In-Situ smarTROLL MP) deployed
from a boat at set sampling stations located at approximately the deepest point in each lake.
Probe sensors were calibrated daily. The Schmidt stability index (S) (Idso 1973; Schmidt,
1928) was calculated from temperature-depth profiles on each sampling day using
LakeAnalyzer (Read et al., 2011).

Onboard water sampling was carried out at four predetermined depths in the water column
representing surface waters, thermocline waters, hypolimnetic waters, and 0.5-2 m above
the lake bed (Table S1). A peristaltic pump with acid-washed tubing was used to collect both
unfiltered and filtered (0.45 um Geotech cartridge filter) water samples. Samples for filtered
and unfiltered total arsenic concentrations were collected in acid-washed 60 mL
polypropylene bottles and acidified in the laboratory within 4 hours with trace metal grade
nitric acid (1% v/v). Unfiltered samples were stored a minimum of 60 days prior to analysis
to release refractory metal species into the dissolved phase. The difference between arsenic
concentrations in filtered and unfiltered waters samples was used to estimate the relative
contribution of the particulate phase to total arsenic concentrations (e.g., Nimick et al.,
1998). Several times a year, unfiltered water samples were collected in acid-washed and
ashed 300 mL biochemical oxygen demand (BOD) bottles for arsenic speciation analysis.
These samples were filtered in the laboratory in an anoxic glove box using 0.45 pm and
0.025 pm mixed cellulose membrane filters (Millipore), then acidified with trace metal grade
HCI to achieve a 1% v/v concentration and stored in amber HDPE bottles at 4°C until
analysis.

Plankton biomass samples were collected in duplicate by vertical net tows from a depth of
1-2 m above bottom and stored in acid-washed polypropylene bottles on ice. Zooplankton
samples were collected using a 153 pm mesh net. Phytoplankton samples were collected
using 20 um mesh net and filtered through a 153 um sieve to remove zooplankton. In the
laboratory, samples were filtered onto preweighed 5 um polycarbonate membrane filters
(Millipore) and placed in a drying oven overnight at low temperature (60°C). The average
sample size for phytoplankton and zooplankton samples was 14 mg and 52 mg, respectively.

2.3. Analytical methods

Concentrations of total arsenic in water and plankton samples were determined by
inductively-coupled plasma mass spectrometry (ICP-MS) on an Agilent 7900 at the
University of Washington Tacoma. Calibration was performed using certified multi-element
standards. Analytical accuracy of the ICP-MS method was assessed using certified reference
material NIST 1640a (trace elements in natural water), which had a recovery of 107 £ 12%
(n = 10) for arsenic. Total arsenic concentrations in plankton biomass were determined by
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ICP-MS following a microwave-assisted (CEM MARS 5) total digestion protocol (modified
EPA method 3015) using trace metal grade nitric acid in pressurized digestion vessels. After
digestion, sample solutions were diluted to 2% v/v nitric acid. Efficacy of the digestion
procedure was verified using certified reference material BCR-414 (trace elements in
plankton), which yielded a recovery of 95 + 7% (n=8). The total method blank for arsenic,
assessed by digestion of a blank polycarbonate filter, was 0.8 ng As (h = 3), equivalent to a
concentration of 0.06 ug g1 and 0.01 ug g~ for the average phytoplankton and zooplankton
sample weight, respectively.

In samples preserved for analysis of arsenic speciation, total As and As(l11) were determined
by hydride generation atomic-absorption spectrometry (HG-AAS) at the University of
Colorado Boulder using methods detailed in McCleskey et al. (2004). Total As was
measured by pre-reducing As(V) to As(l11) using potassium iodide and L-ascorbic acid. The
As(V) concentration was calculated as the difference between total As and As(111)
concentrations. Detection limits were 0.8 pg L™ for As(I11) and 0.1 pg L™1 for total As
concentrations.

3. Results and Discussion

3.1. Physical parameters and lake stratification status

Temperature and dissolved oxygen concentrations over the course a full year (Sept 2015 to
Aug 2016) are shown in Figure 2 for Angle Lake and Lake Killarney, the paired study lakes
with high levels of arsenic contamination in sediments (>200 ppm) (Gawel et al., 2014), and
in Figure 3 for North and Steel Lakes, the paired study lakes with lower levels of arsenic
contamination in sediments (<100 ppm). The Schmidt stability index (S), was used to
determine the water column stability, or the inertial resistance to complete mixing (Fig. 4).
The time series show the onset of thermal stratification in late spring (April) in both Angle
Lake (and North Lake, which persisted through the summer until fall overturn (November).
During this period of continuous seasonal thermal stratification of the water column,
dissolved oxygen in Angle Lake decreased sharply with depth to concentrations of <0.2 mg
L~1 near the sediment-water interface (Fig. 2c,). In North Lake, similar anoxic conditions
were observed throughout most of the summer, although there is evidence of a mixing event
in North Lake in late June that temporarily re-oxygenated the hypolimnion (Fig. 3c). The
thickness of the hypolimnion varied with time, reaching a maximum of ~7 m in Angle Lake
and ~3 m in North Lake in July 2016. The water columns in Lake Killarney and Steel Lake
remained relatively well-mixed year-round, with only weak stratification observed in early
summer (Fig. 4). Despite the lack of persistent thermal stratification, bottom waters in both
of these lakes (averaging 0.8 m above bottom) were occasionally hypoxic (<2 mg L™1), as
observed during sampling in May and July 2016 (Figs. 2d, 3d).

3.2 Aqueous arsenic concentrations

Similar spatial and temporal trends in total arsenic concentrations in filtered (Fig. 2e—f, Fig.
3e—f) and unfiltered water samples (Fig. S1) were observed for all lakes. Comparison of
arsenic concentrations in filtered and unfiltered water samples shows that typically 70-90%
of total arsenic in the water column in all of the study lakes was in the aqueous phase and

Sci Total Environ. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barrett et al.

Page 6

apparent concentrations of particulate arsenic were small (Table 2). Additionally, a subset of
samples was also filtered through a 0.025 um filter; in the majority of samples, >90% of the
0.45 pm-filtered arsenic also passed through the 0.025 pm filter, suggesting the contribution
of colloids was minimal (supporting information Table S2). Hence, the discussion below
focuses on aqueous arsenic concentrations measured in filtered water samples.

Elevated aqueous arsenic concentrations (up to 56 pg L1 in Angle Lake; up to 11 pg L2
North Lake) were observed in thermally stratified lakes in hypoxic bottom waters during
summer months (May—October) (Figs. 2e, 3e). With physical mixing inhibited by strong
stratification (Fig. 4), arsenic supplied from sediments was largely restricted to the
hypolimnion. Relatively low arsenic concentrations (1-4 pg L™1 in Angle Lake; <2 pg L1
North Lake) were observed in the oxic upper water columns of these two lakes throughout
the year, similar to background arsenic concentrations typical of non-contaminated lakes (<1
g L71) (Chen et al., 2000; Gawel et al., 2014; Smedley and Kinniburgh, 2002). There was
slight seasonal variability in arsenic concentrations measured in oxic surface waters of these
stratified lakes. The highest concentrations were observed in late summer 2015 with slightly
lower concentrations observed in winter and early summer 2016, mirroring temporal trends
in arsenic concentrations in the hypolimnion (Figs. 2e, 3e). The vertical profiles of arsenic
concentrations observed in Angle Lake and North Lake are typical of contaminated,
thermally-stratified lakes with elevated arsenic observed in anoxic bottom waters during
periods of seasonal stratification (Aggett et al., 1985; Aggett and Kriegman, 1988; Azcue
and Nriagu, 1995; Barringer et al., 2011; Ford et al., 2006; Hasegawa et al., 1997; Kuhn and
Sigg, 1993; Smedley and Kinniburgh, 2002). The higher maximum arsenic concentrations
observed in the bottom waters of Angle Lake compared to North Lake are consistent with
the more highly-contaminated surface sediments present in Angle Lake (208 mg kg™ dry
weight) compared to North Lake (85 mg kg1 dry weight) (Gawel et al., 2014).

By contrast, elevated aqueous arsenic concentrations were observed in the oxic water
columns of both Lake Killarney and Steel Lake. From September to early November 2015,
arsenic concentrations of up to 30 ug L™1 in Lake Killarney and up to 7 ug L™1 in Steel Lake
were observed at all depths throughout the well-mixed, oxic water column (Figs. 2f, 3f).
Arsenic concentrations then decreased and were lowest (5-7 ug L1 in Lake Killarney and
~1 pg L1 in Steel Lake) over the winter (December 2015 to March 2016). In spring and
early summer in 2016, arsenic concentrations again increased throughout the water column
with the onset of intermittently hypoxic bottom waters. During this time, arsenic
concentrations were highest in the hypoxic bottom waters (>50 ug L™1 in Lake Killarney and
>7 ug L~ in Steel Lake), but concentrations above background were also found in the
overlying oxic waters (up to 15 ug L1 in Lake Killarney and 4 pg L™t in Steel Lake) (Figs.
2f, 3f). The higher arsenic concentrations observed in Lake Killarney relative to Steel Lake
reflect the larger arsenic source insurface sediments in Lake Killarney (206 mg kg~ versus
48 mg kg™1) (Gawel et al., 2014).

The speciation of aqueous arsenic in filtered water samples from Angle Lake and Lake
Killarney is shown in Table 3 for samples collected in summer, when both relatively high
arsenic concentrations and ecosystem productivity are expected. In Angle Lake, the elevated
total arsenic found in the hypolimnion was primarily speciated as As(l11) (89-97%). The
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relative proportion of As(I11) decreased higher in the water column and was below detection
(<0.8 ug L™1) in surface waters. By comparison, in Lake Killarney, As(l11) concentrations
were typically below detection throughout the water column, and were not significant
compared to high total arsenic concentrations (8—-13 pg L™1). Additional water samples from
Lake Killarney collected prior to our study show similar trends in arsenic speciation in the
late summer, with As(l11) being a minor component (3—4 %) of total arsenic and As(V)
dominating.

Although high aqueous arsenic concentrations are expected under reducing conditions in the
hypolimnion of stratified lakes, we observed high arsenic contamination in both of the
relatively well-mixed lakes examined in this study. Elevated arsenic observed in the oxic
water columns of Lake Killarney and Steel Lake can be attributed largely to a flux of
aqueous arsenic from sediment porewaters and not simply re-suspension of arsenic-rich
surface sediments during mixing events, as indicated by comparison of arsenic
concentrations in filtered and unfiltered water samples (Table 2). The urban setting of our
study lakes and high population densities in the immediate watersheds result in
eutrophication (supporting information Table S5) and organic-rich sediments (47 wt%
organic matter in Lake Killarney, loss on ignition) that likely enable strongly reducing
conditions and high rates of arsenic mobilization within sediments. The eutrophic conditions
and organic-rich sediments likely also provide an ample supply of ions known to compete
with arsenic for sorption sites in sediments and on settling particles, such as phosphate
(Manning and Goldberg, 1996) and aromatic organic matter (Redman et al., 2002; Weng et
al., 2009). Competition with other ions for sorption sites on iron oxides would inhibit
particle scavenging of arsenic at the oxic sediment-water interface and in the overlying water
column and increase the residence time of aqueous arsenic (Couture et al., 2010; Ford et al.,
2006; Martin and Pedersen, 2002; Senn et al., 2007). The weakly-stratified oxic lakes
examined in this study, Lake Killarney and Steel Lake, are also relatively shallow, with
average depths of 4 m and 7 m, respectively, making them potentially sensitive to wind-
driven mixing events that have been shown to enhance turbulent transfer of porewaters
across the sediment-water interface (Higashino and Stefan, 2012). Future work is planned to
determine the specific mechanisms by which elevated arsenic is maintained in the oxic water
columns of these study lakes.

3.3 Arsenic bioaccumulation in plankton

Phytoplankton populations in study lakes are generally dominated by Coscinodiscophyceae
(8-96%), Pennales (0-79%), or Zygnematales (0-85%), and zooplankton communities are
made up of Copepoda (29-89%) and Cladocera (11-71%) as detailed in supporting
information Tables S3 and S4. Bioaccumulation of arsenic in both phytoplankton and
zooplankton was enhanced in lakes with weakly-stratified, oxic water columns compared to
stratified lakes with similar levels of legacy arsenic pollution in surface sediments (Table 4).
During the summer growing season in Lake Killarney, average arsenic concentrations in
phytoplankton (366 pug g1 dry weight) and zooplankton (32 ug g~1 dry weight) were
significantly higher than concentrations observed in these populations in Angle Lake (two-
tailed t-test, p<0.01 for both populations), and up to an order of magnitude higher on any
given sampling day. Likewise, both phytoplankton (61 pg g~1) and zooplankton (16 pug g=1)
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in Steel Lake had higher average arsenic bioaccumulation than phytoplankton (18 ug g=2)
and zooplankton (5 ug g~1) populations in North Lake despite a larger sedimentary source of
arsenic in North Lake. In all study lakes and on all sampling dates, arsenic accumulation was
higher in phytoplankton than in zooplankton, reflecting biodiminution of arsenic in higher
trophic levels in the aquatic food web (Chen et al., 2000; Culioli et al., 2009; Rahman et al.,
2012).

The arsenic concentration of phytoplankton was significantly correlated (R? = 0.50, p<0.01)
with average aqueous arsenic concentrations in oxic waters of study lakes (Figure 5). Hence,
seasonal trends in phytoplankton arsenic content was generally similar to aqueous arsenic
concentrations in lake surface waters, with lowest arsenic concentrations in phytoplankton
populations in late winter and early spring and highest concentrations in late summer and
early fall. Maximum aqueous arsenic concentration (found in anoxic hypolimnetic waters in
the stratified lakes and at varying depths in weakly-stratified lakes) was not a good predictor
of arsenic accumulation in phytoplankton, but rather, arsenic concentrations in the oxic
mixed layer appeared to control phytoplankton arsenic content (Table 5).

Although average zooplankton arsenic was also correlated with water column arsenic
concentrations, it was more strongly correlated (R2 = 0.43, p<0.01) with average
phytoplankton arsenic (Figure 5). Hence, our data suggest that dietary transfer of arsenic
rather than direct exposure from the environment may be a primary mechanism for
bioaccumulation, as has also been indicated by previous field studies (Caumette et al. 2012;
Chen et al., 2000). In our study lakes, where physical mixing processes and resulting water
column redox status exert significant control over phytoplankton bioaccumulation, these
factors ultimately impact the transfer of environmental contaminants into the upper trophic
levels of aquatic foodwebs.

The enhanced bioaccumulation of arsenic in phytoplankton and zooplankton populations in
weakly stratified lakes is hypothesized to be the result of spatial overlap between
contamination and lake biota and speciation of arsenic in the water column. Anoxic
conditions restrict suitable habitat for aquatic organisms (Vaquer-Sunyer and Duarte, 2008),
and likely minimized exposure of lake biota to arsenic contamination in Angle Lake and
North Lake where elevated dissolved arsenic concentrations were confined to anoxic bottom
waters. However, in Lake Killarney and Steel Lake, mobilization of arsenic from
contaminated sediments into overlying oxic water columns likely enabled spatial overlap
between high aqueous arsenic concentrations and biological habitat, increasing the potential
for uptake and accumulation in aquatic organisms. Additionally, in these oxic water
columns, arsenic is primarily speciated as arsenate (Table 3), a phosphate analog that is
readily taken up by phytoplankton (Rahman et al., 2012 and references therein). Plankton in
the contaminated, stratified lakes did still accumulate higher concentrations of arsenic than
plankton populations in non-contaminated systems, where plankton arsenic concentrations
are generally <15 ug g~ (Chen et al., 2000; Rahman et al., 2012 and references therein).
The high concentrations of arsenic in plankton in the well-mixed lakes in this study (up to
970 ug g1 in phytoplankton and up to 80 ug g~ in zooplankton) are comparable to
maximum plankton arsenic concentrations observed in other highly-contaminated freshwater
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lakes (Caumette et al., 2011; 2014), although other systems frequently have higher aqueous
arsenic levels (>100 ppb) than found in this work.

4. Broader Implications

Site-specific environmental factors in freshwater systems can influence both mobilization of
arsenic from sediments and bioaccumulation of arsenic in aquatic organisms (US EPA,
2003; Williams et al., 2009). In complex natural environments, levels of sediment
contamination or maximum measured aqueous arsenic concentrations may not be proper
benchmarks for protecting human and environmental health. Currently, the recommended
EPA limit for freshwater total arsenic concentrations is 0.14 pg L=1 when aquatic organisms
chronically exposed to arsenic are consumed by humans (US EPA, 2009). As of 2015, the
human-health water quality criteria for arsenic was targeted for revision (US EPA, 2015) and
new criteria will be set using arsenic bioaccumulation factors that relate total aqueous
arsenic concentrations to the expected body burden in aquatic organisms (US EPA, 2000).
This work demonstrates that the transfer of arsenic into plankton in arsenic-contaminated
lakes is enhanced when arsenic is mobilized from sediments into well-mixed, oxic waters
compared to systems where the water column experiences seasonal stratification. Although
Lake Killarney and Angle Lake have comparable levels of arsenic contamination in surface
sediments (>200 mg kg™! dry weight) and maximum observed aqueous arsenic
concentrations (Table 4), the bioaccumulation of arsenic in both phytoplankton and
zooplankton was significantly higher in Lake Killarney than in Angle Lake. Well-mixed or
weakly-stratified, oxic water columns likely promote arsenic bioaccumulation both by
creating overlap between elevated aqueous arsenic concentration and biological habitat, and
favoring speciation of arsenic as As(V). Hence, lake redox status, controlled by lake mixing
processes, exerts notable control over bioaccumulation and concentrations of aqueous
arsenic in oxic waters could be a better metric for predicting arsenic bioaccumulation in
aquatic life. Because higher trophic level aquatic organisms consumed by humans (e.g., fish)
are at risk of arsenic bioaccumulation primarily via exposure from food sources (Erickson et
al., 2011), the elevated arsenic concentrations that we observed in the base of the aquatic
food web could potentially represent human health risks from fish consumption. Our future
work will determine the arsenic bioaccumulation in recreationally-fished species in these
lakes to evaluate potential human arsenic exposure.

Anthropogenic arsenic contamination of lake sediments has been documented at sites across
the United States, resulting from historical application of arsenical herbicides to lakes
(Durant et al., 2004) or surrounding landscapes (Whitmore et al., 2008), hazardous waste
disposal (Nikolaidais et al., 2014), leaching of mine tailings (Harrington et al., 1998), or as
in this study, historical smelter emissions (Gawel et al., 2014). The characteristics of the
weakly-stratified study lakes suspected to facilitate elevated levels of arsenic in the well-
mixed, oxic water columns include arsenic-contaminated sediments, eutrophic conditions,
and shallow depths, which are common to many small lakes in densely-populated
watersheds. Hence, these lakes may be uniquely vulnerable to environmental and human
health risks from legacy arsenic contamination in sediments. Small urban lakes are under-
studied compared to large, thermally-stratified lakes, particularly with respect to arsenic
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contamination (Arnold and Oldham, 1997; Birch and McCaskie, 1999), yet these shallow
lakes play an important role in supporting human recreation and food needs.

The water column and plankton data presented in this manuscript have been submitted to the
Pangaea data repository and are publicly accessible at https://doi.pangaea.de/10.1594/
PANGAEA.884327.
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Highlights
. High concentrations of arsenate were observed in waters of weakly-stratified
lakes
. Plankton accumulated up to 10x more arsenic than in stratified lakes
. Lake mixing status impacts arsenic transfer from sediments to the base of
food web
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Fig. 1.
Location of four study lakes in south-central Puget Sound relative to Tacoma, WA and

former ASARCO copper smelter (Commencement Bay/Nearshore Tideflats Superfund Site),
shown by the circled image of the smelter smokestack. Base photo credit: Google Earth.
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Fig. 2.

Temperature (°C), dissolved oxygen (mg L™1), and total arsenic in filtered water samples (ug
L1) in Angle Lake (left) and Lake Killarney (right) between September 2015 and August
2016. Black dots indicate individual data points. Plots produced using Ocean Data View
(Schlitzer, 2010).
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Fig. 3.
Temperature (°C), dissolved oxygen (mg L™1), and total arsenic in filtered water samples (ug

L~1) in North Lake (left) and Steel Lake (right) between September 2015 and August 2016.
Plots produced using Ocean Data View (Schlitzer, 2010).
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Fig. 4.
Schmidt stability index values (S) for all study lakes.

Sci Total Environ. Author manuscript; available in PMC 2019 June 01.

Page 17

..... @ Angle
—eo— Killarney
..... 0---- North

—O0— Steel



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Barrett et al. Page 18

1000 °
= © Angle
go 900
g 800 @ Killarney
_g 700 O North
@
%o 600 M Steel B
<
¥ 590 ®
= )
S 400 *
£ 300 e
s
g 200 o .o o
€ ® C ®
£ 100 &0. o ©
Q.
0
0 10 20 30
oxic [As] (ug L?)
90
Z 80 ° ®
20
v 70
3 ©
£ 60
o0
& 50
<
240+ o ©
=t ®
S 30 * @
< »
=
8 20 | ®
3 .éo ®
8 10 ﬁ.
0
0 200 400 600 800 1000

phytoplankton (ug As/g dry weight)

Fig. 5.

Rglationship between average total arsenic concentrations in the oxic portion of the water
column (>1 mg O, L™1) and total arsenic in phytoplankton samples (top). Relationship
between total arsenic in phytoplankton samples and total arsenic in zooplankton samples,
excluding outlier described in Table 3 (bottom). Colored diamond symbols indicate seasonal
averages for each lake in both plots. Grey circles represent each sampling date (n=47) during
summer months (May—Oct) with the dashed lines showing the least-squares linear regression
in each panel for all sampling dates.
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Table 2

Average concentration of arsenic (x1 standard deviation) in filtered (<0.45 um) and unfiltered water samples
and aqueous (filtered) arsenic as a percentage of total (unfiltered) in samples collected from surface waters (<2
m) in all study lakes between September 2015 and August 2016 (n = 93).

site filtered As (ug L™)  unfiltered As (ug L™%) % aqueous As
Angle Lake 2.0 (+1.1) 2.2 (+0.9) 91
Lake Killarney 11.4 (£6.0) 16.2 (+7.8) 70
North Lake 1.3 (+0.7) 1.4 (£0.5) 93
Steel Lake 2.3 (1.6) 3.1(x2.3) 74
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Table 3

Concentrations of As(l11) and total As in filtered (<0.45 um) water samples collected at Angle Lake (August
2016) and at Lake Killarney (August 2016 and September 2006). Percentage As(I11) of total arsenic
concentrations given in parentheses.

site date depth (m)  As(l11) (ug L)  total As (ug L)
Lake Killarney  August 2016 0.5 BDL 8.2
15 2.2 (26%) 8.6

25 BDL 1164

3.0 BDL 13.2

September 20060 02 0.9 (3%) 258

15 1.0 (4%) 25.1

1.9 1.0 (4%) 24.3

Angle Lake August 2016 0.5 BDL 17
55 0.8 (53%) 15

10.5 0.8 (89%) 0.9

13.0 9.4 (97%) 9.7

a .
average value of duplicate samples

bsamples from September 2006 were analyzed by ion chromatography inductively coupled plasma dynamic reaction cell mass spectrometry by
Applied Speciation and Consulting (Tukwila, WA)

BDL = below detection limit
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Table 5

Coefficients of determination (R?) for the linear relationship between phytoplankton arsenic and two metrics
for lake water column arsenic concentrations; between zooplankton arsenic and two metrics for lake water
column arsenic concentrations; and between zooplankton arsenic and phytoplankton arsenic on all summer
sampling dates (n=47).

max [As] oxic [As] phytoplankton
(Mg LY (ngL™) [As] (Mg g™)

phytoplankton [As] (W 9™)) R2=011" RZ=050"
zooplankton [As] (ug g7%) RP=006 RZ2=029"* R2=043""

aexcludes outlier described in Table 3

Aok

correlation is significant (p<0.01)

*
correlation is significant (p<0.05)
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