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Summary

Anthropogenic activities, such as mining and burning of fossil fuels, have significantly increased
the emissions of mercury (Hg) to the atmosphere, and the subsequent deposition onto global
ecosystems. To restrain Hg emissions and reduce its accumulation in biota and human
exposure, the UN’s legally binding Minamata Convention was signed by 128 countries. To
estimate the potential of different ecosystems as sinks or sources for atmospheric Hg, reliable
quantification of land-atmosphere exchange of gaseous elemental Hg (GEM) is crucial.

Despite extensive efforts to quantify GEM exchange and to characterize controls, large
uncertainty remains due to the complexity of bi-directional GEM flux, model parameterization,
and the application of different measurement techniques. The majority of flux studies were
temporally biased toward summer and daytime. More than 60% of these measurements have
been conducted over Hg-enriched sites and limited to small-scale studies using enclosure
techniques.

The main goal of the thesis was to identify the role of boreal peatlands as net sinks or
sources of Hg by calculating the first annual Hg budget including continuous measurements of
peatland-atmosphere exchange of GEM. Peatlands are major mediators for the high levels of
Hg in freshwater fish in Europe and North America, because the peatlands provide favorable
conditions for the formation of bioavailable and highly toxic methylmercury. In high latitude
regions almost all freshwater fish have Hg concentrations exceeding European limits for good
chemical status (0.02 mg Hg kg'1 fish muscle, Chalmers et al., 2011, Akerblom et al., 2014). To
test the hypothesis that enough Hg evades from peat to the atmosphere to play a significant
role in Hg removal, we developed a relaxed eddy accumulation (REA) system for long-term and
large-scale GEM flux monitoring. The first objective was to test the system over an urban site
and a boreal peatland at different heights with contrasting surface and turbulence
characteristics. In addition, we aimed to inter-compare REA with dynamic flux chambers (DFCs)
during a concurrent measurement campaign. DFCs represent the far most common GEM flux
measurement technique mainly because they are relatively simple to use and cheaper than
micrometeorological methods, while also being suitable for short-term and small-scale flux
measurements. As a result they provide an efficient method to resolve confounding influences
on GEM flux over a boreal peatland and to test whether GEM emission from contaminated
properties constitutes a health risk for residents caused by chronic inhalation of Hg vapor.

The novel REA design features two inlets and two pairs of gold cartridges for continuous
sampling of GEM in both updrafts and downdrafts for subsequent measurement on a single Hg
detector. We tested the system for two weeks in the center of Basel, Switzerland, and for a
period of three weeks during snowmelt above the nutrient poor, minerogenic Deger6 Stormyr
peatland, located about 50 km NW of Umea, Sweden. Both environments were identified as
net sources of GEM to the atmosphere, with average emission rates of 3 and 15 ng m™ h™,
respectively. The tests revealed that our REA system reduced major uncertainties caused by
the sequential sampling in previous single detector designs. Continuous and autonomous
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measurements were facilitated by regular monitoring of detector drift and recovery rates
using a GEM reference gas and a Hg zero-air generator. Despite the very low GEM
concentration difference between updraft and downdraft (0.13 ng m™) at Deger6 Stormyr, the
results indicate that REA is feasible for measurements that are close to the surface over snow
and/or short vegetation.

In a longer deployment we continuously monitored the GEM flux at Deger6 Stormyr over a
period of one year. The annual Hg mass balance was dominated by net GEM emission
(10.2 pg m?) due to substantial evasion between May and October. The annual wet bulk
deposition was 3.9 pg m™. The annual discharge export of Hg from the peatland area (1.9 km?)
amounted to 1.3 pg m™.

The GEM evasion rate, a factor of eight higher than runoff Hg export, results most likely
from recent declines in atmospheric Hg concentrations (Amos et al., 2015) that have turned
the peatland from a net sink into a source of atmospheric Hg. This is consistent with the Hg
concentration gradients in the superficial peat which decline from a Hg concentration peak at
about 30 cm depth (110 ng g, corresponding to Hg emission peaks during the 1950s) towards
the surface (23 ng g). Under the assumptions that environmental conditions remain stable
and that catchment runoff is dominated by Hg from the uppermost peat layers, it will take
around 80 years to deplete the entire pool of legacy Hg in the uppermost 34 cm to a
background concentration level of 20 ng g'. We suggest that the strong Hg evasion
demonstrated in this study means that open boreal peatlands and thus downstream
ecosystems may recover more rapidly from past atmospheric Hg deposition than previously
assumed.

The method comparison study investigating differences between a Teflon® PFA DFC
(TDFC), a new type DFC (NDFC) and REA was conducted over four days in July 2014. This
revealed that the variability in GEM flux increased in the following order: TDFC < NDFC < REA.
The average + SD fluxes were 0.7 £ 1.3 ngm?>h™, 1.9+3.8ngm>h'and 2+ 24 ng m? h?,
respectively. Compared to conventional chamber designs the NDFC is able to account for the
effect of wind and yielded cumulative flux values similar to the turbulent fluxes measured by
REA (< 2% difference). This result indicates the potential of the NDFC to bridge the gap
between turbulent and enclosure-based flux measurements. While the REA flux was rather
variable within a day, alternate DFC measurements revealed a distinct diel pattern with
highest GEM emission in the early afternoon. Spatial heterogeneity in peatland surface
characteristics introduced by total Hg concentrations in the uppermost 34 cm (48 - 67 ng g),
vascular plant cover (18 - 60%), water table level (4 - 18 cm) or dissolved gaseous Hg
concentrations (20 - 82 pg L™) did not appear to significantly influence GEM flux. We conclude
that for short-term mechanistic studies DFCs are the preferred tool while the NDFC is suitable
for quantitative flux estimations over short vegetation.

The comparison of peatland-atmosphere exchange of GEM from 16 experimental plots
determined using a shaded polycarbonate DFC revealed significantly lower flux rates,
occasionally indicating Hg uptake, from plots subjected to sulfur additions at rates of
20 kg ha™ yr'. These deposition rates were typical during the 1980s in southern Sweden which
are approximately seven times faster than contemporary deposition rates in northern Sweden.
Enhanced nitrogen deposition and greenhouse treatment had no significant effect on GEM
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fluxes. The suppressed GEM evasion from the sulfur-treated plots was most likely related to Hg
binding to S in organic matter, making Hg less susceptible to evasion, and more prone to
transport in runoff at the start of the S additions 15 years earlier.

The thesis was completed with shaded NDFC flux measurements over industrially polluted
properties in Switzerland. Topsoil (0 - 10 cm) THg concentrations from 27 measurement plots
at nine properties ranged from 0.2 to 390 pg g'. We found that atmospheric GEM
concentrations at 1 m height over the parcels were up to 14 times higher than northern
hemispheric background concentrations (~1.5 ng m?), however, they did not appear to reach
harmful levels. The parcel averaged fluxes ranged from 38 to 1258 ng m? h™ and were clearly
driven by total Hg concentrations in the soil (r*= 0.77, p < 0.01). GEM emission from the entire
area of 8.6 km? was estimated to 4.5 kg yr'’. This accounts for 0.5% of the total Hg emission in
Switzerland, as estimated by emission inventories (BAFU, 2015).

It is emphasized that GEM evasion dominates the flux during the growing season over the
studied peatland and that elevated sulfur concentrations in the peat also influence flux
magnitudes. Spatial heterogeneity in peat characteristics did not explain the variations in flux.
The all-season REA measurements identified peatlands as sources of GEM to the atmosphere.
Release of Hg that accumulated earlier in the uppermost peat layers may continue for the next
half century. This implies that Hg contamination to aquatic ecosystems and food webs will
decrease in parts of Europe and North America with substantial areas covered by peatlands.
The variation may be even greater between sites located in different climate zones. A
combination of long-term GEM flux measurements, Hg tracer and Hg isotope experiments are
necessary to further elucidate the complex biogeochemical cycle of Hg in peatlands, especially
to detect potential peak flux events, identify mechanisms of Hg reduction in the soils and to
pinpoint pathways of GEM transport from soils to the atmosphere.
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Nomenclature

AGM Aerodynamic gradient

DFC Dynamic flux chamber

DGM Dissolved gaseous mercury

DMHg Dimethylmercury [(CH;),Hg]

EC Eddy covariance

ERIC European Research Infrastructure Consortium
FEP Fluorinated ethylene propylene

GEM Gaseous elemental mercury (atmosphere)
GOM Gaseous oxidized mercury (atmosphere)
Hg0 Elemental mercury

Hg* Divalent mercury

ICOS Integrated Carbon Observation System
MBR Modified Bowen ratio

MeHg Methylmercury [CH;Hg']

MM Micrometeorological

NDFC New type dynamic flux chamber

PBM Particulate bound mercury (atmosphere)
PDFC Polycarbonate dynamic flux chamber
PFA Perfluoroalkoxy alkanes

PTFE Polytetrafluoroethylene

QA/QC Quiality assurance and quality control
REA Relaxed eddy accumulation

TDFC Teflon® PFA dynamic flux chamber

THg Total mercury

VP Vascular plant cover

WTL Water table level

Background site®
Hg-enriched site®
Atmospherically influenced site®

THg<0.3ugg and GEM <3 ngm>
THg >0.3 pg g and/or GEM >3 ng m™
THg<0.3 ugg'and GEM >3 ngm™

Naturally enriched site® Hg-enriched site (geologic Hg mineral belt, geothermal areas)

Contaminated site® Hg-enriched site (anthropogenic pollution is indicated)
Mining site® Hg-enriched site (Hg and mainly gold, silver, copper mining)
THg<05pugg"

between THg > 0.5 ug g"1 and THg<2 ug g"1

between THg =2 ug g and THg<5 pgg”’

THg25pgg"

Uncontaminated®

Slightly conta minated”
Moderately contaminated®
Heavily conta minated”

? after Agnan et al. (2016)

b - -
after VBBo (2016) and valid for residential areas: 0.5 pg THg g™ = reference value (“Richtwert”); 2 ug THg g™ = test value and
remediation value (“Pruf- und Sanierungswert”)






CHAPTER 1

Introduction

1.1 Mercury — a heavy metal of global concern

Mercury (Hg) is toxic to humans and wildlife, and ubiquitous in the environment (Mergler et
al., 2007). Due to its unique properties, elemental Hg had a great number of uses historically in
paints and cosmetics, and is still commonplace in daily life, e.g. in health care equipment,
dental amalgam, electronic devices, light bulbs, batteries or in thermometers (UNEP, 2013a).
However, goals have been set to phase out the use of Hg in products and processes, and global
demand has fallen annually from about 9000 to about 3500 tons in the last 50 years
(UNEP, 2006).

Geogenic Hg is found in concentrated deposits predominantly as cinnabar (HgS) in past and
present convergent tectonic margins. Divalent Hg (Hg”") exists in gaseous, dissolved and solid
states and is much more prevalent in waters than in the atmosphere. The elemental form of
Hg (Hg®) is liquid at room temperature, relatively insoluble in water (4.4 ppt at 20°C), and has a
anomalously high vapor pressure (0.17 Pa at 20°C) (Schroder and Munthe, 1998). Gaseous
elemental mercury (GEM) is therefore the dominant form in the atmosphere and usually
constitutes more than 95% of the total airborne Hg (Schréder and Munthe, 1998). The
reactivity of GEM is relatively low and it can be distributed globally over short timescales
(~1 year) before it is oxidized and deposited on terrestrial or aquatic surfaces far away from
emission sources (Fig. 1.1) (Selin et al., 2008, Gustin et al., 2015). Background atmospheric
concentrations typically range from 1.3 to 1.7 ng m™ in the Northern hemisphere and from 1.1
to1l.3ng m™ in the Southern hemisphere (Lindberg et al., 2007; Pirrone et al., 2008; Sprovieri
et al.,, 2010). The atmosphere also contains other forms of Hg, i.e. different compounds of
gaseous oxidized Hg (GOM) and particulate bound Hg (PBM) (Huang et al., 2013; Gustin et al.,
2015). Their atmospheric concentrations are commonly considered low (1 - 100 pg m™) (Bieser
et al., 2012). However, recent studies found that GOM may constitute up to 25% of the total
Hg in the boundary layer (e.g. Castro et al, 2012; Gustin et al., 2013) and conversion of the
total GEM pool to GOM has been observed in the Arctic (Steffen et al., 2014; Steffen et al.,
2015). While there is relative confidence in GEM concentration estimates, methods to
measure GOM and PBM are sensitive to analytical interferences that vary with changes in
relative humidity, ozone, and Hg2+ present in the air (Gustin et al., 2015).



1.1 Mercury — a heavy metal of global concern

Today, between 5 and 13% of all Hg emissions to the atmosphere stem from natural sources
such as volcanism or rock weathering (Fig. 1.1). Between 29 and 33% of the global Hg
emissions can be attributed to anthropogenic mobilization of Hg, namely artisanal and small-
scale gold mining as well as fossil fuel combustion. Other major sectors include cement and
metal production, waste incineration and the chlor-alkali industry (Selin et al., 2007; Streets et
al., 2011; UNEP, 2013b). It is reported that the dominant Hg emissions shifted from Hg mining
and liquid Hg°® use in gold/silver refining in the 19" century to coal combustion and non-
ferrous metal production in the 20™ century (Sun et al., 2016). The GEM fraction in flue gases
from coal combustion is 66 - 82% while non-ferrous metal production releases predominantly
GOM (29 - 90%). Today, PBM is usually removed simultaneously with other particles in dust
collectors (Zhang et al., 2016).

Natural Anthropogenic Re-emission (natural and anthropogenic origin)
(~10%) (~30%) (~60%)
~ Global transport of GEM Atmosphere: 5100 - 5600 [+300-500%)] ~—_y Global transport of GEM
Deposition »
to terrestrial Deposition
surfaces to ocean
80 §600 300600 17 00 300 20 00
3200 3700
Biomass Surface

Geogenic Anthropogenic Snow Ocean evasion

burning (soil/vegetation)

Surface ocean: 2900 [+205%]

Intermediate waters: 135’000 [+25%]

Inventrories and major emission and deposition pathways in Mg
Anthropogenic enrichment [%)]

Figure 1.1: The most recent estimates of Hg inventories and fluxes at the earth’s surface based on previous
studies (Selin et al., 2008; Gustin and Jaffe, 2010; Soerensen et al., 2010; Smith-Downey et al., 2010; Corbitt et
al., 2011; Mason et al., 2012) Figure adapted from UNEP (2013b), Lubick and Malakoff (2013) and Zhu et al.
(2016). Estimates for natural Hg emissions (green), anthropogenic Hg emissions (red) and re-emission
(green/red) of Hg deposited previously to terrestrial and aquatic surfaces (blue). The percentage values in
brackets indicate the enrichment of Hg in the different pools due to anthropogenic activities in the last century
(Mason et al., 2012).

Hg in the atmosphere interacts with ozone, water vapor, hydroxyl and nitrate radicals and
undergoes photo-oxidation and reduction processes. All atmospheric Hg species can be
deposited on water or land (Fig. 1.1). The global terrestrial mercury model of Smith-Downey et
al. (2010) differentiates between (i) an armored soil pool with immobile Hg bound to the
mineral fraction occurring predominantly in the soil parent rock (Friedli et al., 2007), (ii) a slow
soil pool with Hg incorporated into leaf tissue with very high affinity to reduced sulfur groups
in soil organic matter (Skyllberg et al., 2000) and (iii) a fast terrestrial pool where newly
deposited Hg is loosely bound to soils and leaves. If not sequestered by soils and sediments,
oxidized Hg in the slow and fast soil pool can undergo chemical, photolytic, or biological
reduction. As a result of this Hg® evades. Such re-emissions of historically deposited Hg to
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1.2 Terrestrial mercury cycling: the role of peatlands

terrestrial surfaces and water bodies (legacy emissions) are responsible for the remaining
56-65% of the total atmospheric Hg emissions (Fig. 1.1).

Globally, anthropogenic Hg releases have increased the atmospheric burden and
subsequent cycling of Hg between land, ocean, and atmosphere significantly (Fig. 1.1). This has
almost tripled the Hg levels in surface waters (Lamborg et al., 2014) and enriched Hg
concentrations in organic topsoil, sediment and peat by a factor of 1.2, 3, and 4.3 since pre-
industrial times, respectively (Smith-Downey et al., 2010; Amos et al., 2015). These additional
Hg inputs to the environment are of major concern, because of the elevated net production of
the more toxic Hg form, methylmercury (MeHg). Most of the MeHg is produced by sulfate-
reducing bacteria in anoxic environments (Morel et al., 1998). There are a limited number of
other known methylation mechanisms but bacteria appear to be the largest producers in lakes
and wetlands (Rudd, 1995; Fitzgerald et al., 2007, Parks et al., 2013). MeHg ingested by
zooplankton biomagnifies along the food chain a million-fold by the time it reaches long-lived
predatory fish such as pike, tuna, swordfish or shark (Schréder et al., 1998; Hsu-Kim et al.,
2013). Therefore, humans that rely on the consumption of fish are most at risk from this
neurotoxin. Because developing organ systems are especially sensitive MeHg poses a
particular threat to infants, children and pregnant women. This has resulted in regulatory fish
consumption guidelines and health advisories worldwide (JECFA, 2014). In order to “protect
the human health and the environment from anthropogenic emissions and releases of Hg and
Hg compounds”, 128 nations have signed the Minamata Convention on mercury under the
framework of the United Nations Environment Programme (UNEP, 2013c). The Minamata
Convention also highlights the need for a better understanding of Hg cycling on an ecosystem
scale, and in particular, better estimates of Hg remobilization from historic deposition
(UNEP, 2013c, article 19).

Under the assumption that worldwide anthropogenic Hg emissions are held constant until
2050, models predict that atmospheric deposition will still increase by 30% (Amos et al., 2013)
and re-emission of legacy Hg will delay recovery from both the spatial and temporal extent of
Hg pollution via multiple surface-atmosphere exchanges (Agnan et al., 2016). Despite great
efforts in determination of GEM re-emission on an annual basis, uncertainty in exchange
magnitudes remain large for oceans (2000 - 2950 Mg a™), and for both modeled
(1700 - 2800 Mg yr™) and measured (-513 to 1653 Mg yr™ [range of 37.5" and 62.5" %))
terrestrial environments (Mason et al., 2012; Agnan et al., 2016).

1.2 Terrestrial mercury cycling: the role of peatlands

Current global Hg models view terrestrial surfaces as net sinks of Hg (Fig. 1.1). However, land-
use and different land cover types are critical controllers of GEM re-emission, and can shift the
role of terrestrial surfaces from net sinks to net sources of atmospheric GEM (Denkenberger et
al., 2012). Agnan et al. (2016) did an upscaling from GEM flux data collected by a total of 132
studies using enclosure and micrometeorological methods. They found that unpolluted
terrestrial surfaces (background sites) with low total Hg concentrations (THg) in the soil
(£ 0.3 pug g?) contributed to GEM re-emission in the same order of magnitude as Hg-enriched
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1.2 Terrestrial mercury cycling: the role of peatlands

sites (> 0.3 pg THg g and/or GEM > 3 ng m™). Zhu et al. (2016) reported that 90% of the
measured GEM fluxes from background soils range from -5 to 10 ng m™ h™. Similar patterns
can also be found for vegetative surfaces (grasslands, forest foliage and canopy level) and
mixed vegetated waters (wetlands). However, these are generally lower than those measured
over bare soils and open waters, supporting the view that vegetation reduces Hg emission by
masking ground floor evasion and plant uptake.

However, quantitative estimates from background sites suffer from considerable
uncertainties due to large temporal bias (towards summer and daytime measurements) and
spatial bias (towards sites in the US, Europe and East-Asia), together with the large variation
introduced by different flux measurement techniques (Agnan et al., 2016). Forests have been
identified as net sinks of atmospheric Hg (Ericksen et al., 2003; Obrist, 2007), but estimates
introduce large uncertainty in mass balance calculations because foliar exchange of Hg is still
poorly understood. Agnan et al. (2016) reported that average GEM flux from background
ecosystems such as grasslands and shrub lands (~1 ng m? h™) are usually smaller than fluxes
from croplands (~1.3 ng m? h™") and bare soils (~1.6 ng m™? h™). GEM flux measurements from
snow surfaces were also reviewed and estimated to ~0.9 ng m? h™". The statistical summary of
GEM flux observations over all types of wetlands revealed an average flux of 13 ng m? h*
(n = 23) (Zhu et al., 2016). Agnan et al. (2016) excluded results from Hg-enriched wetland soils
and calculated an average GEM flux of 0.3 ngm™>h™.

Factors that control GEM exchange at background sites are complex and include
meteorological conditions, and atmospheric chemistry, soil characteristics and biological
processes in the soil (for detailed discussion see Agnan et al., 2016 and Zhu et al., 2016).

Herein the focus lies on the quantification of land-atmosphere exchange of GEM from a
boreal peatland. Hg cycling is illustrated in Figure 1.2 and potential controlling factors and
mechanisms of peatland-atmosphere exchange of GEM are discussed below. In the
atmosphere GEM can be oxidized to the more water-soluble GOM which may be adsorbed by
aerosols to form PBM. The transport of GOM and PBM back to the surface happens directly via
wet deposition associated with moisture (i.e. rain, snow, sleet, dew, clouds) or with water
leaching from the canopy entering the peatland surface (throughfall). Dry deposition includes
foliar uptake of GEM via stomata and through the leaf cuticle (subsequently deposited as
litterfall), surface sorption of GEM and GOM to vegetation and soil, dissolution of GEM and
GOM in the water body and gravitational deposition of PBM (Demers et al., 2007; Lindberg et
al., 2007; Zhang et al., 2009; Gustin et al.,, 2011). Hg input via litterfall on peatlands is
considered lower than in forest ecosystems (Miller et al., 2005), however, atmospheric GEM
uptake by vascular plants and moss in northern hemispheric peat bogs is reported to be a
factor of 3 to 4 times higher than from wet deposition alone (Biester et al., 2007). In line with
these findings Enrico et al. (2016) showed net Hg accumulation in a peat bog in France
accounting for 34 ug m? yr', whereas Hg wet deposition was only 9.3 ug m?2 yr'’. The total Hg
(THg) concentration in the dominant herbaceous vegetation of a northern Swedish mire was
17 ng g, with a range from 5 to 48 ng g™ (Rydberg et al., 2010), whereas Sphagnum species
sequestered significantly more THg compared to vascular plants. Strong differences in plant
THg sequestration implies that changes in species composition have the potential to affect
long-term Hg accumulation in the peat record.
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Stamenkovic and Gustin (2009) have shown that both stomatal and non-stomatal processes
are viable pathways for bi-directional Hg exchange. However, there is some disagreement
regarding the ability of wetland plants to move Hg from the soil to air. Lindberg et al. (2002)
suggested that aquatic plants not only uptake Hg but also have the ability to emit Hg into the
atmosphere, most likely from pools in the rhizosphere. They showed that substantial amounts
of GEM over cattails (31 ng m™ h™) and sawgrass (17 ng m™ h™") were “transpired” by plants.
GEM evasion from the underlying water surface was comparably low (1 - 2 ng m? h™). In
contrast, Fay and Gustin (2007) found that cattails were not a source of atmospheric Hg.
Disparities in flux measurements are assumed to depend on plant age, growing conditions and
on the fact that fluxes are being measured from different surfaces and at different scales.
Lindberg et al. (2005) found that transpiration of GEM from emergent macrophytes was
associated with CH, showing concurrent emission pulses for both gases. In boreal peatlands
translocation of GEM from roots to leaves needs to be investigated but this process may be
hindered due to the transport barrier at the root zone (Rutter et al., 2011; Cui et al., 2014),
suggesting that the source of Hg in leaves is of atmospheric origin.

Surface chemistry

Oxidation

Hg® Hg?*

droplet Gas phase chemistry

Aerosol

Reduction

Multiphase
chemistry

Waterborne THg

Figure 1.2: Conceptual model of the biogeochemical Hg cycle in a boreal peatland. lllustrated are common forms
of Hg that are often quantified (adapted from Fritsche, 2008; Lasorsa et al., 2012; Ariya et al., 2015).

At the peatland surface reduction and re-emission of newly deposited Hg (fast soil pool) is
reported to be driven by the presence of sunlight (Hintelmann et al., 2002; Poissant et al.,
2004b; Selvendiran et al., 2008). The efficiency of photo-reduction depends on the availability
of reducible Hg**-complexes, light wave length, and radiation intensity (Zhang et al., 2001;
Gustin et al., 2002; Moore et al., 2005; Lin et al., 2010). Poissant et al. (2004b) showed that
solar radiation explained almost 60% of the GEM flux variation from a flooded wetland
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indicating the formation of dissolved gaseous Hg (DGM) via photochemical reactions and
further air-water gas exchange (Amyot et al., 1994; Poissant et al., 2000; Zhang and Lindberg,
2001). Water surface fluxes of GEM in the Florida everglades ranged from -0.3 to 2.8 ng m2 h™
and showed a strong diel trend with emissions occurring during the day and weak deposition
at night. Flux was highly correlated with solar radiation, but poorly correlated with water
temperature (Marsik et al., 2005). Air temperature was the dominant controlling factor on
GEM flux during dry conditions in the St. Francois wetlands of Canada and the flux was 40%
lower compared to wet conditions (Poissant et al., 2004b). Selvendiran et al. (2008) reported
both suppressed Hg volatilization from a riparian wetland when the soil surface was saturated
and significant GEM emission peaks (~12 ng m? h!) in the afternoon from a beaver meadow in
July. Average summertime GEM fluxes from a wetland in Finland were very small, ranging from
-0.3-0.6 ngm?2h?, and were lower than GEM emissions from the forest floor (Kyllénen et al.,
2012). Enrico et al. (2016) also suggested that little photochemical re-emission takes place
from the Sphagnum carpet based on an interpretation of Hg isotopic data.

However, it is not only photochemical processes at the surface that reduce Hg®* but also
abiotic reduction by natural organic matter associated with the slow soil pool (Alberts et al.,
1974; Bergquist and Blum, 2007; Gu et al., 2011; Denkenberger et al., 2012). Nearly identical
spatial patterns of THg in the peat and C in topsoil layers suggest that Hg deposition to the
peat, i.e. the fraction that accumulates, is associated with organic matter and likely with
organic S functional groups (Skyllberg et al., 2003; Selvendiran et al., 2008). Hg in the slow soil
pool can reside for months up to centuries (Obrist et al., 2011), before it is eventually reduced
and evaded back to the atmosphere. There is evidence that Hg**reduction and subsequent Hg’
evasion from soils is mainly related to aerobic organic matter decomposition during periods of
elevated soil and air temperatures (Fritsche et al., 2008c; Obrist et al., 2009). A recent studly,
based on Hg isotope signatures found significant Hg re-emission (5 ug m? yr'') from boreal
peat solely driven by non-photochemical abiotic reduction by natural organic matter (Jiskra et
al.,, 2015). This study showed high mobility of Hg in reducing environments, despite high
carbon accumulation rates. This indicates that the overall mass transfer of GEM from the
saturated peat layers to the surface is less limited by diffusion than anticipated (Kim and
Fitzgerald, 1986; Poissant and Casimir, 1998; Kuss et al., 2009). Additionally, ebullition of DGM
together with other trace gases such as CH, might play an important role in facilitating Hg°
evasion from deeper peat layers (Strack et al., 2005). In the unsaturated peat layers, increased
vapor pressure of Hg® and decreased sorption of Hg** to soil due to increasing thermal motion
(Lin and Pehkonen, 1999) is suggested to facilitate diffusion and mass transport of Hg’ to the
surface.

In addition to physically and chemically mediated Hg® emissions, microbes are known to
metabolically mediate the reduction of Hg®* to Hg’ with the Hg reductase enzyme while
obtaining energy for growth (Hansen et al.,, 1984; Schliter, 2000). Fritsche et al. (2008c)
showed that Hg® emission from terrestrial background soils were at least partly controlled by
biotic processes. However, low THg concentrations in remote peatlands and high amounts of
organic matter are suggested to inhibit biotic reduction (Gabriel and Williamson, 2004).

In any case, some Hg in the peat will be transformed by different strains of bacteria and
fungi from its inorganic or elemental form to MeHg (Gabriel and Williamson, 2004). The
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abundance of MeHg is the net result of three major processes (i) formation by Hg methylation,
(ii) degradation (demethylation), and (iii) Hg** reduction to Hg° followed by evasion to the
atmosphere. The methylation process is biotic and mediated by the activity of SO,* and Fe*'
reducing bacteria and possibly methanogens. Generally, peatland ecosystems provide enough
electron acceptors (S0,%, Fe** and CO,) and electron donors such as low molecular mass
organic acids needed for methylation. The major process of MeHg degradation is driven by UV
light in surface waters (Ferndndez-Gémez et al., 2013). Biotic demethylation processes are less
well understood, but in several groups of bacteria detoxification processes acting via the merB
operon have been identified (Barkay et al., 2003). Experiments have shown that methylation
dominates in peatlands, designating them as hotspots for MeHg production and accumulation
as well as important sources of MeHg to adjacent water bodies (St. Louis et al., 1994;
Krabbenhoft et al., 1995; Driscoll et al., 1998). Availability and distribution of sulfur is probably
the most important factor that determines the fate of MeHg in a peatland catchment
(Skyllberg et al., 2003; Akerblom et al., 2013), and might also directly influence the quantity of
Hg® that evades. In transiently saturated peat layers at redox potentials above which sulfate
reduction occurs, Hg** reduction is still possible with the help of electron donors such as Fe**,
and humic and fulvic compounds (Gabriel and Williamson, 2004).

The recent era of elevated anthropogenic Hg emissions has increased atmospheric Hg
deposition and led to a substantial storage of THg in the peat. Peat cores as archives of
atmospheric pollution from Europe and North America indicate the highest THg concentrations
in layers dated around 1950 (Jensen and Jensen, 1991; Givelet et al., 2003; Shotyk et al., 2005;
Bindler, 2006; Charman, 2009; Farmer et al., 2009; Rydberg et al., 2010). Biester et al. (2012)
stated that lower background Hg accumulation rates in peat as compared to lake sediments
can be explained by peat diagenesis followed by Hg loss through volatilization or overland
flow. Short-term tracer experiments have shown that historically deposited Hg can evade
(Southworth et al., 2007). Although it is not known how much of the wet or dry deposited Hg
was retained in the past, other trace elements, such as bromine or iodine, which also bind to
organic carbon show retention of only 35 - 50% (Biester et al., 2004). Losses of buried Hg are
likely to occur when 50 - 80% of the original carbon is lost through decomposition (Biester et
al., 2012).

The current understanding is that decreasing Hg deposition will have little immediate
impact on the terrestrial loading of Hg and MeHg to the aquatic food chain since there is
already so much Hg stored in the peat (Meili et al., 2003). That view, however, is largely based
on mass balances, where evasion of Hg0 back to the atmosphere is assumed small, but this has
been hard to quantify due to the relative short-term data on GEM flux that is both spatially
and temporally biased. Therefore, long-term (> 1 year), quantitative GEM flux measurements
are necessary to determine whether GEM emission from the peat may constitute an important
pathway to reduce the pool of Hg available for methylation.
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1.3 Elemental mercury flux measurement techniques

To reduce uncertainty in ecosystem mass balance calculations, a better mechanistic
understanding of Hg reduction and Hg re-emission, together with progress in making
continuous, long-term measurements of Hg land-atmosphere exchange are necessary. The
theory and application of GEM flux measurement techniques have been documented
extensively (Zhang et al., 2009; Gustin et al., 2011; Sommar et al., 2013a). DFCs and micro-
meteorological (MM) techniques are the most widely applied approaches accounting for > 95%
of all observations to date (Zhu et al., 2016). Bulk methods such as GEM/?*’Rn flux ratio (Obrist
et al., 2006) and enriched isotope tracers (**°Hg) (Mazur et al., 2015) are less abundant. Open-
path laser optical spectroscopic (LIDAR) method and GEM/CO ratios have been applied to
estimate Hg emissions from local and regional sources (Alden et al., 1982; Edner et al., 1991;
Sjoholm et al., 2004; Jaffe et al., 2005; Fu et al., 2015a).

air DFC inlet — aif DFC outlet

z 2

(a] Q

= P
Material: Polycarbonate Teflon PFA Polycarbonate
Flow rate: 11 L min™ 13.3 L min™' 13.3/16.3 L min”’
TOT: 1.7 min 4.2 min 0.4/0.3 min

Figure 1.3: The herein applied enclosure methods comprise a polycarbonate dynamic flux chamber (PDFC), a
Teflon® PFA DFC (TDFC) and a new type DFC (NDFC).

The first stainless steel DFCs were applied in Sweden over background lakes and soils in the
1980s (Schroder et al., 1989; Xiao et al., 1991). DFCs have enjoyed great popularity not only for
GEM flux quantification but also in the determination of reactive gaseous compounds (e.g. NO,
NO,, O3, BVOC, CO,) due to their relatively low cost, portability, and versatility (Sommar et al.,
2013a). They come in many shapes and sizes and have been constructed from several different
materials. Teflon® and quartz have been recommended due to their high light transmissivity
and low blank values (Kim and Lindberg, 1995; Carpi et al., 2007; Eckley et al., 2010; Edwards
and Howard et al., 2013).

The DFC is a mass balance technique with GEM flux calculated as

Fpre = @, (1.1)
where Fpec is the flux (ng m? h), Q is the DFC internal flushing flow rate (m>h), A is the DFC
footprint (m?) and C-C, is the GEM concentration difference (ng m™) between measurements
inside and outside the DFC. The concentrations are typically detected alternately using a cold
vapor atomic fluorescence analyzer (e.g. Tekran Model 2537, Toronto, Canada). To derive the
DFC mass balance we assume uniform surface shear velocity over the covered area and
subsequently a constant flux.
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The size of DFCs and applied flushing flow rates range from 1 to 32 L and 1.5 to 20 L min™
(Zhu et al., 2016). The continuous flushing of the DFCs resulted in a turnover time of the air
volume inside the DFC ranging from 0.1 to 14 min. Eckley et al. (2010) recommended turnover
times of 0.3 - 0.8 min.

Recent studies reported that differences in the material, footprint, volumes, sampling port
position and, most importantly, the flushing flow rate can effect quantitative GEM flux
measurements (Eckley et al., 2010; Lin et al., 2012). In addition to the uncertainties caused by
varying flushing flow rates, altered radiation balance, warming of the air and changing
moisture regimes inside the DFC resulted in micro-environment modifications that can bias the
observed flux (e.g. Zhu et al., 2015a). To overcome the issue of non-uniform airstreams inside
the DFC and the resulting unpredictable influence of the flushing flow rate on the measured
flux, as well as to account for the effect of atmospheric turbulence, Lin et al. (2012) designed a
new type DFC (NDFC). With the NDFC, a representative flux under ambient atmospheric
conditions can be inferred from the measured NDFC flux multiplied by the ratio of the overall
transfer coefficient under ambient atmospheric conditions and the overall mass transfer
coefficient in the NDFC (Eq. 4.4).

Micrometeorological approaches depend on transport processes in the atmosphere and
are affected by conditions of atmospheric stability. Compared to DFCs they have the capability
of measuring landscape-scale flux under undisturbed conditions and are preferred for GEM
flux quantification over vegetated surfaces (Zhu et al., 2015a). Optimal conditions for flux
measurements exist if the GEM source area is homogeneous, an atmospheric surface layer
develops, horizontal flux variability is low (e.g. no pollution plumes), and the flux above the
surface remains constant with height (Wesely and Hicks, 2000). The most straight forward
technique without any application of empirical constants would be the eddy covariance
method, widely used for the measurement of the CO, and water exchange between an
ecosystem and the atmosphere (Baldocchi et al.,, 2001). However, GEM concentrations are
~7 orders of magnitudes lower in the atmosphere compared to CO,, and there is no fast
response sensor available yet for regular GEM flux measurements. Recently a cavity ring-down
spectroscopy eddy covariance system has been deployed over Hg-enriched surfaces
(~85 mg kg), but the detection limit (> 32 ng m™? h™) was too high for use over background
soils (Pierce et al., 2013; Pierce et al., 2015). The aerodynamic gradient method (AGM), the
modified Bowen-ratio method (MBR), and the relaxed eddy accumulation method (REA) are
currently the preferred approaches to quantify Hg fluxes. Both, the AGM and MBR rely on the
quantification of the vertical concentration gradient of GEM in two or more sampling heights.
AGM uses turbulent parameters (eddy diffusivity) while MBR uses scalar eddy covariance
fluxes (e.g. CO,, sensible and latent heat flux) and a scalar concentration gradient to derive the
GEM flux. The main drawbacks of these methods include the potentially different sink source
characteristics of the fetch due to the two measurement heights and redox reactions of
Hg®/Hg** between the sampling inlets.

REA measures the GEM flux at just one height, and does not need a fast response sensor

(Fig. 1.4). The technique is based on conditional sampling of GEM in updrafts (C_u) and

downdrafts (C_d) using the vertical wind velocity signal (o,) from a 3D sonic anemometer to
control fast-response valves:
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Frea = Bow(Cy — Cq) (1.2)

B is the relaxation coefficient determined from concurrent eddy covariance measurements of a
scalar with similar sink/source characteristics. Most studies use the sensible heat flux to
calculate B. Often a zero-centered deadband is introduced. This enlarges the GEM
concentration difference but also lowers the amount of air analyzed. Compared to DFCs or
gradient methods, REA is expensive and requires specialized staff. REA usually resolves fluxes
on a 30 min basis. Particular attention must be paid to potential offsets in updraft and
downdraft lines, fast valve switching, flow control and problems associated with lags, length of
sampling tubing and deadbands (Sommar et al., 2013b; Osterwalder et al., 2016). Until now
GEM-REA systems have only been deployed over agricultural lands (Cobos et al.,, 2002;
Olofsson et al., 2005b; Sommar et al., 2013b; Zhu et al., 2015a) and forest canopies (Bash and
Miller, 2009).

REA

Figure 1.4: The REA system was set up at Degerd Stormyr in 2012 (a) and in Basel from 2013 to 2014 (b). It
basically consists of a sonic anemometer, a gold cartridge unit, a Hg detector, a GEM reference gas unit and a Hg
zero-air generator.

In most studies total gaseous Hg (TGM = GEM + GOM) is measured using a Tekran Model 2537
vapor-phase Hg analyzer. TGM is sampled, pre-concentrated on gold cartridges, thermally
desorbed and detected by cold vapor atomic fluorescence spectroscopy (described in Gustin et
al., 2015). Ideally the system is extended to a full Tekran 2537/1130/1135 speciation unit able
to distinguish between GEM, GOM and PBM (Landis et al., 2002). A comparison of atmospheric
Hg concentration measurements at the Dead Sea between a Model 2537 only and a full
speciation unit revealed that the Model 2537 primarily measured GEM (Moore et al., 2013). It
is likely that GOM and PBM are retained at the inlet filters (usually ~2um) (Brunke et al., 2010).
For the flux measurements presented herein the term “GEM” was used consistently. This study
includes quantitative GEM flux measurements over an urban setting and a boreal peatland
using REA (Figs. 1.4a, 1.4b) and short-term campaigns using three different DFC designs at the
same peatland as well as at an industrially contaminated site. A polycarbonate DFC (PDFC) and
a Teflon® PFA DFC (TDFC) were both applied over the peatland (Figs. 1.3a, 1.3b). The NDFC was
applied at the peatland and over the contaminated soils (Fig. 1.3c).
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The main goal of the thesis was to calculate the first annual Hg budget for a boreal peatland
based on continuous measurements of the peatland-atmosphere exchange of GEM. It has
been previously suggested that significant amounts of Hg return from the peat to the
atmosphere and that GEM evasion constitutes an important pathway of Hg removal from the
peatland now that global atmospheric GEM concentrations have been reduced compared to
the levels several decades ago. Without knowledge of the peatland-atmosphere exchange of
GEM we cannot predict how effective efforts to reduce anthropogenic Hg emissions will be in
reducing the pool of Hg in peatlands, and ultimately the amount of MeHg in the catchment
discharge.

To achieve this goal we developed and tested an advanced dual-inlet, single detector REA
system designed to measure continuous, long-term GEM exchange on an ecosystem scale. In
order to compare quantitative flux estimates from different methods, concurrent REA and DFC
measurements were performed. Another research question was whether warming, changed
moisture regimes and atmospheric pollutants influence GEM emission from peatlands. Finally,
the NDFC was used to test if Hg vapor evading from industrially contaminated properties pose
a risk of chronic poisoning for residents. Figure 1.5 provides an overview of the measurement
locations and the time period over which measurements were performed.
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The thesis is divided into five main parts (Fig. 1.5) presenting results and conclusions from field
measurement campaigns in Sweden (boreal peatland) and Switzerland (urban canopy and
contaminated site):
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Chapter 2 describes the novel functional principle of the dual-inlet, single detector REA system
with the objective to reduce the major measurement uncertainty of earlier systems created by
sequential sampling. The goals were to achieve (i) continuous simultaneous sampling of GEM
in updrafts and downdrafts using two pairs of gold cartridges, (ii) accurate GEM quantification
by regular injections of GEM standard concentrations and (iii) fully automated sampling
procedures to reduce manpower. For system testing, campaigns were performed over the city
of Basel in February 2012 and at Degerd Stormyr in May 2012.

Chapter 3 presents the first annual (June 2013 - June 2014) Hg mass balance for a peatland
based on continuous GEM flux measurements using REA, discharge Hg export, and Hg inputs
via wet bulk deposition. The global surface covered by boreal peatlands is relatively small
(< 3%). Nevertheless, understanding Hg cycling in peatlands is of particular importance
because they are a major source of MeHg that contaminates downstream aquatic food webs
and eventually poses serious health risks to humans. In addition, they are considered archives
of atmospheric Hg deposition. This chapter aims to identify whether GEM evasion constitutes
an important pathway to reduce the Hg pool in the soil available for methylation.

Chapter 4 focuses on the comparison and evaluation of quantitatively derived GEM fluxes
from both REA and two different DFC methods. During four consecutive days in July 2014 two
replicate DFC measurements were performed repeatedly in every cardinal direction around
the REA tower. The measured fluxes were examined with respect to magnitude, diel trends
and correlation with meteorological parameters as well as soil surface characteristics such as
THg in the topsoil, vascular plant coverage, water table level and concentration of DGM in the
peat pore water.

Chapter 5 attempts to distinguish how anthropogenic disturbances such as co-deposition of
nitrogen and sulfur as well as an increase in temperature affect GEM flux. This was
investigated using the PDFC in short-term studies on plots at Deger6é that have been
manipulated for over a decade to increase temperature, nitrogen and sulfur deposition in a
factorial design experiment.

Finally, Chapter 6 describes the results of measurements performed in order to determine
how much the land-atmosphere flux over contaminated properties in the Upper Valais in
Switzerland increased the atmospheric Hg concentrations at 1 m above the surface. The
motivation behind this study was to estimate potential health risks for residents caused by
chronic exposure to Hg vapor. The NDFC was applied to obtain quantitative flux measurements
over nine properties with soil THg concentrations exceeding background levels by more than a
factor of 1000. The results from the small-scale flux measurements were upscaled to the entire
contaminated area to estimate the atmospheric transport of GEM to adjacent landscapes.
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Abstract

The fate of anthropogenic emissions of mercury (Hg) to the atmosphere is influenced by the
exchange of elemental Hg with the earth surface. This exchange holds the key to a better
understanding of Hg cycling from local to global scales which has been difficult to quantify. To
advance research about land-atmosphere Hg interactions, we developed a dual-inlet, single
detector relaxed eddy accumulation (REA) system. REA is an established technique for
measuring turbulent fluxes of trace gases and aerosol particles in the atmospheric surface
layer. Accurate determination of gaseous elemental mercury (GEM) fluxes has proven difficult
due to technical challenges presented by extremely small concentration differences (typically
< 0.5 ng m*) between updrafts and downdrafts. We present an advanced REA design that uses
two inlets and two pairs of gold cartridges for continuous monitoring of GEM fluxes. This setup
reduces the major uncertainty created by the sequential sampling in many previous designs.
Additionally, the instrument is equipped with a GEM reference gas generator that monitors
drift and recovery rates. These innovations facilitate continuous, autonomous measurement of
GEM flux. To demonstrate the system performance, we present results from field campaigns in
two contrasting environments: An urban setting with a heterogeneous fetch and a boreal
peatland during snowmelt. The observed average emission rates were 15 ng m> h™ and
3 ng m? h?, respectively. We believe that this dual-inlet, single detector approach is a
significant improvement of the REA system for ultra-trace gases and can help to advance our
understanding of long-term land-atmosphere exchange of GEM.
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The UN’s legally binding Minamata Convention has been signed by 128 countries since October
2013 and aims to protect human health and welfare by reducing anthropogenic release of
mercury (Hg) into the environment (UNEP, 2013c). Current anthropogenic sources, mainly
from fossil fuel combustion, mining, waste incineration and industrial processes, are
responsible for about 30% of annual Hg emissions to the atmosphere. 10% come from natural
geological sources and the remaining 60% from re-emission of previously deposited Hg (UNEP,
2013b). As a result, long-range atmospheric transport of gaseous elemental mercury (GEM or
Hg®) has led to Hg deposition and accumulation in soils and water bodies well in excess of
natural levels even in remote areas, far away from anthropogenic pollution sources (Grigal,
2002; Slemr et al., 2003).

Quantification of Hg emission and deposition is needed to reduce the large gaps that exist
in the global Hg mass balance estimates (Mason and Sheu, 2002) and as a basis of legislation
targeting the control of Hg emissions (Lindberg et al., 2007). Gustin et al. (2008) suggest that
today a substantial amount of Hg deposited on soils with natural background concentrations of
Hg (< 0.1 pg g") is reemitted back to the atmosphere and that over the course of a year
deposition is largely compensated for by re-emission, resulting in a net flux close to zero.

The state-of-the-art in field techniques to quantify Hg flux from terrestrial surfaces has
been summarized in review papers (Gustin et al., 2005; 2008; 2011; Sommar et al., 20133;
Agnan et al., 2016). They conclude that environmental, physicochemical and meteorological
factors as well as surface characteristics determine the accuracy and precision of GEM flux
measurements. Fluxes are commonly determined using dynamic flux chambers (DFCs) or
micrometeorological techniques (relaxed eddy accumulation [REA], modified Bowen-ratio
[MBR] or the aerodynamic gradient [AGM] method). DFCs are the most widely used technique
to measure in situ GEM fluxes since they are easy to handle and inexpensive. But DFCs alter
the enclosed environment of the volume and surface area being studied by affecting
atmospheric turbulence, temperature and humidity (Wallschlager et al., 1999; Gillis and Miller,
2000; Eckley et al., 2010). Also the concern about influencing plant physiology, means that
DFCs are restricted to short-term measurements and studies comparing the relative
differences between sites only, e.g. control and treatment experiments (Fritsche et al., 2014).

A major advantage of micrometeorological techniques is that they are conducted under
conditions with minimal disturbance. As they can be applied continuously, they provide flux
data valuable to characterize ecosystems as sinks or sources of atmospheric Hg and to
interpret seasonal flux patterns. Micrometeorological techniques are also able to cover a much
larger area than DFC techniques, although this larger “footprint” should be relatively flat and
homogeneous. Several studies report results from land-atmosphere GEM exchange
measurements over a variety of landscapes using MBR and AGM techniques (e.g. Kim et al.,
1995; Meyers et al., 1996; Gustin et al., 2000; Lindberg and Meyers, 2001; Fritsche et al.,
2008b; Converse et al., 2010). Fritsche et al. (2008a) concluded that micrometeorological
techniques are appropriate to estimate Hg exchange rates, but often suffered from large
uncertainties due to extremely low concentration gradients over background soils. Eddy
covariance (EC) has the potential to detect high frequency atmospheric GEM concentration
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fluctuations and might improve flux estimates considerably (Bauer et al., 2002; Fain et al.,
2010). Pierce et al. (2015) conducted the first successful EC flux measurements of GEM over
Hg-enriched soils measuring atmospheric GEM concentrations at high frequency (25 Hz).
However, on background soils measured fluxes were below the detection limit.

To overcome the need for fast-response sensors, Desjardins (1977) has introduced the
eddy accumulation method where fast-response sampling valves are combined with slow
analysis techniques on the assumption that the turbulent covariance flux can be averaged
separately for positive and negative vertical wind velocities. The technical breakthrough for
REA was achieved by Businger and Oncley (1990), simulating the method with vertical wind,
temperature and humidity time series in the surface layer. The main advantage of REA over
other micro-meteorological methods is that REA requires sampling at only one height and
therefore flux divergence may be measured directly (Sutton et al., 2001). Reactive substances
can be lost by chemical reaction between two sampling heights (Olofsson et al., 2005a; Foken,
2006; Fritsche et al., 2008a), and sensors at two heights also have different footprints. REA
eliminates these drawbacks (Bash and Miller, 2008). There are disadvantages to be considered
as well though. The technical requirements for REA are very stringent, increasing the demand
on the precision of the sampling and chemical analysis. Irregularities in offset measurements
and timing of the sampling valves can also not be corrected for later (Sutton et al., 2001).

The REA method has been widely used since 1990 to investigate fluxes of different trace
gases and aerosols (e.g. Brut et al., 2004; Gaman et al., 2004; Olofsson et al., 2005a; Haapanala
et al., 2006; Arnts et al., 2013). This includes a few applications on land-atmosphere exchange
of GEM over soils (Cobos et al., 2002; Olofsson et al., 2005b; Sommar et al., 2013b; Zhu et al.,
2015a), and forest canopies (Bash and Miller, 2007; 2008; 2009). Additionally, reactive gaseous
Hg fluxes have been measured over snow surfaces in the Arctic (Skov et al., 2006). Besides
valuable data of net exchange rates of GEM over different environments, the studies have also
identified potential for refinement in the technical implementation of REA. The dual detector
system presented by Olofsson et al. (2005b) was criticized since it suffered from inherent
variability and drift of sensitivity between the two Hg detectors (Sommar et al., 2013b).
Sommar et al. (2013b) modified the systems employed by Cobos et al. (2002) and Bash and
Miller (2008) to create a single-inlet REA system. However, their system lacks the capability to
accumulate samples from the up- and downdraft channels synchronously. The application of
sequential measurement of the channels impairs the accuracy with which fluxes can be gauged
when the concentration of atmospheric GEM varies on the scale of the sampling period (Zhu et
al., 2015b).

Even though there has been steady improvement in REA systems for measuring GEM
fluxes, the financial and technical challenges to accurately measure the extremely low
concentration differences (sub-ppt range) in up- and downdrafts have limited the number of
studies (Foken, 2006). Thus, there remains a demand for a system especially designed to
continuously monitor background GEM fluxes with minimum maintenance requirements.

To address these needs we designed a fully automated REA system with two inlet lines for
continuous air sampling. The GEM contained in these samples is collected on a pair of gold
cartridges: with one for updraft and, the other for downdraft. Two such pairs of gold cartridges
are used, with one pair collecting GEM while the other pair is analyzed on a single Hg detector,

28



2.1 Introduction

one cartridge after the other. To detect any instrument drift, contamination and changes in
GEM recovery, the system is equipped with a GEM reference gas generator and a Hg zero-air
generator.

Our objective was to develop an advanced REA system that reduces the major
measurement uncertainty of earlier systems created by sequential sampling procedures. We
achieved this goal by:

1) continuous, simultaneous sampling of GEM in up- and downdrafts using two pairs of
gold cartridges.

2) regular analysis of a GEM reference gas as well as dry, Hg-free air to monitor accurate
GEM quantification.

3) fully automated air sampling and GEM analysis with an on-line user interface that
provides comprehensive information about system performance.

To test the system’s performance under field conditions, we deployed it in two contrasting
environments during campaigns of two to three weeks each. At the first site in the center of
Basel, Switzerland, GEM fluxes were measured 20 m above the roof of a building, 39 m above
ground level. Later on the system was installed 1.8 m above a boreal peatland called Degero
Stormyr in northern Sweden during snowmelt.

This paper includes a description of the novelties in the REA design and presents a time
series of GEM flux measurements from each of the deployments with contrasting atmospheric
conditions and site characteristics. To analyze the system performance we compared source-
sink characteristics using footprint models and analyzed turbulence regimes to determine
possible flux attenuation. We briefly discuss several instrumental factors which might affect
the accuracy of the flux measurements: bias in vertical wind measurements, control and
response time of the REA sampling valves, measurement precision of the sample volumes, as
well as the performance of analytical schemes and calibration procedures. Furthermore we
describe the evaluation of the B constant, the method detection limit and rejection criteria for
flux measurements based on the REA validation procedure.
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2.2 Methods

2.2.1 GEM-REA sampling system

The concept of our advanced REA design is based on a GEM sampling unit with two pairs of
gold cartridges, a single Hg detector as well as a GEM reference gas generator and a Hg zero-
air generator. Figure 2.1 illustrates the setup of the sampling and analysis system. Table S2.1 in
the Supporting Information lists the major components. Both study sites are equipped with
continuously operating EC systems that have been measuring sensible and latent heat flux and
CO, exchange at 30 min intervals (Sagerfors et al., 2008; Lietzke and Vogt, 2013) for many
years. A suite of meteorological parameters were recorded as well: solar radiation, air and soil
temperature, relative humidity, precipitation, snow depth, wind speed and direction, friction
velocity, and surface layer stability parameters.

Vertical wind velocity GEM flux quantification was measured with a 3-D sonic anemometer
(10 Hz) (A1, A2). The wind signal was transferred to three fast-response switching solenoid
valves (B) via LabVIEW (C) enabling sampling and separation of air into updraft, downdraft and
deadband channels. The fast-response valves were installed 0.2 m downstream of the
sampling inlets. The inlets of the %”-Teflon® PTFE sampling lines (D) were mounted near the
anemometer head about 15 cm below the midpoint of the ultrasound paths.

GEM carried in the “updrafts” and “downdrafts” was then collected on two pairs of gold
cartridges. The flux [ng m™ h™'] was calculated from the GEM concentration difference [ng m™]
in updraft (C,) and downdraft (C4) air, multiplied by o, [m s'], the standard deviation of
vertical wind velocity.

Feem = Boyw(Cy — Cq) (2.1)

B is the unitless flux proportionality coefficient and depends on the wind velocity deadband
(see Sect. 2.3.1) that is implemented to increase the concentration difference. (-values
typically range between 0.4 and 0.6. Deadband widths [m s™] used in recent REA measurement
studies ranged from 0.33 to 0.6 times o, (Gronholm et al., 2008).

During the campaign in Basel larger eddies resulted in lower valve switching frequencies
relative to the situation at Degerd. The atmospheric GEM concentration differences between
updraft and downdraft were also larger in Basel. This made the fixed deadband appropriate for
Basel, while a dynamic deadband was more favorable for Degerd. A fixed deadband makes 8
dependent on atmospheric conditions (Milne et al., 1999, 2001), with increased deadband
widths leading to lower B-values (Ammann, 1999). The application of a dynamic deadband at
Degero, with its smaller eddies, aimed to reduce the switching frequency of the fast-response
valves. Using a dynamic deadband also ensured that large enough air volumes for the GEM
analysis were measured that would not have been guaranteed by measuring with a fixed
deadband. A dynamic deadband is applied more often (cf. Gaman et al., 2004; Olofsson et al.,
2005b; Haapanala et al., 2006, Ren et al., 2011) and enables the use of a constant B (Grénholm
et al., 2008).
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Figure 2.1: Schematic of the REA system hardware. It consists of a GEM sampling unit, a GEM reference gas

generator and a Hg zero-air generator (upper right). Capital letters refer to REA components mentioned in the

text and described in Table S2.1 in the Supporting Information. The air volume drawn over the gold cartridges

equaled 1L min™ in Basel and 1.5 L min™ at Degeré.
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B was calculated from the sonic temperature for each 30 min period at the same intervals used
for the “up” and “down” GEM sampling system:

w'Th

b= adma (22)

where T,, and T, are the “up” and “down” averages of temperature, w'T’, is the EC sensible
heat flux. In our application a recursive high-pass filter was implemented to reduce low-
frequency bias in turbulent time series of the vertical wind velocity (McMillen, 1988;
Richardson et al., 2012):

Xi= axi-g + (1 —a)y, (2.3)

where y; is the filtered value, x;.; was the running mean from the previous time step, and y the
current, instantaneous value (Meyers et al., 2006).

a= e_% (2.4)
The constant a results from the sampling interval of 10 Hz (At) and the time constant () which
was set to 1000 s.

The sampling lines were 20 m long, and insulated to avoid condensation. 0.2 um Teflon®
PTFE filters (E, F) were installed after the inlets and before the Teflon® PTFE valves, V4 and V5
(G). The resistance through the sampling lines was checked to be equal using thermal mass
flow meters (Vogtlin Instruments AG, Switzerland). Conditionally sampled GEM is subsequently
accumulated on two matched pairs of gold cartridges (Tekran, Canada, difference between
cartridge sensitivity < 5% according to manufacturing tests by the supplier). Heating wires
around the cartridges were kept at 50°C during the sampling phase and heated to 500°C during
the desorption process (see Sect. 2.2.2). Downstream, a pressure sensor (H) operating at 10 Hz
was installed to monitor pressure fluctuations. A high-precision thermal mass flow controller
(MFC) (1) with a response time of 50 ms was used to regulate the air volume drawn over the
gold cartridges. To dampen sampling flow disturbances a reservoir of 200 mL was installed
between the pump and the MFC. Air was drawn through the three lines by a rotary vane pump
(J) at a rate of 1 L min™ (Basel) and 1.5 L min™ (Degerd), respectively. Three temperature-
controlled, weatherproof boxes (K) contained the GEM reference gas generator (L) and Hg
detector (M), the gold cartridge unit and the control system as well as a Hg zero-air generator
to produce dry, Hg-free air. Remote control of the system allowed online checks of the data
and detection of instrumental failures.

2.2.2 GEM analysis

Air sampling and GEM analysis was performed in parallel in 30 min intervals (Fig. 2.2). GEM in
air samples and injections from the GEM reference gas and Hg zero-air generator were
quantified using cold vapor atomic fluorescence spectroscopy (CVAFS) (M). The temperature
controlled GEM reference gas generator provided precise GEM concentrations in a constant
stream of dry, Hg-free air. The average recovery of the GEM standard was determined by back
calculation from the manual calibration of the Hg detector. The average loading on gold
cartridge pair 2-4 corresponded to 27.2 £+ 1.1 and 22.2 + 1.3 pg in Basel and 32.1 + 2.1 and
32.1 + 2.3 pg at Degerd. Dry, Hg-free air was generated using an air compressor (N) with air
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dryer (O) and an activated carbon filter (P). Additional gold mercury scrubbers were installed
at the outlet of the Hg zero-air generator.

Figure 2.2 illustrates the sampling and analysis sequence. Upon startup cartridges C2 and
C4 are in the air sampling mode, while GEM previously collected on C1 and C3 is analyzed.
During the first 5 min GEM of the idle cartridges is desorbed by heating the cartridges to 500°C
in a stream (80 mL min™) of high purity Argon (Ar) carrier gas (Q). The cartridge analysis
procedure for individual samples included five steps: Ar-flushing (20 s), recording baseline (10
s), cartridge heating (28 s), peak delay (30 s) and cooling of the cartridges (60 s). After up- and
downdraft air samples had been analyzed (Aa), the cartridges were loaded for 5 min each with
either GEM reference gas (ref) or dry, Hg-free air (clean). The flow rate of dry, Hg-free air
(carrier gas) through the GEM reference gas generator was set to 600 mL min™ using a MFC.
The GEM reference gas was pre-mixed with 100 mL min™ dry, Hg-free air before being supplied
to the cartridges. Dry, Hg-free air was delivered at a flow rate of 1500 mL min™ regulated by
another MFC. The cartridges loaded with ref/clean air were analyzed (Ab phase in Fig. 2.2)
following the same procedure as the air samples.

00:32:30 20 58 00:35:00
soc | Flushing  |Baseline| Heating | Peak delay | Cooling | 1
I 30 88 1
&l C4 Air sampling mode (8] Analysis of air samples
©
§ a IE Air sampling mode GEM reference gas
g C2 Air sampling mode | Dry, Hg-free air
g c Air sampling mode Analysis of ref/clean
25 10 175 25 325 40 475 55
min —»>l_1 | [ | L1 | | [ 1 | | |
I 5 15 20 I 35 45 50 1
00:00:00 00:30:00 01:00:00

Figure 2.2: The hourly measuring cycle of the REA system subdivided into the air sampling and GEM analysis
procedures (Aa, ref/clean, Ab). At the start of a sequence, gold cartridge pair C2 and C4 adsorb GEM in the up-
and downdraft simultaneously while previously adsorbed GEM from gold cartridges C1 and C3 is analyzed.
During each cycle, eight analysis procedures which last for 2.5 min were conducted.

The average and standard deviation of the Hg detector baseline were calculated for periods of
three seconds before and after the Hg peak. The baseline below the peak was interpolated and
subtracted from the peak. The peak areas were logged together with 30 min averages of the
sampled air volume, opening times and number of switching operations of the fast-response
valves. Air temperatures within the weatherproof boxes, Hg detector lamp- and UV sensor
voltages as well as pressure sensor data were also recorded.

2.2.3 QA/QC

Calibration of Hg detector

The REA system was calibrated after the field campaigns using a temperature-controlled Hg
vapor calibration unit (R) together with a digital syringe (S). Different concentrations of
saturated GEM vapor were injected into the Hg-free air stream provided by a Hg zero-air
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generator (T). During calibration a simulated wind signal was used to supply both lines with an
equal amount of air. Calibration factors were gained by linear regression between the injected
quantity of GEM and observed peak areas (Fig. S2.1).

Monitoring of GEM recovery

Repeated injections from the GEM reference gas and Hg zero-air generator (Fig. 2.2) were
performed to observe possible contamination, passivation or drift of the gold cartridges, as
well as to check for temperature sensitivity in the Hg detector. Before and after a
measurement campaign the system was checked for leaks by measuring dry, Hg-free air from
the Hg zero-air generator and by constricting the sampling lines temporarily to check for
pressure decrease within the lines. Teflon® PTFE parts and tubing were cleaned with 5% nitric
acid according to a standard operating procedure (adapted from Keeler and Landis, 1994).

Bias of sampling lines

To assess potential systematic bias between up- and downdraft sampling lines, GEM reference
gas was supplied to both lines. During five days in Basel and 28h at Degero, the REA-system
dynamically sampled reference gas using 2s-simulated wind signal to acquire identical up- and
downdraft samples with respect to volume and GEM concentration. Accordingly,
concentration bias between the REA sampling lines was corrected for in the GEM flux
calculation.

2.2.4 Data processing

The analyzed air samples (Aa) for each gold cartridge were corrected for temperature
sensitivity of the Hg detector by dividing the average GEM reference gas concentration over
the entire campaign (Ab,) through single GEM reference gas measurements (Ab,) according
to:

s,

A = Aa- .
corr Abr

(2.5)

GEM concentrations (Cggy) in up- and downdraft were computed by applying intercept (b)
and slopes (s) calculated from the manual calibration procedure (Sect. 2.2.3) and the air
volumes (V) drawn over the gold cartridges:

Acorr=b ' 1

. ” (2.6)

Ceem =

GEM concentration differences were corrected for the bias between the two sampling lines
(Sect. 2.3.3). Finally, the GEM flux was derived following Equation 2.1. As the sampled air was
not dried before being measured with a MFC calibrated for dry air, GEM fluxes were corrected
for variations in the water vapor content of the air following Lee (2000):

Fegmeorr =(1+1.850Fopy + 1.85”%@,“ (2.7)

where Fggpcorr i the corrected and Fgg), the uncorrected GEM flux [ng m™? h™]. Zis the water
vapor mixing ratio [kg kg™']. LE,,, is the water vapor flux [ng m? h™], and the ratio of mean GEM
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density (pggm) to mean air density (p,) were determined from the data for each measurement
interval.

Criteria to identify conditions under which REA is not valid will be presented in Sect. 2.3.1.
Among them an integral turbulent characteristics test was applied to identify the development
of turbulent conditions:

ow P
=13 (1-2-93, (2.8)

including o,, friction velocity (u*), measuring height (z) and Obukhov length (L). Therein, the
dependent integral turbulence characteristic for vertical wind velocity (o./u*) equates with a
model dependent on stability (z/L) (Panofsky and Dutton, 1984; Foken and Wichura, 1996;
Foken, 2006). A deviation by more than a factor of 2 from the model was used as the threshold
to reject periods of insufficient turbulence as well as periods of larger than expected
turbulence (Fig. S2.2).

The effect of a potentially dampened GEM flux due to high- and low-frequency losses of
the turbulent eddies has been derived by interpretation of turbulence spectra for both sites
dependent on instrumental properties (lateral sensor separation), measuring height, wind
speed and stability conditions (Sect. 2.3.3). The applied high-pass filter (Egs. 2.3, 2.4) amplifies
the attenuation by reducing random or systematic noise in the flux estimates caused by low-
frequency bias in the turbulent time series. High frequency attenuation might be caused by an
electronic delay of the valve switching and sensor separation (Foken et al., 2012).

To predict the size of REA flux source areas during the campaigns the footprint model of
Kormann and Meixner (2001) was applied in Basel and a Lagrangian stochastic forward model
following Rannik et al. (2000) at Degerd. The footprint models were chosen in order to fit the
specific requirements as defined by the source areas at each site. The actual source area was
estimated for each half-hour period based on wind direction, wind speed, stability, surface
roughness and sensor height.

2.2.5 Site descriptions

The climate in the city of Basel, Switzerland (47.56 N, 7.58 E; 264 m a.s.l.) is temperate with a
mean annual temperature of +9.8 °C and 776 mm precipitation (MeteoSchweiz, 2014). The
REA system was deployed on the flat roof of the University of Basel’'s Meteorology,
Climatology and Remote Sensing Laboratory (MCR) 20 m above the ground. The REA sampling
inlets were mounted on the top of the permanently installed tower at 39 m above ground
level. The average building height around the tower is 17 m and the 90% cumulative footprint
mirrors dominant wind directions, which are W to NW (240° - 340°) and ESE (100° - 140°).
Results from this site reflect the situation within the urban inertial sublayer (Lietzke and Vogt,
2013).

The second campaign was conducted at an Integrated Carbon Observation System (ICOS)
site in the center of a boreal peatland in Sweden (64.18 N, 19.55 E; 270 m.a.s.l.) during
snowmelt. The mixed acid mire system covers 6.5 km? and is located in the Kulbacksliden
Research Park of the Svartberget Long-Term Experimental Research (LTER) facility near the
town of Vindeln, county of Vasterbotten, Sweden. The site is part of the Swedish research
infra-structure (funded by the Swedish Research Council). The snow cover normally reaches a
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depth up to 0.6 m and lasts for 6 months on average (Sagerfors et al., 2008). The average £ SD
total Hg concentrations (THg) in the upper 40 cm of the peatland soil are 57 + 6 ng g" dry
matter, which is a typical value for soils in northern Sweden (Shanley and Bishop, 2012;
Akerblom et al., 2013). The climate of the site is defined as humid cold temperate with mean
annual precipitation and temperature of 523 mm and +1.2°C, respectively (Alexandersson et
al.,, 1991). A measurement height of 1.8 m above the surface was maintained by gradually
decreasing of the instrumentation boom to account for snowmelt. Dominant wind direction
during summer is NE and SE during winter. For a more detailed site description see Granberg
et al. (2001) or Peichl et al. (2013).
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2.3 Results and Discussion

2.3.1 REA performance

Sampling accuracy

Compared to single-inlet REA designs, systems with separate inlets for up- and downdraft are
less prone to measurement uncertainty due to unsynchronized conditional sampling (Baker et
al.,, 1992) and high frequency concentration fluctuations in the tube flow (Moravek et al.,
2013). Zhu et al. (2015b) found that the calculation of concentration differences based on
temporally intermittent GEM measurements (non-stationarity of atmospheric GEM
concentrations) introduced the largest source of uncertainty in their single-inlet Hg’-REA
system. Accurate simultaneous sampling of GEM concentration using a two-inlet design is thus
the major technical improvement of our system compared to most Hg-REA systems used to
date, as summarized in Sommar et al. (2013a). But even though the dual-inlet avoids a major
source of error, there are a number of other aspects of a REA-Hg system that need to work as
well as possible to measure land-atmosphere GEM fluxes. One of these is the determination of
the B-value, which includes sonic temperature and sensible heat flux measurements
(Sect. 2.3.1). It is estimated to introduce an uncertainty similar to Zhu et al. (2015b) of
approximately 10%. Uncertainty due to flux dampening of sampled low and high frequency
concentration fluctuations is small and just relevant during specific stability and wind speed
conditions depending on measurement height and quality of turbulence (Sect. 2.3.3). There
are several other sources of error in the measurements such as (1) the possible bias in vertical
wind velocity measurements, (Il) the precision of the switching of the fast-response valves, (ll1)
the sampled air volume, (IV) the peak integration and (V) the field calibration procedure (cf.
Zhu et al., 2015b).

(I) Vertical wind velocity is used for instantaneous valve control. Ammann (1999) ascribed
the main error here to be the possibility for misalignment between the wind field and the
sensor head due to a tilted sensor setup or wind distortion around the sensor. However,
the application of a high-pass filter combined with a deadband was able to alleviate
averaged vertical wind velocity bias from the wind signal.

(1) 1t is important to limit the electronic delay to switch the fast-response valves caused by
the digital measurements system and signal processing. The effective response time to
actuate the fast-response valves was determined to be 18 ms for the opening and 8 ms for
the closing.

(1) A major challenge in applying a system with two inlet tubes and no dry Hg-free air
addition at the inlets (as applied by Sommar et al., 2013b) is to control flow pressure that
builds up within the sampling lines. Flow surges are dependent on the time the fast-
response valves remain closed. Pressure variations were dampened by a reservoir of
200 mL volume between the pump and mass flow controller (Fig. 2.1). The resistance
within the lines was initially checked to be equal to minimize pressure anomalies between
the three flow paths. A simulated wind signal with fast-response valve opening times of 2 s
for the up- and downdraft and 1 s for the deadband was applied and revealed maximal
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pressure fluctuations of 35 mbar. The vast majority of the 30 min measurements in Basel
and Degero showed higher switching rates which are generally associated with lower
pressure fluctuations. The total volumes drawn over updraft, downdraft and deadband
lines averaged 30 + 0.09 in Basel and 45 + 0.01 | (+SD) at Deger6. The proportion of the air
not analyzed accounted for 10.5 | in Basel and 20.3 | at Deger6. Measurements were
discarded if the volume deviated more than 2.5% from the flow setting value of the mass
flow controller (cf. Sect. 2.3.1).

(IV) An analysis of the detector peaks indicated that the signal for atmospheric and GEM
reference gas samples were statistically different from blank measurements (99%
confidence) (Fig. 2.3).

(V) The manual calibration procedure revealed a strong linear relationship between peak
areas and syringe-injected GEM reference gas for the gold cartridge pairs (Fig. S2.1). The
automated injection of GEM reference gas provided a 2-hourly quality control measure to
monitor any bias caused by the temperature sensitivity of the Hg detector. The air
temperature surrounding the Hg detector showed a strong linear relationship with the
GEM reference gas measurements for up- and downdraft in Basel and a less pronounced
dependence at Degero (Fig. 2.4). The uncertainty of concentration measurements for our
REA system is basically introduced by sampling-line bias, wherefrom the method detection
limit is derived (Sects. 2.2.3 and 2.3.1).
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Figure 2.3: Representative peak recovery for gold
cartridge pair C2-C4 during ambient air (Aa), GEM
reference gas (Abr) and dry, Hg-free air measure-
ments (Abc) on 11 February 2012, between 14:00 and
15:30 in Basel. The values in squared brackets equal
the areas between the curves and the baseline. The
plots show an extract of 10 s from the peak delay
sequence which takes 30 seconds in total. Y axis
indicates the Hg detector baseline voltage (V).
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Figure 2.4: Linear relationship between GEM reference
gas (Abr) measured with gold cartridge pair C2-C4 in
(grey, black) (orange, red),
respectively and air temperatures within the Hg
detector box.

Basel and Deger6
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B-factor evaluation

In this study, B is derived from EC time series of temperature and vertical wind speed at both
sites (Eq. 2.2) during methodologically favorable conditions (cf. Sect. 3.1.4) with respect to
turbulence for every 30 min GEM flux measurement averaging period. Due to considerable
scatter in B especially during periods when sensible heat flux diminished to near zero, data
were omitted for kinematic heat flux within the range of + 0.01 K m s™ (Ammann and Meixner,
2002; Sommar et al., 2013b). In accordance with Hensen et al. (2009) only B factors in the
range of 0.1 - 1 were used. During the first study in Basel a fixed deadband of |w’| =0.2 m s™
was applied. This was done to restrict the analysis to periods when the discrimination between
updraft and downdraft was large enough to allow for accurate estimation and to prolong the
opening times of the fast-response valves. At Deger6é a dynamic deadband approach with a
sampling threshold + 0.50,, was used. Data analysis revealed that the effect of surface layer
stability or u* on B-calculation was negligible. The median £ mad (median absolute deviation)
of observed B-values in Basel and Deger6 was 0.49 + 0.21 (n = 391) and 0.45 + 0.20 (n = 342),
respectively. Median B-values observed at Basel and Degerd concurred with literature in the
range of 0.4 - 0.6 as listed in Gronholm et al. (2008), Bash and Miller (2009), Arnts et al. (2013),
Sommar et al. (2013a).

The Basel measurements resulted in broad non-Gaussian frequency distributions for the
fraction of time when air was sampled into up- and down reservoirs. The average cumulated
opening times for the 30 min sampling periods for the up- and downdrafts were 9.6 and 9.8
min respectively, which results in maxima in up/down/deadband sampling fractions of about
32%/33%/35%. Periods of less developed turbulence caused the fast-response valves to switch
less often and increased the opening times of the deadband. The corresponding confined
frequency distributions observed at Deger6 were 28%/27%/45% and showed significantly
lower variation than for the Basel measurements.

Detection limit

The Hg instrument detection limit was < 0.1 ng m>, and allowed discernment of GEM peaks
from the baseline noise for all measurements. The gold cartridge pair offset criteria, and the
method detection limit, were derived in the field from sampling the same air through updraft
and downdraft lines. For this study, we defined two strict rejection criteria: 1) maximum
standard deviation of the offset of 0.05, and 2) maximum difference in gold cartridge response
of 10%. The assessment of the offset between the sampling lines during the Basel
measurements was 0.009 + 0.06 (+SD) and 0.016 + 0.01 ng m™ for gold cartridge pairs 1-3 and
2-4 respectively. At Degerd the offset was 0.17 + 0.06 and -0.004 + 0.02 ng m” for 1-3 and 2-4.
If up- and downdraft lines sample the same air, the offset between these should be constant,
independent of air Hg content. Scaling the GEM area difference detected in the up- and
downdraft air by GEM area of the updraft air revealed an erroneous behavior of gold cartridge
pair 1-3. Further inspection showed that the Teflon® PTFE valves (V4 - V7) seemed to restrict
the air flow when energized, thus leading to erroneous air volume readings. In contrast, when
air flows through gold cartridge pair 2-4, the valves are in the idle mode with free flow.
Therefore, measurements with gold cartridge pair 1-3 were discarded for both campaigns due
to the above threshold variability in Basel and the large gold cartridge pair offset at Degero.
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Although data availability was reduced by 50% this technical shortcoming may be solved by
use of different valves, e.g. 3-way flipper valves. Detailed results from the sampling line bias
tests are presented in Figures S2.3 and S2.4 of the Supporting Information.

From these individual sampling lines bias measurements for Basel and Degerd, a minimum
detectable GEM concentration difference based on 1o was derived. Thus, 98% of the available
30 min data in Basel and 83% at Degero were above that limit. Zhu et al. (2015b) reported that
55% of their Hg-REA flux data were significantly different from zero. Data from bias
determination for gold cartridge pair 2-4 did not reveal any significant diel pattern or trend
over time for both sites.

Data coverage

Based on the systematic bias when using gold cartridge pair 1-3, 50% of the data from both
sites, Basel and Deger6 were discarded (Table 2.1). Some of the remaining flux measurements
were rejected due to logging failures including power breakdowns. 6% of the data at Basel and
4% at Degerd were rejected due to poorly developed turbulence, determined by applying an
integral turbulent characteristics test (Sect. 2.3.3). GEM flux measurements during extremely
stable conditions were omitted (z/L > 2). The data were also screened for irregularities in the
measured sampling air flow (deviation from the flow setting value > 2.5%). Dry Hg-free air was
used to determine possible gold cartridge or sampling line contamination and to discard
periods of a noisy Hg detector baseline, due to rapid temperature changes within the detector
box. GEM flux measurements were discarded if the signal of the blank measurements
exceeded 10% of the integration peak area that is detected for atmospheric GEM. In other Hg-
REA studies, 44% (Sommar et al., 2013b) and 28% (Zhu et al., 2015b) of the data were flagged
as moderate and low data quality due to turbulence characteristics (cf. Mauder and Foken,
2004). In our study the overall half-hourly data loss was 62% at Basel and 66% at Degero.

Table 2.1: Overview of rejection criteria for the evaluation of REA field measure-
ments. Rejected amount of data and remaining numbers of observations are given.

L Basel Degerd
Criterion —
Rejection percentage
Gold cartridge pair offset 50% 50%
Logging failure 4% 7%
Insufficient turbulence (o,,/u*) 6% 4%
Extreme stability (|z/L| >2) 0% 0%
Sampling air flow and blank irregularities 1% 4%
Total rejection (excl. cartridge pair offset) 12% 16%
Remaining observations n=292 n=380

2.3.2 Meteorological conditions

During the measurements in Basel air temperatures averaged -7.9 £ 3.3 °C (£SD). Precipitation
occurred in the first two days and caused substantial loss of EC data, while GEM flux
determination was not affected (Table 2.1). From 3 - 12 February 2012, measurements were
done during predominantly cloudless conditions with daily solar radiation (Rg) peaks between
300 - 500 W m™. Relative humidity ranged between 20 and 91% and was on average signify-
cantly lower in Basel than at Degerd. Wind speed in Basel averaged 2.6 m s™* and did not differ
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significantly between day (Rg > 5 W m™) and night (Rg < 5 W m™). Wind direction was
predominantly from the northwest during the day and the southeast during the night. Polar
histograms of 30 min averaged wind speed and atmospheric GEM concentration
measurements at both sites are presented in Figure S2.5. Unstable atmospheric stratification
(z/L < -0.05) was predominant (92% of time) during the Basel campaign while less than 3% of
the measurements were conducted during stable conditions (z/L > 0.05).

The campaign on the boreal peatland commenced on 5 May 2012. The surface was
covered by maximum of 33 cm snow which melted away towards the end of the campaign on
24 May 2012. A total precipitation amount of 19.6 mm was recorded during the campaign
including a heavy snowfall during the morning of May 6. Air temperatures averaged
5.4 + 3.5 °C, whereas daily averages increased from 0 to 9.1°C over the period. Soil
temperatures at 2 cm depth likewise increased from 3.2 to 8.0 °C (daily averages). The
prevailing wind direction at Degeré was from the northeast to south with an average wind
speed at 2.9 m s (daytime mean: 3.1 ms™, nighttime mean: 2.1 ms™).Conditions were stable
(z/L > 0.02) 22% of the time (daytime: 15%, nighttime: 43%), unstable for another 38%
(daytime: 42%, nighttime: 22%) (z/L < -0.02) and neutral during the remaining 40% (daytime:
43%, nighttime: 34%).

2.3.3 Footprint and turbulence regime

In Basel, GEM flux measurements were conducted over a rough surface showing strongly
modified vertical turbulent exchange processes. Measurements were conducted within the
inertial sublayer 39 m above ground, which overlays the urban roughness sublayer assuming
that the upper level of the roughness sublayer is about two times the average building height
of 17 m (Feigenwinter et al., 2012). 90% of the GEM fluxes measured in Basel originated from a
source area that covered 78 ha and reflected a blended, spatially averaged signal (Fig. 2.5a).
Within that footprint the water fraction accounts for 7%, the vegetation fraction for 19%, the
building fraction for 36% and impervious ground surface for 38%. Main wind directions during
the campaign mimicked the dominant seasonal wind direction from NNW and ESE.

An inspection of the normalized co-spectra for sensible heat, latent heat and CO, flux
revealed the occurrence of large eddies leading to comparably low switching intervals of
1.4 + 0.3 Hz (mean % SD). The co-spectral estimates were derived from 20 Hz data over the
entire campaign during unstable conditions and demonstrate that high-frequency losses for
sensible heat, latent heat and CO, fluxes were minimal. Low-frequency losses resulted due to
the applied high-pass filter which attenuated fluctuations at periods larger than the time
constant of 16.6 min (RF in Fig. 2.6). Frequency distributions (ogive curves) were calculated
after Foken et al. (2012) and converged at approximately 90% of all cases within the 30 min
averaging period (Fig. 2.6a). Simulated damping factors for REA fluxes revealed that at a mean
wind speed of 2.6 ms™ less than 10% of the flux was dampened. We conclude that applying a
30 min averaging interval, a high-pass filter and valve switching at 10 Hz was adequate for REA
flux calculations since considerable flux damping occurred just at low frequency ranges,
unstable conditions and low wind velocities.
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Figure 2.5: Aerial RGB and IR photographs with red contours containing 50, 80 and 90% of the flux during the
campaign in Basel (a) and Deger6 (b). The yellow and blue 80% contours at Degerd stand for instable and stable
conditions, respectively. The green pentagons indicate the location of the flux towers.
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Figure 2.6: Normalized turbulence co-spectra (y axis, lines + symbols) and converging ogives (secondary y axis,
lines) of sensible heat (red), latent heat (blue) and CO, flux (black) during unstable conditions for Basel (a) and
Deger6 (b). The vertical line labeled as RF indicates the time constant of the applied high-pass filter. At Deger6

only high-resolution air temperature data were used.

90% of the footprint at Degeré comprised 0.6 ha (Fig. 2.5b). For all contour lines calculated,
the surface was physically homogenous. The roughness length z, present during the campaign
was only a few millimeters due to the short vegetation (Sagerfors et al., 2008) and negligible
when there was snow-cover. During the Deger6é campaign, the normalized turbulence spectra
and ogives were derived for sensible heat flux during unstable conditions (Fig. 2.6b). Due to
technical problems regarding the LI-6262 closed-path infrared gas analyzer, CO, and latent

heat flux data were not used for spectral analysis. In comparison to Basel the co-spectrum of

the sensible heat flux was shifted significantly towards higher frequencies. The occurrence of

more smaller eddies increased the fast-response valve switching interval (2.9 = 0.7 Hz
mean + SD) which increased with increasing u* (Fig. S2.6). High frequency losses at 10 Hz
accounted for less than 5% of the sensible heat flux. The ogive converged a constant value at
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RF and indicates that large eddies were sampled completely over the averaging period
(Fig. 2.6b). At Deger6 the integral damping factor for the REA flux was more than 20% at high
frequencies especially during stable and strong wind conditions. Simulated integral REA flux
damping factors dependent on wind speed and stability conditions and cospectral density
plots for site-averaged wind speeds are illustrated for Basel and Deger6 in Figures S2.7 and
S2.8.

2.3.4 Atmospheric GEM concentrations

Mean + SD atmospheric GEM concentration in Basel was 4.1 £ 1.0 ng m?>. The average
concentration difference between up and downdraft was 0.26 + 0.3 ng m” (median:
0.19 ng m?) (Fig. 2.7). It might be possible that during the exceptionally cold period in Basel
gas and oil-fired thermal power stations within the dense urban source area contributed to
enhanced atmospheric GEM concentrations. In urban areas total gaseous Hg concentrations
were highest during heating season (Fang et al., 2004). Highest GEM levels in Basel were
observed during periods of low wind velocities (u* < 0.3 m s™) and southern wind directions.
Most likely additional GEM emissions from vehicular traffic along a highly frequented road
contributed to elevated Hg concentrations during southerlies. GEM concentrations in the
exhaust of motor vehicles in driving mode are elevated and range from 2.8 to 26.9 ng m>
depending on fuel types (Won et al., 2007). The road runs in a north/south direction and is the
major source of CO, (Lietzke and Vogt, 2013).
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Figure 2.7: Box plots display atmospheric GEM concentration (a) and the absolute GEM concentration difference
between updraft and downdraft (b) during day and night at Degeré and Basel. Number of observations is
indicated. The bold line in the box represents the median GEM concentration. The bold line in the box represents
the median GEM concentration. The horizontal border lines indicate the 25% (Q1) and 75% (Q3) percentiles, from
bottom to top. The lower whisker marks Q1 minus 1.5 times the interquartile range (IQR). The upper whisker
marks Q3 plus 1.5 IQR. Outliers are not displayed.

The average air concentration during snowmelt at Degerd was 1.6 + 0.2 ng m™, comparable to
observations made in 2009 (Fritsche et al., 2014). Concentration difference in REA conditional
samples collected at Degerd averaged 0.13 + 0.2 ng m™ (median: 0.09 ng m™) that is about a
factor of two lower than the magnitude observed in Basel (Fig. 2.7). No significant
concentration relationships were found with either wind direction or atmospheric stability.
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Table 2.2: Summary of averaged, median and distribution of GEM fluxes, atmospheric GEM concentrations and
environmental conditions during the measurement campaigns. Pearson correlation coefficients (r) between GEM
flux and environmental parameters are given if statistically significant (p < 0.05).

Basel Degerdé
Variable
unit mean median 107/90™ %ile r mean median 107/90™ %ile r

GEM flux ngm-h" 15.4 34.9 -262/270 -1 3.0 26 -71/67 -1
GEM concentration ng m? 4.1 3.9 3.3/5.6 -0.23 1.6 1.6 1.4/1.8 -0.14
Sensible heat flux (EC) Wm? 74 65 20/134 [-] 11.8 2.4 -17/58 0.23
Latent heat flux (EC) wm? 12.3 10.6 1.8/24.5 0.26 [-] [-] [-] [-]
€O, flux (EC) pmol m?s™ 0.02 0.01 0/0.04 0.36 [-] [-] [-] [-]
Friction velocity ms"t 0.41 0.39 0.2/0.7 0.2 0.19 0.18 0.07/0.34 -0.23
Wind speed ms? 2.6 2.5 1.3/3.9 0.13 29 2.7 1.0/4.8 -0.26
Solar radiation Wm? 78 [-] 0/312 -0.22 159 [-] 0/455 0.14
Air temperature °C -7.9 -8 -12/3.4 0.23 5.3 5.4 0.1/10.2 0.26
Soil temperature °C [-] [-] [-] [-] 6.7 7 4.4/8.2 0.2
Relative humidity % 62 60 40/85 -0.23 76 80 47/98 -0.3

2.3.5 GEM flux estimation in contrasting environments

Urban areas are of particular concern with respect to the global Hg cycle. Industrial sectors and
anthropogenic combustion processes emit large quantities of Hg to the atmosphere (Walcek et
al., 2003) and gaseous oxidized Hg and particulate bound Hg will be deposited locally. Highly
variable Hg air concentrations, the physically and chemically diverse nature of urban surface
covers and urban meteorology (e.g. heat island effect) are suggested to create complex Hg flux
patterns above cities (Gabriel et al., 2005). Up to now, just a handful of studies have described
GEM emissions from urban environments (Kim and Kim, 1999; Feng et al., 2005; Gabriel et al.,
2006; Obrist et al., 2006; Eckley and Branfireun, 2008). GEM fluxes measured in Basel showed
a diel trend with a maximum deposition around noon and highest emissions around 7 PM
(Fig. 2.8a). The mean flux + SE of 15.4 + 13.3 ng m™ h™ indicated that this urban area was a net
source of atmospheric Hg during the study period. Similarly, for the same site in spring and fall,
Obrist et al. (2006) observed average + SD GEM emissions of 6.5 + 0.9 ng m™ h™' in the stable

mRn/Hgo method. Environmental conditions such as solar

nocturnal boundary layer using the
radiation, air and soil temperature are known to be major drivers of natural GEM emission
(e.g. Steffen et al., 2002; Choi and Holsen, 2009). North westerly wind directions were
associated with GEM deposition between 2 AM and 1 PM. In contrast, emission events were
linked to wind directions from the south east.

Determination of GEM snow-air exchange has been a subject of interest since the first
atmospheric mercury depletion events (AMDEs) were observed (Schroder et al., 1998). Non-
arctic GEM flux studies from snowpack report deposition, as well as emission events, with near
zero net fluxes (Fain et al., 2007; mean: 0.4 ng m? h'; Fritsche et al., 2008a; mean:
0.3ngm?h?).

Mean + SE GEM snow-air transfer observed at Degeré was 3.0 + 3.8 ng m?2 h™™. It is the
result of a balance between deposition prevailing from midnight to noon and vice versa during
the rest of the day when emission predominates (Fig. 2.8b). REA fluxes varied strongly during
both the day and night, but revealed a significant difference between GEM fluxes during
unstable (median: 8.7 ng m™> h), stable (median: -0.1 ng m™? h™), and neutral conditions
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(median: -4 ng m? h™) (Mann-Whitney U test, p < 0.05). GEM concentrations in the surface
snow layers were not determined in this study, but in accordance with Fain et al. (2013), GEM
is likely enhanced during the course of daytime compared to ambient air due to sunlight-
mediated processes. An impact of fresh snowfall and possible wet Hg deposition on GEM
fluxes could not be observed with REA, but precipitation events occurred regularly in the
afternoon and might have contributed to GEM volatilized in the evenings together with GEM
produced during dusk and night (Fain et al., 2013).
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Figure 2.8: Diel patterns of GEM flux during the campaign in Basel (a) and Deger6 (b) using the 6-hourly
smoothed GEM flux time series. Red and gray colored boxplots indicate median Hg emission and Hg deposition
at different times of the day, respectively. Hourly average of air temperatures are given (orange). Horizontal
dashed line indicates the zero line of GEM flux and/or air temperature. Boxplot description in caption of
Figure 2.7.

GEM flux quantification is improved, compared to previous systems, by the synchronous
sampling, as well the regular monitoring of GEM reference gas concentration and dry, Hg-free
air. As demonstrated here, these improvements make REA feasible for measurements over tall
buildings, but also short vegetation and snow-cover. At Degerd, however, higher abundance of
smaller eddies increased the GEM flux variability. However, the REA technique remains better
suited to assessing magnitudes and variability of fluxes rather determining the effects of short-
term variability in environmental parameters on GEM fluxes (cf. Gustin et al., 1999).

For future long-term REA applications we have three suggestions: (I) a more regular
determination of the bias between both sampling lines. Either by a weekly check of the bias or
by implementing an additional valve to switch up- and downdraft lines every hour (each gold
cartridge would measure up- and downdraft). (Il) Hg detector sensitivity due to rapid air
temperature changes are corrected for but could be avoided to a large extent by using a more
effective temperature control unit. (lll) To improve the accuracy in the air volumes sampled by
installing mass flow meters for up- and downdraft lines.
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2.4 Conclusion

The need to precisely determine land-atmosphere exchange of GEM over long continuous
periods is widely recognized. REA has the potential to do this more effectively than other
methods. Therefore, several REA systems have been deployed, but their accuracy has been
impaired by several design features such as the use of multiple detectors and non-synchronous
sample collection. We developed a dual-inlet, single analyzer system that overcomes these
shortcomings, and included new features, such as the integrated GEM reference gas and Hg
zero-air generator for continuous monitoring of GEM recovery, as well as blank
measurements. The data acquisition and control system is fully automated and could be
remotely controlled which reduces the workload compared to other REA systems. We have
demonstrated the system in contrasting environments to measure turbulent transport of GEM
39 m above ground level in Basel, Switzerland and 1.8 m above a snow covered boreal
peatland in Sweden. While the demonstration identified room for further improvements, we
believe this novel design has the potential to facilitate the use of REA for measuring land-
atmosphere exchange of Hg for sustained periods in a variety of environments.
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Abstract

Peatlands are a major source of methylmercury that contaminates downstream aquatic food
webs (St. Louis et al., 1994, Mitchell et al., 2008). The large store of mercury (Hg) in peatlands
suggests that peatlands will continue to be a source of Hg for more than a century even if
deposition is dramatically reduced (Grigal, 2003). However the reliability of Hg mass-balances
can be questioned due to the inability to reliably quantify the long-term land-atmosphere
exchange of Hg. We used a novel micrometeorological system to derive the first annual Hg
budget for a peatland, based on continuous measurements of the peatland-atmosphere
exchange of gaseous elemental Hg. Here we show that evasion of Hg was eight times greater
than stream Hg export, and more than twofold higher than Hg in wet bulk deposition. The net
efflux results most likely from recent declines in atmospheric Hg concentrations (Amos et al.,
2015) that have turned the peatland from a net sink into a source of atmospheric Hg. The
strong Hg evasion suggests that open boreal peatlands and downstream ecosystems will
recover more rapidly from past atmospheric Hg deposition than previously assumed. This has
important implications for future human consumption of fresh water fish, as well as the value
of the 2013 UN Minamata Convention on Mercury that seeks to further reduce Hg emissions.
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Global anthropogenic mercury (Hg) emissions have increased the amount of Hg cycling
between vegetation, surface soil, ocean, and the atmosphere by about a factor of three
compared to pre-industrial levels (Selin et al., 2008; Driscoll et al., 2013). Gaseous elemental
mercury (GEM) has an atmospheric lifetime of 0.8 - 1.7 years after emission, resulting in long
range transport before deposition on the earth surface (Ariya et al., 2015). This poses a threat
to humans and wildlife even in remote areas (Lindberg et al., 2007). Current global models
assume that Hg deposition to non-contaminated terrestrial surfaces and subsequent re-
emission are similar in magnitude. However, large uncertainty remains mostly due to a strong
spatial and temporal bias in direct flux measurements towards Hg-enriched sites, short-term,
daytime and summertime measurements (Amos et al., 2013; Agnan et al., 2016).

Peatlands play an important role in Hg cycling because they constitute a major source of
methylmercury (MeHg), the Hg species most prone to biomagnification, to fresh water
ecosystems (UNEP, 2013). The large amount of Hg in peatlands relative to wet bulk deposition
and export in surface water runoff indicates that they have accumulated Hg deposited from
the atmosphere (Grigal, 2003). In high latitude regions almost all freshwater fish have Hg
concentrations exceeding European limits for good ecological status (0.02 mg Hg kg™ fish
muscle, Chalmers et al., 2011, Akerblom et al., 2014). To predict future MeHg levels in fish of
these regions, the annual net ecosystem Hg flux from peatlands needs to be quantified.

Since the store of Hg in peat is so large compared to runoff fluxes, it is generally assumed
that it will take several decades, if not centuries, before a reduction in atmospheric deposition
could lead to any reduction in the Hg pools in peatlands, thus putting the prospect of
significant recovery far into the future (Meili et al.,2003; Grigal, 2003). Such calculations,
however, neglect GEM emission to the atmosphere which preliminary measurements indicate
to be substantial (Marsik et al., 2005; Selvendiran et al., 2008; Osterwalder et al., 2016).

Earlier research indicates that at a certain threshold of atmospheric GEM concentration
terrestrial surfaces switch from net sinks to net sources of Hg (Gustin et al., 2011; Wright and
Zhang, 2015). For terrestrial background sites this so called ‘compensation point’ is estimated
to be 2.8 ng m™ (Agnan et al., 2016). We hypothesize that declines in atmospheric GEM
concentrations have passed this “compensation point”, increasing Hg emission from peatlands
to the point where peatlands may no longer be a net sink of atmospheric Hg. As a result, the
loading of Hg from peatlands to aquatic food webs would be reduced substantially faster than
previously anticipated.

To investigate this assumption, we conducted the first full year, catchment scale,
measurements of land-atmosphere exchange of GEM. Together with continuous data on
export of total mercury (THg) in stream runoff, wet bulk deposition, and peat Hg storage, these
measurements allowed us to estimate the major components of the annual Hg mass balance
of a boreal peatland.

The most challenging component of a catchment scale Hg mass balance is the long-term
continuous measurement of land-atmosphere exchange of GEM. We used a novel, dual-inlet,
single detector relaxed eddy accumulation (REA) system to quantify this (Osterwalder et al.,
2016). REA is a direct measurement approach that overcomes uncertainties associated with
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other micrometeorological techniques (aerodynamic gradient and modified Bowen ratio) that
rely on concentration measurements at different heights. Compared to other GEM-REA
systems, the advanced REA design used in this study is fully automated and simultaneously
collects GEM in air that moves down to, and away from, the ground surface (Osterwalder
et al., 2016).

The system was deployed in the center of an open area of the nutrient poor, minerogenic
Degerd Stormyr peatland [64°11°N, 19°33’E]. The sampling inlets were mounted 3.5 m above
the peatland surface, with a ca. 2.5 ha footprint. Continuous measurements integrating
exchange over such a large area overcome much of the measurement uncertainty that would
otherwise be introduced with small scale dynamic flux chambers. Chambers cover only small
fractions of the peatland surface and are normally only deployed during short time periods,
thus introducing large uncertainties with respect to both area and time (Gustin et al., 1999;
Agnan et al., 2016)

Atmospheric GEM concentration:

Hg wet bulk

deposition Net

peat-atmosphere

 OF Vi

Figure 3.1: Simplified schematic of the annual Hg mass balance at Deger6 Stormyr. Net peatland-atmosphere
exchange of gaseous elemental Hg (GEM) and total Hg (THg) in discharge are the major Hg output pathways. Wet
bulk deposition is considered as the only Hg input pathway. The atmospheric GEM concentration and the pool of
THg in the uppermost peat layers (0 - 34 cm) are indicated.

We found that the annual Hg mass balance at the Degerd Stormyr peatland was clearly
dominated by net GEM evasion (Fig. 3.1) due to substantial net emission between May and
October (Fig. 3.2). The annual GEM emission was 10.2 ug m™ and the wet bulk deposition was
3.9 pg m™. Annual discharge export of Hg from the peatland area (70% of total catchment
area) amounted to 1.3 pg m™ (Fig. 3.1). The THg export in discharge has commonly been
thought of as the dominant output pathway for most catchments (Meili et al., 2003; Shanley
and Bishop, 2012). But at the study peatland the land-atmosphere evasion was eight times
larger than stream discharge of Hg.

Observed GEM emission during the growing season was 11 pg m™ and substantially
exceeded Hg wet bulk deposition during the same time period (2.5 pg m?) (Fig. 3.3). During
the growing season the peatland emitted GEM to the atmosphere at an average + SE rate of
3+0.5 ng m?h™. Outside the growing season (October, November and April) the average GEM
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flux was 0.4 + 0.7 ng m™ h™ with emission from 9 AM to 8 PM and GEM deposition during the
night (Fig. 3.4). Measurements during March revealed a net GEM flux of -0.4 + 1.5 ng m™? h*
between air and the snow covered surface (see Table 3.1). Winter time GEM exchange also
showed a diel pattern indicating photochemical GEM production at the snow surface and
subsequent emission of previously deposited GEM in the afternoon (Fig. 3.5). These data
clearly demonstrate the importance of continuous, long-term measurements to derive
complete, unbiased annual budgets of the land-atmosphere exchange of GEM.

Table 3.1: Summary of monthly means * SE of the gaseous elemental mercury flux (Fggym) and monthly means of

the atmospheric GEM concentration, dissolved gaseous mercury (DGM) concentration (+SE), saturation of DGM

with respect to atmospheric GEM (DGMgs,7), water table level (WTL), precipitation (Precip), air temperature (Tair)

and solar radiation (Rg). The italic numbers indicate estimated GEM flux and atmospheric concentrations during
winter derived from measurements in March over snowpack.

n Feem GEM DGM DGMsar WTL Precip Tair Rg

Month 2,1 3 1 2

(ngm™h") (ng m™) (ngL”) () (cm) (mm) (°C) (Wm™)
Jan 14 -] -0.4 1.65 [ [ -] 25.7 9.4 5.1
Feb 14 [-] -0.4 1.65 [-] [-] [-] 66.7 -1.4 14.3
Mar 14 466 -04+15 1.65 [-] [-] [-] 20 -0.3 84.7
Apr 14 439 0.8+0.9 1.50 [ [ -2.9 1 2.8 138.3
May 14 358 26+1.6 141 147%19 1.1 -6.7 50.9 12.1 173.9
June 13/14 603 3.7+1.2 154 30.3%3.2 3.4 -10.2 52.8 14.7 173.2
Jul 13 655 2.5+0.8 145 419+3.0 5.5 -13.3 93.4 14.8 181.5
Aug 13 420 3.5+1.2 1.49 40.7+3.7 5.5 -11.8 54.3 14.6 194.9
Sep 13 435 29+1.2 1.42 248%33 2.9 -12.2 95.4 13.1 134.7
Oct 13 415 24+1.2 159 16.7+2.1 1.5 -10.0 47.7 2.6 42.1
Nov 13 284 -29+1.6 1.50 [ [ -] 39.9 3.0 9.7
Dec 13 [-] -0.4 1.65 [-] [-] [-] 72.4 -1.7 2.1

There are several factors which corroborate the overall rates of evasion and temporal
variation. The largest evasion rates during the summer correspond to peak pore water
concentrations of dissolved gaseous mercury (DGM, see Fig. 3.7). This suggests the importance
of peat pore water DGM concentrations as a driving factor for the net annual land-atmosphere
exchange of GEM. The mire surface water was supersaturated in DGM relative to atmospheric
GEM concentrations on 86% of the measurement occasions between May and October,
peaking in July and August. Summertime evasion also corresponds to the highest levels of
incident radiation that can drive photoreduction of Hg** to Hg’ at the peat surface. The largest
gross ecosystem production of vascular plants (Peichl et al., 2015) and concurrent high uptake
of GEM in July is reflected by about 30% lower GEM net emission rates as compared to June
and August (Obrist et al., 2007; Enrico et al., 2016).

The unexpectedly high annual net evasion is also consistent with the pattern of superficial
peat Hg concentration-depth profiles. The average + SE concentration of Hg within the top
34 cm was 57 = 8 ng g dry matter (DM). That is within the range of 10 - 115 ng g’ DM
representing typical soil THg concentrations from boreal forest catchments (Skyllberg et al.,
2003). Peat THg concentrations increased with depth to a peak of about 110 ng g dated to ca.
1950 (Figs. 3.6, S3.2). This pattern is similar to that of other Hg concentration profiles from
open peatlands in Canada (Givelet et al., 2003), Scotland (Farmer et al., 2009) and Sweden
(Rydberg et al., 2010). This might indicate that the decrease in THg concentration towards the
surface (24 ng THg g™ in the top 10 cm) not only represents lower Hg deposition rates but also
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evasion of Hg that began at some point after 1985 if atmospheric GEM concentrations fell
below the compensation point (Slemr et al., 2003, Agnan et al., 2016).
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Figure 3.2: Monthly average of the net gaseous
elemental Hg (GEM) flux, atmospheric GEM

concentration, snow depth, water table level (WTL) and
saturation index of dissolved gaseous Hg (DGM) in the
peat pore water. Negative GEM exchange represents
GEM deposition, while positive fluxes represent GEM
emission. Empty symbols indicate that no measure-
ments were conducted during the months in question.
The figures at the bottom of the panel represent
numbers of 60-min averages of both GEM flux and
atmospheric GEM concentration.
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Figure 3.4: Diel pattern of GEM flux and GEM

concentration during non-growing season (October,
November, and April). See Figure 3.3 for details.
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3.1 Main Section

Recent advances in the interpretation of Hg isotope signatures have also revealed high
mobility of Hg in peat soils. Jiskra et al. (2015) deduced significant re-emission upon non-
photochemical reduction by natural organic matter and estimated that 30% of the historically
deposited Hg on their study site has already been re-emitted to the atmosphere. They
calculated a peat Hg re-emission flux of 5 ug m™ yr'* which is about 50% of the net GEM flux
measured with REA in this study.

The vertical distribution of Hg in surface peat at Deger6 Stormyr corresponds to the period
of maximum anthropogenic emissions to the atmosphere with peak atmospheric
concentrations during the second half of the 20" century followed by declines in more recent
decades (Beal et al., 2015; Amos et al., 2015). Accumulation rates of Hg in peat during the
industrial period until ca. 1990 are estimated to have been up to 15 times greater than those
during the pre-industrial era for northern Europe (Steinnes and Sjgbakk, 2004). Between 1990
and 2011, Hg emissions from European sources decreased by ~60 % due to both abatement
strategies and the closing of many coal-fired power plants, chlor-alkali plants, etc. (UNECE,
2010; EMEP, 2013). This was associated with roughly a halving of global atmospheric GEM
concentrations (Slemr et al., 2003). In Sweden atmospheric GEM went down from more than 3
ng m> in the 1980s to northern hemispheric background concentrations of 1.3 - 1.9 ng m*
after 1995 (Iverfeldt et al., 1995; Wangberg et al., 2007).

O -
80-
5 -
10 9 60 -
o
— —_ -]
5 . i
= 15 -
£ o
§ 240~
3 3
& 20+ (a)
Total Hg:
883 pgm?
25 20+
Legacy Hg:
30 621 ugm?
0 o
35 May I June' July I Aug I Sept I Oct

(I) 210 4'0 6I0 8IO 1(I)O 150 1:10

THg [ngg™']
Figure 3.6: Depth profile of THg concentrations from  Figure 3.7: Seasonal pattern of DGM concentrations from
eight peat cores with average and 95% confidence July to October 2013 and May to July 2014. Error bars
interval. The zero level denotes the surface of living indicate standard deviation of every daily mean (n = 4).
Sphagnum moss. The red area indicates the amount  Local polynomial regression fit (blue) with 95% confi-
of legacy Hg stored in the uppermost peat without dence level (shaded grey).
accounting for a “background” concentration of
20 ng g'l.
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3.1 Main Section

We hypothesize that this reduction in deposition of atmospheric Hg to terrestrial ecosystems
has impacted the bi-directional exchange of GEM in remote areas. More specifically at Degero
Stormyr, where the current levels of wet bulk Hg deposition are low relative to our observed
evasion, the emission of legacy Hg suggests that the peat soil pool is the dominant source for
Hg loss from open boreal peatlands. If this situation with high re-emissions of GEM s
sustained, it will lead to a much faster than anticipated reduction in the pool of Hg from the
Degerd peatland, and eventually a reduction in the supply of Hg to downstream aquatic food
webs.

To make an initial estimate of the time this would take, we assumed that the observed
levels of evasion will remain constant while no significant change occurs in either the wet bulk
deposition, discharge or the growing season water balance (Teutschbein et al., 2015). With a
further assumption that catchment runoff is dominated by Hg from the uppermost peat, then
it will take around 80 years to deplete the entire pool of legacy Hg in the uppermost 34 cm to a
background concentration level of 20 ng THg g™ (DM) in the peat.

We conclude that GEM emission to the atmosphere may constitute a major loss term in
the Hg balance of boreal peatlands. This will lead to decreased Hg contamination of
downstream aquatic ecosystems in the coming decades, provided that atmospheric Hg levels
do not increase. Evasion from peatlands would thereby attenuate the negative effects of past
Hg deposition on ecosystems and human health.

The proven reliability of the novel REA system for long-term measurements of land
atmosphere exchange of GEM (Osterwalder et al., 2016) creates possibilities for similar long-
term measurements at other peatlands as well as over other ecosystems, including forests and
oceans. If the reversal of the net flux of Hg from the atmosphere into peatlands is occurring at
a global scale, and possibly even for other ecosystems, then it will increase the societal value
of the ambitious goals set by the UN Minamata Convention for reducing anthropogenic Hg
emissions to the atmosphere.
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3.2 Methods

3.2.1 Research site

The annual Hg mass balance was estimated for the period 18.06.2013 - 17.06.2014, for the
nutrient-poor, boreal mire, Degerd Stormyr (64°11’N, 19°33’E, altitude 270 m above sea level),
Vasterbotten, Sweden. The study focused on an open peatland area of 1.9 km? with an
average peat depth of 3 - 4 m (max. 8 m). The GEM flux source area is characterized by
uniform microtopography and vegetation, dominated by lawn and carpet plant communities
(Fig. S3.1). The climate is generally cold and humid with persistent snow cover during
~6 months (Fig. 3.2). The 30-year (1981 - 2010) mean annual temperature is 1.8 °C and the
mean precipitation is 614 mm, of which about 35% falls as snow (Laudon et al.,, 2013). A
detailed description of the site can be found in Section S3.1 and in Granberg et al. (2001).

3.2.2 Peat sampling and Hg analysis

In autumn 2015 two replicate peat profiles were taken in every cardinal direction from the REA
tower (n = 8; Fig. $3.2). The 34 cm long profiles (100 cm? cross section) were cut in 2 cm
increments freeze-dried for 5 days and then weighed for the determination of their dry mass
and bulk density. The THg in peat samples was analyzed using a SMS100 (Perkin Elmer,
Waltham, USA) through thermal decomposition atomic absorption spectrometry according to
EPA method 7473. Certified reference lake sediment (IAEA SL1 [130 ng g']) and pine needle
material (PINE1575a [40 ng g™]) were used for calibration. Replicate samples and the reference
material were analyzed regularly (10% of the sampling sequence). The precision was < 5%
relative standard deviation. See Section S3.2 for further details.

3.2.3 Hg in wet bulk deposition

Atmospheric wet bulk deposition was sampled continuously at the EMEP station Bredkalen
(63°51’N, 15°20°E; 210 km west of Degerd Stormyr) using IVL wet bulk samplers. Cumulative
wet bulk deposition was derived from THg concentrations. Precipitation was obtained from the
reference climate station Kulb&cksliden, located 1 km east of Degerd Stormyr (Tab. S3.2).
Precipitations was measured manually on a daily basis, using a standard collector with a wind-
screen following WMO-recommendations.

3.2.4 Peatland-atmosphere exchange of GEM

The dual-inlet, single detector REA system was set up in the center of the peatland (Fig. S3.2),
15 m south of a fully equipped EC tower (Sagerfors et al., 2008). Sampling inlets were mounted
at 3.5 m above the ground. A short description of the REA design and operating parameters
are given in Section S3.4. For details see Osterwalder et al. (2016). Monthly averages of GEM
flux were computed based on an annual total of 4075 60-min values. Between December 2013
and February 2014 no measurements were performed. System maintenance was done
monthly. The REA sampling interval was 30 min. The overall data coverage was 32%. The GEM
flux source area covered 2.5 ha of homogenous wet lawns and carpet plant communities
during snow-free conditions. The Hg detector and the two gold cartridge pairs were calibrated
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every second month by injection of different volumes of Hg saturated air from a temperature
controlled Hg vapor calibration unit (Tekran Model 2505, Toronto, Canada). GEM recovery was
monitored automatically using the GEM reference gas and Hg zero-air generator (see
Fig. S3.4). The system was regularly set into a reference mode (2s-simulated wind signal) to
check for sampling line bias and to investigate the precision of concentration difference
measurements. The detection limits were derived from the absolute standard deviation of the
residuals from orthogonal linear regression fitting (cf. Zhu et al., 2015b). Residuals (n = 960) did
not show any trend with time or GEM concentration. The detection limit (10) was 0.05 and
0.04 ng m™ for gold cartridge pair 1 and pair 2, respectively. In total 53% and 52% of the
measured GEM differences were above these limits. Please note that the average flux values
reported in the main text include data below the detection limit (average exchange rates
would otherwise be overestimated).

3.2.5 Hg in catchment discharge

Continuous discharge was measured in a heated flume at the catchment outlet averaged to
hourly values. Stream water was sampled twelve times for Hg during the measurement period.
The THg analyses were performed at Stockholm University Department of Applied
Environmental Science following the US EPA standard method 1631 (US EPA, 2002) using a
10.035 Millennium Merlin 1631 CV-AFS (PSA, Orpington, UK). Annual THg export in discharge
was calculated by multiplying the interpolated THg concentration with discharge quantity (see
Sect. S3.5).

3.2.6 Dissolved gaseous Hg and other environmental parameters

Dissolved gaseous elemental Hg concentration in the pore water was measured weekly during
June - October 2013 and May - June 2014 using a Tekran Automated Purging System
developed and described by Lindberg (2000) (see Sect. S3.6). Instruments to determine
meteorological parameters were mounted at 2 m height above the peatland surface on the
same tower as the eddy covariance system. Air temperature and humidity were determined by
an MP100 temperature and moisture sensor (Rotronic AG, Bassersdorf, Switzerland) equipped
with a ventilated shield. Global radiation was measured using a Li200sz sensor (LI-COR, Lincoln,
USA). Water table levels were measured in a lawn plant community using a float and
counterweight system attached to a potentiometer (Roulet et al., 1991). The snow depth was
measured by a Sr-50 ultrasonic sensor (Campbell Scientific Logan, USA) mounted on the REA
tower.
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Abstract

Quantitative estimates of the land-atmosphere exchange of gaseous elemental mercury (GEM)
are largely biased by the employed measurement technique, because no standard method and
operating protocols exist. Here we present concurrent measurements of a novel relaxed eddy
accumulation (REA) system, a rectangular Teflon® PFA and a new type dynamic flux chamber
(DFC) over a boreal peatland. During four consecutive days the DFCs were placed alternately
on two measurement plots in every cardinal direction around the REA tower. Spatial
heterogeneity in peat surface characteristics was identified by measuring total mercury in the
soil (49 - 62 ng g*), vascular plant coverage (32 - 52%), water table level (4.5 - 13.9 cm) and
dissolved gaseous elemental mercury concentrations (28 - 51 pg L) in the peat water. The
GEM fluxes measured by the DFCs showed a distinct diel pattern, but no spatial difference in
the average fluxes was detected (ANOVA, a = 0.05). Even though the correlation between the
Teflon® PFA DFC and the new type DFC was significant (p = 0.76, p < 0.05) the cumulative flux
of the NDFC was a factor 3 higher and close to the REA cumulative flux (< 2% difference). The
average flux of the NDFC (1.9 ng m™ h™") and REA (2 ng m? h™) were in good agreement with
the averaged REA flux measured during a previous study in July 2013 (2.5 ng m™? h™) at the
same site. As typical for micrometeorological methods, REA showed higher temporal variability
and the correlation of GEM fluxes between REA and the DFCs was insignificant (p < 0.1,
p < 0.05). This was primarily due to the different underlying methodological assumptions and
different impacts of meteorological parameters. The results indicate that the novel REA design
is not subject to significant flux overestimation and that the new type DFC, which includes the
effect of atmospheric turbulence, has the potential to bridge the gap between flux estimates
derived from micrometeorological and enclosure techniques.



4.1 Introduction

4.1 Introduction

Globally, anthropogenic mercury (Hg) emissions to the atmosphere and its subsequent
deposition have increased the storage of this neurotoxic element in organic soils by 20%
(Smith-Downey et al., 2010). The semi-volatile elemental form is produced in organic soils by a
suite of reductive (photochemical, microbial, and dark abiotic) processes from the Hg** pool
and can be re-emitted to the atmosphere. The quantification of GEM fluxes from terrestrial
environments is important, because the re-emission of GEM to the atmosphere converts the
soil bound and rather immobile Hg into a mobile form with potential long-range transport,
(Selin et al., 2008) subsequent deposition, and accumulation in food chains.

Two main methodologies exist to measure land-atmosphere exchange of GEM: First,
dynamic flux chambers (DFCs) representing small-scale spatial measurements which are ideal
for comparison studies to understand the influence of individual controlling factors on GEM
flux (Gustin et al., 1999). The method is based on GEM concentration measurements between
the inlet and outlet of the DFC. Up to now DFCs have been used for 85% of GEM flux
measurements (Agnan et al., 2016). However, DFC measurements have been criticized since
the enclosure disturbs the microclimate by influencing aerodynamics, temperature and the
radiation balance (Wallschlager et al.,, 1999; Gustin et al., 1999). Furthermore, among DFC
studies a high variability was observed due to differences in designs, operating procedures,
and application protocols (Eckley et al., 2010), as well as a limited spatial representativeness
(as reviewed by Agnan et al., 2016).

To overcome the limitation of the DFC measurements, micrometeorological methods
(MM) have been developed which allow larger-scale measurements and only marginally
modify environmental conditions. They include the relaxed eddy accumulation (REA) method
(Cobos et al.,, 2002; Olofsson et al., 2005b; Bash and Miller, 2008; Sommar et al., 2013b;
Osterwalder et al., 2016), the aerodynamic gradient (AGM) methods (e.g. Lindberg et al., 1995;
Fritsche et al., 2008b; Baya and Van Heyst, 2010), and the modified Bowen ration (MBR)
method (e.g. Obrist et al., 2006; Fritsche et al., 2008b; Converse et al., 2010). Field trials of Hg
eddy covariance (EC) measurements over background sites revealed no manifest GEM-vertical
wind covariance, indicating fluxes were below the method detection limit (Pierce et al., 2015).
Comparison studies over Hg-enriched soils have shown that fluxes determined with DFCs were
nearly 3 times lower compared to fluxes derived from AGM and MBR method fluxes
(Wallschlager et al., 1999; Gustin et al., 1999; Zhu et al., 2015a). Carpi and Lindberg (1997)
found that MM-derived fluxes were generally up to 20% higher than DFC fluxes for sludge-
amended soils and Pierce et al. (2015) reported 16% lower fluxes measured with a DFC
compared to MBR fluxes. A new type of dynamic flux chamber (NDFC) designed by Lin et al.,
(2012) accounts for atmospheric surface-layer shear properties by a scaling procedure. Field
examination indicated that NDFC may bridge the gap in magnitude between DFC- and MM-
derived flux. NDFC differed less than 10% from AGM and MBR, while the flux derived from a
traditional DFC was 42% and 31% lower compared to AGM and MBR (Zhu et al., 2015a)

In the study we present the first method comparison between a Teflon® PFA DFC (TDFC), a
NDFC and a dual-inlet, single detector REA system deployed at a pristine peatland catchment
site in northern Sweden. Peatlands were identified as hot spots in the landscape for
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production of highly toxic methylmercury (MeHg) species that in-turn biomagnifies in aquatic
food webs (Watras and Bloom, 1992). This makes investigations of Hg cycling in such
environments of high interest (St. Louis et al., 1994; Mitchell et al., 2008). GEM land-
atmosphere exchange studies conducted over northern peatlands are scarce, but indicated
that wetland GEM evasion may seasonally rival the input flux of Hg wet deposition (e.g.
Kyllénen et al., 2012; Osterwalder et al., 2016).

The choice of methods to capture GEM fluxes highly depends on availability of resources as
well as expert knowledge. While DFC measurements are relatively low-cost and require only
medium expert knowledge, MM methods and especially the REA method are highly cost
intensive and require long-term availability of highly specialized staff. The question remains if
DFC measurements still deliver valuable quantitative GEM flux estimates, where MM methods
are not feasible. Due to the different scales associated, a comparison of DFC (surface area of
typically < 0.1 m?) to MM methods (in our case 80% of the flux originates from a footprint of
11500 m?) has to consider the site heterogeneity. The peatland surface within the EC footprint
has previously been defined as homogeneous and is made up of wet lawns and carpet plant
communities (Nilsson et al., 2008). Nevertheless, the GEM source strength could be altered by
spatial changes in total Hg concentrations in the peat (THg), abundance of vascular plants (VP),
water table level (WTL), or dissolved gaseous Hg (DGM) concentration in peatland pore water.
Correlations between THg in the soil and GEM fluxes have been found across individual
background sites (Nacht et al., 2004; Sigler et al., 2006). Higher abundance of vascular plants is
expected to contribute more to GEM re-emission due to less Hg sequestration compared to
bryophytes (Selvendiran et al., 2008) and the capacity of DGM transport by transpiration flow
and release of GEM through stomata and cuticles (Lindberg et al., 2002). Water bodies are
defined as net sources of GEM to the atmosphere (Wang et al., 2014). Thus, high water table
levels and elevated concentrations of volatilizable DGM especially during periods of high
surface wind speeds may promote GEM emissions.

The objective of this study was to investigate whether DFC and REA measurements are
comparable if small-scale variation in the GEM flux was accounted for with spatial repetitions
of DFC measurements. As such, the integrated GEM flux over a larger spatial extension upwind
of the REA sampling tower was compared with simultaneous GEM fluxes determined over
spatially repeated small footprints using a pair of co-located TDFC and NDFC. For the first time
we compared and evaluated quantitatively derived GEM fluxes from REA and the set of DFCs,
and contribute to evaluation of standardized methods.
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4.2.1 Site description

Measurements were performed continuously between July 8 and 12, 2014 in the center of
Degerd Stormyr (2.7 km?), a mixed acid mire system (64°11’N, 19°33’E; 270 m a.s.l) situated in
the Kulbéacksliden domain of the Svartberget long-term experimental research (LTER) facility
near Vindeln in the county of Vasterbotten, Sweden. The surrounding forest is a mixed
coniferous forest (Pinus sylvestris L and Picea abies L. H. Karst) with minor contribution by
birch (Betula pubescens Ehrh.). The average peat depth is generally between 3 and 4 m. The
deepest layers correspond to an age of ~8000 years. THg concentrations between 0 - 34 cm
measured in autumn 2015 averaged 57 + 8 (+SE) ng g™ and designating the area as typical
background site (see peat profile in Fig. S3.3). Vegetation cover within the REA fetch mainly
consists of vascular plants (dominated by Eriophorum vaginatum L., Trichophorum cespitosum
L. Hartm., Vaccinium oxycoccos L., Andromeda polifolia L., Rubus chamaemorus L. and sparsely
interspersed by Carex limosa L., and Schezeria palustris L.) and Sphagnum species (Sphagnum
majus Russ. C. Jens, S. lindbergii Schimp., S. balticum Russ. C. Jens, S. fuscum Schimp.Klinggr.
and S. rubellum Wils) (Nilsson et al., 2008; Laine et al., 2012). The 30 year (1981 - 2010) mean
annual precipitation and temperature are 614 mm and +1.8°C while the mean temperatures in
July are +14.7°C (Ottosson-Lofvenius et al., 2013; Laudon et al., 2013). The dominant wind-
direction in summer is northeast (Sagerfors et al., 2008).

4.2.2 Relaxed eddy accumulation technique

The dual-inlet, single detector REA system consists of a USA-1 ultrasonic anemometer (METEK
GmbH, EImshorn, Germany) to measure standard deviation of the vertical wind velocity, two
sets of fast-response valves (Model 6128, Biirkert, Ingelfingen, Germany) to sample and
separate vertically upward and downward moving air parcels, GEM adsorption cartridges, an
atomic fluorescence analytical unit as well as a GEM reference gas and Hg zero-air generator
unit. The REA design and operation parameters are described in detail by Osterwalder et al.
(2016). A schematic of the applied system is presented in Figure S3.4. The vertical GEM-flux is
calculated over 30 min intervals using:

Frea = Bow(Cy — Cg), (4.1)

where o,, is the standard deviation of the vertical wind velocity, C, — C,; is the difference

between the average GEM concentration in updrafts and downdrafts, respectively and B is the

relaxation coefficient determined by assuming the EC sensible heat flux (see Sect. 2.2) equal to

corresponding REA flux derived analogous to Equation 4.1:
w'T’

ow(Tu—Ta)

g = (4.2)

where T,, — T, is the difference between averaged air temperatures measured in updrafts and
downdrafts, respectively. A zero centered dynamic deadband (0.50,) was introduced. A
recursive high-pass filter removed bias in measurements of vertical wind velocity (McMillen,
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1988; Richardson et al.,, 2012). GEM recovery was monitored by automated and alternate
injections (every 30 min) of a GEM reference gas and dry Hg-free air.

REA raw flux data were post-processed by implementing a series of standard corrections
and were screened for low quality data by applying rejection criteria following Osterwalder et
al. (2016). 8% of the data were discarded. The gaps were filled for better comparability with
DFC fluxes using a look-up table where 6 fixed intervals for air temperatures between 5 and
35°C were defined. Air temperature showed a light but significant correlation with the REA flux
(p = 0.26, p < 0.05) and was recorded completely during the campaign. Before and after the
measurement campaign the system was set to operate in a reference mode to check for up-
and downdraft sampling line bias. Based on the performance in reference mode, the detection
limit was derived in two steps by (i) calculating the GEM concentration difference between the
two gold cartridge pairs and by (ii) resolving the absolute standard deviation of the residuals
from orthogonal regression fitting (cf. Zhu et al., 2015b).

4.2.3 Enclosure techniques

Two types of DFC were deployed in side-by-side measurements (the set-up is visualized in Fig.
S4.2). The TDFC with a square footprint (0.44 m x 0.44 m) was made of 0.25 mm Teflon® PFA
film supported by a rectangular frame (height: 0.29 m). The TDFC has five 1 cm diameter holes
in regular distance along each sidewall located 6 cm above the surface. The sample port (@ 0.5
cm) was located in the top and center of the DFC. The characteristics and performance of the
polycarbonate NDFC has been previously been documented in Lin et al. (2012) and Zhu et al.
(2015a, b). The aerodynamic design of the NDFC covering a surface of 0.09 m? produces a
uniform surface friction velocity that can be controlled by the sampling flow rate. Therefore,
the flux under atmospheric conditions can be derived from measured flux normalized by the
ratio of the overall mass transfer coefficient in ambient air to that in the NDFC (Eq. 4.4). Both
DFCs were operated at a flow rate of 13.3 L min™ corresponding to turnover times of 4.2 min
and 0.4 min for TDFC and NDFC, respectively. The TDFC flux was calculated according to
Equation 4.3 (Xiao et al., 1991) and the NDFC flux determined with Equation 4.4, incorporating
surface shear properties (Lin et al., 2012):

Q(Ci_co)
Frppc = pym— (4.3)

<4 86 0.03h%u, Dy /(6kzgDl) )
t 2 -
_Q(Ci—Cp)  kgrm __ Q(Ci—Cp) 140.016 J{(hzu*DH)/(ezoDl}
Fnpre = 2 "% =72 ' ,
NDFC NDFC NDFC (4 864 0.03hQDpy/(AcDl) >

3 2
140.016 J{(hQDH)/(Ach}

(4.4)

where Frpee and Fypee are the GEM fluxes derived from the TDFC and NDFC method,
respectively, Q is the applied flow rate (13.3 L min™), C; and C, are the inlet and outlet GEM
concentrations, respectively and A is the surface enclosed by the DFCs. h is the NDFC height
(0.03 m), Iis the distance measured from the starting point of the measurement zone (0.15 m),
u* is the friction velocity, k is the Kdrman constant (0.41) (Seinfeld and Pandis, 1998), z, is
surface roughness height, A, is the flow cross-sectional area (0.009 m?) and D, and D are the
hydraulic radius (0.0545 m) and diffusivity of GEM (1.194-10° m*s™), respectively.
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Prior to application in the field, the DFCs were cleaned in a 5% nitric acid bath for 24h and
rinsed with ultrapure water (Milli-Q, 18.2 MQ-cm, Millipore Corp.). Blank measurements were
performed on site over an acid-cleaned Teflon® PTFE film before and after the campaign. The
blanks calculated for TDFC (0.1 +0.2 ngm>h™, n=51) and NDFC (0.3 £ 0.3 ngm?>h™, n = 115)
were interpolated and subtracted from the calculated GEM fluxes. Typical sources of
uncertainty for REA and DFC measurements can be reviewed in Zhu et al. (2015b).

4.2.4 Instrumentation and sampling

The anemometer and intake lines of the REA system were installed at 3.5 m above the surface.
The former measured turbulent fluctuations of the horizontal and vertical wind at a resolution
of 20 Hz. 30 min averages of horizontal wind speed, wind direction, friction velocity (u*) and
stability (z/L) were derived. EC systems with sensors installed 15 m north of the REA tower
have been measuring exchange of greenhouse gases, water vapor and energy at 1.8 m height
a.g.l. since 2001 (Sagerfors et al., 2008) and since 2013 within the Pan-European Integrated
Carbon Observation System (ICOS) infrastructure. From these measurements 30 min averages
of the sensible heat flux were derived for B-calculations (Eq. 4.2). Sensors to measure
additional climate variables were placed on the same tower (see details below). 8.5 m long
Teflon® PFA sampling tubes connected the fast-response valves with the GEM-accumulation
and analysis system. The system was installed in a temperature controlled dome shaped
plexiglass container (Igloo Satellite Cabin, Icewall One, Australia), which also houses the main
part of ICOS instrumentation.

The REA footprint was estimated for each half-hour period during the campaign and
beyond (July 2 - 17, 2014) using a Lagrangian stochastic forward model (Rannik et al., 2000)
based on atmospheric conditions, measurement height and surface roughness (0.02 m).
Footprint modeling is crucial to pin-point overlap between the source area of REA flux and the
DFC measurement plots. These plots are located within 65 m of the REA tower in E, S and W
direction. The N plots are more distant (~120 m) from the REA tower (Fig. 4.1a).

The ground based, mobile DFC sampling setup basically consisted of a flushing unit, a two
port sampling valve system and an automated Hg vapor analyzer (further details can be
reviewed in Figure S4.2). Alternately, in one hour intervals the DFCs were deployed over two
plots at every cardinal direction. In clockwise direction, the DFC measurements started at the
plots in the north and were rotated for four full laps during the campaign. At the inlet and
outlet of the DFCs, a sub-stream of air (1.3 L min™') was sequentially sampled twice at 5 min
intervals using a Synchronized Two-Port Sampler (Tekran Model 1110, Toronto, Canada). Plot
specific one hour GEM fluxes were calculated using Equations 4.3 and 4.4 for TDFC (n = 32) and
NDFC (n = 32), respectively. The measurements were evenly distributed over the 4 days in
order to be comparable with the 30 min REA fluxes (n = 192). Boardwalks gave access the all
measurement plots and guaranteed an undisturbed investigation of the peatland surface.
After every measurement, the DFCs were cleaned with ultrapure water and air dried. 15 min
prior to sampling the DFCs were put on the plots again. The DFC and REA Hg analyzers (Tekran
Model 2537A and 2500, respectively) were calibrated in-situ before and after the field
campaign using a temperature-controlled Hg vapor calibration unit (Tekran Model 2505).
Multiple volumes (3 - 8 pl) of saturated GEM vapor were manually injected into a Hg-free air
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stream obtained from a zero-air generator (Tekran Model 1100) using a 10 pl digital gas-tight
syringe (Hamilton, Reno, USA).

Dry deposition velocities were calculated for the REA and DFC method by dividing the GEM
flux by the atmospheric GEM concentration measurements at the same height (Poissant et al.,
2004a). Statistical calculations were performed using R version 3.1.2 (R Core Team, 2011).

4.2.5 Environmental parameters

Eight peat cores (0 - 34 cm) were taken in autumn 2015 close to the plots where GEM flux
measurements were performed. The cores were cut in 2 cm increments, air-dried and sieved
(< 2 mm). THg analysis was performed by thermal decomposition (750°C) followed by
amalgamation on gold-traps, thermal desorption, and analysis of vapor Hg by Atomic
Absorption Spectroscopy according to EPA method 7473. Certified reference lake sediment
material (IAEA SL-1) was used for calibrations. Replicate samples and the reference material
were analyzed regularly (10% of the sampling sequence) with an established precision of < 10%
(relative SD). For further details on peat core analysis see section “Supporting Information to
Chapter 3”.

On the eight measurement plots, vegetation composition was investigated using percent
cover estimates following Wiedermann et al. (2007). The flat area within the plots was
representative for the REA footprint and was fully covered by Sphagnum. Vascular plants
growing within the plots were dominated by sedges and dwarf-shrubs. The partial vascular
plant coverage was calculated for each plot.

Water table levels were determined after every GEM flux measurement (n = 64) using
basic plumbing well-tubes (@ 16 mm) drilled into the peat next to the plots. A standard
procedure was applied by inserting a scaled PVC-tube into the wells and blowing into it until a
bubbling was heard.

The DGM sampling setup that was applied during two days after the campaign is illustrated
in the “Supporting Information to Chapter 3” (Fig. S3.6). Surface water samples (collected at
WTL-10 cm) were collected in a 1 L PFA vessel and analyzed immediately in the field using an
automated purging system following Lindberg et al. (2000). The samples were purged with Hg-
free air (Tekran Model 1100) for a total of 60 min (40 min sample, 20-min whole-blank) at a
flow rate of 1.2 L min™. The DGM concentration was then calculated from the difference
between the sample and blank (1.3 + 0.8 pg) purges and was expressed on a water volume
basis. Between the single measurements the vessel was purged with ultrapure water for 20
min. DGM in ultrapure water was always below the detection limit of ~0.5 pg. Diurnal cycles
for DGM in the peat water were not pronounced during the entire growing season (Fig. S3.6b).

Meteorological parameters were measured by sensors mounted on the EC tower. Global
radiation (Rg) was measured on 4 m height using a Li200sz sensor (LICOR, Lincoln, Nebraska,
USA). Air temperature (T,) and humidity (Rh) were determined by a MP100 temperature and
moisture sensor (Rotronic AG, Bassersdorf, Switzerland) inside a ventilated radiation shield
mounted 1.8 m above the peatland surface. Mean water levels and soil temperatures
representative for the REA footprint were measured 100 m northeast of the EC tower. The
WTL was measured using a float and counterweight system attached to a potentiometer
(Roulet et al., 1991). Soil temperature (T,) at 2 cm depth was measured by TO3R thermistors
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mounted in sealed, waterproof, stainless steel tubes (TOJO Skogsteknik, Djakneboda, Sweden).
Due to an instrument failure, T, data for only 65% of the campaign period were logged. All
environmental data were stored as 30 min averages on a data logger (CR10X, Campbell
Scientific, Logan, Utah). Air temperature and relative humidity inside and outside (10 cm above
surface) the DFC were measured every 5 min by a ELUSB-2 Humidity, Temperature and Dew
Point Data Logger on a 5 min base (DATAQ Instruments, Akron, USA).
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4.3 Results and Discussion

4.3.1 Environmental conditions

Meteorological conditions during the campaign were persistently very fair and unusually warm
(19.7 £ 6.1°C) (see time series in Fig. S4.3). No precipitation was recorded during the
measurements. Nighttime conditions with global radiation below 5 Wm™ accounted for 19% of
the time. Fog formed during the nights when relative humidity was close to 100%. Wind speed
was considerably higher during the day (2.0 + 1.0 m s?) than at night (0.9 + 0.9 m s™).
Prevailing winds were from north (39%) and east (46%) (Fig. 4.1b).
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Figure 4.1: Aerial photograph of Degerd Stormyr with contour lines indicating the predicted source area of GEM
flux measured by the relaxed eddy accumulation (REA) system (a). The green polygon marks the location of the
REA tower. The footprint of the innermost red circle corresponds to 50% of the measurements performed during
the 4-day campaign. The second red circle includes 80% of the measurements. The yellow contours (50% and
80% dashed line, 95% continuous line) indicate the source area of the measurements for the period from 02.07 -
17.07.2014). Locations of the 8 plots for the DFC measurements are shown as white stars arranged in all four
cardinal directions. The polar histogram for wind speed (b) and atmospheric GEM concentration (c) describe the
conditions during the campaign.

Atmospheric conditions were stable (z/L > 0.2; where z is the measuring height and L the
Monin-Obukhov stability length), neutral (-0.2 < z/L > 0.2) and unstable (z/L < 0.2) during 23%,
8% and 69% of the time, respectively. At nighttime, stable conditions were dominant (64%).
77% of the measurement time featured windy conditions (u* > 0.1 m s?), during which
turbulent transport of GEM is assumed to dominate convectively driven transport.

The mean water table within the REA fetch (Fig. 4.1a) decreased from 14.2 to 16.6 cm
below the surface during the course of the measurements. The atmospheric GEM
concentration measured at 3.5 m a.g.l. ranged between 0.9 and 1.7 ng m™ and showed no
discernible dependence on wind direction (Fig. 4.1c). The corresponding mean of 1.3 + 0.1
ng m™ during the 4-day campaign compares with observations made in boreal Fennoscandia
(Nerentorp et al.,, 2013). Thus, to summarize, due to the heatwave present in July 2014,
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meteorological conditions were very stable during the campaign and ideal for a field inter-
comparison of flux measurement methods operating over differing spatio-temporal scales.

4.3.2 REA GEM flux characteristics

The average + SD GEM flux measured with REA was 2 + 24 ng m2 h™ and ranged from -83 to 72
ng m? h' (Tab. 4.1). The median + MAD (median absolute deviation) was 1.6 + 17 ng m> h™.
Both, average atmospheric GEM concentration and turbulent flux were independent of wind
direction (Fig. 4.1c and Fig. 4.3c). The mean concentration difference between up- and
downdrafts measured with the gold cartridge pairs C1-C3 and C2-C4 were 0.05 and
0.04 ng m?, respectively. Even though 36% and 59% of the GEM fluxes were below the
detection limit of 0.03 ng m™ for respective gold cartridge pairs, smaller concentration
gradients were included in the results, as average fluxes would otherwise be overestimated
(Fritsche et al., 2008b).

Table 4.1: Summary of mean, median and 10" and 90" percentiles of the GEM flux determined with a Teflon®
PFA and new type dynamic flux chamber (TDFC and NDFC) and the relaxed eddy accumulation (REA) technique.
Simultaneously determined atmospheric GEM concentrations (measured with the DFC and REA setup) and
environmental parameters are listed. Pearson correlation coefficients (p) between GEM flux and factors
controlling GEM flux are given in bold if statistically significant (p < 0.05)

Variable 08.07 - 12.07.2014

unit Mean Median 10"/90" % Prorc n PNDFC n PReA n
TDFC flux ngmZh’ 0.66 0.4 0.77/2.6 8] 8] S [-] [-]
NDFC flux ngm?h* 1.93 0.63 -1.78/7.73 076 32 SIS [ [
REA flux ngm?h* 2 1.6 -27/34 0.06 96 003 9 [ 96

REA Footprint parameters

GEM concentration REA ng m?> [3.5m] 1.3 13 1.15/1.46 [-] [-] [-] [-] -0.02 192
GEM concentration DFCs ng m? [20 cm] 1.5 1.57 1.17/1.46 0.87 32 0.75 32 [-] [-]
Solar radiation Wm? 253 208 1.7/559 0.8 32 0.79 32 -0.01 192
Temperature [2m] °C 19.7 20.9 11.1/27.5 0.81 32 0.74 32 0.26 192
Temperature inside TDFC °C 25.8 31 9/39.1 0.81 32 [-] [-] [-] [-]
Temperature inside NDFC °C 22.3 18 7.5/39.2 [-] [-] 0.82 32 [-] [-]
Temperature outside DFCs °C[10 cm] 20.2 21.5 8.8/30.1 0.81 32 0.8 32 [-] [-]
Soil temperature °C[-2cm] 18.5 18.7 14.9/21.7 [-] [-] [-] [-] 0.51 127
Relative humidity % 66.8 64.5 40.7/97.1 -0.79 32 -0.68 32 -0.31 192
Wind speed ms"t 1.6 1.7 0.3/2.9 0.42 32 0.49 32 0.16 192
Friction velocity ms? 0.2 0.2 0.07/0.32 [-] [-] [-] [-] 0.16 192
Mean water level cm -15.5 -15.4 -16.6/-14.6 [-] [-] [-] [-] 0.12 127
Substrate Hg [0-10 cm] ng g'1 23.7 24 20/28 [-] 8 [-] 8 [-] [-]

Based on the REA footprint calculations after Rannik et al. (2000), 80% of the REA GEM flux
during the campaign originated from an area of 11500 m? (Fig 4.1). The measurement plots in
the north (N 1,2), east (E 1,2) and south (S 1,2), were situated within the main wind directions
which were from northwest to southeast. The area southwest of the tower contributed only
5% of the GEM source area and was represented by plot (W 1,2). We conclude that GEM
exchange from the western part of the peatland was rather underrepresented in the REA
signal, while northwestern, northeastern and southeastern areas contributing 23%, 31% and
41% to the GEM source area, respectively (Fig. 4.3c).
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4.3.3 DFC GEM flux characteristics

The average * SD of the GEM flux was 0.7 + 1.3 for the TDFC (n = 32) and 1.9 + 3.8 for the NDFC
(n = 32) (Tab. 4.1). Median + MAD were 0.4 + 1.3 ng m> h' and 0.6 + 3.2 ng m” h™,
respectively. The two averages were not significantly different (Mann-Whitney U test,
o = 0.05) but the NDFC flux displayed a higher variance (Fig. 4.4b). The higher variability in the
NDFC flux is not just associated with the correction for atmospheric boundary shear conditions
(Eq. 4.4) but already exhibited larger median absolute deviation (+2.6 ng m? h™) prior to
correction (see Fig. S4.1).
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Figure 4.2: The bar chart indicates plot characteristics dependent on total Hg in the peat (THg, 0 - 34 cm,
averaged for each cardinal direction), abundance of vascular plants (VP), water table level (WTL) and dissolved
gaseous Hg (DGM).

Besides methodological bias, spatial heterogeneity of the DFC footprints has been shown to
influence the magnitude of the parallel flux measurements (Wallschlager et al., 1999 and
Gustin and Lindberg, 2000). Within the REA footprint, divergences in peat THg, abundance of
vascular plants, water table level and DGM were investigated for every cardinal direction
(Fig. 4.2). In the peatland area north of the flux tower THg in the top 34 cm was 48.7 ng g* and
lower compared to the E (58.0 ng g?), S (60.4 ng g™) and W (62.0 ng g?) plots. In the same area
vascular plants were less abundant (32%), water table level in the plots was highest (4.5 cm
below the surface), and the pore water DGM concentrations were lowest (28 ng L!). The THg
pool in the soil (0 - 34 cm) differed considerably in the following order: N (718 pg m™) < W (801
ug m?) < S (880 ug m?) < E (1131 pg m™2). Water table level in the other areas of the peatland
was in a similar range (12.5 - 14.1 cm below the surface), whereas vascular plant coverage was
highest (52%) within the plots located in the west. Overall, DGM was supersaturated with
respect to Henry’s law equilibrium with atmospheric GEM and showed highest concentrations
south (46.2 pg L") and east (50.9 pg L") of the REA tower. GEM fluxes measured over a total of
eight plots were averaged and inter-compared by analysis of variance (ANOVA, p < 0.05). Prior
to analysis the response variables were log-normalized to achieve normal distribution.
Variability in GEM flux was neither displayed between plots nor directions (Fig. 4.3a and 4.3b).
Thus, we conclude that the REA footprint is spatially homogenous with respect to GEM source
strength.
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Figure 4.3: GEM fluxes measured with the Teflon® PFA DFC (TDFC) (a) and new type DFC (NDFC) (b) over two plots
at each cardinal direction surrounding the relaxed eddy accumulation (REA) system (c) (n = 8 per boxplot). The
REA GEM flux is separated in four sectors of wind direction (blue). The N, E, S and W plots were located within the
NW, NE, SE, SW wind sectors, respectively. The black bar indicates the median, the top and bottom edges of the
boxes indicate the 75™ and the 25™ percentiles, respectively. The whiskers indicate 1.5 times the interquartile
range.

The higher total variance in the NDFC flux was largely driven by a more pronounced diel
pattern (Fig 4.4a). Reasons for amplification of the rather well-defined temporal pattern with
discernible sharp maximum (emission) and shallow minimum (deposition) include:

1) DFC geometry and aerodynamics: The flat, rectangular design of the NDFC ensured a
more uniform airflow over the surface and increased airstream velocity. This resulted in
thinner surface boundary layer with diminished soil/air exchange resistance advancing
GEM emission from the soil. Non-horizontal flow in the TDFC reduced the exchange
surface area (Zhang et al., 2002; Eckley et al., 2010; Agnan et al., 2016).

2) DFC air exchange rate: The volume and turnover time for the TDFC was 10 times higher
compared to the NDFC. Less voluminous DFCs and shorter turnover times were reported
to positively influence GEM emission (Eckley et al., 2010). Though, the DFC turnover time
and the flushing flow rate which was set to 13.3 L min™ for both DFCs must have an
identifiable influence on GEM fluxes (Eckley et al., 2016). The flushing flow rate was
considered as ideal for the NDFC (Lin et al., 2012). This also holds for the TDFC since lower
flushing flow rates are recommended for much smaller traditional DFCs at background
sites (Eckley et al., 2010; Engle et al., 2006). However, the slower turnover time may have
created an artifical boundary layer with elevated Hg concentrations at the air-surface
interface resulting in a suppression of emissions (Gustin et al., 1999).
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3) Fabrication material: The NDFC displayed a slightly higher and more variable blank in
comparison to the consistently low TDFC blank. Teflon® PFA film is in addition considered
an ideal material for Hg research DFCs due to its full transmission of actinic light (Eckley et
al., 2010). Polycarbonate DFCs in contrast block wavelengths below 320 nm and therefore
tend to underestimate GEM fluxes (Eckley et al., 2010). A recent synthesis of GEM flux
measurements in Western North America found that fluxes from Teflon® DFCs were 150%
higher than fluxes measured using polycarbonate DFCs (Eckley et al., 2016). Nevertheless,
DFCs seem not able to preserve ambient air temperature due to altered long-wave
radiation balance. On an average, we found a substantially positive difference between
inside and outside temperature that is more pronounced for the TDFC (5.3 + 4.9 °C)
compared to the NDFC (2.6 + 5.7 °C). We presume that the effect is substantially less in
terms of surface soil temperature difference and plausibly less grave in perturbing the
GEM exchange process at the soil interface.

Bi-directional exchange of GEM was evident with daytime (02:30 - 21:30) emission and shallow
nighttime (22:00 - 02:00) deposition (Fig. 4.4a). Both the TDFC and NDFC flux data sets showed
positive skewness (0.43 and 0.59) due to a sharper daytime peak than the features of

nocturnal levelling-off.
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Figure 4.4: Diel plot of 3-hourly mean GEM fluxes measured during 4 days (July 08, 06:00 - July 12, 06:00) with a
Teflon® PFA (red) and new type (green) dynamic flux chamber (TDFC and NDFC) and the relaxed eddy
accumulation (REA) technique (blue). TDFC and NDFC measurements were plot averaged (n = 4 per boxplot). For
better comparison a 6-hourly smoothed REA GEM flux (n = 24 per boxplot) time series is illustrated (a). Values
beyond + 50 ng m™2 h™ are not shown (b). Diel pattern of atmospheric GEM concentration measured with DFCs
20 cm above the surface (n = 16 per boxplot) and with REA at 3.5 m (n = 24 per boxplot) are given (c). Details of

the boxplot data presentation are provided in the caption of Figure 4.2.
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4.3.4 Comparison of REA and DFC measurement techniques

Our results suggest that site heterogeneity was minimal and that a direct method comparison
was possible. The means of GEM fluxes derived from the REA and the NDFC method were not
statistically different (Mann-Whitney U test, a = 0.05) albeit the REA flux had a considerably
higher variation (Fig. 4.4b). The highly variable 30 min turbulent fluxes are subject to constant
changes of atmospheric turbulence within the surface layer and are typical for MM
measurements. The REA flux is considered as net ecosystem Hg flux including GEM emission
from the soils, water and vegetation surfaces and dry deposition i.e. GEM uptake by
vegetation. The estimated strong influence by atmospheric conditions on the REA flux seems
to smear distinct diel patterns gauged by the DFC systems. Surface soil temperature was the
only environmental variable strongly positively correlated with REA GEM flux (generally:
p < 0.3, p <0.05). Weak correlations with environmental parameters are most common within
MM-flux studies (e.g. Fritsche et al., 2008a; Fritsche et al., 2008b; Bash and Miller, 2009;
Converse et al., 2010).

Nevertheless, the REA flux indicated net GEM deposition in the early morning hours and
predominant GEM emission from midday until after midnight. The drop in GEM emission in the
early afternoon probably indicates compensation of elevated GEM volatilization due to solar
radiation, air and soil temperature by uptake of GEM by plants (Fig. 4.4a). GEM dry deposition
to the peat surface by foliar uptake has been shown to be the dominant deposition pathway in
a peat bog in the French Pyrenees (Enrico et al., 2016). THg content in sedges (11 + 4.4 ng g")
and moss (77 + 30 ng g") vary considerably and the mechanism of atmospheric GEM uptake is
still unclear especially for moss due to the absence of stomata. However, an inconsiderable
diel pattern of GEM concentrations at 3.5 m was found (Fig. 4.4c). Atmospheric GEM
concentrations measured with the DFC setup were 1.5 + 0.3 ng m™, and 15% higher compared
to REA derived concentrations. This implies the development of a concentration gradient
between 0.2 m (DFC measurement) and 3.5 m (REA) a.g.l during sun-light hours (Fig. 4.4c).
Atmospheric GEM concentrations at 0.2 m above the surface showed a distinct diel pattern
with highest median concentrations between 8 AM and 2 PM. During the DFC measurements a
significant positive correlation between atmospheric GEM concentrations and GEM exchange
was found (p = 0.87 and p = 0.75, p < 0.05), while most studies report negative correlations
(reviewed by Agnan et al., 2016).

Estimated current Hg accumulation rates based on THg in the peat profiles and peat
growth rates account for ~4 ug m? yr* and is much lower than average Hg accumulation rates
from Pinet bog (34 + 8 m? yr') and from other wetlands worldwide (25 pg m? yr'') (Enrico et
al., 2016; Amos et al., 2015). In concert with low Hg accumulation rates the flux measurements
revealed low GEM dry deposition velocities measured with the TDFC, NDFC and REA of 0.008,
0.012 and 0.043 cm s™, respectively. Median GEM dry deposition velocities were generally
lower than in other DFC studies (< 0.05 cm s™*; Zhang et al., 2009; 0.1 cm s™*; Enrico et al., 2016)
and REA studies (< 0.2 cm s™; Zhu et al., 2015a). Deposition velocities < 0.03 cm s™ indicates
hindered GEM deposition and probably low uptake of GEM by plants (Lee et al., 2000). At
Degerd, net dry deposition occurred in 41% (TDFC), 38% (NDFC) and 37% (REA) of the
measurement period.
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In this perspective, the REA diel flux patterns may reflect coupling with variations in larger
scale atmospheric GEM concentrations over the landscape indicated by a maximum rate of
change in GEM concentrations of 0.22 ng m™ h™. Larger, low-frequency flow patterns, i.e.

coherent structures, may cause (opposite flux) differences between DFCs and MM
measurement results (Riederer et al., 2014).
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Long-term measurements conducted at the same site in July 2013 designate the short-term
REA measurements presented herein representative for summer time GEM emission rates (cf.
Chapter 3). There were no other MM-flux studies performed over peatlands with background
THg concentrations in the peat of < 0.3 pg g*. Globally GEM flux measurements performed
over background wetlands (n = 23) ranged between -4.8 and 6.6 ng m™ h™* (Agnan et al., 2016).

DFC fluxes followed a distinct diel pattern during the campaign with the change from GEM
emission to net deposition between 17 and 23 PM (Fig. 4.4a). DFC emission peaked between
11:00 and 14:00 and was in concert with daytime peaks of global radiation, air and soil
temperature. Besides these main controlling factors on land-atmosphere exchange of GEM
other meteorological variables, such as relative humidity, wind speed/turbulence and air Hg
and oxidant concentrations, can also affect GEM exchange (Carpi and Lindberg, 1997; Engle et
al., 2005; Poissant et al., 1999; Xin and Gustin, 2007). Pearson correlation coefficients showed
a significant positive relationship for both DFCs between GEM flux (p = 0.76, p < 0.05) and
global radiation, air and soil temperature (correlation coefficients are listed in Tab. 4.1). A
strong negative correlation was found with relative humidity.

Even though DFCs operate decoupled from atmospheric conditions and are subject to
measurement artifacts due to the perturbed microenvironment enclosed the cumulative fluxes
indicated similar source strength from small NDFC (0.09 m™) and larger REA footprints (11500
m?). The cumulative flux gauged by the TDFC was just 37% of the NDFC and REA fluxes, which
summed up to 175 and 173 ng m™, respectively (Fig. 4.5). However, the temporal feature of
the REA flux reveals different flux pattern, occasionally in reverse directions, reflecting the
inherent variability in the turbulent fluxes (Fig. 4.6). Despite this observed flux variability, the
mean and magnitude of the REA flux is comparable with the fluxes derived from the NDFC.

74



4.3 Results and Discussion

This indicates that in contrast to the TDFC, the NDFC flux correction with synchronized surface
shear properties seem to bridge discrepancies in the magnitude of fluxes gauged between
DFCs and the REA method. However, DFC measurements remain biased by altering
temperature and moisture regimes over the footprint and are insensitive to changes in
atmospheric conditions that can control the flux (Lai et al., 2012). The application of DFCs is
impeded over tall vegetation and limited during precipitation or snow events (Hg wet
deposition). Prolonged DFC measurements are also supposed to modify GEM uptake by foliage
influencing plant physiology. To assess net annual Hg exchange on an ecosystem scale,
heterogeneity in soil surface characteristics has to be addressed with spatially and temporally
repeated measurements. In a boreal peatland with a pronounced seasonal climate many DFC
measurement campaigns under different meteorological conditions and subsequently high
demand for manpower would be necessary to upscale a quantitative flux based on field
measurements. To rule out the possibility that means and magnitudes of the REA and NDFC
flux were similar by coincidence we suggest prolonged method inter-comparison campaigns.
Concurrent measurements with DFCs, REA and other MM-methods under changing
environmental conditions are required to define methodological bias and to derive a standard
protocol for flux measurements.
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4.4 Conclusion

In this study we compared quantitative summertime GEM flux exchange over a boreal
peatland using a TDFC, NDFC and the novel dual-inlet, single detector REA system during four
consecutive days. A method inter-comparison was propitious, because alternate DFC
measurements identified the REA footprint as a homogeneous GEM source area independent
of small-scale changes in topsoil THg concentration, abundance of vascular plants, water table
levels or dissolved gaseous mercury concentrations in the peat pore water. There was good
agreement among timely averages of GEM flux derived from the three methods even though
variation in the measured fluxes increased (TDFC < NDFC < REA) when taking atmospheric
conditions into account. DFC time series showed distinct diel patterns indicating that repetitive
24h measurements are necessary for quantitative flux estimates on an ecosystem scale. The
NDFC technique measured cumulative fluxes similar to the turbulent fluxes obtained by REA.
This indicates that the NDFC has the potential to bridge the gap in GEM flux magnitude
frequently reported between turbulent and enclosure-based measurements and that the novel
REA design has improved measurement precision and is not subject to significant flux
overestimation any longer (as was concluded by Zhu et al.,, 2015a). However, to identify
landscape-specific GEM sink-source characteristics REA should be favorably applied in long-
term measurement campaigns that allow flux time averaging. Caution must be taken in the
interpretation of short-term REA fluxes especially during periods when GEM difference in
updrafts and downdrafts are small and turbulence is insufficient. For short-term, mechanistic
studies DFCs are the favorable tool with the NDFC suitable for quantitative flux estimations
over low vegetation.
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Abstract

We investigated the evasion of gaseous elemental mercury from experimental plots on a
boreal peatland that had been exposed for 15 years to different combinations of atmospheric
sulfur and nitrogen deposition as well as greenhouse treatments simulating climate change.
Shaded dynamic flux chamber measurements during the summer 2009 showed emissions of
GEM to the atmosphere from most of the treated plots (0.7 + 0.9 ng m™ h"). However, GEM
exchange rates were significantly lower, occasionally indicating Hg uptake, on plots subjected
to sulfur addition at rates of 20 kg ha™ yr. Enhanced nitrogen deposition and greenhouse
treatment had no significant effect on GEM fluxes. We hypothesize that the lower Hg evasion
from the sulfur-treated plots is related to either earlier Hg evasion or Hg binding to sulfur in
organic matter, making Hg less susceptible to volatilization and more prone to transport in
runoff.
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5.1 Introduction

5.1 Introduction

Mercury (Hg) pollution is a major concern, with Hg concentrations in freshwater fish often
exceeding acceptable levels, especially in high-latitude regions where peatlands are a common
landscape element. Peatlands, with their low redox status and high carbon content provide
favorable conditions for formation of the more bioavailable methylmercury (MeHg) (St. Louis
et al., 1994; Selvendiran et al., 2008) and are thus considered to be a major mediator for the
increased levels of Hg in freshwater fish.

Methylation of inorganic Hg to MeHg is strongly enhanced under anaerobic conditions and
conducted by Hg-methylating bacteria from several microbial genera but mainly sulfate-
reducing bacteria (SRB) when sulfate is in surplus compared to other electron acceptors (Shao
et al., 2012; Yu et al., 2012; Gilmour et al., 2013). The reduction of sulfate (SO,) to H,S provides
an important binding ligand for inorganic Hg (Skyllberg et al., 2003; Gabriel and Williamson,
2004; Harmon et al., 2004) and as a byproduct, most likely through co-metabolism, MeHg is
formed in quantities dependent on the prevailing level of sulfide (Benoit et al., 1999; Pedrero
et al.,, 2012; Truong et al., 2013). Application of sulfate to wetlands in field and laboratory
experiments has verified the linkage between enhanced sulfate deposition and MeHg
production (Gilmour et al.,, 1992; Branfireun et al.,, 2001; King et al., 2002; Galloway and
Branfireun, 2004; Jeremiason et al., 2006; Bergman et al., 2012; Akerblom et al., 2013).

However, sulfur also affects other processes within the Hg cycle. The reduction of Hg* to
Hg®, which evades to the atmosphere, is connected to relatively high redox potentials (redox
equilibria at +659 mV [Bisogni, 1989]). This suggests that Hg®* reduction is not rivaled by
sulfate reducers that are bound to much lower redox potentials (Eh < -221 mV at pH 7 and
25°C). However, reduced sulfur species, and especially sulfides, effectively bind Hg*" by
forming stable HgS complexes, thus decreasing the size of the Hg” pool available for
reduction. Following this line of reasoning, we would expect more Hg complexation in soils
that have been exposed to elevated levels of S deposition. In contrast, Akerblom et al. (2013)
have shown that the total Hg stored in the peat layer of experimental plots from the surface
down to 40 cm significantly declined in response to elevated levels of sulfur deposition
compared to that in neighboring control plots after 12 years (Tab. 5.1).

A variety of factors have been found to influence the emission of Hg from soils such as soil
and atmospheric Hg concentrations (Kuiken et al., 2008a; Miller et al., 2011), soil and air
temperature (Kim et al., 2012; Moore and Castro, 2012) soil moisture (Xin et al., 2007;
Rinklebe et al., 2010) and incident solar radiation (Moore and Carpi, 2005). Several recent
studies have determined TGM (total gaseous mercury, which predominantly consists of
gaseous elemental mercury, [GEM]) fluxes from wetlands (Munthe et al., 2001). Most of these
studies have employed dynamic flux chambers (DFCs) with a focus on key factors influencing
Hg emission (During et al., 2009; Kyllonen et al., 2012; and others listed in Sommar et al.,
2013a). However, the comparison of fluxes from different studies is often challenging due to
the different designs and varying operating procedures (Eckley et al., 2010)

To investigate the hypothesis that GEM evasion is affected by sulfate deposition, we
measured GEM flux with a shaded polycarbonate DFC (PDFC) on experimental plots exposed to
increased sulfur separately and in combination with two other simulated anthropogenic
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influences, increased nitrogen deposition rates and a greenhouse treatment to increase soil
and air temperatures.
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5.2 Methods

The mixed acid peatland of Degerd Stormyr, which covers an area of ~6.5 km? and is located
~60 km north of Umed, Sweden, was our study site. The evasion of GEM was measured on
2 x 2 m plots, arranged in a random, duplicate 2*-factorial design with ambient and elevated
levels of sulfur (S) and nitrogen (N) as well as ambient and elevated temperature simulated
using a greenhouse cover (GH). This has been in operation since 1995 to study the effects of S
and N deposition as well as temperature on the emission of methane (see Granberg et al.,
2001 for a detailed description of the experimental setup). The lower levels of S and N
correspond to ambient deposition rates at the site (3 and 2 kg ha™ yr™, respectively) while the
high levels of 20 kg ha™ yr* S and 30 kg ha™ yr'' N correspond to maximal deposition levels in
southern Sweden during the 1980’s. N as ammonium nitrate (NH;NO;) and S as sodium sulfate
(Na,S0,) are dissolved in 10 L of surface water and evenly distributed over the plots with a
watering can. Each year one-third is directly applied after snowmelt and the rest is divided into
four doses applied at the beginning of every month from June to September. The temperature
was increased by covering the plots with perforated plastic sheets during the snow-free
period, resulting in a mean increase of daily air temperatures 25 cm above the vegetation
surface of 3.6°C and significant soil heating (~2°C) over ambient conditions between May and
September (Granberg et al., 2001).

Differences in GEM fluxes between the three main treatments and their two-way and
three-way interactions were evaluated by analysis of variance (ANOVA) using R version 2.15.1
(R Core Team, 2011) The level of significance was taken as p < 0.05.

Between August 14 and 26, 2009, the emission of GEM was measured two times on each
plot with a PDFC [0.367 m (length) x 0.267 m (width) x 0.195 m (height)]. The PDFC was shaded
to exclude the effect of direct sunlight on GEM emissions. Although sunlight is a major driver
of evasion of GEM from soils (Carpi et al., 2007) we minimized the effect of this factor to reveal
the influences and interactions of S, N and GH on the exchange of GEM. Ambient air was
circulated through the PDFC at a flow rate of 11 L min™. At the inlet and outlet a sub-stream of
air was diverted and drawn over a pair of gold cartridges at 0.5 L min™ for 30 min. The Hg on
the gold cartridges was then thermally desorbed and analyzed with a Tekran 2537A mercury
vapor analyzer. Fluxes were then derived from Equation 5.1:

Ci—Co
Feem = %, (5.1)

where C;and C, designate the inlet and outlet concentrations of GEM, Q the air flow rate and A
the surface area covered by the PDFC. The sampling lines to the gold cartridges were heated to
avoid water condensation and loss of Hg. Passivation of the gold cartridges was checked
repeatedly by adding GEM saturated air from a temperature controlled permeation source
(Tekran Model 2505, Toronto, Canada) to the sampled air stream. The recovery rate of these
standard additions reached 98.3% and 99.7%. Thus it was assured that instrumental artifacts
did not affect our measurements. PDFC blanks were performed in the field with the PDFC
placed on an acid-cleaned Teflon® PTFE film and measured three times for 1.5 h before and
after, and two times in the middle of the campaign (n = 8). The blanks averaged zero and were
not subtracted upon calculating of soil fluxes. The air temperature and relative humidity inside
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and outside the PDFC were determined simultaneously with the flux measurements using EL-
USB-2 Humidity, Temperature and Dew Point Data Loggers (DataQ Instruments, Akron, OH,
USA).
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5.3 Results and Discussion

The emission of GEM from the peatland surface was generally low at all plots [mean =
0.7 ng m? h, standard deviation (SD) = 0.9, n = 16] compared to earlier published results,
most likely because we minimized photoreduction processes by shading the PDFC. Other
published GEM flux rates measured over nonpolluted wetland sites remote from major Hg
pollution sources (soils with < 0.1 mg Hg kg™) using enclosure methods without shading range
between -1.5to 7.1 ng m?h? (Lindberg et al., 2000; Poissant et al., 2004b; Marsik et al., 2005;
Kyllénen et al., 2012).

Just a few DFC studies are published using shaded DFCs (Carpi and Lindberg, 1998) or
comparing day and night fluxes (Kuiken et al., 2008b; Magarelli and Fostier, 2005; Ericksen et
al.,, 2006). Ericksen et al. (2006) measured GEM fluxes over 46 background soils, including
agricultural, grassland, desert and mixed and pine forest ecosystems, across the United States
and report significantly elevated GEM emissions in the light compared to dark for all except
grassland sites. Most of the dark fluxes ranged from -0.1 to 2.7 ng m™” h™ and are thus similar
in magnitude to the GEM exchange rates at Deger¢ Stormyr.

A significant (p < 0.001, ANOVA) reduction in the rate of evasion of GEM from the HighS
plots was observed (Fig. 5.1). While the average flux from the LowS plots was 1.40 + 0.78
ng m2h’, it was -0.01 + 0.38 ng m2h™ from the HighS plots.
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Figure 5.1: Effect of S, N and GH treatments on GEM flux at Degerd Stormyr. Low level of sulfur and nitrogen
deposition =3 kg Sand 2 kg N ha™ yr'l, respectively. High level of sulfur and nitrogen deposition = 20 kg ha™ yr'1
and 30 kg ha™ yr'l), respectively. n = 8 for each boxplot, data averaged for each of the runs (one run includes 16
measurements). The upper edge of the box indicates the 75" percentile, the lower indicates the 25" percentile.
Whiskers indicate the 90" and 10™ percentiles, while the line within the box marks the median. Asterisks denote
means.

Using a conventionally calculated method detection limit (e.g. 3 x SD; see Eckley et al., 2010),
the flux values reported here are technically below detection limit. However, a clear and highly
significant HighS treatment effect is revealed by the factorial design. Regardless, absolute flux
values presented here should be viewed with caution.
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5.3 Results and Discussion

No main treatment effects of N and GH and no two-way or three-way interactions of all three
factors were observed. The redox status of the peatland was not monitored during this study.
However, at pH 4 the odor of H,S being emitted from the HighS plots was clearly perceptible,
confirming the presence of reduced S species.

It is tempting to suggest that the observed suppression of the GEM evasion may be entirely
attributed to elevated levels of S in the peatland and its ability to form stable Hg complexes
that reduce the bioavailability of Hg and prevent evasion of GEM to the atmosphere. However,
Akerblom et al. (2013) reported that the total Hg content in the soil (THg and HEinorg @s the
mass of Hg per unit dry mass of peat) decreased significantly by 34 % in the S-only plots
compared to the control plots and by 14 % in the HighS plots compared to the LowS plots after
enhanced S deposition for 12 years (Tab. 5.1). GEM flux and THg in the peat correlate weakly
for all plots (rspearman = 0.24). The amount of S is also larger in the peat of the HighS plots, and
highest in the S-only plots.

This indicates that since the experiment began, more THg was lost from the HighS plots,
while more S accumulated in these plots. One possibility is that the loss of THg resulted from
higher rates of evasion of GEM from the HighS compared to the LowS plots earlier in the
experiment when evasion measurements were not being made. This could have lowered the
amount of Hg in the peat and contributed to the lower rate of evasion observed in the
experiment over a decade after the addition of S began.

A second possible pathway through which Hg could leave the plots is lateral loss via
overland flow bound to the S in organic material. We suggest that elevated rates of S
deposition increased the number of available Hg-binding sites in peat organic matter because
of the increased availability of thiols and polysulfides as has been shown by Skyllberg (2008).
This favored the export of complexed Hg species via runoff while also hindering GEM evasion.
Additionally, changes in methylation rates of inorganic Hg within the experimental plots could
have fundamentally altered its mobility and bioavailability, thereby influencing GEM evasion
rates (Boening et al., 2000; Frohne et al., 2012).

Besides solar radiation, air temperature is important and also positively correlated to Hg
evasion (Kim et al., 2012), whereas relative humidity is usually negatively correlated to GEM
fluxes (Poissant et al., 1998). Fluxes from the HighS and LowS plots showed weak (rspearman
range from -0.38 to 0.21) and insignificant correlations with meteorological parameters and
inlet air Hg concentrations (Tab. 5.1). Compared to ambient values, relative humidity inside the
PDFC was elevated by 11% on average, but no condensation was observed. We conclude that
our comparison study was not biased because of changes in weather conditions and that the
shading minimized warming of the air inside the PDFC.

This study demonstrates that the long-term addition of S to the peatland surface has
significantly reduced the evasion of GEM. This result, together with those of Akerblom et al.
(2013) who showed a reduced store of Hg in the upper 40 cm of the peat (and an increase in
S), suggests that the reducing HighS peatland environment not only favors the formation of
MeHg, but also alters the long-term balance of Hg inputs and outputs.
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Table 5.1: Means and standard deviation of GEM flux and inlet air GEM concentrations (GEM inlet) detected on
the HighS and LowS plots. Data for the S-only treatment and control plot (without combinations) are given
separately. Air temperatures inside the flux polycarbonate dynamic flux chamber (Tpprc) and ambient air
temperatures (T,;) and relative humidity (Rh) were measured simultaneously. Total Hg (THg), inorganic Hg
(Hginorg) and total sulfur (St) concentrations in the soil (0 - 40 cm depth) were determined by Akerblom et al.
(2013) in 2007. The pore water pH was published in Bergman et al. (2012) and determined in August 1999.

Sites GEM flux GEM inlet THg HEinorg Stot Trorc Tair Rh pH
[ngm”h] [ng m”] Ingg’] Ingg’] [ng dm?] [°cl [°cl %]

::g_hie) 0.01+0.4 148+0.16 459+12  435+115 103 +2.7 203+4 20+4.1 65.4+11 4

(Lr?v—vie) 140:0.8 163:0.14 53.1+11 514112 83+2.1 223+4  202+45 52685 4

(Sr']o_"!‘y) 019408 1.51+0.12 38.1+4.1 34.8+3.1 11.7+0.9 16.7+0.8 17.2+1 50.3+3.4 4

control

(n=4) 1.39+2.3 1.7+0.11 57.3%6 56.3%6.1 72+27 21.6+1.4 18.742.5 79.2+6.4 3.9

Until now, two mechanisms that link the S and Hg cycles had been identified in previous
studies: first, increased bioavailability of HgS-species enhances the uptake of Hg*" by sulfate-
reducing bacteria (Gilmour et al., 1992) and, second, increased sulfate reduction promotes
methylation of Hg** (Ranchou-Peyruse et al., 2009). Our study revealed that after 15 years of
enhanced S deposition, the rate of GEM evasion is significantly lower likely due to a
combination of direct (suppressed evasion) and indirect (loss of Hg from peat) effects,
although this experiment cannot offer a definitive mechanistic explanation. To fully
understand the net effects of changes in anthropogenic S deposition on the Hg exchange
between the atmosphere and peatlands, this single measurement campaign should be
complemented by longer-term observations of exchange dynamics from daily to decadal
scales. Such observations will be a useful basis for developing a better process understanding
of the specific mechanisms that drive these dynamics of which our study has provided a
glimpse of.
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Abstract

Between 1930 and 1970 a chemical factory located in Visp, Switzerland, discharged waste
water polluted with dozens of tons of mercury (Hg) to a nearby canal. The Hg-enriched
sediments from the canal contaminated adjacent playgrounds, gardens, and agricultural land.
Out of 1277 investigated properties 12% have been found to contain more than 2 mg Hg kg™ in
the upper 20 cm of the soil and require remediation actions. Gaseous elemental mercury
(GEM) can evade from these soils, elevate atmospheric GEM concen-trations close to the
surface and pose a potential health risk to residents. In order to quantify the amount of Hg
mobilized by GEM emission and to estimate the emission potential a new type dynamic flux
chamber was used to determine the all-day GEM flux over nine properties with total soil Hg
concentrations ranging between < 0.1 and 210 mg kg™. The property averaged GEM flux was
between 38 and 1258 ng m™ h™ and showed a significant relationship with total Hg in the soil
(r* = 77%, p < 0.01). GEM emission was found to enhance average GEM concentrations at a
height of 1 m above the properties by a factor ranging from 1.4 to 4.6 compared with
background concentrations. To allow better comparability between the sites the dynamic flux
chamber was shaded. No distinct diel patterns in GEM flux were found. Annual GEM emissions
projected from all properties (8.6 km?) amount for 4.5 kg and constitute about 0.5% of the
total Hg emissions in Switzerland. The Hg pollution potential in the top 20 cm of the area is
~4900 kg and represents a long-term source of atmospheric Hg. As a result it is recommended
to take remediation measures in order to decrease Hg mobilization by GEM emission and
subsequent deposition elsewhere. The present atmospheric GEM concentrations are not
expected to lead to any medical conditions as a result of chronic inhalation of Hg vapor.



6.1 Introduction

6.1 Introduction

Global emissions of gaseous elemental mercury (GEM) from contaminated surfaces are
estimated to be approximately 82000 kg. This figure was obtained via modeling of fluxes from
more than 3000 point sources including Hg mines and various industrial locations e.g. non-
ferrous metal production and precious metal processing facilities (Kocman et al.,, 2013).
Elevated GEM concentrations in the air, in the range of 2 - 4 orders of magnitude, have been
reported from mining areas in China (Li et al., 2009). Besides dental fillings, inhalation of GEM
in ambient air is perhaps one of the most important sources for human exposure to metallic
mercury (Hg) vapor. Acute inhalation of GEM might also occur in laboratories, work places as
well as in homes (e.g. broken thermometers and fluorescent lamps). Chronic exposure to
lower GEM concentrations induces symptoms from the central nervous system including
tremors, delusions, memory loss and neurocognitive disorders (Clarkson and Magos, 2006).
Industrially contaminated sites usually emit GEM from small areas, but can pose a strong
environmental impact on the surrounding habitats. Industrial locations represent a long-term
source of Hg to the air (40% of the total emissions), soil and water if not managed properly
(Kocman et al., 2013).

Between 1930 and 1973 a chemical factory owned by Lonza AG in Visp, Switzerland, was
regularly releasing Hg as a waste product to the environment. Mercury(ll) sulfate was used as a
catalyst for the production of acetaldehyde from acetylene and water. The company admitted
that during that period about 50 tons of Hg were emitted to the air and another 50 tons were
discharged with waste water into the nearby canal, called “Grossgrundkanal”. The sediments
in the “Grossgrundkanal” have since been dredged regularly to guarantee unhindered water
drainage into the river Rhone. Through maintenance work, these contaminated sediments
were spread on surrounding lands as well as on sites further away (backfills). As a result, there
are more than 100 properties with Hg concentrations above 2 mg kg™ which is the threshold
above which soil remediation is required (Verordnung lber Belastung des Bodens, VBBo,
2016).

These Hg contaminated soils have a high potential to pollute surrounding landscapes via
GEM emission and subsequent atmospheric deposition. Based on 3501 soil samples analyzed
for THg we aim to derive the total surface-atmosphere GEM exchange over a populated area
of 8.6 km? between Visp and Niedergesteln and relate it to contemporary emission rates in
Switzerland. This zone makes up 0.02% of the country’s land surface area. In order to achieve
this, we established levels of GEM emission from nine sites contaminated with a wide range of
THg (< 0.1 - 210 mg kg™) in the topsoil. In addition, we determined soil characteristics (pH,
moisture and temperature) as well as meteorological variables during 24h-GEM flux
measurements to define potential controls on GEM flux in addition to the topsoil THg content.

The measurements were implemented to contribute to a more comprehensive series of
studies collectively aiming to assess the chronical exposure of the local residents to Hg vapor
as a result of the elevated Hg content in the contaminated soil. In addition to our current
study, Prof. Pascal Boivin (hepia, Geneva, Switzerland), Prof. Ruben Kretzschmar (ETH Zurich,
Switzerland) and Prof. Laurent Charlet (University of Grenoble, France) were investigating the
representativeness of the sampling and analysis done by the engineering office Arcadis
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Schweiz AG. Their focus was to investigate (i) speciation and mobility of Hg in the soil, (ii)
methylation potential in saturated zones, (iii) isolation of Hg hotspots and (iv) spatial and
depth heterogeneity of Hg concentrations. The linkage of in-depth investigations of Hg in the
atmosphere, soil and water is expected to not only influence remediation strategies but also
provide new insights into Hg cycling between soil, water and air at contaminated sites.
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6.2 Methods

6.2.1 Measurement setup

Dynamic flux chambers (DFCs) are suitable for small-scale measurements (Cobos et al., 2002)
and site comparison studies (Fritsche et al., 2014), and therefore ideal for the application
described herein. Our setup consisted of a flushing unit (Fig. 6.1a) and a detector valve unit
(Fig. 6.1b) which could be easily deployed in the field. The measurement setup was very similar
to that used in Chapter 4 (Fig. S4.2) with the only difference being that only one DFC was used
in this work. The flushing unit (metal box) was placed close to the new type DFC (NDFC) and
connected to the detector valve unit with 30 m of Teflon® PFA tubing. Pumps generated a
continuous airflow of 15 L min™ through the NDFC that is regulated by a mass flow controller.
1.3 L air min™ was analyzed for GEM using a Hg detector (Tekran Model 2537A, Toronto,
Canada). High-purity Argon was used as a carrier gas. Alternately, GEM concentrations inside
and outside the NDFC were determined to calculate the GEM flux (see Eq. 4.4).

Air temp inside and outside of the NDFC [°C] é

Soil temp and moisture [°C and %]
Wind speed and direction [m s and °]

‘ Solar radiation [Wm™] (shaded) =
==, PAR [umol photons m-2s7'] (shaded) :

] m Relative humidity [%]
{5 Precipitaion [mm] ‘

Figure 6.1: Flushing unit (metal box), new type DFC and Figure 6.2: lllustration of all meteorological and

ambient air inlet during measurements on site VS009 (a). soil parameters measured on every site
Detector valve unit, Ar bottle, laptop, and Teflon® PFA tubing (example of site HKO045). Atmospheric GEM
are displayed during measurements on site HK045. A tent concentration and GEM flux, soil and meteo-
protects the equipment from rain and heating by direct solar  rological parameters were determined simul-
irradiation (b). The mobile tower equipped with me- taneously. THg concentrations within the top
teorological measuring instruments and logger cabinet at site 10 cm at plots 1-3 accounted for 1.4, 3.5 and
XX32 (c). 3.5mg kg'l, respectively.

The NDFC is described in Lin et al. (2012) and has been applied by Zhu et al. (2015a) over bare
soils in China in 2013 and successfully operated to conduct the study presented in Chapter 4 at
Degerd Stormyr in summer 2014. The NDFC is made of polycarbonate and encloses a soil
surface of 0.09 m™ The total flowrate through the chamber was 16.3 L min™. The detection
limit of the method was derived from NDFC blank measurements (n = 204) and averaged
2.8+ 2.4 ng m?h™. Blanks were measured before, during and after the campaign over an acid-
cleaned Teflon® PTFE film. The instrument detection limit of the Hg detector is 0.1 ng m™
which is sufficient to resolve GEM fluxes from background sites.
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6.2.2 Site description and sampling

GEM fluxes were measured over nine sites, five of which are located in Visp and the remaining
four in Raron, Canton Valais, Switzerland. Figure 6.3 shows a map (1:25000) displaying the
location of the parcels. Sites VS009 and VS015 were located in the center of Visp (not on the
map). The uncontaminated property VS015 (< 0.1 mg THg kg™*) was chosen as control site.

uncontamniated < 0.5 ppm

slightly <2 ppm
I moderately >2 ppm
[ heavily

< 0.1 ppm (VSOISX)‘

46 ppm (T35) 3.6 ppm (TT9)

Figure 6.3: Selected sites with different THg concentrations in ppm (mixed soil samples from 0 - 20 cm) in Visp
and Raron. The pictures of the sites were taken during the GEM flux measurements.

The mixed THg concentration at each site was previously determined by Arcadis Schweiz AG
and derived from 16 soil samples (0 - 20 cm). These samples were taken within an area of 10 x
10 m or along a line-transect and analyzed following the protocol defined by the “Verordnung
Uber Belastung des Bodens” (VBBo) using 2M HNO; extraction (sieved < 2mm and dried at
40°C for 48h). THg concentrations were below 0.5 ppm (green), between 0.5 and 2 ppm
(orange), between 2 - 5 ppm (red) and > 5 ppm (purple). The slightly contaminated property
HW108 is registered in the “Kataster der belasten Standorte (KbS)” of the Canton Valais and no
remediation action is scheduled. According to the VBBo 0.5 ppm is defined as the reference
value (“Richtwert”). For the sites with > 2 ppm THg remediation actions will be enforced
because the test value (“Prifwert”) and remediation value (“Sanierungswert”) were set to 2
ppm in March 2015 (AltlV, Art. 12 Abs. 1).

The study sites were chosen according to THg concentrations in the soil, homogeneous
vegetation cover, access permits granted to private properties, line power supply and
accessibility (see photo documentation in the Supporting Information to Chapter 6).

The field-campaign lasted for 10 days between August 16 and 29, 2015. Atmospheric GEM
concentrations (inlet at 1 m height) and GEM fluxes were measured over three different plots

92



6.2 Methods

alternately during a 24h period at each site (Fig. 6.2). Where possible, the plots were located
within a 10 m radius. During one day the NDFC was placed 8 times on the same plot for 40
min. Between the measurements, the NDFC was cleaned with ultrapure water (Milli-Q, 18.2
MQ-cm, Millipore Corp.) and dried. Simultaneously, air temperature outside the NDFC, relative
humidity, wind speed and direction and precipitation were measured with a weather
transmitter (Vaisala WXT520, Vantaa, Finland) mounted onto a tower two meters above the
surface (Fig. 6.1c). 1 m above the NDFC, in the shade, solar radiation and photosynthetically
active radiation (PAR) were measured using a CM11 (Kipp&Zonen, Delft, Netherlands) and a
QS5 Quantum Sensor (Delta-T Devices, Cambridge, UK), respectively. Soil temperatures were
measured at 2 cm depth with a Campbell Scientific 107 temperature probe and logged every
10 min, in addition to all the other parameters, using a CR1000 (Campbell Scientific, Logan,
USA). Soil moisture was determined manually using a ML3 Theta Probe (Delta-T Devices,
Cambridge, UK). Air temperature inside the NDFC was logged with two DS1923 iButtons
(Maxim Integrated, San Jose, USA). Four soil cores (0 - 10 cm) were taken from each plot after
the measurements using a Pirckhauer. The soil was dried at 40°C and sieved (< 2 mm).
Analysis of THg in soil samples was done by thermal decomposition (750°C) followed by
amalgamation on a gold-trap, thermal desorption, and analysis of vapor Hg by Atomic
Absorption Spectroscopy according to EPA method 7473. Certified reference lake sediment
material (IAEA SL-1) was used for calibration. Replicate samples and the reference material
were analyzed regularly (10% of the sampling sequence) and the precision was under 10%
relative standard deviation (SD).
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6.3 Results and Discussion

Air temperatures during the measurements averaged at 18.9°C and ranged from 8.7 to 33°C.
There were only few incidents of precipitation (1.3 L m™) (Fig. 6.5b) and mostly cloudless
conditions prevailed. Daily averaged atmospheric GEM concentrations at the sites ranged from
2.2 to 7.3 ng m>. The minimum and maximum recorded values were 1.6 and 20.3 ng m>~,
respectively. The property averaged GEM fluxes ranged from 38 to 1258 ng m2h™ (Tab. 6.1).
Table 6.1: Site information and measured GEM fluxes and atmospheric GEM concentrations. Soil THg
concentrations (0-10 cm) and mixed samples analyzed by Arcadis AG from 0-20 and 20-40 cm depth are given.

The color code is associated to Figure 6.3 and indicates the uncontaminated property (green) and the slightly
(yellow), moderately (red) and heavily (purple) contaminated properties.

site location zone land-use coord x coord y GEN!; GEM_IIU?: THg 0':_l10 THg 0-?10 THe 20-_110

[ngm?™] [ngm~h7] [mgke'] [mgke'] [mgks']
VS015 Visp South residental grassland 634358 126871 2.2 45 0.5 <0.1 <0.1
HW108  Visp West residental lawn 633348 127450 2.6 38 1 1.2 0.3
HK081b  Visp Kleeg. residental lawn 633686 127734 3.5 113 2.7 2.8 14
TT9 Turtig East sport soccer field 628300 128045 3.6 100 2.6 3.6 2.6
HK045 Visp Kleeg. sport lawn 633703 127435 33 237 2.8 4.5 4.8
XX32 Turtig West  public soccer field 627620 128192 33 207 7.5 18 19
T35 Turtig East residental grassland 628247 128049 5.2 675 38 46 23
X2 Turtig East residental grassland 627977 128141 4.1 174 17 79 8.9
VS009 Visp South residental  bare soil 634297 126890 7.3 1258 310 210 250

At all of the investigated locations the atmospheric GEM concentrations were found to be
directly proportional to the THg concentrations in soil. Generally no significant difference was
found for the atmospheric GEM concentrations measured over the 3 different plots at each
site (Fig. 6.4a). In the heavily contaminated plots (> 5 mg kg™) the GEM fluxes were found to be
two-to-three orders of magnitude higher than at background sites (Fig. 6.4b). Small-scale
heterogeneity of soil contamination was reflected at sites TT9 and X2 by substantial variability
of GEM flux measured over the 3 plots. Depth and spatial heterogeneity in THg concentrations
is primarily due to uneven spreading of the filling material or sediments used as soil improver
in gardens (Tab. $6.1). Our THg measurements (0 - 10 cm) from 3 plots at each site allowed the
parcels to be classified as slightly (0.5 - 2 mg kg™), moderately (2 - 5 mg kg™') and heavily
contaminated (> 5 mg kg™) sites. However, the uncontaminated property (VS015) showed
higher THg concentrations and had to be categorized as slightly contaminated and also be
listed in the Kataster der belasteten Standorte (KbS).

Diel patterns of the GEM concentration were identified for open sites such as XX32, TT9,
T35 and X2. At sites surrounded by buildings and protected from wind no diel variation was
recorded (Fig. 6.5a). The highest atmospheric GEM concentrations were found to coincide with
stable stratification in the nocturnal boundary layer when wind speeds were low and
turbulence and vertical mixing suppressed (Fig. $6.5). Buildup of a convective mixed layer after
sunrise (ca. 06:45) and rising wind speeds in the afternoon were responsible for efficient
mixing of accumulated GEM in the atmospheric surface layer (Fig. 6.5a).
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Figure 6.4: Atmospheric GEM concentrations (a) and GEM fluxes (b) measured over the plots 1, 2 and 3 (orange,
brown, red) at the nine different sites. Boxes contain the middle 50% of the data. The edges of the boxes show
the 25™ and the 75" percentiles, respectively. The whiskers indicate 1.5 times the interquartile range. Outliers
are given as black dots.

Diel patterns of the GEM flux were not pronounced (Fig. 6.5b), because shading of the NDFC
suppressed the photochemical reduction of Hg** to GEM at the soil and vegetation, a process
that was reported to be the major drive for GEM evasion (e.g. Moore and Carpi, 2005).
However, GEM fluxes during the day increased at some sites (e.g. X2, VS009) (Fig. 6.5b). This is
largely due to elevated air and soil temperatures (Engle et al., 2001, Poissant et al., 1999) and
increased atmospheric turbulence (Lindberg et al., 1999, Wallschlager et al., 1999) (Figs S6.2,
$6.3). At 6 out of 9 sites the plots were temporally shadowed by nearby houses. Therefore, the
quantitative GEM flux measurements presented here must be interpreted with caution
because blocked solar radiation could lead to reduced flux.

Almost 77% of the variability in observed GEM fluxes (ng m™ h™) was explained by soil THg
concentration (mg kg') (Fig. 6.6). The relationship can be explained by the following linear
regression:

logGEMﬂux = 051 logTHg + 1.84 (RZ = 077,p < 001) (61)

Thus, overall soil THg exerted the dominant control on GEM flux and maintained higher GEM
emissions even during colder periods of the year. The slope is in the same order of magnitude
compared to slopes (0.51 - 0.68) from naturally Hg-enriched sites in the United States (Gustin
et al., 2000; Coolbaugh et al., 2002; Zehner et al., 2002) and the slope of 0.43 derived from 381
flux measurements from industrially contaminated, mining, naturally enriched and
atmospherically influenced sites worldwide (Agnan et al., 2016). Strong enhancement of GEM
emission was repeatedly reported in many other studies from Hg-enriched sites (e.g. Wang et
al., 2005). GEM emission rates from contaminated sites worldwide are estimated to be
8.5 ng m? h (cp. Agnan et al., 2016). These are areas where anthropogenic pollution is
indicated and soil THg concentration is larger than 0.3 mg kg™ . The GEM fluxes in Visp and
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Raron were notably higher and rather comparable to average GEM fluxes from mining sites
(686 ng m? h'; Agnan et al., 2016).
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(a) (b)
Figure 6.5: Diel patterns of atmospheric GEM concentration (a) and GEM flux separated by plots (plot 1 = orange,
plot 2 = brown, plot 3 = red) at each site (b). Atmospheric GEM concentrations are not displayed if higher than 10
ng m>. Precipitation events during flux measurements are indicated by blue vertical bars. The smoothing curve
shows local polynomial regression fitting (R v3.1.2, loess {stats}, span = 0.3) with a confidence interval of 95%

(grey).

Despite attempts to keep the solar radiation constant during the measurements, GEM flux at
the site VSO15 was significantly higher over plot 1 (0.2 mg THg kg@) than over plot 3
(0.7 mg THg kg'!) (Tab. S6.1). This was also true for site VSO09 were GEM evasion over plot 3
was expected to be higher compared to plot 1 due to higher THg concentration. This variability
indicates that there are other controlling factors than THg concentration (e.g. pH, soil
moisture, soil texture, vegetation cover) influencing the GEM flux on a small scale. For
example, soil moisture showed a negative influence on GEM emissions across Hg-enriched
sites (Agnan et al., 2016). However, in this study diel patterns were not pronounced enough to
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observe any significant correlation (Fig. S6.4). Atmospheric GEM concentrations were also
positively correlated to the GEM flux:

logGEMflux = 2.96 lOgGEMCO‘nC + 0.54’ (RZ = 0.76,p < 0.01) (6.2)

This relationship is in contrast to that from background sites where low atmospheric GEM
concentrations were found to favor evasion of GEM to the atmosphere (see the discussion on
compensation points in Chapter 3). Over the study sites described herein high surface GEM
emission lead to the high atmospheric GEM concentrations. A similar relationship between
GEM flux and atmospheric GEM concentrations (slope = 0.82, intercept = 0.70) has been found
for 262 measurements over Hg-enriched sites (Agnan et al., 2016).
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Figure 6.6: Log-log-relationship (blue trendline) Figure 6.7: Upscaling of GEM flux to 1277 parcels

between daily averaged GEM flux over each plot and located in the canton Valais which cover an area of

soil THg concentrations in the top 10 cm analyzed for 8.6 km?. The maximal GEM emission is based on the

each plot (filled triangles black, n = 27). maximum THg found in the soils in every parcel
(0 - 20 cm). The 95% confidence level for the annually
averaged GEM flux is given within the red emission
arrow.

Average atmospheric GEM concentrations over the contaminated parcels were 1.4 to 4.6 times
elevated compared to northern hemispheric background concentrations (ca. 1.6 ng m™). These
levels are within the range of acceptable outdoor GEM concentrations of 5 - 10 ng m™> (WHO,
2000). The daily amount absorbed into the bloodstream of adults as a result of respiratory
exposure to 10 ng GEM m™ is about 160 ng. The daily Hg intake from dental fillings is about
2000 ng (Olsson and Bergman, 1992). This indicates that the exposure to GEM from outdoor
air in Visp and Raron probably have no direct adverse effects on the health of the local
residents. However, such conclusions are not based on any substantive information since there
is a lack of studies investigating chronic Hg vapor exposure and no clear threshold has been
defined. The WHO recommends a guideline value for ambient GEM concentrations of 1000 ng
m (WHO, 2000).

The THg concentrations from 3501 mixed soil samples (0 - 20 cm) taken at 1277 different
parcels located in the municipalities Baltschieder, Niedergesteln, Raron, Unterbach and Visp
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were previously analyzed by Arcadis Schweiz AG. Based on Equation 6.1 the net annual GEM
emission from the total surface area of 8.59 km? was 4.52 kg yr™* (Fig. 6.7). The maximum GEM
emission of 10.5 kg yr" only reflects evasion from parcels with the highest measured THg
concentrations. Around 72.5% of the parcels were categorized as uncontaminated
(< 0.5 mg kg™), 15.5% as slightly contaminated (0.5 - 0.2 mg kg™), 5.5 % as moderately
contaminated (< 2 - 5 mg kg™) and 6.5% were heavily contaminated (> 5 mg kg™). On average
the parcels contained 1.8 mg THg kg™* with a maximum THg concentration of 295 mg kg™ found
in Raron. We found even higher THg values (310 mg kg) at a parcel in the southern parts of
Visp. The Hg pollution potential within the top 20 cm of all the investigated parcels amounted
to 4900 kg. At the current GEM emission rates it would take more than 1000 years to deplete
the entire soil Hg pool.

Switzerland: Total Hg emissions in 2013: ~ 860 kg (41285 km?)
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Figure 6.8: Median total Hg concentrations in moss (green) compared with modelled Hg emission rates (red) in
Switzerland (BAFU, 2013). The map indicates GEM emission from the partially contaminated sites in Visp and
surroundings, in the canton of Valais, Switzerland. Map adapted from: www.weltkarte.com/europa/schweiz.htm

Total Hg emissions in Switzerland decreased significantly from 6570 kg in 1990 to 860 kg in
2013 (Tab. S2). This drop in emissions can be explained by retrofitting the steelworks in the
years 1999 and optimization and maintenance of waste incineration plants and crematoria
before 2003 (BAFU, 2013; BAFU, 2015). THg concentrations measured in moss have also
indicated stable GEM emission rates since 2003 (Fig. 6.8). According to our data GEM
emissions from the partly contaminated area (8.6 km?) in the Upper Valais account for about
0.5% of the total Hg emissions in Switzerland as estimated by emission inventories (BAFU,
2015). No estimates are available for land-atmosphere emissions of GEM from
uncontaminated or contaminated sites in Switzerland, i.e. it is unclear to what degree natural
landscapes add to atmospheric GEM emissions.
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6.4 Conclusion

This study clearly demonstrated that the THg content in the soil was the main factor that drove
GEM emission from topsoil (r* = 0.77). Therefore, flux scaling over the entire partly
contaminated area along the Grossgrundkanal, between Visp and Niedergesteln, was possible.
The total annual GEM emission rate amounted to 4.5 kg yr™* indicating that the studied area is
a potential long-term source of Hg to the atmosphere. The GEM fluxes from the highly
contaminated properties (7.5 - 310 mg kg™') were comparable to the fluxes measured at Hg
mining sites worldwide. Accordingly, remediation actions are strongly recommended in order
to prevent further GEM emissions to the atmosphere and long-range transboundary air
pollution. However, substantial amounts of GEM could be released to the atmosphere during
remediation actions. In this context atmospheric GEM concentrations should be monitored
before, during and after remediation actions to possibly alert the residents against high Hg
vapor exposure. The measured atmospheric GEM concentrations (< 20.3 ng m™) were clearly
below the guidelines given by the World Health Organization (1000 ng m™) (WHO, 2000).
However, the assessment of chronic toxic effects on local residents remains ambiguous.
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CHAPTER 7

Overall discussion and outlook

Exchange of gaseous elemental mercury (GEM) between the land and atmosphere is
challenging to quantify. As a result flux magnitudes and their confounding factors remain
somewhat uncertain. Fluxes from Hg-enriched sites have been the focus of much work. GEM
fluxes from weak diffuse sources (i.e. background soils) need to be better quantified to allow
global analysis and modelling of the atmospheric Hg budget using data from extensive whole-
ecosystem flux studies (Agnan et al., 2016).

The main objective of this study was to provide and assess the first seasonal-scale
measurements of GEM exchange from a boreal peatland. In order to achieve this goal we
developed a dual-inlet, single detector relaxed eddy accumulation (REA) system. In this
chapter we address advantages and disadvantages of the novel REA design in comparison with
dynamic flux chamber (DFC) methods, and briefly discuss potential REA applications over
forests, oceans as well as a contaminated site. The year-long application of REA revealed that
boreal peatlands release significant amounts of Hg to the atmosphere. That has major
implications on the future MeHg levels in Nordic freshwater fish and the interpretation of peat
Hg records. Furthermore, we suggest that high sulfur deposition during the 1980s suppressed
GEM evasion from boreal peatlands and corroborate that even though GEM emission from an
industrially polluted site increased the local ambient GEM concentration it did not pose a risk
for residents (judged by WHO criteria, 2000).

7.1 Assessing the peatland-atmosphere exchange of GEM

The novel dual-inlet single analyzer design of the REA system improved precision compared to
the single-inlet, serially open systems (Sommar et al.,, 2013b; Zhu et al., 2015b). This was
achievable due to the synchronous sampling (intermittent conditional sampling introduced flux
uncertainty of 14 * 17%), combined with the regular monitoring of GEM reference gas
concentrations and dry Hg-free air (Chapter 2). The basic idea was to separate the updraft and
downdraft sampling unit (two pairs of gold cartridges) from the Hg detector. The system was
designed to run fully automated with an online user interface that provides comprehensive
information about the system performance. Although the REA construction, deployment in the
field and maintenance were time consuming, cost intensive and needed specialized expertise,
autonomous operation in the field could reduce the required presence of specialized staff in
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the future. REA proved suitable not only to measure fluxes over tall canopy sites (e.g. urban
areas) where other micrometeorological techniques have frequently been found impracticable
(Zhu et al., 2015a), but also for measurements over the open peatland closer to the surface.
However, due to the smaller eddies, higher switching frequencies of the fast-response valves
applied above the peatland (in 1.8 and 3.5 m height) resulted in small GEM concentration
gradients in updrafts and downdrafts (usually about 0.1 ng m®) that were challenging to
resolve. Therefore, flux calculations required strict data rejection criteria (Chapter 2).

Compared to DFCs, the REA method does not disturb the investigated environment and
provides an integrated flux over a larger source area. Analysis of turbulence regimes over the
urban canopy and the peatland identified a 30 min flux averaging interval as adequate.
However, short-term variability in the GEM flux induced by environmental parameters might
be overlooked by REA. Only weak correlations between REA and environmental parameters
were found during a four-day comparison study with concurrent measurements of two types
of dynamic flux chambers (DFCs) (Chapter 4). Direct comparison between REA and DFCs was
possible because spatially different peatland surface characteristics within the REA footprint
did not significantly influence the flux magnitudes measured by DFCs. The GEM flux derived
with the new type DFC (NDFC) was in good agreement with the average (< 5% difference) and
cumulative (< 2% difference) REA flux. The NDFC produces a steady and uniform airstream
over the enclosed surface and makes the effect of the flushing flow rate on the GEM flux
predictable (Lin et al., 2012). In the past the large variability in DFC designs was reported to
cause a flux difference by changing flushing flow rates by on order of magnitude (Eckley et al.,
2010). With the new design we were not only able to account for the effect of the flushing
flow rate, but also to relate the shear parameters over the measured area with the
corresponding friction velocity in the atmospheric boundary layer. Therefore measurements
using conventional DFCs likely tend to result in an underestimation of the GEM flux (Gustin et
al., 1999; Schroder et al., 2005; Zhu et al., 2015a). This seems also to hold for our Teflon® PFA
DFC which measured a cumulative flux that was a factor of 3 lower compared to the NDFC.
Even though Teflon® is the preferred material due to its full transmission of actinic light, we
suggest that the non-uniform airstream over the peat and the comparably high turnover time
(an order of magnitude larger compared to the NDFC) led to an underestimation of the
quantitative flux. In line with Zhu et al., (2015a) who performed an inter-comparison study
using traditional DFCs, NDFC and micrometeorological methods over agricultural fields in
China, we conclude that the NDFC has the potential to bridge the gap between flux estimates
derived from micrometeorological and enclosure techniques.

Our measurements highlight that efforts to standardize Hg flux measurement techniques,
and establish data comparison strategies must be made in order to allow direct comparison of
data collected by different research groups, and to properly evaluate ecosystem sink-source
characteristics, as a basis for Hg flux scaling. Future applications of DFCs over peatlands with
low-standing vegetation are desirable not only in summer, but during the entire snow-free
season. Compared to micrometeorological measurements DFC setups are less elaborative,
cost-intensive, relatively simple to use, and show better diel variability in the flux
measurements. Therefore we agree that DFCs are often the preferred method especially to
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determine both small scale heterogeneity in fluxes within land-use types, and confounding
factors of soil and soil-surface characteristics.

Our REA system is a valuable step towards the ideal of continuous, long-term applications
to derive seasonal patterns and annual totals of GEM exchange from any arbitrary
environment. It can also be utilized to fill substantial data gaps in the current GEM flux
database in terms of geographical regions and ecosystem type. To achieve better data
coverage and subsequently reduce the uncertainty in flux averaging for future applications we
suggest the following:

1) The REA system should be deployed at sites where concurrent eddy covariance

measurements provide CO,, sensible or latent heat flux data ideal to derive the REA

B-factor. B was typically stable during the campaigns (Basel = 0.49; Degero = 0.45), but can

be highly variable when the corresponding scalar flux is close to zero. Accurate

measurements of meteorological parameters such as wind velocity and direction, stability
parameters, solar radiation, temperature, humidity, precipitation, and eventually snow
depth are indispensable to measure and interpret the GEM flux. The new European

Research Infrastructure Consortium, Integrated Carbon Observation System (ICOS ERIC)

was established to understand source and sink characteristics of greenhouse gases on an

ecosystem scale. These sites would be ideal to apply REA and to answer questions related
to the determination of the whole ecosystem GEM flux.

2) A combined application of REA together with DFCs, Modified Bowen ration or
aerodynamic gradient methods is desirable for creating confidence in flux measurements
and for supporting their interpretation. We also recommend a system extension to
occasionally measure CO, concentrations in updrafts and downdrafts using REA which can
then be compared to the flux measured concurrently with an eddy covariance system.

3) The regularly performed reference mode measurements to assess potential systematic
bias between up-and downdraft sampling lines introduced a reduction in data coverage by
about 15%. This could be avoided by implementing an additional valve and changing the
software in order to measure GEM in updrafts and downdrafts on every gold cartridge
alternately.

4) The GEM concentration bias between the REA sampling lines can be corrected for if
the maximum standard deviation of the offset is below 0.05 ng m™ (Chapter 2). To avoid
significant bias of sampling lines the replacement of the Teflon® PTFE valves is necessary to
ensure equal airflows through both sampling lines.

5) For the application at ICOS sites and eventually on high flux towers, a potential
influence of long sampling tubes (30 - 50 m) on the GEM concentration measurements
must be tested. A climate controlled environment for the permeation source and the Hg
detector are necessary to provide a stable measurement baseline and injections of
constant concentration of GEM reference gas.
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7.2 GEM evasion and implications for boreal ecosystems

Emission of GEM from the peat was more than twofold higher than Hg in wet bulk deposition
and indicated that substantial amounts of historically deposited Hg evade to the atmosphere
(Chapter 3). Hg loss in catchment discharge, often identified as the major output pathway, was
only about 13% of the peatland-atmosphere emission (Fig. 7.2). Generally, forested/vegetated
ecosystems are considered as net Hg sinks when accounting for input via wet deposition (Zhu
et al., 2016; Eckley et al., 2016). However, Eckley et al. (2016) reported that net Hg emission
from sparsely vegetated background ecoregions such as deserts or the Mediterranean
California were about 2 and 8 times higher compared to wet deposition, respectively. Changes
in climate (e.g. temperature, precipitation), atmospheric chemistry and deposition (e.g. GEM,
O3, N, S), soil properties (e.g. total Hg (THg), soil moisture), and vegetation cover (e.g.
deforestation, farming) are generally regarded as the major factors that collectively determine
the Hg sink-source characteristics of soils.

Our measured annual GEM emission rates of 10.2 pg m™ also corroborate the hypothesis
that declining atmospheric GEM concentrations in northern Europe crossed a compensation
point sometime after 1985, which turned the peat into a source of atmospheric Hg, following
its accumulation during the period when the atmospheric GEM concentration was above the
compensation point (~2.8 ng m>, Agnan et al., 2016). This is consistent with Hg depth profiles
from Deger6 Stormyr that indicate a six-fold decrease in Hg stored in the peat between the
1950s and today. Enrico et al. (2016) suggested that ombrotrophic peatlands record
predominantly atmospheric GEM dry deposition (~80% of total deposition) and that Hg
accumulation rates represent local atmospheric GEM concentrations. It is striking that the
modern peat accumulation rates at Degerd Stormyr (~4 ug m yr') were more than 8 times
lower compared to Pinet peat bog in France (34 pg m™ yr), which was identified as a clear
sink for GEM. During the contemporary growing season GEM uptake by plants at Deger¢
Stormyr was estimated to 4.3 ug m™, and was in accordance with the Hg accumulation rates
derived from the peat cores. GEM plant uptake was calculated assuming THg concentrations in
vegetation of 20 pg Hg kg™ (Obrist et al., 2007; Selvendiran et al., 2008; Rydberg et al., 2010),
and by using the growing season mean carbon net ecosystem exchange (-85 g C m™) measured
with eddy covariance from 2001 to 2012 (Peichl et al., 2014). Hence, it is concluded that wet
bulk and dry deposition of GEM were of similar magnitude at Degerd Stormyr.

DFC measurements identified solar radiation as well as soil and air temperature (p > 0.7,
p < 0.05) as the main controlling factors on GEM flux from the peat. This has also been
reported by many individual GEM exchange studies from a wide range of terrestrial surfaces
(Chapter 1 and reviewed by Agnan et al., 2016). However, lower emission and deposition of
GEM has been frequently observed from foliage, possibly facilitated by uptake of GEM through
stomata (Zhu et al., 2016). Interestingly, atmospheric GEM concentrations (20 cm height) also
revealed a diel pattern during sunny and warm days in the summer indicating GEM
accumulation in the air masses close to the surface. Short-term REA flux was only moderately
correlated with soil temperature during the method inter-comparison study (p > 0.5). All the
other parameters had little correlation with REA GEM flux (p < 0.3). The annual REA time series
showed little if any linear correlation between environmental parameters and the GEM flux
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7.2 GEM evasion and implications for boreal ecosystems

(p < 0.3). Such low correlations with environmental parameters are common within MM-flux
studies (e.g. Fritsche et al., 2008a; Fritsche et al., 2008b; Bash and Miller, 2009), because they
show high temporal dynamic variability due to different underlying methodological
assumptions and different impacts of meteorological parameters. Zhu et al. (2015a) for
instance reported that Pearson correlations between fluxes derived from micrometeorological
methods and environmental variables were below 0.5.

Surface chefﬁlstry

Aerosol
droplet

Multiphase
chemistry

Oxidation

e ng+ = Hgo € ng+

Gas phase chemistry

Reduction

10.2 pg/m™
(Net peatland-atmosphere exchange of GEM)

Figure 7.1: Synthesis of annual Hg fluxes at Degerd Stormyr a nutrient poor, minerogenic peatland located in
northern Sweden. The net GEM peat atmosphere exchange was determined using the relaxed eddy

accumulation technique. Total Hg in catchment discharge was measured and wet bulk deposition was derived
from close by precipitation samples. Total Hg analysis from eight peat cores allowed the calculation of the Hg
pool within the uppermost peat layers (0 - 34 cm). The groundwater level varies between the peat surface and
ca. 25 cm depth.

While photochemical mediated reduction of Hg** at the peat surface is hypothesized to be an
important driver of GEM evasion at Degerd Stormyr (diel patterns observed in DFC
measurements with peaks in the early afternoon) we can only speculate about biotic and
abiotic processes that also contribute to Hg** reduction and subsequent Hg’ evasion. Recent
advances in Hg isotopic fractionation techniques are yielding mechanistic insights into Hg
sorption and redox processes. The pioneering study by lJiskra et al. (2015) at a site ca. 10
kilometers from Degerd Stormyr indicated higher mobility of Hg in peat soils than previously
anticipated. They reported significant re-emission upon non-photochemical reduction by
natural organic matter, accounting for about 50% of the net GEM emission measured with REA
at Degerd Stormyr. In addition, they concluded that 30% of the historically deposited Hg was
re-emitted to the atmosphere. We stated that oversaturation of the peat pore water with
dissolved gaseous elemental Hg relative to atmospheric GEM concentrations creates the
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potential for GEM loss during the growing season. The absence of a forest canopy increases
photo-reduction processes at the peat surface as well as facilitating diffusion and mass
transport across the soil-boundary layer during periods of elevated soil and air temperature,
which results in elevated GEM re-emission during summertime.

A significant decrease in atmospheric sulfur deposition of about 85% since the 1980s has
potentially also been identified as a factor influencing GEM exchange from peatlands
(Chapter 5). Today, such elevated sulfur deposition rates (20 kg ha yr'') would suppress GEM
emission due to elevated Hg binding to sulfur associated with organic matter making Hg less
susceptible to volatilization and more prone to transport in catchment run-off.

Under the assumption that the observed levels of GEM emission remain constant such that
no significant change occurs in the wet bulk deposition, discharge, and growing season water
balance, it would take about 80 years to deplete the Hg pool down to 34 cm (dated to ca.
1945), leaving background concentration in the peat of 20 ng THg g™. Since THg in runoff from
boreal forest soils is suggested to be dominated by Hg from the organic topsoil (60 - 85%)
(Jiskra, 2014; EkI6f et al., 2015), this could also hold for the top peat layers at Degerd Stormyr,
where the major part of the historically deposited Hg is stored. Bergman et al. (2012) also
found that peat pore water concentrations just below the groundwater surface (often
5 - 15 cm depth) were similar to runoff concentrations during the snow free months of 2000.

Our findings about the substantial GEM emission from a boreal peatland to the
atmosphere have several important implications particularly for the future levels of MeHg in
Nordic freshwater fish and interpretation of peat Hg records for estimating historical Hg
accumulation rates: In Sweden the median Hg concentration of fish from all species and sizes
was 0.7 mg kg" wet weight and exceeded the EU Environmental Quality Standard of 0.02
mg kg in all waters. The FAO/WHO guideline for Hg levels in fish used for human consumption
is 0.5 - 1 mg kg* was exceeded in fish from half of the Swedish waters after 2000 (Akerblom et
al., 2014). Decreasing trends in fish Hg concentrations (-20%) during recent decades could
result from both reduced Hg wet bulk deposition inputs of about 16% since 1990 (EMEP, 2013)
and/or decreasing inputs of MeHg to freshwater lakes from peatlands. We speculate that until
2050 THg concentrations in peatland discharge will decline by about 25% assuming that
current peatland-atmosphere exchange of GEM remains the same and that 80% of the THg in
discharge originates from the uppermost peat layers (Jiskra, 2014). We hypothesize that this
decline also holds for MeHg which usually accounts for < 5% of the THg in wetland discharge
(Shanley and Bishop, 2012), even though THg and MeHg concentration dynamics in stream
flow are not always correlated (Porvari and Verta, 2003; EkI6f et al., 2012). Reduced sulfur
deposition to the peat has not only increased GEM emission, but has also been demonstrated
to decrease methylation rates and subsequently the loading of MeHg to surface waters
(Drevnick et al., 2007)

However, there is a complex interplay of many other factors that may influence GEM
surface-air exchange, and THg and MeHg outputs from peatland catchments in the near
future. Climate change can influence both ground water levels and changes in carbon pools in
the soil. Factors that reduce the C pool will increase the output of legacy Hg via GEM emission
and reduce the ability to retain new inputs (Shanley and Bishop, 2012). Predictions of future
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Hg cycling in peatlands, namely GEM emission and MeHg export, depend on both process-
based assessments in the soil and measurements of GEM exchange at the surface.

Since peatlands are neither static environments nor similar from one location to another,
GEM exchange patterns might be expected to vary from year-to-year at the same location and
between nearby sites if the example of net carbon balance is a guide. Many environmental
parameters (e.g. climate, soil properties, land-use change) influence vegetation type, plant
composition and plant growth, all of which can influence net deposition and sequestration of
Hg. For instance, Rydberg et al. (2010) found that at the same study site peat and sphaghum
mosses had higher (100% and 71% higher for peat and plants, respectively) Hg content in the
pine-covered area compared to the open area. Peat decomposition, changes in carbon
accumulation and carbon loss can differ considerably at the same peatland from year to year
(Peichl et al., 2014, Leach et al., 2016) and between peatlands in the boreal zone (Turunen et
al., 2002, Loisel et al., 2014). Net carbon ecosystem exchange and loss of carbon in catchment
discharge at Degerd Stormyr was measured from 2003 to 2012. The stream carbon export
accounted for 25 to 90% of the annual net ecosystem exchange that varied between -18 and
-105 g C m? yr! for the respective period (Peichl et al., 2014, Leach et al., 2016). These
changing conditions in time and space indicate that annual GEM flux estimates could also
differ considerably among years.

Changes in peat Hg sequestration and losses over time may have the potential to alter the
signal from atmospheric Hg deposition. The peat archive may also be susceptible to
overprinting by Hg** reduction and subsequent GEM emissions to the atmosphere (Jiskra et al.,
2015). Potential losses must be carefully considered for Hg and other elements that can evade
(Pb, Sb, As and Se) when interpreting historical and present accumulation rates (cf. Vriens et
al., 2014). As for example stated by Biester et al. (2007) and Jiskra et al. (2015), GEM emission
provides an alternative explanation for discrepancies between peat and lake sediment archives
in the ratio of Hg accumulation rates from preindustrial to modern times (Amos et al., 2015). In
line with Jiskra et al. (2015) our results indicate limitations in the coupling of Hg to C as used in
global Hg models.

7.3 Forests, oceans and contaminated sites: the future of REA

Forests introduce the largest uncertainty in global terrestrial GEM flux estimations
(-727 - 703 Mg yr''; range of 37.5" and 62.5" %, Agnan et al., 2016). Mainly because the
contribution from leaf-atmosphere exchanges is largely undefined and whole-ecosystem forest
flux measure-ments over the canopy soils are very scarce. The main advantage of REA over the
other micrometeorological methods used for GEM flux estimations is that it requires sampling
at only one height resulting in a clearly defined source area, thus substantially reducing some
sources of uncertainty. Therefore REA is appropriate for measurements over the forest
canopy, even though processes within the forest canopy create the possibility for GEM storage
and advection events (Zhu et al., 2016). To account for these in getting a forest-atmosphere
GEM exchange value may require larger footprints above the canopy than are feasible.
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ICOS ERIC offer excellent conditions for long-term REA GEM measurements. Two potential
forest sites for such measurements are a mixed boreal forest (60% Pinus sylvestris and 40%
Picea abies) at the Svartberget experimental forest in Vindeln, Sweden or over a subalpine
coniferous forest dominated by Picea abies at Davos-Seehornwald, Switzerland. GEM gradient
measurements within the canopy would be useful complement to REA in trying to define the
true forest-atmosphere exchange, though no feasible path to a complete solution is yet clear.

GEM emission from ocean surface waters are estimated to be in the same order of
magnitude as wet deposition input (Fig. 1.1). The annual water-atmosphere exchange of Hg in
the Baltic Sea was 9.5 pg m?, and balanced the input by wet deposition (Wangberg et al.,
2001). These estimates are largely based on flux calculations derived from dissolved gaseous
Hg and atmospheric GEM data based on Henry’s law. We plan to compare these
measurements with the first REA derived GEM ocean-atmosphere fluxes. The study could be
performed at the ICOS station Ostergarnsholm, which is situated 4 km east of Herrvik on the
east coast of Gotland, Sweden.

Industrially contaminated properties in the canton Valais, Switzerland, have been shown to
increase atmospheric GEM concentrations up to 14 times compared to background
concentrations (Chapter 5). The annual GEM emission rate from an area of 8.6 km” (0.02% of
the country’s land surface) is estimated to increase total Hg emissions in Switzerland by 0.5%
and designates the area as a potential long-term source of Hg to adjacent landscapes and
beyond. The REA system might also be deployed on a tower high up over the entire valley to
record the spatial GEM flux signal, downwind of the contaminated area. Measurement
campaigns during remediation actions would be particularly useful to estimate the amount of
Hg mobilized by GEM emission.
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e Table S2.1: To enable reproducibility of the system, the main REA components and
their quantity, their manufacturing company, the county of origin and model number
is given. The capital letters in the Index column of the table point to the components in
Figure 2.1 in the main text.

e Figure. S.2.1: The manual calibration of the Hg detector was done after each
measurement campaign in the laboratory in Basel and in situ at Deger6. Repeated
injections of a GEM concentration to both air streams, every 30 min, resulted in 8 and
18 data points for each linear regression fit in Basel and Degerd, respectively.

e Figure S2.2: Limitations in turbulence mixing were defined applying a turbulence
characteristic test (Eq. 2.8). 6% of the data in Basel and 4% at Degero were rejected
due to insufficient turbulence. The threshold (green dotted lines) is defined as a
deviation of 2 from the model. Measurements beyond that point were rejected.

e Figure S2.3: The systematic bias in “same-air” measurements caused by the sampling
line offset was corrected for in the GEM flux calculation. The strict rejection criteria
allow a maximum standard deviation of the offset of 0.05 and a maximum difference
in gold cartridge response of 10%. At both sites gold cartridge pair 1-3 failed the bias
test. In Basel the standard deviation of the offset was too high (Fig S2.3a, blue line)
and at Deger6 the difference in the gold cartridge response between C1 and C2 was
greater than the defined threshold (Fig S2.3a, blue line).

e Figure S2.4: The substandard performance of gold cartridge pair 1-3 was confirmed by
plotting the difference between the updraft and downdraft integrated air samples to
the updraft air sample. The gold cartridge pair 1-3 data (blue dots) scatter considerably
more compared to gold cartridge pair 2-4 (red dots) indicating a malfunction in a piece
of equipment (Teflon® PTFE Isolation Valves in energized status).

e Figure S2.5: The polar histograms show how the 30 min averages of wind speed, GEM
concentration and wind direction are distributed at both sites during the campaigns.
The polar histograms a) and b) describe the situation in Basel and c¢) and d) at Degero.

e Figure S2.6: The fast-response valve switching frequency (30 min average) was
considerably higher at Deger6 (red) compared to Basel (black) indicating the presence
of smaller eddies. The switching interval tended to increase with increasing friction
velocity.

e Figure S2.7: Turbulence regimes have been investigated at both sides. Integral REA flux
damping factors dependent on wind speed and stability conditions were derived. The
simulation indicates that considerable flux damping in Basel occurs just during



Supporting Information to Chapter 2

unstable conditions and low wind velocities (a). At Degerd, the integral damping factor
is considerable during stable conditions and high wind velocities (b).

e Figure S2.8: The total REA flux damping factor at average wind speeds at both sites
increased with increasing wind speed during stable conditions. In Basel REA flux

damping just occurred at very low frequency ranges.

Table S2.1: Most important REA components. They are indexed in the text and in the schematic of the REA
system hardware (Fig. 2.1) with capital letters.

Index Quantity Components Manufacturer Country Model number
Al 1 Sonic anemometer Metek GER USA-1
A2 1 Sonic anemometer Gill Instruments UK Solent1012R2

B 3 Rocker Solenoid Valves Burkert Fluid Control Systems GER 6128 + 2507
C 1 LabVIEW 2011 National Instruments USA 22.6.2011
D 100 m  PTFE tubing 1/4” VICI AG International Sul JR-T-6810
E 3 0.2 um PTFE filters Merck Millipore GER SLFG65010
F 6 0.2 um PTFE filters Pall Corporation USA Acro 50, 4400
G 10 PTFE Isolation Valves N Research USA SH360T041
H 1 Pressure transmitter WIKA GER A-10
| 3 Red-y smart controller GSC Vogtlin Instruments Sul 3214101
J 1 Rotary vane pump Gardner Denver Gmbh GER G 08
K 3 Uniplast boxes Swibox Sul UCP 540/750
L 1 Dynacalibrator VICI AG International Sul 150
M 1 CVAFS Hg Detector TEKRAN Inc. CAN 2500
N 1 Swing piston vacuum pump KNF Neuberger GER NPK 09 DC
0] 1 Pressure gauge with water trap Servatechnik Sul -
P 1 %" Hydrocarbon trap Chromatography R.S, Inc. USA 300
Q 20 Argon gas (purity>99.9997%) Air Liquide S.A. FRA N57
R 1 Hg Vapor Calibration Unit TEKRAN Inc. CAN 2505
S 1 Digital gas-tight syringe Hamilton USA 1700
T 1 Hg Zero-Air Generator TEKRAN Inc. CAN 1100
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Figure S2.1: Linear relationship between detected GEM reference gas concentration on each of the four gold
cartridges (Area, 1-4) and manually injected GEM [pg] for Basel (a) and Degero (b).
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150 — e 1-3 pair . 150 — e 1-3 pair
® 2-4 pair . ® 2-4 pair
.
L
100 - 100 - -~ .

»’(‘-‘E ﬁ :.‘.."' .
° © .
&= [ e
Z 50 Z 50 -
el © .
@ ©
o o
< 0 - < (I e e L e TP EEE PRV ERPERCRTREEREREEE
ﬂl'-' é , . L
o© [ . "s &
8 -50 - B -50 A .
-] >
@ ©
o o
< “100 - < _100 -

-150 - -150

T T T T T T T T T T T T T T
950 1000 1050 1100 1150 1200 1250 250 300 350 400 450 500 550 b
Area updraft Area updraft
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Figure $S2.5: GEM concentration (a) and wind rose (b) during the Basel campaign and GEM concentration (c) and
wind rose (d) during the Degerd campaign. Polar histograms show 30 min averaged GEM concentrations (ng m's)
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Figure $2.6: 30 min averaged switching frequency of fast-response valves (HSV) at Basel (black) and Degeré (red)
in relation to friction velocity.
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Figure S2.8: Modeled original and damped cospectral density and total damping factor (secondary y-axis) of REA
system for Basel (a) and Deger6 (b) dependent on stable (z/L = +1) and unstable (z/L = -1) conditions and mean
horizontal wind speeds for both sites (u=2.6 and 2.9 m s respectively).
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$3.1 Research site and REA footprint

The Deger6 catchment is predominantly drained by the stream Vargstugbacken northwest of
the REA tower (Fig $3.1a). 71% of the 1.9 km?* catchment consists of peat, 29% of mineral soils
(till). The potential contribution of THg from the mineral soils to the calculated fluxes is
considered low due to the spatial arrangement of the till and peat relative to the stream
(Figs. S3.1, S3.2a). The micro-topography within the source area of the gaseous elemental
mercury (GEM) flux is characterized mainly by carpets and lawns, with sparse occurrences of
hummocks. The vascular plant community in this area was dominated by Eriophorum
vaginatum L., Trichophorum cespitosum L. Hartm., Vaccinium oxycoccos L., Andromeda
polifolia L., and Rubus chamaemorus L. On the bottom of the carpets Sphagnum majus C. Jens.
is prevalent while Sphagnum balticum C. Jens. dominates the lawn. On the hummocks
Sphagnum fuscum Schimp. Klinggr. and Sphagnum rubellum Wils. are the most common
mosses (Nilsson et al., 2008; Laine et al., 2012).
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Figure $S3.1: Map of the Deger6 Stormyr catchment, located in northern Sweden (from Leach et al., 2016). Digital
elevation model of the catchment derived from LiDAR (a) and aerial photo (b). The location of the eddy
covariance and REA tower is indicated by a green pentagon. The black triangle indicates the catchment outlet.
GIS data sources are from the Swedish Mapping, Cadastral and Land Registration Authority.

In order to confirm the homogeneity of the footprint, i.e. to assure that forest areas do not
considerably influence the GEM source area, the REA footprint (Fig. S3.2b) was calculated

using a Lagrangian stochastic forward model (Rannik et al., 2000). Data were based on
measurements between March 7 and June 26, 2014. 50%, 80% and 95% of the total GEM flux



Supporting Information to Chapter 3

source area covered 0.4, 2.5 and 10.1 ha, respectively. The roughness length was set to
0.02 m. The main wind direction during periods when the footprint was calculated was SW
(Fig. S3.2c)
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Figure S$3.2: Location and catchment area of Degerd Stormyr adapted from Figure S3.1 (a). Soil types are
indicated by hatched (peat) and blank (till) areas. Aerial photograph with yellow contours containing 50%, 80%
and 95% of the REA footprint calculated using 2841 half-hourly flux values between March 7 and June 26, 2014
(b). Eight plots are indicated where the peat cores were taken and DGM was analyzed. The green pentagon
indicates the location of the REA tower. Polar histogram of the 30 min averaged wind speed (m s'l) measured at
3.5 m above the surface (c).
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$3.2 Hg in the peat

The pool of total Hg (THg) in the peat was calculated from eight depth profiles of measured
THg concentrations and bulk density (Fig. S3.3, Tab. S3.1). The peat dating was derived from
mean vertical peat growth rate at Degerd determined by Olid et al. (2014). For the period from
2003 to 2015 a peat growth rate of 0.8 cm yr* was applied. In the older peat layers (> 12 yr)
the vertical growth rate values were 0.4 cm yr™.

Table S3.1: Mean + SE (n = 8) concentration profile of Hg (THg()
and stored Hg within each depth interval (THgs) from eight peat

° cores. Linear depth, bulk density, estimated peat age (year) and
accumulation rate of Hg (HgAR) are also given.

5+ Depth THgc THgs Bulk year’ HgAR
(cm) (ngg™) (ug m?) density (ug m?

(gem?) yr)
10+ 0-2 22.6 0.9 10.0£0.7 0.022 2014 4
2-4 233+1.1 8.7+0.9 0.019 2011 3
T 4-6 233108 9.7+0.8 0.021 2009 4
2> 157 6-8 23.6+1.1 10.4£0.7 0.022 2006 4
2 8-10 25.8+0.9 13.0£0.9 0.026 2004 5
p 10-12 309+1.7 17.8+1.2 0.029 1999 4
Q@ 20- 12-14 345%2.0 23625 0.034 1994 5
14-16 406+1.1 30.3+3.3 0.038 1989 6
16-18 47417 348+3.1 0.037 1984 7
257 18-20 56.9+1.4 47.9+46 0.042 1979 10
20-22 63.3+3.1 57.3%5.8 0.045 1974 11
22-24 77.5+5.2 77.1+9.4 0.048 1969 15
30+ 2226 88.1+7.7  91.4+119 0051 1964 18
26-28 96.9+7.6 99.7 +13.3 0.051 1959 20
L rrrrid 2830  104.8+10.0  100.7 £12.2 0.049 1954 20
0 20 40 60 80 100120140160 30-32 1103+9.9  122.6+15.8 0.055 1949 25
THg[ngg '] 32-34 104.1+9.0  127.5+12.3 0.063 1944 26

a) dated after Olid et al. (2014)

Figure S$3.3: Depth profile of total Hg
(THg) concentrations from eight peat
cores paired in all cardinal directions.
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$3.3 Hg in wet bulk deposition

Cumulative atmospheric wet bulk deposition of Hg for Degeré was derived from wet bulk
deposition data from Bredkalen (3.9 ug m™ yr?), located ~210 km west of Degerd and from
precipitation data at Deger6. Hg wet bulk deposition was within the range of measurements
conducted at R36 (5.6 ug m2 yr'') and Pallas (1.5 pg m™ yr™), located ~850 km southwest and
~470 km northeast of Deger6, respectively. Continuous Hg wet bulk measurements at Rao
(57°24’N, 11°55’E), Bredkélen (63°51’N, 15°20’E) and Pallas (67°58’N, 24°07’E) were conducted
by the Swedish Environmental Research Institute (IVL) as part of the European Monitoring and
Evaluation Programme (EMEP).
Table $3.2: Precipitation (Precip), total mercury concentrations in the precipitation samples (Hgp) and total

mercury in wet bulk deposition (Hgp) measured at Bredkdlen. Wet bulk deposition of Hg for the Degero
catchment (Hgp) was derived from precipitation measurements 1 km east of Degerd Stormyr.

Bredkdlen Degero6
Timespan Precip Hgp Hgp Precip Hgp
(mm) (ngL?) (ngm?) (mm) (ngm?)
18.06.2013 02.07.2013 80.1 5.9 252.2 60.3 354.4
02.07.2013 30.07.2013 96.9 12.7 12349 51.5 656.3
30.07.2013 03.09.2013 88.0 5.5 484.9 91.9 506.4
03.09.2013 01.10.2013 97.2 2.4 229.1 69.1 162.9
01.10.2013 29.10.2013 32.6 2.8 92.1 47.7 134.7
29.10.2013 03.12.2013 24.5 3.1 76.7 47.4 148.5
03.12.2013 31.12.2013 26.0 4.0 103.3 64.9 257.9
31.12.2013 04.02.2014 9.7 114 110.6 36.4 415.0
04.02.2014 04.03.2014 24.2 6.7 163.1 62.1 418.5
04.03.2014 01.04.2014 24.9 6.1 152.4 13.9 85.1
01.04.2014 29.04.2014 1.8 42.4 76.3 1.8 76.3
29.04.2014 03.06.2014 80.0 7.1 564.3 50.9 359.0
03.06.2014 17.06.2014 55.2 12.4 332.6 23.1 324.8
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$3.4 Peatland-atmosphere flux of gaseous elemental Hg

Vertical wind velocity (w) was measured with a USA-1 sonic anemometer (Metek, Elmshorn,
Germany) at 3.5 m height. Its signal determined the switching frequency of the fast-response
solenoid valves that isolated GEM in up- and downdrafts. GEM was collected on two pairs of
gold cartridges and analyzed every 30 min with a CVAFS Hg detector (Tekran Model 2500,
Toronto, Canada). The turbulent GEM flux (ng m? h™) was computed according to Equation
2.1. B was derived from concurrent eddy covariance measurements of sensible heat flux for
each averaging period. A fixed zero centered dead band to omitted sampling if wy + 0.2 ms™
was introduced to enlarge the GEM concentration difference. Bias in vertical wind
measurements was removed through the application of a recursive high-pass filter. The air was
drawn through 8.5 m long Teflon® PTFE sampling tubes and was conditionally sampled at a
flow rate of 1.5 L min™. The system was placed within a dome shaped plexiglass container
(Igloo Satellite Cabin, Icewall One, Australia), which also houses the main part of ICOS
instrumentation.

The system hardware was improved as suggested in a previous study (Osterwalder et al.,
2016): (i) the Hg detector and the Hg reference gas generator were kept at a constant ambient
temperature of 25°C, (ii) a pair of pressure sensors and a second set of fast response valves
(V1.2, V2.2, V2.3) were implemented to better control pressure fluctuations and (iii) the up-
and downdraft air volumes were now measured with two high precision thermal mass flow
meters (Vogtlin Instruments, Aesch, Switzerland) (Fig. S3.4).

The analyzed air samples were corrected for changes in sensitivity of the gold cartridges
and the Hg detector. The GEM concentrations were calculated considering results from the
manual calibration procedure and air volumes drawn over the gold cartridges (minimum of
3 L per gold cartridge). They were discarded when differing more than 3 times the standard
deviation of their moving average (window width of 48 observations). GEM concentrations
were corrected for the bias between the two sampling lines by interpolation between
reference mode sampling. GEM fluxes were discarded due to poorly developed turbulence
(Foken et al., 2006, Osterwalder et al., 2016) and in general during periods of very stable
atmospheric conditions (z/L > 2). Short gaps in the flux time series smaller than 9 observations
were filled using a standard look-up table (LUT) method (Falge et al., 2001). Therefore, a LUT
with 6 fixed intervals for solar radiation was used to “look up” GEM flux at similar
meteorological conditions. After gap filling (+ 14% of the data), the total number of 30 min
observations during growing- and non-growing season and the snow season was 3417, 1563
and 466 respectively.
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Figure $3.4: Schematic of the REA system hardware consisting of a GEM sampling unit, a GEM reference gas and
Hg zero-air generator (upper right). The major novelties compared to the system presented in Figure 2.1 are
marked with dashed ellipses.
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$3.5 Hg in catchment discharge

Stream discharge at the catchment outlet has been measured continuously at a flume within a
heated hut since 2008 (Fig. S3.1). Stream water was sampled in high-density polyethylene
bottles on a monthly basis. The THg samples were preserved, within 24 - 48 h after the
sampling, by adding 0.7 mL suprapur HNO; to the 125 mL samples.

THg analysis was performed by the Stockholm University Department of Applied Environ-
mental Science on unfiltered water samples by using cold vapor atomic fluorescence
spectroscopy (CV-AFS) after oxidation by BrCl and reduction to Hg® with SnCl,. The detection
limit was 0.3 ng L™* and the analytical precision was +3% for THg in a concentration range of
5-50ngL™

The THg concentrations did not correlate with the discharge rate on the day of sampling
(data not shown). To calculate the total loss of THg from the Deger6é catchment in stream
discharge (Tab. S3.3), stream THg concentrations were interpolated linearly between sampling
occasions and multiplied by the daily discharge.

Atmospheric wet bulk deposition and GEM uptake by plants are the only new Hg sources
to the peatland catchment that can offset either emission to the atmosphere or discharge
from the catchment. The diffuse flow of water from mineral soils surrounding the peatland
into the peatland itself mostly occurs far from the stream outlet. Due to the strong binding
properties of peat for metals, the metals in groundwater from the mineral soil areas are
generally held in the organic peat directly adjacent to where the water from the mineral soil
enters the peat in the “lag” zone (Lidman et al., 2014).

Table S3.3: Monthly total mercury in discharge -

(THg) and total discharge from the catchment -8
(105 L) 7 m  Catchment discharge
' —e— THg concentration
80 —
TH Discharge -6
Month g}z 6 &
(ngm™) (10°L) —
Jul 13 89.9 35.5 “; é)
Aug 13 70.6 32.4 é =
Sep 13 107.2 775 F
Oct 13 111.2 73
Nov 13 126.6 77.6
Dec 13 53.3 32.8
Jan 14 37.3 22.9
Feb 14 3.8 2.7
Mar 14 39.9 21.6 c Q5 5 >® 5 D ag 2 9
T 08 29+« 3 3 0 R & 0o
Apr 14 463.3 245.3 R B R
May 14 129.5 95.2
June 13/14 736 41.4 Figure $3.5: Monthly averages of catchment discharge (Q) and
Annual total 1307 759 total Hg (THg) concentration in the discharge.
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$3.6 Dissolved gaseous Hg in the peat pore water

Once a week from June - October 2013 and May - July 2014 four peat pore-water samples
were taken from the same areas as the peat cores were extracted (Fig. S3.2). Pore-water was
sucked from the water table level down to 10 cm using a Teflon® FEP pole connected to a
rotary vane pump and collected in a 1 L Teflon® PFA vessel protected from sunlight to
eliminate photolytic reactions (Fig. S3.6). Before sampling the vessel was acid washed, cleaned
with ultrapure water (Milli-Q, 18.2 MQ-cm, Millipore Corp.) and rinsed with peat pore water.
Polyethylene gloves were worn during the sampling and analysis. The vessels were
immediately transferred to the onsite field laboratory (< 5 min) and placed in a water bath
protected from sunlight with temperatures kept close to the temperature of the peat pore
water. The samples were then analyzed using a Tekran Automated Purging System after
Lindberg et al. (2000).

For purging, the inlet line to the Hg analyzer (Tekran Model 2537A, Toronto, Canada) was
connected to the vessel outlet at the beginning of a measurement sequence. The outlet
airstream was mixed with a stream of Hg-free air (0.2 L min™). The Hg analyzer was set to a
flow rate of 1.2 L min™ and purged the vessel at a rate of 1 L min™ (Fig. $3.6). Twelve, 5 min
purge samples were collected for a total of 60 min (40 min sample, 20 min whole-blank). At
the vessel inlet an activated carbon trap supplied Hg-free air. The flow rates were continuously
controlled using digital mass flow controllers (Red-y compact series, Vogtlin, Aesch,
Switzerland) to identify potential leaks during the measurement. The blanks were tested prior
to every sampling by purging the vessel filled with ultrapure water. The measurements
declined immediately to values below the detection limit (~0.5 pg). The diurnal pattern of the
DGM concentrations showed a slight increase of the median from noon to 3 PM (Fig. S3.7).

The DGM concentration was calculated from the difference between the sample that was
purged free of DGM and the whole-blank purge. This difference was then expressed on a
water volume basis. The average whole-blank signal was 2.5% and was always below 9%. The
DGM concentrations showed a distinct seasonal pattern and ranged from 2 pg L™ (May 2014)
to 82 pg L' (July 2014). In 86% of the measurements the peatland pore water was
supersaturated with DGM. The degree of saturation is calculated by the ratio of Henry’s law
constant times DGM concentration divided by the atmospheric GEM concentration (Egs. in
Garfeldt et al., 2001).
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Figure $3.6: Schematic of dissolved gaseous Hg (DGM) measurement setup adapted from the Tekran Automated
Purge System (TAPS) described in Lindberg et al. (2000).
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Figure S3.7: Diurnal pattern of dissolved gaseous mercury (DGM) measurements performed in every cardinal
direction on one day per week from 18.06 - 09.10.2013 and 02.05 - 17.07.2014. The bold line in the box
represents the median DGM concentration. The horizontal border lines indicate the 25" (Q1) and 75% (Q3)
percentiles, from bottom to top. The lower whisker marks Q1 minus 1.5 times the interquartile range (IQR). The
upper whisker marks Q3 plus 1.5 IQR.
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Table S4.1: Average of Teflon® PFA and new type dynamic
flux chamber (TDFC and NDFC, respectively) measurements
and plot parameters such as total Hg (THg) down to 34 cm
depth, vascular plant cover (VP), water table level (WTL) and
dissolved gaseous Hg (DGM) for each cardinal direction

(N, E, S, W).
N E s w

THg [ng g™l 48.7 58.0 60.4 62.0
VP coverage [%] 32 38 38 52
WTL [cm] 45 14.1 12.6 13.9
DGM [pg L] 28.0 50.9 46.2 36.0
TDFC [ng m? h™] 1.0 0.7 0.3 0.6
NDFC [ng m™2 h™] 1.9 3.2 1.3 1.4
15.0-
12.51 FMM =2.31 F,M +0.39; R?=0.61
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Figure S4.1: Scatterplot of GEM flux (mean + SE) obtained from shear corrected new type DFC (NDFC)
measurements (Eq. 4.4) (green circles), and the NDFC calculated using Equation 4.3 (red squares) versus Teflon®
PFA DFC (TDFC) flux.
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Figure S4.2: Setup for continuous GEM flux measurements with the Teflon® PFA DFC (TDFC) and new type
dynamic flux chambers (NDFC) (F). The flushing unit (C) is placed close to the DFCs and connected to the
detection valve unit (B) with 30 m of Teflon® PFA tubing (E). Pumps generate a continuous airflow (12 L min™)
regulated by a mass flow controller (D) through the DFC (F). 1.3 L air min™ is analyzed for GEM concentrations
using a Hg detector (Tekran Model 2537A) (A). High-purity Ar is the carrier gas (G). Alternately, GEM
concentrations inside and outside the DFC are determined and used to calculate the GEM flux (Egs. 4.3 and 4.4).
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Figure S4.3: Time series of GEM fluxes measured with Teflon® PFA DFC (TDFC), new type DFC (NDFC) and the
relaxed eddy accumulation (REA) system. Atmospheric GEM concentrations derived from both methods (REA and
DFCs), global radiation (Rg), air temperature (Tair), soil temperature (Tsoil), relative humidity (Rh), wind
direction (°), friction velocity (u*) and water table level (WTL) during the campaign are illustrated. Black dots are
hourly averages. Locally weighted scatterplot smoothing (blue line) was applied (R v3.1.2, loess {stats}, span =
0.3) with a confidence interval level of 0.95 (grey band).
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Table S6.1: Summary of plot averaged atmospheric gaseous elemental Hg (GEM) concentrations and GEM fluxes

as well as the soil parameters total Hg concentration (THg), pH, temperature (Tsoil) and moisture (Moist) and

meteorological parameters such as air temperature (Tair) and wind velocity (Wvel).

Site ID GEM Feem THg pH Tsoil Moist Tair Wvel
(ngm?®) (ngm?h?)  (mgkg”) (°c) (%) () (ms)
91 2.2 71.3 0.2 5.7 19.2 6.8 22.6 0.35
VS015 92 2.2 50.8 0.2 6.3 19.3 9.5 22.8 0.40
93 2.1 16.6 0.7 6.7 19.6 7.9 23.7 0.38
11 2.8 37.2 0.4 7.3 20.2 38.4 17.6 1.47
HW108 12 2.5 28.0 04 7.2 20.3 38.3 17.3 1.45
13 2.5 49.1 2.1 7.3 20.3 33.7 17.5 1.58
31 3.2 119.8 2.7 7.6 17.1 27.0 15.7 0.23
HKO081b 32 3.5 108.3 3.0 7.5 17.0 23.8 15.9 0.19
33 3.8 109.4 2.5 7.7 17.1 31.0 16.1 0.28
51 3.5 31.9 2.6 7.6 19.7 44.0 19.2 0.87
TT9 52 3.6 64.8 1.1 7.2 19.8 47.1 19.9 0.92
53 3.7 187.3 4.4 7.7 19.7 47.3 19.3 1.04
21 2.8 176.2 1.4 7.3 20.4 28.3 16.8 0.68
HKO045 22 3.8 260.8 3.5 6.3 20.4 30.0 16.5 0.58
23 3.3 269.4 3.5 6.8 20.4 33.0 16.5 0.71
41 3.5 179.9 8.8 7.4 20.6 38.7 20.3 1.40
XX32 42 3.2 194.0 3.7 7.5 20.7 43.4 19.5 1.49
43 3.2 247.6 10.2 7.2 20.5 39.0 19.6 1.32
61 4.7 627.0 46.3 8.4 17.0 38.3 15.9 1.03
T35 62 4.8 610.4 38.8 8.1 17.3 39.6 16.0 1.00
63 6.2 787.1 29.1 8.1 17.1 39.5 15.7 0.99
71 4.0 129.5 12.8 7.2 17.6 28.9 19.3 0.71
X2 72 4.2 2233 26.0 7.0 17.5 25.5 19.5 0.66
73 4.2 169.2 12.0 7.8 17.5 32.4 19.3 0.61
81 6.8 1370.3 230.0 7.4 18.2 11.1 21.7 0.33
VS009 82 7.4 1138.0 310.0 7.0 18.2 9.2 21.8 0.32
83 7.8 1265.1 390.0 7.4 18.2 8.3 21.7 0.30

Table $6.2: Total Hg emission per sector, their trend from 1990 to 2010, 2005 to 2013 and their contribution to
total emissions in 2012. LULUCF stands for Land-Use, Land-Use Change and Forestry. Source: BAFU (2015)

Hg emissions 1990 2005 2010 2013 1990-2010 2005-2013| share in 2013
t t t t t t %

1 Energy 417 0.42 0.39 0.35 -3.78 -0.07 40.4%
1A Fuel combustion 417 0.42 0.39 0.35 -3.78 -0.07 40.4%
1A1 Energy industries 3.91 0.33 0.29 0.24 -3.62 -0.09 27.5%
1A2 Manufacturing industries 0.24 0.06 0.07 0.08 -0.16 0.02 9.1%
1A3 Transport 0.00 0.00 0.00 0.00 0.00 0.00 0.0%
1A4 Other sectors 0.02 0.03 0.03 0.03 0.01 0.00 3.8%
1A5 Other (Military) NA NA NA NA - - -
1B Fugitive emissions from fuels NA NA NA NA - - =
2 Industrial processes 1.50 0.37 0.39 0.39 1.1 0.02 45.5%
3 Agriculture NA NA NA NA - - -
4 LULUCF NR NR NR NR - - -
5 Waste 0.82 0.07 0.05 0.04 0.77 -0.03 4.9%
6 Other 0.08 0.08 0.08 0.08 0.00 0.00 9.3%
National total 6.57 0.94 0.91 0.86 5.66 -0.08 100.0%
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Figure S6.1: Log-log-relationship (trendline in red) between daily averaged gaseous elemental Hg (GEM) fluxes
over each plot and atmospheric GEM concentrations measured simultaneously (filled triangles black, n = 27). The

equation is given in the main text (Eq. 6.2).
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Figure S6.3: Diel patterns of the soil temperatures
measured at 2 cm depth. Plot description in Figure
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Figure S6.4: Diel patterns of the soil moisture content
measured at 10 cm depth. Plot description in Figure

$6.2.
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Figure S6.5: Diel patterns of wind velocity measured in
2 m above the surface. Plot description in Figure S6.2.
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Photo documentation of sampling sites:

Visp Kleegarten; Site HK081b; View in south direction Turtig East; Site TT9; View in east direction
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Visp Kleegarten; Site HKO045; View in northeast Turtig West; Site XX32; View in north direction
direction
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Turtig East; Site T35; View in north direction Turtig East; Site X2; View in north direction

Visp South; Site VS009; View in west direction
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