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Abstract

In the marine environment, settling particulates have been widely studied for their role as effective
vertical transporters of nutrients and metals scavenged from the euphotic zone to the benthos.
These particulates are composed of transparent exopolymers, plankton and bacterial cells, detritus
and organic matter, and form various size fractions from colloids (<0.2um) to aggregates, and
finally marine snow (>300 um). As marine snow forms in the water column, anoxic layers form
around and within the aggregation potentially creating a prime environment for the methylation of
mercury (Hg), which occurs primarily in low oxygen environments. To examine this process,
marine aggregates were produced from sieved estuarine seawater (100 um) in 1-L glass bottles
spiked with stable isotope enriched methylmercury (CH319°Hg) and inorganic mercury (2%Hg(11))
at 18° C using a roller-table. After the rolling period, different particle-size fractions were
collected and analyzed, including: visible marine snow (>300um), particulates 8 to 300 um, and
particulates 0.2 to 8um. Particulate analysis indicated higher incorporation of both forms of Hg
into marine snow compared to unrolled treatments, with greater incorporation of 220Hg(11) than
CH319%Hg. In addition, inorganic Hg was methylated and CH3Hg was demethylated in the larger
particulate fractions (>8um). Methylation and demethylation rates were assessed based on changes
in isotopic composition of Hg(l1) and CH3Hg, and found to be comparable to methylation rates
found in sediments. These results indicate that net Hg methylation can occur in marine snow and
smaller aggregates in oxic coastal waters, and that this net formation of CH3Hg may be an
important source of CHzHg in both coastal and open ocean surface environments.
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Introduction

The origin of methylmercury (CH3Hg) in the open ocean has been a topic of deliberation for
years (Fitzgerald et al., 2007, Mason et al., 2012; Mason and Fitzgerald, 1990; Ullrich et al.,
2001). Many researchers debate whether or not methylation could be occurring in the water
column due to abiotic photochemical processes (Ullrich et al., 2001), degradation of detritus
in low oxygen or sub-thermocline waters (Mason and Fitzgerald, 1993; Sunderland et al.,
2009), or release from phytoplankton cells as they die and settle through the water column
(Heimbirger et al., 2010). It has been suggested that Hg(l1) is methylated within the mixed
layer of the ocean (Hammerschmidt and Bowman, 2012) and methylation has been
documented within the upper water column of the Arctic Ocean (Lehnherr et al., 2011).
Current consensus is that most of the CH3zHg measured in open ocean surface waters is
formed within subsurface waters and vertically mixed from deeper waters (Mason et al.,
2012; Mason and Fitzgerald, 1993; Sunderland et al., 2009), given that mostly anaerobic
bacteria methylate Hg (Gilmour et al., 2013; Parks et al., 2013). For coastal environments it
has been concluded that methylation is mostly occurring in sediments or that CHgHg is
being transported from watersheds (Balcom et al., 2008; Hollweg et al., 2009; Chen et al.,
2012; Sunderland et al., 2012; 2010). There is little evidence for in situ water-column
production of CH3Hg in estuaries. Large settling particulates in the water column, however,
could provide an ideal environment for mercury methylation because of the presence of
anoxic “microzones” (Alldredge and Cohen, 1987), and thereby they could be the key to
understanding in situ water-column production of CH3Hg. Determining a mechanism for the
production of CH3Hg in the water column would assist in understanding the sources of
CHs3Hg to coastal food chains, and aid in closing the Hg budget in coastal and ocean models.

The current study examined the incorporation and potential methylation and demethylation
of Hg and CH3Hg within marine snow and on smaller particles. Particle aggregations in the
oceans’ water column have been referred to as flocs or marine aggregates, with the largest of
these aggregations designated as marine snow (>300um; Alldredge et al., 1993; Alldredge
and Silver, 1988; Kach and Ward, 2008; Kigrboe et al., 1990). These heterogeneous
particulates are composed of transparent exopolymer particles (TEP), living organisms (both
prokaryotes and eukaryotes) and their detritus, inorganic particles, fecal pellets, and organic
matter (humic and fulvic acids). As particles settle through the water column they coagulate
as a result of collisions caused by Brownian motion, physical shear, and differential settling
(Alldredge et al., 1993; Alldredge and Silver, 1988; Heinonen et al., 2007; Jackson and
Burd, 1998; Kigrboe et al., 1990; Li et al., 2008; de la Rocha, 2006). Settling macroscopic
particulates (particles 3-500+ pm) are important not only to the cycling of nutrients from the
euphotic to the benthic zones, but also to the transport of trace metals (Alldredge and Silver,
1988; de la Rocha, 2006; Simon et al., 2002).

The chemical environment of marine snow is still unresolved. Some research, however, has
demonstrated that particle aggregation can create microzones with chemical characteristics
that markedly differ from that of the surrounding water column. Alldredge and Cohen
(1987) were the first to present evidence of oxygen and pH gradients that occur within a 1-
mm diameter from the outside to the inside of marine snow. Oxygen concentrations
measured at the surface of marine snow were higher than the ambient seawater indicating
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photosynthetic activity. Once inside the marine snow aggregation, oxygen concentrations
sharply decreased suggesting that anaerobic conditions can be maintained within the
aggregation (Alldredge and Cohen, 1987). Alldredge and Silver (1988) suggested that as
marine snow forms, organic-binding substances and biologically labile gasses can become
entrained in the growing aggregation. The possible combination of anaerobic conditions
with organic-binding substances and biologically available gasses could create suitable
oxygen-free conditions for Hg methylation and CH3Hg degradation within marine snow. As
the biotic methylation pathways are entirely due to anaerobic bacteria (Gilmour et al., 2013),
a necessary condition for methylation within oxic surface waters is reduced oxygen
microenvironments, which can be found in marine snow. Additionally, since Hg forms are
highly particle reactive, it can be assumed that CHszHg and Hg(I1) will be readily
incorporated into marine snow as it forms and settles through the water column, although
this possibility has not been examined (Fitzgerald et al., 2007; Kim et al., 2008; Lawrence
and Mason, 2001).

Based on the known interactions of Hg and CH3Hg with organic matter and surfaces, we
hypothesized that incorporation would be greatest in the marine snow compared to smaller
particles, particle aggregations and microorganisms. In addition, we hypothesized that the
formation of marine snow would not only enhance the methylation of Hg(ll), but also result
in enhanced degradation of CH3zHg compared to environments without marine snow. To
examine these hypotheses we incubated coastal waters, spiked with stable isotopes of
CHs3Hg and Hg(l1) (CH3199Hg and 200Hg(11)), under conditions conducive to marine snow
formation. Rates of incorporation and transformation of the stable isotopes were compared
with control samples to determine the extent to which marine snow formation enhanced
removal of CH3Hg and Hg from the waters, and whether it resulted in increased methylation
or demethylation.

Materials and Methods

Experimental Design

The materials for this experiment consisted of trace-metal clean 1-L jars (Qorpak wide-
mouth, borosilicate glass), 15-mL polyethylene Falcon tubes, pre-weighed 0.2- and 8-um
polycarbonate filters, 25-mm frit filter, graduated filter towers, pre-ashed quartz fiber (QF/F)
and glass fiber (GF/F) filters,, and 250-mL ICHEM bottles.

Seawater was collected from the intertidal region surrounding the University of
Connecticut’sAvery Point campus (41° 18.954” N, 72° 03.588” W). Separate water samples
were collected on two consecutive days and passed through a 100-pm mesh to remove large
particulates, including zooplankton. Water collected on each day was considered a separate
experiment and is hereafter referred to as either experiment 1 or experiment 2. The sieved
seawater was characterized by dissolved organic carbon (DOC), and total suspended solids
(TSS) analysis. The pH, temperature, and salinity were also measured. Then the water was
poured into clean 1-L jars and spiked with CH319Hg and 209Hg(11) aqueous standards to a
final concentration of 0.124 nM. Marine snow was generated using the roller-table method
described by Shanks and Edmondson (1989). Several control jars were also prepared. First,
to control for the production of marine snow, some jars were spiked with Hg and then placed

Mar Chem. Author manuscript; available in PMC 2016 December 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ortiz et al.

Page 4

on a stationary surface next to the roller table (i.e., hereafter referred to as unrolled). Second,
to control for the addition of Hg, six replicate jars were prepared but not spiked with
CH3199Hg or 290Hg(11) For each of the two experiments, six rolled, spiked jars and six
unrolled, spiked jars were prepared. All of the jars (rolled and unrolled) were maintained in
an environmental chamber at 18° C under a 12h:12h light:dark cycle to represent field
conditions at the time of sampling. Preliminary research indicated that the highest
incorporation of Hg into marine snow was reached at 4 days (Ortiz, 2014), consequently the
experiments were terminated after this period of time.

Sample Collection

Jars were removed from the roller table and allowed to settle for 15 minutes. Given that the
1-L jars were 18cm in height, a 15 minute period would allow marine snow larger than ca.
300 um to settle to the bottom (Hill et al., 2000; Hill, 1998). After settling, visible marine
snow was collected using a clean disposable pipet. Unrolled jars were removed from the
stationary table and gently inverted three times and allowed to settle for 15 minutes. After
settling, 5 mL of water was randomly sampled from the bottom of the unrolled jars such that
the clean pipet did not come in direct contact with the bottom. The remaining liter of water
was then filtered through an 8-um polycarbonate filter. A fraction of the 8-um filtrate was
then passed through a 0.2-um polycarbonate filter until the filter clogged to ensure an even
coating of particles, which typically occurred after filtering 20 to 75 mL of water. The
remaining 8-um filtrate (i.e., water that could not pass through the 0.2-um filter) was passed
through a pre-ashed QF/F filter and weighed for TSS. All filters were rinsed with an
ammonium formate (NH4COOH) solution (prepared to the same concentration (w/v) as the
experiment seawater). This isotonic, slightly volatile solution was used to remove salts from
the marine snow to yield a more accurate dry weight. The same method was used for the
material collected from the unrolled jars. The final water filtrate was collected and preserved
with hydrochloric acid (0.5% v/v Fisher Trace Metal Grade) in clean 250-mL ICHEM
bottles for 220Hg(11) (and other Hg(I1) isotope analysis) and 500-mL ICHEM bottles for
CH3199Hg (and other CH3Hg isotopes) ICPMS analysis, as discussed further below. All
preserved water samples were stored at 4°C in the dark. A sub-sample of the final filtrate
was saved for DOC analysis. All polycarbonate filters were frozen then freeze dried for 72
hrs.

Dried filters were weighed, placed in polyethylene falcon tubes containing 7-mL of 4.57M
HNOj3 (Fisher Trace Metal Grade), and digested in a 60° C water bath for 12 h before
analysis. Aliquots of the final digest were used for both CH319%Hg and 200Hg(11) analysis.
Both forms of mercury were analyzed using a Perkin-Elmer DRC 11 ICPMS. Digested filters
were analyzed for CH3199Hg and other CH3Hg isotopes using CVAFS purge-trap
techniques coupled with the ICPMS, as detailed below. Water CH3199Hg was analyzed
using the Tekran 2700 methylmercury autoanalyzer coupled with the ICPMS. Filters and
water samples were analyzed for 200Hg(11) using a Perkin Elmer-FIAS coupled with the
ICPMS.

The following isotopes were quantified and used in the analysis of the incorporation and in
the estimations of methylation and demethylation potential: 1) for methylmercury,

Mar Chem. Author manuscript; available in PMC 2016 December 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ortiz et al.

Page 5

CH3199Hg was used to estimate incorporation, CH3202Hg was used to estimate natural levels
of all isotopes, and CH320%Hg was used to estimate methylation of the added 200Hg spike;
and 2) for inorganic Hg, 2%0Hg(11) was used to estimate incorporation, 292Hg(11) was used to
estimate natural levels of all isotopes, and 199Hg(11) and CH3!9°Hg were used to estimate
demethylation of the added CH3!%°Hg. Calculations of the excess amounts of the isotopes of
CH3Hg and Hg compared to that of natural abundances were estimated using the approach
of Hintelmann and Evans (1997), taking into account the relative isotope abundances in the
spikes which were respectively 91.95% CH319Hg and 96.41% 200Hg. The 199CH3Hg
standard was certified to contain 91.95% 199CH3Hg, 0.73% 292CH3Hg, and

0.45% 290CH3Hg (Oak Ridge National Laboratory). The 200Hg(11) standard was certified to
contain 96.41% 290Hg(11), 1.46% 201Hg(11), 0.99% 199Hg(11), and 0.91% 202Hg(II). The
internal 292Hg(11) standard used for isotope dilution analysis of Hg(ll) was certified to
contain 98.11% 20THg(I1), 1.18% 202Hg(11), 0.45% 200Hg(I1), and 0.1% 19°Hg(II). From
here on, the various isotope that is being quantified will be indicated as CH3***Hg

and YYYHg.

Sample Preparation and Analysis

Digested filters were analyzed for CH3**Hg by spiking 0.5 to 1mL of digest into 100-mL
reagent-grade water (Millipore A10 System) in a glass-purge vessel. The solution was
adjusted to a pH of ~7 with 10N KOH. Finally, the solution was buffered to a pH of ~4.9
with 4M acetate buffer and ethylated with sodium tetraethylborate (NaTEB). The final
solution was allowed to react for 10 minutes prior to being purged with ultra-high purity
argon gas at a flow rate of 100mL min~1 for 12 minutes onto TENAX® traps that were
subsequently burned onto a GC column (Bloom, 1989; Hammerschmidt and Fitzgerald,
2006; Hintelmann and Evans, 1997; Tseng et al, 2004; ). The GC gas effluent was connected
to the ICPMS. Peaks were integrated and recorded using Perkin-Elmer Chromera software.
Water samples were analyzed for CH3***Hg by digesting 150mL of sample in acid-clean
ICHEM bottles with 50% (v/v) H2SO, at room temperature for at least 12 h. The digested
water was adjusted to a pH of ~7 with 10M KOH and then buffered to a pH of 4.9 with 4M
acetate buffer. Ascorbic acid (2% wi/v) was added to the solution prior to the addition of
NaTEB (Munson et al., 2014). The bottle was capped, and the final solution was allowed to
react for 30 minutes prior to analyzing on the Tekran Methylmercury Autoanalyzer-ICPMS.

Digests were analyzed for YYYHg(ll) by transferring a 3-mL aliquot of the original 7-mL
particulate digest, into clean tubes. The aliquots were diluted up to 12 mL with reagent-
grade water, oxidized with BrCl, and digested in a 60° C bath for at least 12 h prior to
analysis. On the day of analysis the oxidized digest was spiked with a 29THg(11) internal
standard (final concentration of 0.5nM) and hydroxylamine (equivalent in volume to BrClI)
and analyzed using the FIAS-ICPMS (Bloom and Crecelius, 1983; Hammerschmidt and
Fitzgerald, 2006; Hammerschmidt and Fitzgerald, 2005; US EPA 1630). The water filtrates
in the 250-mL ICHEM jars were oxidized with BrCl and digested at room temperature for at
least 12 h prior to 290Hg(11) analysis. The oxidized water sample was again spiked with
internal 227HgT (final concentration of 0.5nM) standard and hydroxylamine just prior to
FIAS analysis.

Mar Chem. Author manuscript; available in PMC 2016 December 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ortiz et al.

Calculations

QA/QC

Page 6

Incorporation—Incorporation percentages (%l) and log K4 values were calculated for
each particle fraction, using equations 1 and 2, respectively:

el=[[He pare / ([Hel parsH[Helwater)] # 100 (1)

In equationl, [Hg]part represents the concentration of mercury (in nmol) in the particulates
and [Hg]water represents the concentration of Hg in the water after filtration. A similar
equation was used for CH3Hg.

LogK  =logq [[He] .t/ ([Helyater * mass)] 1000 ()

In equation 2, [Hg]part and [Hg]water represent the same parameters as in equation 1 and
“mass” is the suspended mass collected.

Methylation/Demethylation—Concentrations of 200Hg(11) and CH32%0Hg isotopes were
calculated using the isotope dilution approach of Hintelmann and Evans (1997) in which the
natural abundances of all the Hg isotopes (1%9Hg, 290Hg, and 201Hg) were calculated based
on the amounts of 202Hg and CH3202Hg (the most abundant, ambient stable mercury
isotope). These calculated abundances were then used to determine the excess concentration
of each isotope. Excess CH32%°Hg was indicative of methylation of the 200Hg(11) spike.
Likewise, demethylation can be calculated using the ratio of excess CH3199Hg to 199Hg(II).
Methylation and demethylation rate constants were calculated using equation 3 for
methylation (k) and equation 4 for demethylation (kgm), respectively. In equation 3, the
methylation rate is based on the formation of the product (i.e. CH32%0Hg). Therefore, the
ratio of CH32%0Hg to 200Hg(11) multiplied by the inverse of the incubation time in days
results in the estimated methylation rate. In equation 4, the estimated demethylation rate is
based on the decrease in the reactant (CH319°Hg). Equation 4 uses the inverse of the time in
days multiplied by the natural log of the ratio of CH3199Hg to 1%°Hg(II). The different
formulas account for the fact that for methylation, the product is being measured
(CH329%Hg) while for the demethylation, the change in the reactant is being measured.

kn=(*"CH3Hg/?*"HgT) xt~" (3)

kam=—(t"") * In(*CH;Hg/'"HgT) (@)

Calibration curves of at least r?=0.99 were achieved daily prior to continuing analysis.

Given that no true corresponding standard reference material (SRM) for marine snow exists,
no SRM could be used to check accuracy for CH399Hg marine snow analysis. Instrument
precision and accuracy was monitored using analytical duplicates of filter digests, laboratory
reagent blanks, and standard checks analyzed every 10 samples for CH3Hg analysis. Since
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the filter digests needed to be analyzed for both forms of Hg, matrix spikes were not an
option, but matrix spikes were used in water sample analysis. The precision of the
instrument estimated in relative percent difference (RPD) averaged 14 + 8% (n=12).
Duplicates greater than 10% RPD were re-analyzed, but re-analysis was limited by sample
volume, therefore replications closest to 10% RPD were accepted for quality assurance. The
accuracy of the instrument was estimated from the replication of the standard checks.
Standard checks that were >15% different from the expected concentration were re-
analyzed. Matrix CH3Hg spikes in the water analysis yielded an average recovery of 84 +
6%. The recovery value falls within the acceptable 71 to 125% range detailed in the EPA
Method 1630.

Similar to CHzX**Hg analysis, YYYHg(ll) FIAS analysis quality control parameters consisted
of analyzing laboratory reagent blanks, standard checks, and analytical duplicates every 10
samples, and matrix spikes (292Hg internal standard) in each sample. In contrast to
CH3g***Hg analysis, MESS-3 marine sediment certified by the National Research Council of
Canada (0.45 + 0.05 nmol g~1) was used as the SRM for FIAS analysis. MESS-3 samples
averaged 0.42+0.03 nmol g~2, within the certified range of the SRM. On average, RPD
values were <10% for all analytical duplicates. LCS standard checks averaged 83.7+ 6%
recovery over all analytical days with error propagated over time. Matrix spike recoveries
averaged 109.9 £ 22.6% from the digested filters and 105.1 + 6.4% from the waters. The
measured method detection limit (MDL) for CH3199Hg analysis was 1.27nmol g~ and

for 20Hg(11) analysis was 3.11 nmol g~2. This translated into a CH3%°Hg incorporation
MDL of ~1% and a 2%°Hg(11) incorporation MDL of ~4%.

Statistical Analysis

All data were log transformed (i.e., logig(x+1)) prior to analyses to improve normality and
homoscedasticity. Transformed data were analyzed using a two-way analysis of variance
procedure (ANOVA, general linear model) followed by a Tukey’s post-hoc test to compare
levels of the independent variables (SYSTAT 13). Single sample t-tests (Bonferroni-
adjusted) were used to determine if methylation and demethylation rate data were
significantly different than zero. For all statistical tests, an alpha level of 0.05 was used.

Results and Discussion

Particulate Aggregation

The mass of particulate matter in the water (TSS) collected in experiment 1 was 50% higher
than that collected in experiment 2 (Table 1). The DOC concentration in water collected in
experiment 2 was about 20% higher than that collected in experiment 1 (Table 2). In
experiment 1, there was a significant effect of particle-size fraction, but not treatment on the
concentration of particles in the jars after four days of rolling (ANOVA, Figure 1A). There
was also a significant interaction effect found between the two independent variables. These
results demonstrate that in experiment 1 rolling did not substantially increase the
concentration of large aggregations or marine snow. Such an outcome suggests that the
concentration of transparent exopolymer particles (TEP) or other organic matter that could
enhance aggregation was lower in the water collected on day 1. The difference in particle
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concentrations with size demonstrates that the highest concentration of particles remained in
the smallest size fraction.

In experiment 2, there was a significant effect of both particle-size fraction and treatment on
particle concentration (ANOVA,; Figure 1B). A significant interaction effect between these
two independent variables was also found. Post-hoc tests indicated a significant difference
between the unrolled 0.2- to 8-um fraction and the >300-um fraction, and between the 8- to
300-pm fraction and >300-um fraction. No difference was found between the 0.2- to 8-um
and 8- to 300-um fractions. There was a significant difference between all three particle-size
fractions in the rolled treatments. These results demonstrate that in experiment 2 rolling
served to increase the concentration of marine snow (>300 pm), suggesting that conditions
in the water collected on day 2 were more conducive to the aggregation of particles.
Nonetheless, as in experiment 1, the highest concentration (mg L™1) of particles was
measured in the smallest size fraction. Overall, the trends between fractions were similar in
the two experiments.

In both experiments the high particulate concentration in the smallest fraction in the rolled
treatments indicates that even after four days of rolling a relatively small fraction of the
particles were aggregated into large marine snow, and many particles remained in
suspension. In further support of this conclusion, Table 1 shows the particle-size fractions as
a percent of the total mass. Similar to the particulate concentrations shown in Figures 1A
and 1B, the 0.2- to 8-um fraction comprises the largest percent of the total mass.
Furthermore, the >300-um fraction was a greater percentage of the total mass in the rolled
jars than the unrolled, but the marine snow was a lower percentage of the total mass
compared to the 8- to 300-um fraction.

Mercury Partitioning

The CH3199Hg and 209Hg(11) incorporation results (see below; Figures 2 and 3, respectively)
demonstrate that despite the presence or absence of marine snow, a portion of both forms of
Hg remains associated with particulates <300 pm. Analysis of CH319°Hg incorporation
(ANOVA,; Figure 2A) in experiment 1 indicated a significant effect of particle-size fraction
and treatment on incorporation. A significant interaction effect also was found between
these independent variables. Post-hoc analysis indicated significant differences between the
particle-size fractions within unrolled and rolled treatments. A significant difference was
found between the unrolled and rolled treatments within the 8- to 300-um fraction and
within the >300-um fraction. Analysis of 199CH3Hg incorporation (ANOVA; Figure 2B) in
experiment 2 indicated a significant effect of particle-size fraction, but no significant effect
of treatment on incorporation. A significant interaction effect also was found. Post-hoc
analysis indicated differences between the particle-size fractions within unrolled and rolled
treatments.

Analysis of 200Hg(11) incorporation in experiment 1 (ANOVA, Figure 3A) indicated a
significant effect of particle-size fraction and treatment on 2°0Hg(11) incorporation. A
significant interaction effect also was found between these independent variables. Post-hoc
analysis indicated a significant difference between the 8- to 300-um fraction and both of the
0.2- to 8-um and >300-pum fractions within the unrolled treatment. There was no significant
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difference between particle-size fractions within the rolled treatments. Analysis of 200Hg(I1)
incorporation in experiment 2 (ANOVA,; Figure 3B) indicated significant effects of particle-
size fraction and treatment on incorporation. A significant interaction effect also was
present. Post-hoc analysis indicated differences between the particle-size fraction within the
unrolled and rolled treatments.

The majority of the CH31%9Hg was detected in the 8- to 300-um fraction in both treatments
(Figure 2A). A smaller proportion of CH399Hg was in the marine snow while none was
detected in the 0.2- to 8-um fraction (Table 1). The fact that no CH31%9Hg was detected in
the smallest size fraction, however, does not mean that incorporation did not occur. The
volumes of water filtered to collect the 0.2- to 8-um fraction were small (20-75 mL of the 1-
L sample) and it is likely that CH3Hg would have been detected in this fraction if greater
volumes had been filtered. From the data in Table 1, it is apparent that there was complete
recovery of the Hg(Il) spike based on the measured concentrations in the three particle-size
fractions and the water, given the errors associated with the measurements. Similarly,
assuming recovery of all the CH3%%Hg spike, we can estimate that the percentage of CH3Hg
incorporated into the 0.2- to 8-um fraction was similar to the percentage of Hg(ll)
incorporated into the same fraction. Unfortunately it is not possible to obtain a more detailed
estimate of the extent of incorporation of CH3Hg into the smallest fraction based on the
analytical results.

To further analyze the difference in the distribution of CH3Hg and Hg(ll) in the three size
classes, partition coefficients (Log Kg) were calculated (Table 2). Partition coefficients were
of similar magnitude across all experiments, all treatments, and all size fractions, and were
similar to those measured in coastal estuaries and in LIS (Coquery et al., 1997; Fitzgerald et
al., 2007; Schartup, et al., 2013; Stordal et al., 1996). In experiment 1, the Hg(I1) log Ky
values were not significantly affected by particle-size fraction or treatment (ANOVA), but in
experiment 2 there was a significant effect of both particle-size fraction and treatment on the
log Kg. A significant interaction effect was also present. In comparison, the CH3Hg log Ky
values were only significantly affected by particle-size fraction. The differences in

the 200Hg(I1) log K4 values between experiment 1 and 2 may be a result of different
concentrations of dissolved organic matter, TEP, and other materials that affect aggregation
of particles. As the particles aggregate into larger marine snow, the available binding sites
could be protected inside the aggregations preventing further binding of Hg. Additionally,
freely-suspended particulates have higher surface to volume ratios that provide more binding
sites; thereby resulting in higher partitioning. If these factors were the sole reason for
differing log Kq values, then the smallest particulates should have had the highest Ky values.
This outcome, however, was not observed; therefore, we conclude this hypothesis of
protected binding sites to be proven false.

Counter to the surface to volume hypothesis, the K4 of the smallest fraction was less than
the 8- to 300-um fraction for Hg(1l) and for CH3Hg, with the K4 for CH3Hg estimated based
on the 1.27 nmol g~ MDL (Table 2). It is important to note that upon calculating a particle
mass balance for these experiments, the total mass of all particle fractions collected at the
end of each experiment (7.8 and 8.0 mg L™t in Exp. 1; 7.3 and 9.3 mg L™ in Exp. 2; Table
1) did not equal the total TSS at the beginning of each experiment (14.9 mg L™1in Exp 1;
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9.9 mg L™1 in Exp 2). Overall, <10 to 50% of the suspended mass was unaccounted for at
the end of the experiments (Table 1). This loss could be a result of microbial degradation of
organic matter during the experiments, or could be a result of colloidal formation due to
particle disintegration (Honeymann and Santschi, 1988) as colloids (<0.2 pm) would be not
be captured on any of the filters. The latter explanation could also account for the slightly
lower Ky values compared to field measurements in LIS (Balcom et al., submitted 2015;
Chen et al., 2014), as a higher amount of colloids would essentially result in the estimation
of a lower Ky. The differences may also be that the TSS and, subsequently, the log Kq4
values were affected by the presence of plankton that were not removed from the water by
the initial sieving (100-um mesh). Plankton may have accumulated either form of Hg and
were likely ingesting particulates and respiring carbon during the rolling period thereby
reducing the particle-size fraction. Given these potential effects, future experiments should
characterize DOC and the particulate composition more closely to allow for more detailed
examination of the factors influencing partitioning.

Mercury methylation and demethylation

Methylation of Hg and demethylation of CH3Hg were found in both experiments in the
larger size fractions, but were not detected in the smallest size fraction (<8 um) as the
CHg3Hg concentration was below the MDL (1.27 nmol g~2, Figures 4 and 5). Given the
amount of spiked 200Hg isotope in the smallest fraction, however, the CHzHg MDL, and the
mass of particulates in this fraction, we can estimate that the lack of detection is equivalent
to a methylation rate of 0.02 day~1. Thus, we cannot conclude that there was no methylation
in the smallest fraction even though we could not detect any CH3Hg isotope. In terms of the
factors promoting methylation, the ANOVA analysis indicated a significant effect of
particle-size fraction, but not treatment on the methylation rates in experiment 1 (Figure
4A). A significant interaction was also present. Post-hoc analysis indicated a significant
difference between the unrolled >300-um fraction and the other fractions. There was a
significant difference between the rolled 0.2- to 8-um and 8-300-pm fractions in both
experiments but this entirely reflects the lack of detection of CH3Hg in the smallest
fractions. There was no significant difference between the rolled 8- to 300-um fraction and
the other two rolled fractions.

Analysis of experiment 2 (ANOVA,; Figure 4B) indicated significant effects of both particle-
size fraction and treatment on methylation rates. Additionally, a significant interaction effect
was present. Post-hoc analysis of the unrolled treatment indicated a significant difference
between the >300-pm fraction and the other two fractions. There was no significant
difference between the unrolled 0.2- to 8-pm and 8- to 300-um fractions. No significant
differences were present between the particle-size fractions in the rolled treatment. There
was also a significant difference between the unrolled and rolled treatments in the >300-pm
fraction.

In experiment 1 (Figure 4A), one-sample t-tests indicated that methylation rates in the
unrolled 8- to 300-um, rolled 8- to 300-um, and rolled >300-um fractions were significantly
different from zero. The remaining fractions were not significantly different from zero. In
experiment 2 (Figure 4B), one-sample t-tests indicated that the unrolled 8- to 300-um
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fraction, the rolled 8- to 300-um, and >300-pum fractions were significantly different from
zero.

In terms of the factors promoting demethylation, ANOVA analysis indicated a significant
effect of particle-size fraction, but not treatment on demethylation rates in experiment 1
(Figured 5A). A significant interaction effect was also present. Post-hoc analysis of the
unrolled treatment indicated a significant difference between all three particle-size fractions.
In the rolled treatment, there was a significant difference between the rolled 0.2- to 8-um
fraction and the other two fractions, again because of the lack of detection of CH3Hg in this
fraction. No significant difference was found between the rolled 8- to 300-um fraction and
the >300-pm fraction.

Analysis of experiment 2 (ANOVA; Figure 5B) indicated significant effects of both particle-
size fraction and treatment on demethylation rates. A significant interaction effect was also
present. Post-hoc analysis of the unrolled treatment indicated a significant difference
between the three particle-size fractions. There was no significant difference between the
0.2- to 8-pum fraction and the 8- to 300-um fraction because of the lack of detection of
CHs3Hg in the smallest fraction. There was also no significant difference between the 8- to
300-pm fraction and >300-um fraction, but there was a significant difference between the
0.2- to 8-pum fraction and the >300-pm fraction. There was a significant difference between
the treatments within the 8- to 300-um fraction.

In experiment 1 (Figure 5A), one-sample t-tests indicated that the unrolled 8- to 300-um and
>300-um fractions and the rolled 8- to 300-um and >300-pm fractions were significantly
different from zero. In experiment 2 (Figure 5B), one-sample t-tests indicated that the
unrolled 8- to 300-um and the rolled 8- to 300-um and >300-um fractions were significantly
different from zero.

Changes in the isotopic composition of CHzHg and Hg in the larger particle-size fractions
during the experiments are indicative of the net formation and degradation of Hg forms
during the experiment. We quantified these rates of change based on changes in the
distribution of the isotope spikes. An increase in the concentration of CH32°°Hg was found
in the particle-size fractions >8 um in all experiments, with measured amounts significantly
above background levels based on natural abundances. The calculated methylation rate
constants confirmed the presence of mercury methylation in both the marine snow (>300
um) and 8-to 300-um particle fractions (Figures 4A and 4B). Methylation rates (Figure 4A
and 4B) ranged from 0 to ~0.02 d~1. Treatment did not have a significant effect on
methylation rates in experiment 1 (Figure 4A), but treatment did have a significant effect in
experiment 2 in the marine-snow fraction (Figure 4B). It is important to note that
methylation rates were significantly higher in the unrolled jars, a result that was not
expected. These findings indicate that rolling did not enhance the methylation rates in the
larger particulates, but rather that methylation can occur as long as large particulates are
present (>8 um). To further support this hypothesis, the fractions that were significantly
different from zero were also independent of treatment. As noted above, we cannot rule out
that methylation did not occur in the smallest size fraction even though CH3Hg was not
detected, but given that microbial methylation is thought to be mostly due to anaerobic
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bacteria (Gilmour et al., 2013; Parks et al., 2013), it is unlikely that conditions conducive to
methylation would occur in the smallest size fraction, which is likely composed of
individual particles, small phytoplankton, and other microbes. The detectable rates in the
>300-pm fraction and 8- to 300-pum fraction are more likely given evidence for anoxic
“microzones” in such particulates (Alldredge and Cohen, 1987). Overall, our results
demonstrate the potential for methylation in oxic environments which would be enhanced if
large particulates, such as marine snow, are present. We conclude, based on current
knowledge that the methylation by anaerobes in oxic waters must be due to the formation of
reduced oxygen microzones within the larger aggregations, a process that has been
demonstrated to occur (Alldredge and Cohen, 1987).

Analysis of demethylation rate data indicated no treatment effect, which was different from
that found for the methylation rate data. The demethylation rates ranged from non-detectable
in the 0.2- to 8-um fraction to 0.3 d~1 in the unrolled 8- to 300-um fraction. Again it would
appear that the presence of marine snow does not enhance demethylation rates, but rather as
long as larger particulates (>8 um) are present, demethylation is enhanced. In contrast to
methylation, demethylation in sediments and the water column has been shown in both
aerobic and anaerobic environments (e.g., Heyes et al., 2006; Hollweg et al., 2009; Whalin
etal., 2007).

Overall, demethylation rate data indicate a higher rate of demethylation versus methylation.
A similar result has been found in most studies on sediments (Heyes et al., 2006; Hollweg et
al., 2010; Schartup et al., 2013 ) and the water column (Lehnherr et al., 2011), which is
consistent with the relatively low fraction of total Hg as CH3Hg in sediments and suspended
particles. The methylation and demethylation rate data indicate that the presence of marine
snow does not necessarily guarantee higher rates of net CH3Hg formation, but rather that
enhanced rates of both methylation and demethylation would likely occur in settling
particulate matter. Overall, a lower or higher net rate of methylation may result depending
on the relative rates of aggregate formation and degradation. The observed rates presented
here compare to rates published in the literature for sediment methylation. Mitchell and
Gilmour (2008) measured methylation rates ranging from 0.01 to 0.05 d~1 within the first 2
centimeters of marsh sediment in the Chesapeake Bay. Hollweg et al. (2009) reported
methylation rates ranging from 0.01 to 0.04 d~ in 12 cm sediment cores in the Chesapeake
Bay and adjacent offshore shelf. Similarly, Schartup et al. (2013) measured methylation
rates of 0.01 to 0.05 d™1 in Long Island Sound (LIS) sediments. Therefore, the methylation
rates in aggregated organic matter in the water column are similar to methylations rates in
marine sediments.

There are limited data on the methylation and demethylation rates for the water column of
the ocean, especially in oxic waters. Lehnherr et al. (2011) measured methylation rates from
0.5-1 x 1072 d~1 and demethylation rates of 0.2 to 0.5 d~1 in the chlorophyll maximum
region and in low oxygen waters of the Arctic Ocean, rates comparable to those reported
here. Monperrus et al. (2007) measured higher methylation rates in coastal and offshore
surface waters of the Mediterranean Sea than were found in the present study, but their
demethylation rates were comparable to our measurements. Schartup et al. (in review) found
methylation rates from the MDL to 0.004 day~? for the surface waters of Lake Melville, a

Mar Chem. Author manuscript; available in PMC 2016 December 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ortiz et al.

Page 13

saline fjord in Labrador, Canada, lower than those reported here. The demethylation rates,
however, were also low, with overall net methylation occurring in the surface waters of this
system. Whalin et al. (2007), who examined transformations of Hg in the surface and deep
waters of the Chesapeake Bay and adjacent offshore shelf and slope, found methylation rates
lower than their MDL for methylation (<0.1 d~1). Nonetheless, their measured
demethylation rates were comparable to the values found here. In the previous studies,
unfiltered water was used for the experiments, and therefore no distinction could be made
between methylation rates driven by free-living bacteria and those driven by bacteria
inhabiting larger particulates such as marine snow. Considering the results of the present
study, it is possible that methylation and demethylation in these field incubations was
occurring in larger particle-size fractions, a possibility that may be generally applicable to
coastal environments. Overall, it appears that the enhanced microbial communities of marine
snow (Balzano et al., 2009) relative to smaller, suspended particles stimulates the production
of CH3Hg, but also enhances the reverse reaction of demethylation.

Similarly, there is debate in the freshwater literature over whether biofilms are important in
the production of CH3Hg in lakes and wetlands. Lin and Jay (2007), using cultures of sulfate
reducing bacteria, showed that methylation in biofilms was enhanced compared to that of
free-living bacteria. In a recent study, Hamelin et al. (2015) showed that the rate of net
methylation in the biofilms on macroalgae was two orders of magnitude higher than that of
the nearby sediment of a temperate wetland. Similarly, Lazaro et al. (2013) showed that
methylation within biofilms of floating plants in the Amazon were sites of substantial Hg
methylation. They also found that the methylation rate correlated with the algal biomass on
which these biofilms grow. The microbial communities of marine snow are likely similar to
those of biofilms and, therefore, the hypothesis that formation of aggregates in coastal
waters enhances methylation is reasonable. Balzano et al. (2009), for example, found Fe(l11)
and nitrate reduction in their experiments with marine flocs, and identified bacterial strains
capable of Fe reduction. The microbes identified by Balzano et al., including Desulvovibrio
species, could also be responsible for CH3Hg production (Gilmour et al., 2013). In the sub-
thermocline waters of the ocean, high CH3sHg concentrations have been interpreted as
indicative of methylation that occurs during the decomposition of sinking particulate
material (Mason et al., 2012; Mason and Fitzgerald, 1993; Sunderland et al., 2009). A
similar enhanced decomposition is likely occurring in the marine snow formed even in oxic
surface waters.

In studies of methylation and demethylation in sediments there is often a comparison made
between the ratio of the rate constants and the fraction of total Hg that is CH3Hg. These two
ratios should be the same at steady state, assuming similar bioavailability of both fractions to
the microorganisms (Heyes et al., 2006; Liu et al., 2015). The ratio of the measured rate
constants for this study ranged from ~0.05 to 0.25, depending on the size fraction and the
experiment (Figures 4 and 5). Given the magnitude of the rate constants (the characteristic
time to equilibrium = 1/(ky, + kqm) assuming a reversible reaction), it is likely that chemical
processes in the jars did not reach steady state during the experimental period. Therefore, it
is more appropriate to compare our data to measurements in suspended particulate matter
from LIS (Balcom et al., 2006; 2015; Chen et al., 2014), which have measured fractions of
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CHszHg/total Hg that cover a similar range (0.01 to 0.2). These comparisons provide further
validation that the rates of reaction measured in the current study are representative of those
occurring in the water column of LIS.

There is an ongoing debate about the importance of various sources of CH3Hg to estuarine
food chains with much work focused on examining the net methylation of Hg in sediment
and the supply from the sediments to the water column (Chen et al., 2014; Hammerschmidt
et al., 2004; Hollweg et al., 2010; 2009). There is increasing evidence, however, that
sediments may not be the most important source in some coastal locations (Balcom et al.,
2008; Chen et al., 2012; Sunderland et al., 2012; 2010). Additionally, Chen et al. (2014)
showed through a study of multiple estuaries that there was little correlation between
sediment CH3Hg and levels in foraging fish, and that water column particulates were the
best predictor of CH3Hg concentrations in fish. These and other studies (Balcom et al.,
2015; Conaway et al., 2003) have shown that particulate CH3Hg (on a mass basis) is often
much higher than that of surface sediment. Most of these studies have invoked external
sources of CH3Hg as important, but the results presented here suggest that further focus
should be given to in situ formation of CH3Hg in the water column of estuaries and coastal
waters. Our results demonstrate that the formation of larger particulates by aggregation
enhances methylation in oxic waters, and is the likely mechanism whereby methylation is
occurring in shallow coastal waters. More data is needed to determine the importance of this
source of CH3Hg compared to other sources such as sediments, groundwater, and external
inputs.

Conclusions

In conclusion, we show that both methylation of Hg and demethylation of CH3Hg can occur
in particulates and marine snow in oxic waters of the coastal zone, and demonstrate the
possibility of water column net methylation in coastal waters. Furthermore, the stated
hypothesis that the highest incorporation of Hg would occur in the marine snow was not
confirmed. Whereas there was a portion of both Hg forms incorporated into the >300-pm
marine-snow fraction, most of the CH319%Hg and 200Hg(11) was incorporated into the 8- to
300-um fraction. Particle-size analysis indicated that, despite rolling the seawater for several
days, the suspended particle field was mostly composed of small particulates rather than
large marine-snow aggregations.

Methylation rates measured in this study demonstrate that settling particulates can form
environments conducive to mercury methylation with production rates on the same order of
magnitude as sediment methylation. Whether particles form large marine snow aggregations
or smaller aggregates (e.g. 8 to 300 um) it is likely that their organic material is being
degraded through bacterial action. This process simultaneously results in net CHzHg
formation, providing a potential source of Hg methylation in the water column. Whereas our
results are consistent with the idea of methylation within settling particulates in low oxygen
waters of the open ocean, they may also explain the presence of CH3Hg in coastal and open
ocean surface waters, even where there is enhanced photodegradation of CH3Hg. This study
also stresses the importance of smaller particulates, not just large macroscopic marine snow
aggregations, in Hg cycling and methylation.
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Highlights
e CH3Hg and Hg(ll) were incorporated into laboratory-produced marine snow

» Methylation rates in marine snow were of same magnitude as estimated
sediment rates

« Particulate coagulation enhances net mercury methylation in oxic estuarine
waters
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Figure 1.
Particulate concentrations for each size fraction and treatment. Capital letters specify

significant differences between particle-size fractions (ANOVA model), whereas lower-case
letters specify significant differences between particle-size fractions within a treatment
(Tukey’s post-hoc test; x-z for unrolled treatment, a-c for rolled treatment). In experiment 1
(A), a significant effect of particle-size fraction was found (p<0.05). In experiment 2 (B)
significant effects of both particle-size fraction and treatment were found (p<0.05). Data
represent means + standard deviation (n=6).
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Figure 2.
CH3199Hg incorporation for each size fraction and treatment. Capital letters specify
significant differences between particle-size fractions (ANOVA model), whereas lower-case
> letters specify significant differences between particle-size fractions within a treatment
% (Tukey’s post-hoc test; x-z for unrolled treatment, a-c for rolled treatment). Asterisks
S specify significant differences between treatments within a particle-size fraction (Tukey’s
QZ) post-hoc test). In experiment 1 (A), significant effects of particle size fraction and treatment
;:S were found (p<0.05). In experiment 2 (B), a significant effect of particle size fraction was
@ found (p<0.05). Data represent means + standard deviation (n=6).
%.
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200Hg(11) incorporation for each size fraction and treatment. Capital letters specify
significant differences between particle-size fractions (ANOVA model), whereas lower-case
letters specify significant differences between particle-size fractions within a treatment
(Tukey’s post-hoc test; x-z for unrolled treatment, a-c for rolled treatment). Asterisks
specify significant differences between treatments within a particle-size fraction (Tukey’s
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post-hoc test). In experiment 1 (A), significant effects of both particle size fraction and
treatment were found (p<0.05). In experiment 2 (B), significant effects of both particle size
fraction and treatment were found (p<0.05). Data represent means + standard deviation
(n=6).
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Methylation rates for each size fraction and treatment. Capital letters specify significant
differences between particle-size fractions (ANOVA model), whereas lower-case letters
specify significant differences between particle-size fractions within a treatment (Tukey’s
post-hoc test; x-z for unrolled treatment, a-c for rolled treatment). Asterisks specify
significant differences between treatments within a particle-size fraction (Tukey’s post-hoc
test). Crosses specify that means are significantly different than zero (single sample t-test).
In experiment 1 (A), a significant effect of particle size fraction was found (p<0.05). In
experiment 2 (B), significant effects of both particle size fraction and treatment were found
(p<0.05). Data represent means + standard deviation (n=6).
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Figure 5.

ngethylation rates for each size fraction and treatment. Capital letters specify significant
differences between particle-size fractions (ANOVA model), whereas lower-case letters
specify significant differences between particle-size fractions within a treatment (Tukey’s
post-hoc test; x-z for unrolled treatment, a-c for rolled treatment). Asterisks specify
significant differences between treatments within a particle-size fraction (Tukey’s post-hoc
test). Crosses specify that means are significantly different than zero (single sample t-test).
In experiment 1(A), a significant effect of particle size fraction was found (p<0.05). In
experiment 2 (B), significant effects of both particle size fraction and treatment were found
(p<0.05). Data represent means + standard deviation (n=6).
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