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ABSTRACT

Most published research evaluating total (wet+dry) mercury (Hg) deposition in eastern North
America has been conducted during the growing season. However, recent research indicates that
winter throughfall Hg deposition can be significant. We synthesized snow Hg concentration and
deposition data collected at forested and open sites from 1989 - 2005 (14 studies) using various
field methods. Mean snow Hg concentrations across years and locations ranged from 0.66 - 22.7
ng L (SD: 15 - 99%). Snow Hg deposition and concentration were consistently highest in conifer
throughfall and lowest at open sites (no vegetation cover). These results suggest that the range of
snow Hg deposition can be bracketed by sampling at two extremes: under conifer canopies and in
open sites. Ratios of Hg under tree canopies versus open sites were 3:1 (conifers) and 2:1 (all
forest types). Ratios of event throughfall to wet-only collections were 5:1 (conifers) and 4:1 (all
forest types), exceeding the previously-reported overall average of throughfall to wet-only for the
growing season. Future research should standardize snow Hg sampling methods to address
volatilization and dry deposition. Mechanisms contributing to variability in snow Hg deposition
could be assessed by measuring particulate Hg and examining interannual and spatial patterns.
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INTRODUCTION

Atmospheric deposition of mercury (Hg) is the largest input of this metal to rural, forested
watersheds in temperate regions that are not influenced by natural geologic or point sources
(Grigal, 2002). Total Hg deposition in forested landscapes is strongly influenced by dry
deposition, which, in turn, is controlled by features such as vegetation type and topography
(Nelson et al., 2008, Johnson ef al., 2007, Miller et al., 2005, Grigal, 2002, Kolka ef al., 1999,
Lindberg et al., 1994). The influence of landscape factors on Hg deposition has been the focus of
research to improve spatially explicit models of Hg deposition to heterogeneous landscapes (e.g.
Miller et al., 2005).

Most published research evaluating the relationship between landscape factors and Hg
deposition has been conducted during the growing season in temperate climates. Wet-only
deposition of Hg typically is greater in the growing season than dormant season (Mast et al., 2005,
Guentzel et al.,, 2001, Mason et al., 2000, Glass and Sorenson, 1999, Scherbatskoy et al., 1998).
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Also logistics and methods are more favorable during the growing season. However, in arctic
sites (Ferrari et al, 2005, Lahoutifard et al., 2005, Schroeder et al, 2005, Dommergue et al.,
2003, Lalonde et al., 2003, 2002, Lindberg et al., 2002) and temperate sites (Nelson et al., 2008,
Poulain et al., 2007) the snowpack has been described as a dynamic system with respect to Hg.
Hg can deposit to the snow surface from the atmosphere and re-emit from snowpack to the
atmosphere. Depending on the study objective and methodology, snowfall and snowpack Hg
burdens can represent 12-47% of annual total deposition of Hg (Nelson et al., 2008) and 50% of
Hg export in streamwater (Shanley ef al., 2002, Scherbatskoy et al., 1998).

Though several studies in the region have sampled snow using varying methods, there are few
citations in the literature on this subject, perhaps because the low snow Hg deposition is perceived
as unimportant to mass balance studies. Snow Hg deposition and snowpack dynamics in North
America have been studied in the Arctic in relation to Hg depletion events (e.g., Lindberg et al.,
2002) and in the Rocky Mountains at a transect of montane snowpack sites (Ingersoll et al., 2005,
Ingersoll et al., 2002). These study regions have been well characterized with respect to Hg in
snow. There is less information available about snow Hg deposition, and its subsequent
transformations, in seasonally snow-covered areas in northeastern North America (Figure 1). Here
we synthesize the available snow Hg concentration and deposition data from published research,
theses, white papers, and unpublished data for temperate to sub-boreal, mixed deciduous and
coniferous forested sites in eastern North America. We conclude by identifying information gaps
about Hg deposition in snow for future research.
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Figure 1. Map of snow Hg deposition research sites with published summary (aggregated) data and raw or
unpublished (primary) data. Open stars show the locations of ITMP (International Toxics Monitoring
Program, Haines 1994) transect survey sites. Sites are shown against a background of the Ecoregions of
North America (Bailey 2001). Table 1 indicates full study names, references, and study details for each site
abbreviation shown on this map.
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MATERIALS AND METHODS

Rationale

Data from the Mercury Deposition Network (MDN), a rich data source that provides
methodologically consistent Hg concentration and deposition data from across North America, are
the basis of several studies on Hg deposition (e.g., Mason et al., 2000, Miller et al., 2005). MDN
Hg data characterize wet-only deposition, because the instrumentation only collects samples of
rain or snow during a precipitation event. The MDN network is currently the most comprehensive
source of data publicly available to describe temporal variability in Hg deposition.

For this analysis, we were interested in characterizing total deposition of Hg via snow. Total
atmospheric deposition is typically taken to represent wet plus dry deposition. At forested sites,
dry deposition of Hg can equal or exceed wet-only deposition (Grigal, 2002). Many types of
samples, each representing a different portion of total deposition, have been collected in
atmospheric deposition research.

Throughfall and open sample collection with both bulk and wet-only sampling strategies are the
focus of our analysis. The samples represent throughfall deposition if collected under full canopy
for evergreen species and under twigs and branches for deciduous species, whereas the samples
represent open deposition if collected in non-forested areas. Continuously collected samples
represent bulk deposition, and samples collected only when it is actively raining or snowing
represent wet-only deposition. We did not consider data from fog sampling (e.g., Ritchie et al,
2006, Malcolm et al., 2003), stemflow collection (e.g., Kolka et al., 1999), or inferential studies
that used measured air concentrations and deposition velocity (e.g., Caldwell et al., 2006).

Data sources

Snow sampling methods: terminology

Snow sampling methodology varied among studies. Study characteristics, references, and site
abbreviations are presented in Table 1. We identified three collection types in the data sources:
open wet-only (not shown in Table 1, NADP/MDN 2006), open bulk (including lakeshore/lake
center/clearing sampling), and bulk throughfall from below a forest canopy (Table 1). Within bulk
throughfall, there were three sampling strategies: event sampling, cumulative snow buckets, and
snowpack sampling (Table 1). Event samples were collected either in closed-bottom containers
deployed before snowfall events and retrieved immediately following snowfall cessation (BBWM,
ACAD) or were collected by scooping freshly-fallen snow from the snowpack surface (LRL,
CLAMS, ELA, HCWS, SFQC). Though the methods differ slightly, the purpose of the sampling
in each case was to characterize snow from a single storm during a short period of time.
Cumulative snow bucket samples, collected only at ACAD to compare with other snow sampling
methods, were collected in closed-bottom containers that were deployed for the entire snow-
covered season and retrieved at the end of the winter. Snowpack samples represent an entire
season’s burden of Hg in snow and were collected by coring or excavating the entire, integrated
snowpack overlying the soil surface, typically at the snowpack maximum (ITMP, VMC, MEF,
ELA, HUDSON, and ACAD).

Primary Hg snow data: sources

We had the most detail from primary data sources that included forested watershed study sites in
Maine (ACAD), Vermont (SRRW), and Minnesota (MEF) (Table 1). These primary data
allowed: (1) an analysis of snow Hg data variability, and (2) an analysis of the relationship
between site characteristics and Hg in snow, particularly as it relates to vegetation cover. We also
analyzed wet-only Hg data reported for MDN collectors located near the research sites for the time
periods that paralleled the watershed studies. We compared throughfall and open bulk Hg
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Table 1. Characteristics, mean, and variability statistics for 14 studies that sampled snow Hg deposition or snowpack in northeastern temperate-sub-boreal forested
areas in North America.

State/  Sample Site Collection Field Sampling Mean Hg Number of Sample period Laboratory
Site name Site ID Province years characterization type procedure strategy (ng/L) SD Range _sites obs. length (days) methods Reference
Little Rock Lake LRL Wi 1989 Lake center Open bulk  Lake surface Event 6.00 0.9 ~5-11 1 4 ~14-21 Two stage gold  Fitzgerald et
snow amalg. w/AFS? al. 1991
Bear Brook BBWM ME 1993 Clearing in mixed Openbulk  Not given Event 7.76 n/a n/a 1 1 not given Brooks-Rand Abbott, 1994°
Watershed in Maine forest model 2 CVAFS®
Crab Lake CLAMS Wi 1993 Lake center Open bulk  Lake surface Event 1.63 0.91 ~0-~6 2 not given not given Two stage gold  Lamborg et al.
snow amalg. W/AFS?  1995'
International Toxics ITMP CTRIMA 1994 Lakeshore Open bulk  Teflon shovel-  Snowpack 4.78 4.22 1.30-20.4 21 21 not given Brooks-Rand Haines, 1994"
Monitoring Program VT NH ME bag model 2 CVAFS
NB NS NL
Experimental Lakes ELA ON 1994 Lake center Open bulk  Lake surface Event 2.61 1.26 0.95-4.60 1 7 7 CVAAP St. Louis et al.
Area-Rawson Lake snow 19959
Vermont Monitoring VMC vT 1994 Clearing in mixed Openbulk 10cmx10cm Snowpack 1.8 n/a n/a 1 1 110 CVAFS Sherbatskoy
Cooperative forest column et al. 1997
Marcell Experimental MEF MN 1995 Mixed forest Bulk Snowpack pit Snowpack 0.69 0.36 0.27-1.37 12 24 60 CVAFS? Kolka 1996"
Forest watersheds throughfall
Herrington Creek HCWS MD 1996-7 Hardwood forest  Bulk Snowpack pit  Event 227 11.4 not given 3 not given 7 CVAFS® Castro et al.
Watershed watershed throughfall 2000
Sainte-Foy SFQC Qc 2000 Lake center, Open bulk  Lake surface Event 3.05 3.02 0.2040.2 - 1 135 1 Tekran CVAFS Lalonde et al.
suburban site snow 12.4+1.0 (27 events) 2002°%9
Acadia Watersheds ACAD ME 2000 Mixed forest Bulk Bucket/bag Cumulative 9.69 6.63 3.29-19.86 7 12 12-24 Tekran CVAFS? Johnson
watersheds throughfall (mean=17) 2002"
Sleepers River SRRW VT 2001 Mixed forest Bulk Snowpack pit ~ Snowpack 10.6 5.59 4.45-20.6 7 7 107 CVAFS Schuster et al.
Research Watershed watershed throughfall 2008 &
Shanley pers.
comm.”
Experimental Lakes ELA ON 2001 Lake center Open bulk  Teflon Shovel- Event 1.42 0.52 0.72-2.84 1 30 1 (five events) Tekran CVAFS  Lalonde et al.
Area-Lake 240 bottle 2003°
Teflon Shovel-  Snowpack 0.85 0.32 0.51-1.2 1 27 2 (four events)
bottle
Hudson Bay HUDSON QcC 2002 Open area Open bulk  Snowpack pit ~ Snowpack 10.60 4.9 ~4-15.4 1 4 depths not given CVAFS Dommergue
et al. 2003°
Acadia Watersheds ACAD ME 2004-5 Mixed forest Bulk Teflon mini- Snowpack 17.40 17.30 2.75-37.0 4 4 57 Tekran CVAFS® Nelson et al.
watersheds throughfall  cores 2007"
Teflon-lined Cumulative 4.73 2.63 2.49-10.0 7 7 91
tube
Teflon-lined Event 10.1 8.19  2.06-31.5 11 67 10-25
tube (mean=15)

*Fitzgerald & Gill 1979; *Bloom & Crecelius 1983; ¢ Bloom & Fitzgerald 1988; ¢ US EPA 2002; © statistics calculated from data presented in a figure in paper; " the value 1.63 ng/L is “precipitation
phase” or filtered, PHg for CLAMS was 64 pg m™; ¢ converted from pM as reported in publication; "statistics calculated from raw database, white paper, thesis/dissertation, or table in paper.
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deposition to MDN wet-only Hg deposition at these sites to provide linkage to the well-established
data base provided by the MDN international program. Primary data were also available from a
transect of 21 open bulk deposition sites across the northeastern U.S. and eastern Canada (ITMP,
Table 1). We calculated descriptive statistics from the raw data with SYSTAT statistical software
(SYSTAT 2002).

Primary snow Hg data: methods

Open wet-only samples were collected by MDN at ACAD (NADP/MDN 2006), a VMC
sampler at SRRW (Keeler et al., 2005), or IVL-style collectors at MEF (Kolka et al, 1999,
Iverfeldt, 1991). Lakeshore sampling (ITMP) was performed in open areas by first removing the
top 2 cm of snow, then excavating the snowpack to a depth 2 cm above the ground surface and
placing the removed snow into Teflon bags. This ITMP sampling is similar to the methodology
used for snowpack sampling at MEF, ACAD, and SRRW. The event sampling strategy at ACAD
(Nelson et al., 2008) involved snow collection in Teflon bag-lined cylinders within 24 hr of a
snowfall event. Cumulative snow buckets at ACAD were lined with Teflon bags and collected
once at the snowpack depth maximum (Nelson et al., 2008) or twice, at the snow season midpoint
and near snow season’s end (Johnson, 2002). Snowpack was sampled with Teflon mini-corers at
ACAD (Nelson et al., 2008), snowpack pits sampled at the snowpack maximum at SRRW
(Schuster et al., 2008), or snowpack pits sampled twice during the snow season at MEF (Kolka,
1996).

Published summary snow Hg data

The published literature was searched for available summary data on snow Hg concentrations
and deposition for northeastern North America. We were able to obtain data for 10 studies across
the region of interest (Figure 1). Sampling methodology is described in detail in each original
publication, and is summarized in Table 1 (“Field Procedure”). From published data sources, we
extracted mean Hg concentration, standard deviation (SD) and range when available (Table 1).

Laboratory methods

Sample analysis methods for each published study are provided in the original references noted
in Table 1. One study was unpublished at the time this manuscript was written: ITMP (Mower,
pers. comm.). For ITMP, sampling materials and containers were prepared in a Class 100 clean
bench, clean sampling protocols were followed, and samples were analyzed using a Brooks-Rand
model 2 cold vapor atomic fluorescence spectrophotometer (Haines, 1994).

RESULTS AND DISCUSSION

Range of collection methods, frequencies, and snow sample volumes

The data used in this synthesis were drawn from 14 studies in the target region, and span a 16
year period from 1989 to 2005 (Table 1). All of the studies, except ITMP, represented a single,
geographically localized research area or watershed. The ITMP sampled 21 sites across New
England and eastern Canada. The data density was notably higher for New England (Figure 1),
largely driven by the singular measurements of the ITMP program distributed across the region.
Other locations represent observations that were replicated temporally and spatially.

Snow collection types and sampling strategies differed among the 14 studies we reviewed
(Table 1). Samples were collected on lakeshores or lake centers in 6 studies, in clearings or open
areas in 3 studies, and from forested sites in 5 studies. Snow samples taken on lakes or in
clearings represent open bulk deposition, and samples collected under the forest canopy represent
throughfall deposition. Of the 14 studies, 8 studies sampled one or more snow events, 7 studies
sampled the snowpack, and 2 studies used the cumulative snow sampling strategy (ACAD). Two
studies (ELA 2001, ACAD) used more than one sampling strategy. Field methods differed within
collection types or sampling strategies. For example, at ACAD, event samples were collected
with bag-lined tubes deployed between snow events (Nelson et al., 2008), whereas in other studies
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(e.g. CLAMS), event samples were collected by “scooping up newly fallen material into acid-
cleaned wide-mouth jugs” (Lamborg ef al.,, 1995). More recently, Poulain et al. (2007) sampled
snow under the forest canopy using automated wet-only collectors, another sampling strategy.

The number of sites and number of snow samples taken also varied widely among studies.
Seven studies sampled one site only (LRL, BBWM, ELA 1994, VMC, SFQC, ELA 2001,
HUDSON), 5 studies sampled 2-9 sites (CLAMS, HCWS, ACAD 2000, SRRW, ACAD 2004-
2005 cumulative and snowpack), and 3 studies sampled 10 or more sites ITMP, MEF, ACAD
2004-2005 event) (Table 1). At least 2 studies (BBWM, VMC) represented a single snow sample,
but most studies replicated measurements either at the same site or by collecting at multiple sites.
The length of time represented by the studies or the time that sampling equipment was deployed
ranged from 1 day (some event samples) to a full winter season (110 days). Some studies did not
report the date of equipment deployment or first permanent snowcover, so we were unable to
calculate flux per unit time.

Snow Hg concentrations in the study region

Table 1 provides descriptive statistics on snow Hg concentrations for the northeastern U.S. and
eastern Canada based on the data sources described above. Across all sites, the lowest mean snow
Hg concentration was 0.69 ng L' (MEF) and the highest mean snow Hg concentration was 22.7
ng L' (HCWS). Snow Hg concentrations reported for all studies we summarized ranged 0.27-
37.0 ng L' (Table 1). Five of the six greatest mean values were collected in the eastern part of the
study region, presumably downwind of major Hg emission sources (Driscoll et al, 2006,
VanArsdale et al., 2005). Standard deviations of means averaged 59% and ranged from 15% to
99%.

Effects of collection type and sampling strategy on snow Hg concentration and
deposition estimates

We focused on four studies (ITMP, MEF, SRRW, ACAD) to assess the effects of methodology
and site characteristics on snow Hg concentration and deposition. Primary data were available for
both Hg concentration and deposition for all studies, except ITMP, which did not report
deposition, snow volumes, or water equivalent. ITMP was designed to examine spatial variability
across a region and MEF, SRRW, and ACAD were designed to examine site-specific variability
within a watershed. ACAD, SRRW, and MEF were true snow throughfall studies that sampled
most sites under the forest canopy. ITMP gives a range of values for lakeshore samples.
Sampling at ACAD occurred in two different years: 2000 and winter 2004-2005. Although
reported independently, the sampling for both years was part of related research in small gauged
watersheds (Nelson et al, 2008, Johnson, 2002). The largest data ranges were reported for
ACAD, SRRW, and ITMP.

Snow Hg concentration and deposition differed by collection type and sampling strategy (Figure
2). Median and ranges of Hg concentrations overlapped for open wet-only and lakeshore (ITMP)
samples. Within the snow throughfall collection type, snowpack deposition (SRRW, MEEF,
ACAD) was less than event or cumulative deposition (ACAD 2000 and 2004-2005 data). Low
vegetation may have contributed particles to one snowpack sample that contained a Hg
concentration two times the mean for throughfall snowpack collections (Figure 2a). Other than
this sample, the range of Hg concentrations was greatest for event sampling (ACAD 2004-2005).
Snow Hg deposition estimates for cumulative and event sampling had similar ranges, perhaps
influenced by the ACAD 2000 results, discussed below (Figure 2b).
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Figure 2. (a) Snow Hg concentration (ng L") and (b) snow Hg deposition (ug m™ wk™') at open sites and in
throughfall, grouped by collection type, for SRRW, ACAD, MEF, and ITMP studies. Wet-only includes
VMC (nearest MDN-type station to SRRW; Keeler et al., 2005), MEF, ACAD 2000, ACAD 2004-2005;

lakeshore includes ITMP; cumulative includes ACAD 2000, ACAD 2004-2005; snowpack includes SRRW,

MEF, ACAD 2004-2005; event includes ACAD 2004-2005. See Table 1 for references and a description of

collection methodology.

Only two studies — and only one primary data source - sampled snow Hg deposition in more
than one year, and these studies used different collection methods. Cumulative snow Hg samples
were collected at seven sites at ACAD in 2004-2005, and at seven sites in 2000 — some sites
coincident with those sampled in 2004-2005. Concentrations of Hg in cumulative snow samples
collected at these sites were greater in 2000 than in samples collected in 2004-2005 (Table 1).
Concentrations may have been greater in 2000 because the shorter sampling period and more
frequent sample collection would reduce loss of Hg through volatilization. Also, the 2004 study
used dark-colored collection tubes that could have influenced snow characteristics and Hg
volatilization. In addition, snowfall amount can vary annually. Differences in annual snowfall
totals also could affect Hg concentrations in cumulative snow samples. Total snowfall reported at
ACAD was 101 mm of precipitation during the 2000 snow Hg throughfall collection, whereas
during the 2004-2005 snow throughfall collection study at ACAD, 322 mm of precipitation was
reported (NADP/MDN 2006).

Though the limited data do not allow for mechanistic analysis of interannual variability, several
factors could contribute to these different results between years sampled at ACAD: (1) more
concentrated Hg with a lower snowfall amount; (2) changing atmospheric reservoirs of Hg; (3)
changes in site-specific factors, such as vegetation type, or positioning of collectors; (4)
differences in weather, such as higher temperatures that can affect volatilization; and (5)
differences in sampling methodology. More research is necessary to fully understand mechanisms
of interannual variability in snow Hg, though this analysis and Nelson et al. (2008) suggest that
sampling methodology plays an important role in determination of snow Hg deposition.
Comparison of three snow sampling methods throughout a single winter reveals that cumulative
samples and snowpack emit Hg to the atmosphere, and snowpack can gain Hg from underlying
soil and litter (Nelson et al., 2008) Snow Hg burdens were two-thirds lower when snow was
allowed more time to emit Hg to the atmosphere (Nelson e al, 2008). Emission has been
reported elsewhere (e.g., Lalonde ef al., 2002) emphasizing the influence of method selection on
Hg snow deposition measurements.
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Figure 3. (a) Snow Hg concentration (ng L") and (b) snow Hg deposition (g m™ wk™) at open sites and in
throughfall, grouped by cover type, for SRRW, ACAD, MEF, and ITMP studies. For each site type, boxes
include the following data: open - MEF, SRRW, VMC (nearest MDN-type station to SRRW; Keeler et al.,
2005), ACAD 2000, ACAD 2004-2005; lakeshore - ITMP; shrub - ACAD 2000, ACAD 2004-2005;
deciduous - SRRW, MEF, ACAD 2000, ACAD 2004-2005; mixed forest - MEF, ACAD 2000, ACAD 2004-
2005; and coniferous forest - SRRW, MEF, ACAD 2000, ACAD 2004-2005. See Table 1 for references and
a description of collection methodology.

Effects of vegetation on Hg deposition and concentration estimates

It is possible to draw inferences about the effects of vegetation on snow Hg deposition by
categorizing these data according to broad vegetation types (e.g., shrub, deciduous, mixed forest or
coniferous) or site conditions (e.g., lakeshore or open). Three studies (ACAD, SRRW, MEF)
considered vegetation type in their design. Hg concentrations and deposition (means, ranges) were
similar among open, lakeshore, shrub, and deciduous sites. The greatest median and range of
snow Hg concentrations and depositions were associated with coniferous and mixed forest sites
(Figure 3). This finding is supported by more recent work at the Station de Biologie of the
Université¢ de Montréal, where snow Hg collected under mixed canopies was significantly greater
than that collected under deciduous canopies or in the open (Poulain et al., 2007). The ratio of
bulk throughfall: open bulk (MEF, SRRW) or bulk throughfall: wet-only (ACAD) in snowpack
samples at conifer sites was 3.4; at all forested sites (deciduous, mixed, and conifer), this ratio was
2.1. Using event deposition data for conifer sites (ACAD), bulk throughfall: wet only was 5.0 for
conifer sites and 3.8 for all forested sites. These ratios exceed the previously reported overall
average throughfall: wet deposition ratio of 1.8 for studies during the growing season in North
America and Europe (Grigal, 2002), indicating that even during winter, Hg in snow throughfall is
enhanced to the same or greater degree as during the growing season.

Throughfall flux of Hg during the growing season is affected by vegetation type (Nelson et al.,
2008, Johnson et al., 2007, Poulain et al., 2007, Grigal, 2002, Kolka ef al., 1999) because forests
act as filters, scavenging dry particles and gases, including dry Hg, from the atmosphere (e.g.,
Weathers et al., 2006, 2001, 1995, Grigal, 2002, Lovett et al., 1999). This dry-deposited Hg is
washed from the trees to the forest floor in subsequent rain events. Open, non-forested sites lack
this additional enhancement mechanism for dry deposition. Deciduous forest canopies lose their
leaves after the growing season, and only bare branches and leaves remain as accumulation
surfaces. Canopy cover, estimated at ACAD with digital photos captured with a fisheye lens (ter
Steege 1996) declined from 52% in summer to 23% in winter at deciduous sites, whereas canopy
coverage at coniferous sites was 49% in summer and 40% in winter. Open and shrub sites at
ACAD ranged 0-15% canopy cover throughout the year (Nelson, unpubl. data). Foliage is
dramatically reduced and deciduous sites approach the coverage of open and shrub sites in winter.
Our analysis suggests that investigators seeking to characterize snow Hg deposition in winter in
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small watersheds need to sample only two types of sites: those with leaf cover in winter, and those
without.

Special considerations for snow Hg sampling

Sample preservation

A consideration for sample preparation for Hg analysis is whether or not to preserve samples in
the container in which they were collected. Hg has a tendency to adhere to container walls until
preserved, so if aliquots were poured off prior to preservation, Hg concentrations could be
artificially low (Lalonde et al., 2001). Based on available documentation, six studies preserved
samples in the collection container prior to decanting (ACAD 2004-2005, MEF, ELA 2001, VMC,
SRRW, LRL), whereas three studies did not preserve prior to decanting (ACAD 2000, ITMP,
ELA 1994), and five studies did not specify sample preparation method (HCWS, HUDSON,
SFQC, CLAMS, BBWM). Low Hg concentrations in samples decanted prior to preservation at
ACAD 2000, ITMP and ELA 1994 may be low due to sample handling rather than low deposition
rates.

To filter or not to filter?

Snow samples were filtered to separate particulate Hg (PHg) from dissolved Hg in three studies
(CLAMS, VMC, and SRRW). Poissant et al., (2004) used a 0.1-2.5 um pore size to represent
PHg, whereas PHg mass median diameters of 0.61 um (Milford and Davidson 1985) and 0.80 um
(Keeler et al., 1995) also have been reported. CLAMS and VMC isolated PHg with 0.22 um
filters, and SRRW used 0.4 um polycarbonate filters. PHg in snow sampled at CLAMS, which we
calculated as the difference between unfiltered and filtered samples, was 0.70 ng/L, or 49% of the
total Hg flux in throughfall (Lamborg et al., 1995). Dissolved Hg in snowmelt lysimeters at VMC
averaged 4.8 ng/L, representing 50% of total Hg (Scherbatskoy ef al., 1997). PHg estimated at
SRRW ranged from 2.44 — 17.8 ng/L, or 54%-89% of the total Hg flux in throughfall. These
studies indicate that at least half of the Hg in snow is ‘particulate’, although the proportion is
affected by researcher’s choice of filter size.

The form of Hg deposited in winter could vary as compared to other seasons. PHg in ambient
air was greater in winter than in other seasons in Michigan (Keeler ef al., 1995) and in Vermont
(Scherbatskoy et al., 1998). Hg speciation and its transformations in the atmosphere are complex
processes, and are not the subject of this analysis. However, a brief discussion follows to
highlight the need for more research on Hg speciation in winter deposition.

Although most of the Hg emitted and in the atmosphere is in the form of gaseous elemental Hg
(GEM), most of the Hg that is washed out by precipitation and deposited in wet or dry deposition
is generally thought to be reactive gaseous Hg (RGM) or PHg (Keeler ef al., 1995, Lindberg et al.,
1998, Mason and Sheu 2002, Swartzendruber et al, 2006). Once deposited, GEM re-emits
rapidly (Poissant et al., 2004). Although RGM and PHg have been thought to be deposited
primarily near point sources, recent research has found these forms in remote areas (Lindberg e?
al., 2002) and in higher than expected concentrations in the free troposphere (Swartendruber ef al.,
2006). Data from this synthesis suggest that Hg in snow throughfall could be dominated by PHg,
and that total deposition of Hg under forest canopies is greater than at open sites. It is unknown
whether binding to particulates, especially to organic carbon in snow, can inhibit evasion of Hg
from the snowpack, and could therefore determine whether this particulate form of Hg is the
source of Hg in snowmelt events (Shanley et al., 2002).

CONCLUSIONS

Across a broad geographic region and in temporally discontinuous studies during 1989-2005,
median snow Hg deposition and concentration were consistently greatest in bulk throughfall at
conifer sites and least at open bulk sites without vegetation cover, consistent across differences in
field and laboratory methods. These results suggest that sampling at conifer and open sites will
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capture the range of snow Hg deposition and concentrations expected at a site.  Standardizing
sample collection and analysis methods, coordinating sampling across a broad geographic range
and in forested and non-forested settings, and extending sampling to capture intra- and inter-
annual variability and long-term trends will reveal temporal and spatial variability in snow Hg
deposition and concentration estimates. Preserving samples in the original collection container is
essential to minimize loss of Hg to the sample container. Three studies suggest that PHg may
comprise the largest fraction of Hg in snowpack samples; further research to speciate Hg in snow
at temperate sites would complement studies of Hg dynamics in snow at Arctic and sub-Arctic
sites. Given that the ratios of Hg in throughfall to open deposition in snowpack (ratio=2.1) and
throughfall to wet-only deposition in snow events (ratio=3.8) were greater than the overall average
growing season throughfall to wet deposition ratio (1.8) (Grigal, 2002), we conclude that
enhancement by forest canopies is at least as important during winter months as during the
growing season. Although some of the Hg literature explains low winter deposition by suggesting
that snow could be a poorer scavenger of Hg than rain, snow has a higher surface area to volume
ratio and a lower settling velocity than rain (Schemenauer et al., 1981) that likely makes it a more
efficient scavenger. Snow Hg deposition contributions to total annual Hg deposition often are
estimated to be relatively low. It is plausible that these low estimates reflect re-emission of
deposited Hg from the snowpack resulting from the selected sampling method rather than truly
low Hg deposition.
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