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The purpose of this study was to examine the dyoswofithe surface — atmosphere
exchange of gaseous elemental mercury (GEM) inesedlaryland. The site

studied was the Piney Reservoir Ambient Air MonitgrStation (PRAAMS) in

Garrett County. | used several different technggieequantify the exchange,
including a soil pore air sampling system thatvaleped, dynamic flux chambers,
and the modified Bowen ratio (MBR) technique. uiid that GEM exchange
dynamics vary widely from the small scale (< ) wf the flux chambers to the large
scale of the MBR technique. When | scaled the @loamber measurements up to the
annual time scale, | predicted a net GEM emissfdh®to 5.3ug nf yr' to the
atmosphere from PRAAMS, while with the MBR techredquestimated a GEM

deposition of 3.31ig n? y*. The differences in these estimates highlight the



difficulties with measuring the exchange of a sabsé that can be both deposited to
and emitted from soils. It also shows how uncartae current estimates of this
exchange can be. On the other hand, | was algjeantify soil redox potential as an
important driver of GEM fluxes and soil pore tagalseous mercury (TGM)
concentrations. This had not been previously tteporl was also able to show the
importance of soil organic matter (SOM) and soilgg®GM concentration gradients
on the surface —atmosphere exchange of GEM. Thik apens the door for other
studies on the dynamics of GEM fluxes in all sitéth background concentrations of

GEM.
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Chapter 1: Introduction

High levels of mercury contamination in humans kbarm the brain, heart,
kidneys, lungs, and immune system of people cdigdis. The toxicity of mercury has
made all forms mercury a focus of research for maays. The primary
anthropogenic source of mercury to the atmosplsereal fired power plants. The
emission of mercury from coal fired power plants deawn the attention of the US
EPA, which on March 16, 2011 introduced Mercury &ndToxics Standards. Once
the mercury enters the atmosphere it can moveilaad other surfaces, making its
way to wetlands and sediments. Once in the wedland sediments the mercury can
be methylated, then bioconcentrate as it movesi@aduatic food chain, and
ultimately ending up in fish. Humans eat the fistd suffer the effects of mercury
poisoning. We must understand how much mercuryaméirough the environment
and what controls that movement to measure thefibepéregulations like the
Mercury and Air Toxic Standards.

The focus of my research was on one compartmethieahercury
biogeochemical cycle, the surface atmosphere exghahgaseous elemental
mercury (GEM). Atmospheric mercury consists ofegas elemental mercury
(GEM, Hd), gaseous oxidized mercury (GOM, ¥Jg and fine (< 2.5um) particulate
bound mercury (FPM) (Poissant et al., 2005; Sclepadd Munthe, 1998). GEM is
the dominant form in the atmosphere, accountingifoto 98% of the atmospheric
mercury burden. Several components of mercury sigpo in western Maryland
have been quantified by other studies (Figure 1Sihce GEM is volatile, it can

undergo a constant bi-directional movement betwieersurface and atmosphere.



This bi-directional movement of GEM means thatribeexchange of GEM between

the surface and atmosphere (emission or deposjtism®t known.
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Figure 1.1. The surface atmosphere exchange of mercury iteweMaryland.
Several components of mercury deposition have faantified by other projects.
Several unknowns surrounding the controls and dfiesof GEM surface

atmosphere exchange were unknown before this study.

Another compartment of the mercury biogeochemigelecthat has rarely
been studied but could be quite important to thiéasa atmosphere exchange is the
pool of soil mercury contained in soil pore airh€elsize and controlling factors of
this pool of mercury are not known. In particuldoes soil redox potential (Eh)

influence the dynamics of this pool of mercury (Fig1.1)? The many uncertainties



with the surface atmosphere exchange and the @algr mercury pool prompted
me to develop two main objectives for the study:

1) Determine if soil characteristics along an enviremtal
gradient (forest vs. grass area) affect the soli@&&ncentrations and
atmospheric exchanges.

2) Identify atmospheric and ecosystem conditions dnae the
exchange of gaseous elemental mercury betweernrtwsphere and soils at
the Piney Reservoir Ambient Air Monitoring StatifPRAAMS).

The following chapters are arranged as four maiptsahat have been
submitted for publication. Chapters 2, 3, and drasls Objective 1. Chapter 2
focuses on the method development of a techniqueetsure soil pore total gaseous
mercury (TGM) concentrations. This technique wseduin Chapter 3 to evaluate the
dynamics of the soil TGM pool in the forest andsgrareas at the Piney Reservoir
Ambient Air Monitoring Station (PRAAMS) in Garre@ounty, MD. The technique
was also used in Chapter 4 along with dynamic ¢li@mber techniques to evaluate
the fine scale (< 1 Misurface atmosphere exchange of GEM in the twasaaé
PRAAMS.

Chapter 5 is focused on Objective 2. In this ¢thiapused
micrometeorological technigues to measure the lacgée (100s of meters) variation
of the GEM fluxes at PRAAMS. Along with these fesx| measured several other
environmental parameters. | wanted to determia@yfof the environmental

parameters were influencing the larger scale GEiMef$.



Chapter 2: A Simple and Accurate Method to Measure
Total Gaseous Mercury Concentrations in Unsaturated
Soils

2.1 Abstract

The goal of this project was to develop a methoshéasure the total gaseous
mercury (TGM) concentrations in unsaturated sdigisting methods did not allow
for easy replication, were costly, and were morgeduor other gases, such as £O
that do not react with collection surfaces. Torowene these problems, | developed a
method that simultaneously collects up to tengoik air samples. | used a single
mass flow controller, one pump, and two banks tdmeters to draw soil air out of
the ground at 25 smL mironto gold coated quartz traps. Analysis of the galfs
was performed with a Tekran 2500 CVAFS mercurydete The system was field
tested at the Piney Reservoir Ambient Air Monitgrigtation (PRAAMS) in western
Maryland. My system was relatively precise anduaate. For example, replicate
TGM concentrations differed by less than 25% amdvery of known amounts of
mercury were greater than 95%. Field measureménised that the maximum soil
pore air TGM concentrations, between 3 and 4 figaucurred at the Oe - A soil
horizon interface. At all other depths, the totercury concentrations were lower
than the ambient air concentrations of 1.8 n{y hbelieve my new method can be
used to precisely and accurately measure the TGierurations in unsaturated soils

at multiple locations simultaneously.



2.2 Introduction

Many uncertainties remain in our understanding @\VI'exchanges between
the atmosphere and background soils. For examaseous elemental mercury may
be in a constant bi-directional flux between saitsl the atmosphere, making it
difficult to determine net deposition or emissidraaite (Bash 2010; Dastoor and
Larocque 2004; Cohen et al. 2004). Several facsush as UV radiation,
temperature, soil moisture and ozone concentratiame been shown to influence
this flux (e.g. Moore and Carpi 2005; Ericksenle2806; Engle et al. 2005) Another
important factor that is likely to affect this flux the TGM pool in background soils
(Sigler and Lee 2006; Wallschlager et al. 2002n3oh et al. 2003; Kromer et al.
1981). This TGM pool may ultimately control the isgion of TGM to the
atmosphere.

There have been a few studies that have exanmiee@@M concentrations in
unsaturated soils (Sigler and Lee 2006; Wallschlagal. 2002; Johnson et al. 2003;
Kromer et al. 1981). These previous studies hadraklimitations caused by the
measurement methods. Kromer et al. (1981) devdlapationary system that used
an oven and a gold trap attached to a spectromé&tes. early system had a high
detection limit (200 ng i) and did not allow multiple samples to be colldcte
Wallschlager et al. (2002) used a custom madelstaiisteel probe through which
soil pore air was drawn out of the ground via ar@ak2537A Mercury Vapor
Analyzer at 1.5 L mifl. Unfortunately, drawing soil pore air at a ratead30 mL

min™ can cause ambient air to be introduced into thep# (Sigler and Lee 2006).



However, 30 mL mitt is below the minimum flow rate (500 mL rifipof the Tekran
2537A.

Since soil pore air cannot be sampled directlyia@omated Tekran 2537A
analyzer, Johnson et al. (2003) and Sigler and(2@@6) attempted to determine the
TGM concentrations in a known volume. Johnsorl.€2803) withdrew 50 mL soil
gas samples with gas-tight glass syringes. Siglérize (2006) collected soil pore
air in 1 L Teflon flasks. Total mercury concentoais in these syringes and flasks
were determined using a Tekran 2537A. Some optbklems associated with these
collection methods include: interaction with thellwaf containment vessels (e.g.
Carpi et al. 2007), leakage, inaccurate flow ragasaurements, and lack of
replication. Previous methods were also labomsitee and expensive. Most
importantly, however, previous methods provide ankingle un-replicated snapshot
of the mercury concentration in the soil profiléerfe is clearly a need for
improvements in our approaches to measure the T@Mentrations in soil air.
Therefore, the goal of the current project wasdeetop and test a new method to
guantify the TGM concentrations in background sollsthis paper, | describe a new

method and present results from laboratory and fests.

2.3 Methods

2.3.1 Study Site

Field measurements were made at PRAAMS in Garoettty Maryland.
Atmospheric mercury measurements have been m&iRAAMS since 1997 and it

is the measurement site for a suite of atmosplolemistry and meteorological



parameters. Soils at PRAAMS are well drained Dekailpin very stony loams with
a depth to bedrock of 50 to 101 cm (USDA 2010). &hnbient air monitoring

equipment is located in a clearing, surroundeddmnydilious forest.

2.3.2 Equipment and Materials

All materials in contact with the soil pore air galsmwere PFA Teflon and
Pyrex. Soil gases were collected using a flute@®BY glass funnel that had a top
diameter of 100 mm and a 100 mm stem length (FiShemtific, Inc. Part Number:

10-329D). Each funnel was buried top down at eachpling depth (Figure 2.1).



Figure2.1. The soil TGM system. A is the 100 mm Pyrex giasmnel inverted in
the ground. B is the gold quartz trap, C is a bainotameters, D is the gas flow
controller, and E is the vacuum pump. The flovediion is Ato E. A is connected
to B with 1/4” Teflon tubing, the rest of the systés attached with 1/4” polyethylene

tubing.

Attached to the glass stem was a 65 cm length43fQ/D. x 1/8” ID Teflon
tubing (Jensen Inert Products, TTH0108-063) that eustom fit to the stem of the

funnel. Previous studies used Teflon funnels, tvitere expensive and structurally



weak. The preliminary test with Teflon funnels skeavthat they were crushed by the
overlying soil. The Pyrex™ glass funnel was magelr could withstand the weight
of the soil, could be acid cleaned prior to insii@in, and did not alter the TGM
concentrations.

Precautions were taken to create air-tight seaddl sampling equipment. For
example, the Teflon tubing was placed in a latieethe last 5 cm was “shaved” to
produce a custom fit for each funnel. To shaveT#iigon, a stainless steel rod was
inserted into each 65 cm length of tubing for nityid After the tubing was shave it
was inserted into the funnel and rubber tubing plased over the joint between glass
stem and Teflon tubing. The rubber tubing was stwith cable ties (Figure 2.1).
Ultra high purity argon was passed through the éiand tubing to check for leaks
and no leaks were found. In addition, each fuanel tubing assembly was attached

to a Tekran 2537A to sample lab air (Figure 2.2).
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Figure 2.2. Concentrations in ambient lab air before, duringl after attaching a
funnel to the 2537A. No difference could be seemvben the period that the funnel

and tubing assembly were attached and the peraidtiay were not attached

Measured concentrations were not affected by thpkag system. Prior to
deployment, all tubing and funnels were soakedfbours in a 10% HCI bath, rinsed
with D.I. water, dried in a particle free hood ahdn double bagged for transport to
PRAAMS.

In early June 2009, one funnel was installed alh @hdour depths: Oe — A
soil horizon interface (3 - 7 cm depth), the A sdl horizon interface (9 — 15 cm
depth), 5 cm into the E soil horizon (13 — 20 crptb® and 10 cm into the E soill
horizon (18 — 25 cm depth) in three sampling piothe deciduous forest. Funnels
were separated at least 20 cm laterally to minirdigaurbance during installation and

reduce the risk of depleting the TGM pool in thé Eigler and Lee 2006)Soil was

10



carefully removed with a small plastic trowel atiameter slightly larger than the
100 mm funnel diameter to the specified soil depthe area where the funnel
contacted the soil was scraped until it was smodtie funnel was then inserted top
down and pressed to make a seal between the sbilianel. The removed soil was
then carefully placed back on top of the funnehkttempt to preserve the pre-
disturbance soil bulk density and soil horizon$e Trowel was cleaned with
deionized water and dried with a lint-free wipevibetn installations. After burial,
the sampling system was allowed to equilibrateseweral weeks before the
September 2009 sampling.

Tekran Inc. gold coated quartz traps were usedlteat TGM in the soil pore
air (Figure 2.1). These gold traps had been ugtmhsively to measure TGM in
ambient air (Brosset 1987; Munthe et al. 2001; Keahd Barres 1999) and water
(USEPA 2002). The gold quartz traps collectedpdicies of gaseous mercury in the
sample stream. The gold traps were connected tbdfien tubing (attached to the
buried funnel) via a 1/4” PFA straight union congwien fitting (Cole Parmer, R-
31320-22). The downstream end of the trap wasexed to polyethylene tubing
(1/4” O.D. x 0.170” ID Lowes, Item: 15275), whichas/connected to the rest of the
system using 1/4” nylon straight union compressittimgs (Cole Parmer, R-06382-
11).

Soil air was carefully and slowly (25 smL rifindrawn through each funnel
using precise and accurate flow meters (+ 0.125 snni’). | used two banks of five
rotameters, which allowed us to collect up to Id@as simultaneously (Cole

Parmer, frame: EW-03214-64, vials: R-32047-19, 50min™, valves: R-03218-72).

11



Flow to the two banks of rotameters was controllga single Aalborg compact gas
mass flow controller (Cole Parmer, R-32660-19).e Vacuum pump (Gast Group,
DOA-P104-AA) had regulators to adjust the flows jethallowed the flow controller
and rotameter to be very stable (Figure 2.1). Rbjene tubing was used
downstream of the gold quartz traps, to connecpthmp, gas flow controller, and
rotameters. The two banks of rotameters were adadéo the gas flow controller
via a “T” compression fitting (Lowes, Item: 25184pdel: A-12). A single 47 mm
diameter 0.2 um filter was placed between the fiinfy and the gas flow controller

to prevent moisture from damaging the flow congoll

2.3.3 Collection of Soil TGM Samples

Upon arrival at the sampling plots, the mass flentmller was plugged in
and allowed to equilibrate until the reading waB00smL mir. At this point, the
valve on the mass flow controller opened and l¢drthe pump on. For
approximately one hour, ambient air was drawn tbhoooth banks of rotameters,
without being attached to the sampling funnelsis Biowed the system to
equilibrate. After the hour, a Bios Definer 220swesed to set the flows for each of
the outlets from the bank of rotameters at 25 sn'mThis flow rate corresponds
to a calculated vertical wind speed across the Bagifunnel of ~0.5 mm$which
would not disturb the soil gas profile (Fang andndieeff 1998; Sigler and Lee
2006).

Once the flows were stable at 25 smL thithe rotameters were connected to

the funnels in two plots (total of eight funnelgjiwa piece of polyethylene tubing in

12



place of the gold trap, and the funnels were fldslee 30 minutes. This allowed the
235 mL funnel volume to be flushed ~3 times. AB6rminutes, the short piece of
polyethylene tubing was replaced with a gold quagp and sampled at 25 smL min
! All eight soil funnels were sampled simultanegugith ambient air. Once the
samples were collected, the gold traps were placasdo Ziploc® bags and
transported back to the laboratory for analysisstimee day.

In the laboratory, | used a Tekran 2500 CVAFS talyare each trap
separately. Calibration of the 2500 was performéd a Tekran 2505 mercury vapor
calibration unit and a digital syringe (Hamiltoreries 1700, 25uL) (Keeler and
Barres 1999). The calibration curve was genertted three replicate injections of
5 uL, 10 pL, and 15 pL of mercury vapor. Theseinws corresponded to ~43.5,
~87.0, and ~130.4 pg of TGM. Blanks were also incafed into the calibration to

form a four point calibration curve (Figure 2.3).

140 -
120 -
100 +

80 -

60 -

Hg° (pg)

40 +
20 A

0 T T T
0 50000 100000 150000 200000

Peak Area (mV)

Figure 2.3. Example calibration curve from the 9/16/2009 sanmgplienerated from

three replicate injections of 43.5, 87.0, and 13@4f TGM (n = 9).
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The curve was forced through zero because the sam@re lower than my
lowest standard (Figure 2.3) (Keeler and Barre®919%he analysis proceeded only
if the r* of the calibration curve was >0.99. From the calion curve, | could
determine the mass of mercury released by the saimgpls upon desorption. All
samples analyzed (except blanks) were above thegldetection limit of the Tekran
2500 (Tekran Corporation), which corresponded detaction limit of 0.02 ng i
Each sample trap was placed in a coiled nicrome gater and heated for 3 minutes
in a stream of ultra-high purity argon (Keeler 8atres 1999). The TGM peak
(which was the only peak seen in the samples) elasased from the trap at ~2
minutes. Once the trap was analyzed, the coratéarirof TGM (Gom, Ng M°) in

soil pore air was determined with the equation:

CT o mTGM
GM
F |]tsqampled
where mgy is the mass (ng) of mercury on the gold trap, thesflow rate (smL min

1 through the gold trap, anghtpledis the sampling time (min).

2.4 Results and Discussion

2.4.1 Precision

To evaluate the precision of the soil gas TGM syst@ traps were used to
simultaneously sample ambient air. Flows throughttaps were set at 25 smL fin
and ambient air was sampled for three hours. Té@nnambient air concentration

was 1.79 + 0.44 ng T(C.V. 24.5%). This variation was slightly higttean the

14



~15% reported in Method 10-5 for manual samplingumibient air (Keeler and
Barres 1999). The higher variation may be fronfedénces in the flows controlled
by the rotameters and/or differences in the indigidyold traps.

Field tests showed that the soil gas TGM systemahagbcision of better than

25% (Figure 2.4). For two days of sampling, | aded two replicates per sampling

Ambient Air

Oe - A soil horizon
interface

A - E soil horizon
interface
5cm into E horizon %— M 9/16/2009 Morning

B 0 9/16/2009 Afternoon

10cm into E horizon W 10/21/2009 Morning
[@10/21/2009 Afternoon
T T T T T T T

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Soil pore TGM Concentration (ng m '3)

Figure 2.4. Soil pore TGM concentrations from four depths @p@mber and
October 2009. Each column represents the meamooffeplicates with the error bars

indicating one standard deviation above and belaantean.

depth for the four sampling periods. Concentrati@msjed from 0.85 to 4.01 ngin
Standard deviations ranged from 0.08 to 2.26 ifg ithe mean coefficient of
variation for replicate samples was 24.8%, sintethat observed for the ambient air
measurements. The highest concentrations (>3t i@nd largest coefficients of

variation were at the Oe — A soil horizon interfé€gure 2.4). The Oe A soil

15



horizon interface was in a constant exchange wghatmosphere, therefore was
expected to be more variable than the lower dg@lagter and Lee 2006). Lower
coefficients of variation were obtained for all centrations at the three deeper
depths (Figure 2.4). The soil pore air mercurycemrations at deeper depths may
not have been as heavily influenced by surfacenegphere exchange and was
expected to vary less than the Oe — A solil horinterface. The lowest standard
deviation at the deepest depth further demonsttagegrecision of the measurement
technique. Based on previous studies, soil TGMentrations can vary by more
than 1000%, between the deeper and upper layéne sbil profile (Sigler and Lee
2006). This indicates that the precision of tlehteque was well within the expected

variation of soil TGM concentrations.

2.4.2 Accuracy

The accuracy of each gold coated quartz sand tespdetermined by
injecting each trap with the same amount of TGM428 pg) generated by the
Tekran 2505 mercury vapor calibration unit. | cediled the Tekran 2500 mercury
analyzer using independent mercury sources, spaltyfi water standards that were
bubbled onto gold quartz traps as described in USEBthod 1631 (USEPA 2002).
The mean recovered amount of mercury for the tweaps was 42.78 pg (C.V.
4.8%), with a mean percent difference (betweerctiga amount and recovered

amount) of 3.9% (Table 2.1). The largest diffeeen@s 8.7% which is substantially
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Table2.1. Recovery of injected amounts of mercury by the @@ goated quartz

sand traps used in this study.

Hg’ Hg° Per cent
Injection Recovered difference
Trap  (pg) (pg) (%)

1 43.42 4541 4.48
2 43.43 41.78 3.87
3 43.42 39.80 8.70
4 43.43 41.46 4.63
5 43.43 43.43 0.00
6 43.42 40.46 7.07
7 43.42 43.42 0.01
8 43.43 43.27 0.36
9 43.43 47.40 8.75
10 43.42 45.26 4.16
11 43.42 44.82 3.17
12 43.42 43.10 0.74
13 43.43 40.07 8.05
14 43.42 43.48 0.14
15 43.42 40.68 6.52
16 43.43 43.09 0.78
17 43.43 41.04 5.66
18 43.42 43.93 1.18
19 43.43 43.82 0.92
20 43.42 39.99 8.23

lower than the 15% variation reported in Keeler Badres (1999), indicating better
than expected accuracy for the gold traps. Thezefdelieve this technique can

accurately measure TGM concentrations in unsatlisigs.
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2.4.3 Sample Collection Efficiency

To verify the collection efficiency of the gold qtetraps, two traps were
connected in sequence and ambient lab air was edrfgrl 3 to 6 hours. For the four

samples, there was no detectable TGM on the sdacapdTable 2.2). For the 6 hour

Table2.2. QA/QC test to verify that all mercury in the soisre collected by the
gold quartz traps. TGM concentrations were beletection limits of 0.1 pg for

every second trap in the back to back sampling trai

Sample Hours 3 4.5 5 6
pg of Hg on sample trap  12.2 13.9 14.6 24.3
pg of Hg on 2nd trap BDL BDL BDL BDL

sample, 24.3 pg of TGM was collected by the firgptwithout break through. Soil
pore air samples had a mean of 6.95 pg of TGM ahdane field sample collected
more than 24.3 pg of TGM. Therefore, | am confidéat the gold traps are 100%

effective at collecting TGM in soil air.

2.5 Conclusions

My new system had several advantages and strenijtabowed the
sampling of multiple depths simultaneously, it yeastable allowing movement
between plots, it eliminated collection/containgeraction problems, and it did not
need to sample large volumes of soil gas. The systas relatively precise and
accurate, could be used in a variety of weatheditions and had a low detection

limit. However, the system had some weaknesseassystem worked only in
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unsaturated soils. Trying to pump soil air frortusated soils would flood the gold
traps with soil water, ruining the air samples graksibly, the gold traps. During
times of heavy rain, snow melt or saturated coodsj the system was not useful.
Another weakness was the fragility of both the gadghbs and the stems of the
funnels. Since these were both made of glassdbelg be easily broken. Finally, the
rotameters took time to calibrate initially but, @vhcoupled with the gas flow
controller, were stable throughout the sample ctbe.

Based on laboratory tests and field measuremermntsienv soil gas sampling
system can be used to precisely and accuratelyure®&M concentrations in
unsaturated soils. The new system directly cdldot TGM on gold quartz traps at
low flow rates, which do not alter the soil gasfpeo In addition, the system allows
us to collect ten samples simultaneously, whichaamdyzed using a Tekran 2500
CVAFS. | am confident that the new system couldibed to study the TGM pools

and dynamics in unsaturated soils.
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Chapter 3. Total Gaseous Mercury Dynamics in
Background Soils

3.1 Abstract

The purpose of the study was to determine the tsfldfdemperature,
moisture, redox potential (Eh) and organic mattertent on the total gaseous
mercury concentrations ([TGM], B¢ Hg™") in background soils. The
measurements were made in a grass area and adjacahious forest at the Piney
Reservoir Ambient Air Monitoring Station (PRAAMS) western Maryland. Three
plots in each area were sampled at the Oe — Aediton interface, the A — E soil
horizon interface, and 5 and 10 cm into the EIsoilzon every third week from July
2009 to June 2010. Mean soil pore [TGM] over alpiths in the forest (2.27 + 2.20
ng m°) was significantly higher than the mean soil pgd@i®M] in the grass area
(1.52 +1.91 ng ). The soil pore [TGM] was highest and most vagatt the forest
area Oe — A soil horizon interface (4.11 + 2.04m?d), ranging from 1.5 to 8.36 ng
m3. This soil horizon interface also had 11 to 26%emrganic matter and the Eh
was 100 to 400 mV lower than the other soil depfhisese two factors were
important because soil organic matter (SOM) caaimetif* and act as an electron
donor for the reduction of Hgto Hf. The results suggest that soil Eh and SOM are

significant factors in the retention and formatairGM in background soils.

3.2 Introduction

The size and dynamics of the gaseous mercury paiis may influence the

exchange of mercury between soils and the atmosgglehnson and Lindberg, 1995;
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Moore et al., 2011b; Sigler and Lee, 2006; Zhardylandberg, 1999). For example,
soils with [TGM] higher than ambient air may beocaice of TGM to the atmosphere
(Moore et al., 2011b; Sigler and Lee, 2006). Exang these soil gas mercury pools
and dynamics is operationally and analytically @rajing because sampling methods
must not alter the natural soil gas profiles bustaollect a large enough volume of
soil air to obtain detectable concentrations. €gjty [TGM] in background soils
approach the limits of most analytical methods. a€ourately quantify variations in
soil pore TGM concentrations often requires theetlgyment of new equipment and
methods (Johnson et al., 2003; Kromer et al., 188igre et al., 2011a; Sigler and
Lee, 2006; Wallschlager et al., 2002). Regardiésbese measurement issues, a few
studies have examined variations of soil pore [TGMhnson et al., 2003; Johnson
and Lindberg, 1995; Kromer et al., 1981; Sigler ard, 2006; Wallschlager et al.,
2002). These studies have shown that [TGM] aleentced by soil temperature, soil
moisture, and organic matter content (Johnson amdbkrg, 1995; Sigler and Lee,
2006). Other studies reported that soil Eh isngmoirtant factor influencing soil
gaseous mercury dynamics (Obrist et al., 2010; glzandl Lindberg, 1999) but soil
Eh and soil [TGM] have not been quantified together

Higher ambient soil temperatures can increasepsod [TGM] by increasing
the volatilization of gaseous elemental mercury’jfBahimann and Ebinghaus,
2003; Carpi and Lindberg, 1998; Choi and Holse®92() Choi and Holsen, 2009b;
Edwards et al., 2001, Ericksen et al., 2006; Géhsl Miller, 2000; Gustin et al.,
2004; Gustin et al., 1997; Lin et al., 2010; Obeisal., 2005; Scholtz et al., 2003;

Sigler and Lee, 2006; Tsiros, 2002). At higher terafures, more Hgean be
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volatilized into soil pore air and increase the M3Gabriel and Williamson, 2004).
Hg® is only semi-volatile at ambient temperatures @nedvolatility is an exponential
function of temperature (Sigler and Lee, 2006).04ds$ higher temperatures, it is
possible that microbial activity is stimulated whican increase the reduction offig
to Hd’ (Baldi, 1997; Fritsche et al., 2008a; Kritee ef 2D08).

Soil organic matter (SOM) has been shown to fastong affinity for HG"
and forest soils with higher SOM content have higimounts of total mercury
bound to them (Akerblom et al., 2008; Anderssorr,dl®emers et al., 2007; Gabriel
and Williamson, 2004; Grigal, 2003; Johansson .etl@B1; Meili, 1991; Obrist et al.,
2009; Obrist et al., 2011; Sigler and Lee, 20061 &t al., 1997). The organic matter
provides binding sites for Hfj and the primary source of organic matter to fores
soils is litterfall. The primary sources of Hdo soils are direct wet and dry
deposition and leaf litter decomposition. Theiaas forms of H§" deposition make
it the form with the highest total deposition tals@and surfaces. Due to the
relatively high inputs of Hg (compared with GEM exchange) and the high organic
matter, the shallow soil layers, such as the Oi@adorizons, can play an important
role in the sequestration and release of'H@brist et al., 2011). In turn, the high
Hg®* that is bound to SOM may increase soil pore [TGiv@duced to H§by
changing soil Eh conditions that causes the releffee H§* from the binding sites
in the SOM (Andersson, 1979; Skogerboe and Wil$681).

Soil Eh can affect soil [TGM] by affecting the aleduility of electrons for the
oxidation of HG" to HJ (Andersson, 1979; Gabriel and Williamson, 2004ri€tet

al., 2009; Schuster, 1991; Zhang and Lindberg, 199der low soil Eh conditions,
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the Hd* contained in SOM can be more readily reduced t&(Rigdersson, 1979).
This reduction can lead higher [TGM] and emissions into the atmospheke.
higher Eh, H§ can be oxidized to H§which can lower the soil pore [TGM] due to
the stronger affinity of SOM to bind Hgor the HG" being dissolved in soil water
(Andersson, 1979; Schuster, 1991).

Increases in soil moisture can cause movement & BE&ween
compartments of the mercury biogeochemical cyGleis effect may be indirect
because soil moisture alters soil Eh, which caeatly affect TGM dynamics in soils
(Ponnamperum, 1972; Zarate-Valdez et al., 2006jrebses in soil water will often
decrease soil Eh, which can increase the ratedokct®on of H" to HJ
(Ponnamperum, 1972; Zarate-Valdez et al., 2006hei® have reported that the
more polar water molecule out competes the merturyinding sites and the
mercury is subsequently released to the atmosgergtin and Stamenkovic, 2005).

Despite the potential importance of the soil po@WVIpool in overall mercury
cycling, no studies have simultaneously measuread®mbined and complimentary
effects of soil Eh and soil moisture on soil paf&M]. Also, little information
exists on the spatial and temporal dynamics oktiepore TGM pool. Therefore, the
purpose of this study was to determine the effettemperature, moisture, redox
potential (Eh) and organic matter content on th& aseous mercury concentrations

([TGM]) in backgrounds soils.
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3.3 Methods

3.3.1 Study Site

Measurements were made at PRAAMS in Garrett coMiaiyland
(elevation: 781 m) (39°42'21.29"N, 79° 0'43.21"WH.2004, the deciduous forest at
PRAAMS was selectively harvested in order to esthld large open area for an
atmospheric monitoring station. There is curreatBuite of atmospheric trace gases,
aerosols, and meteorological parameters measuRRAAAMS. Since this
disturbance, PRAAMS has been mowed and small br@es been cut to keep the site
open. A variety of native grasses, thorns, anddis now cover the open
area.(Moore et al., 2011b) For this study, | dethbd three 3 m by 2m sampling
plots in the open grass area and three in the eljaittact deciduous forest stand.

Soils at PRAAMS were classified as a Dekalb angiGiery stony loam
(USDA, 2009). The O horizon was the only soil dhehiat was considerably
different between the two areas. The forest Oziomrconsisted of large sticks, rocks,
decomposed and un-decomposed litter extendinglépth of 7 cm. In the grass
area, the O horizon was shallower (4 cm) with felasge sticks and rocks. The A
horizon in the two areas was black and 6 to 10réokt The E horizon in the two
areas usually started at 10 cm below the surfadevass light brown. Soil pH for all
depths was significantly lower in the forest (3199.14) than the grass area (4.43 +
0.17). In the forest area, the top 25 cm of sadl b mean bulk density of 0.83 g&tm
The mean bulk density for the top 25cm of soilia grass area was 1.01 g'tnirhe
mean bound total mercury concentration in the ®pr of soil in the forest area and

grass area was 0.07 and O@fg™, respectively.
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3.3.2 Soil Pore [TGM]

Soil pore [TGM] was measured every third week frauty 2009 through June
2010 with my own system described in chapter 2 (Ma al., 2011a). Samples
were collected twice throughout the day (for 1.8 teours depending on weather).
The measurements represent only the daytime peridasnal and nighttime
variation was not examined. | collected samplemfmverted Pyrex glass installed
at the Oe — A soil horizon interface (3 - 7 cm ti¢pthe A - E soil horizon interface
(9 — 15 cm depth), 5 cm into the E soil horizon €10 cm depth), and 10 cm into
the E soil horizon (18 — 25 cm depth) in each pAgipendix 1).

Mercury in soil pore air was collected directly omgold coated quartz sand
traps by pumping air out of the ground at 25 mL TifThis flow rate was used to
eliminate entrainment of ambient air and to aveghting an artificial soil pore
[TGM] gradient (Fang and Moncrieff, 1998; Siglerddree, 2006). | determined the
mass of total mercury collected on the trapggjrby thermally desorbing into a
Tekran 2500 CVAFS mercury detector. All analyseseet on 7/22/2009 in the grass
area and 7/28/2009 in forest were performed om#tyeof sample collection. The
detector was calibrated with a Tekran 2505 mergapor calibration unit and a
digital syringe (1702RN, 25 pL, Hamilton Co.) (Mecet al., 2011a). The soil pore
[TGM] was determined with the equation: [TGM] (ng* )+ Mug (Ng)/ Flow rate (m

min™) / time sampled (min).
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3.3.3 Soil Eh

Soil Eh probes were constructed from 10 gauge@ogpd 0.5 mm 99.997%
platinum wires (Appendix 2) (Moore et al., 2011lgdenhorst et al., 2009; van
Bochove et al., 2002; Wafer et al., 2004). Iniyialive Eh probes were deployed at
the A — E soil horizon interface, 5 cm into thedd Borizon and 10 cm into the E soil
horizon in all plots. The signal from these probes compared to that from a
Ag/AgCI half cell reference electrode (Rabenhotstle 2009). The probes were
monitored every 10 minutes with a Campbell Scien@R10X datalogger. After the
10/21/2009 sampling, | realized that the highest st variable soil pore air
[TGM] was at the Oe — A soil horizon interface. O119/2009, | deployed 10 soil Eh
probes at this interface. These 10 probes wer®yegpon the day of sampling, then
removed and redeployed on the next sampling dette. Oe — A horizon probes were
monitored with a separate CR10 datalogger and AQlAgference electrode. Soill
Eh was not measured at the lower three depthsifotlest area on 11/9/2009 due to
datalogger problems. On 1/6/2010 in the forestHA42010 and 1/29/2010 in the

grass area soil Eh was not measured to keep thieenek electrode from freezing.

3.3.4 Soil Temperature, Moisture, Bound Total Meycand Organic Matter

Soil temperature and soil moisture was measuréddtm long Decagon
Devices 5TE probes (Appendix 3) (Decagon Deviass, Pullman, WA, USA).
One sensor was installed at the Oe — A soil horiaterface, A — E soil horizon

interface, and 5 and 10 cm into the E horizon thaaot for both areas.
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To determine soil bound total mercury concentrati¢jiHg]) and SOM
content, 0.5 kg soil samples were collected froohetepth in each plot on 7/8/2010.
Soil samples were collected within 2 m of the fusnenmediately after the soil gas
sampling was completed for the year. SOM contead determined by the loss on
ignition technique (LOI) (Nelson and Sommers, 199&por soil bound total mercury
determination, | measured 1 g sub-samples into U0 eflon digestion vials. The
sub-samples were digested in 10 mL of cold Aquad&fedjowed by dilution (25 and
50 pL in 50 mL of DI water) and oxidation with BrQJSEPA, 2002). The 50 mL
sample was analyzed with USEPA Method 1631 on aaeR600 Automated Total

Mercury Analyzer (USEPA, 2002).

3.3.5 Statistical Procedures

Daily means of the 10 minute soil temperature, stuve, and Eh
measurements at each depth were calculated ontlgddimes that soil pore [TGM]
samples were collected. All plots (N = 3) for eacba were combined to calculate a
single mean for each depth on each sampling dastudent’s t-test was used to
determine if differences existed between the eamty late samplings within a day.
An ANOVA was used to determine if differences extsamong depths, plots, or
seasons. All differences in means were deemedismnt at thex = 0.05 level. Also

all means are reported with £ one standard dewidtmm the mean.
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3.4 Results and Discussion

3.4.1 Soil Pore Air [TGM] at All Depths

Mean soil pore [TGM] for all depths was significenfdf = 184, t =-2.27, p = 0.003)
higher in the forest (2.27 + 2.20 ng¥jrthan in the grass area (1.52 + 1.91 " m
(Figure 3.1). These concentrations were low coeghéw sites enriched with mercury
but were in the range of other background soilsp@kulix 1 Table A1.1). In the
forest, mean soil pore [TGM] for all depths in suer(2.47 + 2.37 ng i) and

spring (2.52 + 2.68 ng 1) were significantly higher than fall (1.73 + 1.6§ ni°)

and winter (1.31 + 1.06 ng ™M In the grass area, summer (1.84 + 1.46 fiyyand
spring (1.63 + 1.05 ng 1) were also significantly higher théadl (0.87 + 2.37 ng m

% and winter (0.86 + 0.57 ng'™ This seasonal variation was consistent with the
variations throughout the year in a red maple, @vpihe, and oak forest sites at
Coventry, Connecticut (Sigler and Lee, 2006). &allely, these seasonal variations
appear to be driven by seasonal variations intepiperature (Figure 3.2). Higher
summer and spring temperature may have increasesbtétilization of H§ from the
soil matrix into the soil pore air or increaseddarction of HJin these soils

(Ericksen et al., 2006; Kim et al., 1995; Sigleddree, 2006).
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represents a daily mean for each plot. The bogianel shows soil pore [TGM]
means at each depth in each plot vs. the meaorg@ihic matter content at that

depth.

3.4.1 Soil Pore [TGM] at the Forest Oe — A Inteefac

Soil pore [TGM] at the forest Oe — A interface veagnificantly higher and
more variable throughout the year than the othiédspths in either area (Figure
3.1). Soil temperature and moisture were not Eamtly different between this
interface and the other soil layers. As a resiiter factors were responsible for the
distinct soil pore [TGM] dynamics at the Oe - Aarface.

One of the parameters that were different at the- @enterface compared to
the other depths was that soil Eh. Throughout &meding period, soil Eh at the
forest Oe — A interface remained at or below 400 mkile the other depths in the
forest area were above 400 mV (Figure 3.3). Tlas similar to one of the soils in
Norrstrom (1994). Also during this period, soil istare at the Oe — A interface was

not correlated
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Figure 3.3. Mean soil Eh at the Oe — A and A — E soil horizoteifaces and 5 and
10 cm into the E horizon in the forest (top) andsgr(bottom) areas during the times
of soil pore air [TGM] sampling at PRAAMS. The that line on both panels

indicates 400 mV.

with soil Eh or soil pore [TGM]. Due to this ladk correlation, | suspect that soil Eh
was the main driver of soil pore [TGM] in this hmwn. It appears that at a soil Eh

below 400 mV, soil bound Hgis reduced to Hy which was volatilized into the soil
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pore air. This was consistent with other soil &sdvho reported that below 400 mV
and below a soil pH of 7, the most stable spedi@sevcury was HY(Andersson,
1979; Schuster, 1991). While above a soil Eh & #¥ and below a soil pH of 7,
the most stable mercury species wa$'Hgndersson, 1979; Schuster, 1991). This
transition was also evident in the grass area. Néod Eh dropped below 400 mV
on 6/2/2010, the soil pore [TGM] at 10 cm into théorizon rose to 3.24 nginthe
highest at that depth for the entire measuremeam@g@-igures 3.1 and 3.3).

SOM was also likely playing an important role i f(hGM dynamics. Mean
SOM at all depths in both areas, except the Oeseilhorizon interfaces, was below
15%. Atthe Oe — A interface in the grass areantiean SOM was 19.3 + 15.7%, but
was 30.9 £ 10.3% at the Oe — A interface in thedbrThe higher SOM content in
the forest could be explained by litterfall inprdrh the overstory deciduous trees.
Total mercury associated with litterfall was approately 15ug m? y'*, twice the
wet deposition input of mercufNADP, 2010; USGS, 2010). This litterfall was the
reason that the forest area Oe — A soil horizogriate had the highest SOM and
highest soil matrix bound [THg] (Appendix 1 Figure$.1 and A1.2). The increased
mercury after litterfall was consistent with resuitom other studies (Andersson,
1979; Grigal, 2003; Meili, 1991, Obrist et al., 20@brist et al., 2011). The lower
soil matrix bound THg concentration at the othal depths meant there was less
Hg?" available to be reduced to HgBased on these observations, | suggest that the
upper soil horizons in forests with high litterfadputs and low soil Eh are important

sites for the formation of TGM.
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Seasonal variations in soil pore [TGM] in both grasd forest were
influenced by temperature. Soil [TGM] increasedais temperature increased. One
soil layer, the forest Oe — A soil horizon intedabad very different TGM dynamics.
This layer consistently had a soil Eh below 400 migher SOM content (30.9%)
and elevated [TGM]. The results suggest that sivadloil surface layers in forests
play an important role in mercury cycling in baakgnd soils at PRAAMS and may

be important sources of mercury to the atmosphere.
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Chapter 4. Factors Influencing Gaseous Mercury
Fluxes in Background Soils of Western Maryland

4.1 Abstract

The purpose of the study was to examine the eftdcdsil temperature,
moisture, redox potential (Eh) and pore air totsapus mercury (TGM, Hg HE")
dynamics on the surface — atmosphere exchangesebga elemental mercury
(GEM) in western Maryland. | made the measuremiengsdeciduous forest stand
and an adjacent cleared grass field. | quantthedGEM fluxes with dynamic flux
chambers. The measurements were made every tbekl from July 2009 through
June 2010. Mean GEM fluxes in the forest were3@0.37 ng rif h' in the
summer, 0.38 + 1.08 ng'hin™ in the fall, 1.41 + 1.48 ng fh* in the winter and
1.02 + 0.91 ng M h™'in the spring. Mean GEM fluxes in the grass areaew0.52 +
1.53 ng nif h' in the summer, -0.22 + 0.6t in the fall, 0.67 + 0.50 ng fnh™ in
the winter and 2.04 + 1.03 ngTi™ in the spring. GEM fluxes were negatively
correlated with soil temperature and soil Eh ansitpeely correlated with soill
moisture in the forest area. In the grass ared/ @lxes were negatively correlated
with soil Eh only and positively correlated withilsmoisture. GEM fluxes in the
forest area were also often in the opposite dwaadf the soil pore [TGM]
concentration gradients between soil depths andearhair. When | scaled the

measurements to the annual time scale, | estinzatedt daytime GEM flux of 2.0 to
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5.3 ug nf y*. The results suggest that on the scale of flux cleasnihe soils at

PRAAMS are net sources of mercury to the atmosphere

4.2 Introduction

Surface - atmosphere cycling of GEM can be sigaifi¢do the overall
biogeochemical cycling of mercury at sites withkzround (low) soil mercury
concentrations (Bash and Miller, 2009; Ericksealgt2006; Gustin and Jaffe, 2010;
Gustin et al., 2006; Hartman et al., 2009; Kuikealg 2008). Quantifying the net
GEM flux is a challenging task because of the bectional movement of the
predominant atmospheric mercury species, gaseematal mercury (GEM, Hy
(Gustin and Jaffe, 2010; Lindberg et al., 2007 sPamt and Casimir, 1998). On the
other hand, the other species of atmospheric mgrgaseous oxidized (H48 and
fine particulate bound mercury tend to be dry dépdsand not re-emitted (Gustin
and Jaffe, 2010 and references therein). Alth@ayleral studies have examined
GEM surface atmosphere exchange, an important espite mercury
biogeochemical cycle in background soils, few afitntave been made to measure
in all seasons throughout the year..

Measurement and modeling studies for backgrourmsaseggest that soil
temperature and soil moisture can be importanofachfluencing GEM fluxes
(Bahlmann and Ebinghaus, 2003; Bash et al., 20@4i@nd Lindberg, 1998; Choi
and Holsen, 2009a; Choi and Holsen, 2009b; Edwetrds, 2001; Ericksen et al.,
2006; Gillis and Miller, 2000; Gustin and Stamenikg2005; Lindberg et al., 1999;

Poissant et al., 2004; Scholtz et al., 2003; Seonb\éan Heyst, 2005; Zhang et al.,
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2001). Soil Eh and the [TGM] (GEM + Eg in soil pore spaces are two other
controls, which are thought to influence GEM fluxdhese two controls are not
often measured in most field studies because treeglificult to accurately measure
(Johnson et al., 2003; Obrist et al., 2010; Sigted Lee, 2006; Zhang and Lindberg,
1999). Several studies have recommended thatt@&yngmeasurement campaigns
are required to understand how these controlliotpfa change throughout the year
(Choi and Holsen, 2009b; Gustin et al., 2006; Kaoikéeal., 2008; Lin et al., 2010).

Increases in temperature are believed to incréesedlatilization of gaseous
elemental mercury (Bahlmann and Ebinghaus, 2006)i@ad Lindberg, 1998; Choi
and Holsen, 2009a; Choi and Holsen, 2009b; Edwetrds, 2001; Gillis and Miller,
2000; Gustin et al., 2006; Poissant et al., 200¥ng et al., 2001). This relationship
has been shown to be an exponential Arrheniusdgpation at ambient background
temperatures with GEM flux increasing at higher penatures (Bahlmann and
Ebinghaus, 2003; Zhang et al., 2001). Higher teatpees can also increase
microbial activity (Fritsche et al., 2008a; Obmstal., 2010), which, in turn, may
increase the reduction of Higo GEM (Baldi, 1997). Since the GEM is more
volatile than the HE, this tends to also increase the GEM fluxes dtdrigmbient
temperatures.

GEM fluxes have been shown to increase with in@iegssoil moisture
content (Ericksen et al., 2006; Gustin and Stameick@005; Lin et al., 2010;
Lindberg et al., 1999; Song and Van Heyst, 200%wever, changes in GEM fluxes
with increasing soil moisture may caused by the@ased decreases soil Eh

(Ponnamperum, 1972; Zarate-Valdez et al., 2006)otler possibility is that the
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more polar water molecules out competes th& Hwlecules for the soil binding
sites (Gustin and Stamenkovic, 2005).

Soil Eh may cause the simultaneous reduction 6f Hnd the oxidation of
Hg® (Gabriel and Williamson, 2004; Johnson and Lindb&®©95; Obrist et al., 2010;
Zhang and Lindberg, 1999). Although the direcatiehship between soil GEM
fluxes and soil Eh has not been quantified, lovedrEsh conditions are expected to
result in the reduction of more Bgo Hd. This reduction can lead to the emission
of Hg into the atmosphere. At higher Eh, there is tedsiction of H§" leaving
more Hg" that can more readily become bound to soil pasior dissolved in pore
water. As a result, | would expect higher GEM eswiss from soils with lower soil
Eh (Zhang and Lindberg, 1999).

Soil pore air [TGM] may also be influencing GEMkes by affecting the
[TGM] gradient between soils and the atmospherbr{Son et al., 2003; Sigler and
Lee, 2006; Wallschlager et al., 2002; Zhang andihérg, 1999). | know that soil
pore [TGM] can be greater than the ambient air [TIGMgler and Lee, 2006). The
difference in concentration can create a diffugoadient, which can promote the
emission of GEM into the atmosphere. Thus, soieg®GM] dynamics are likely to
be important drivers of the atmospheric GEM fluxas, these dynamics have been
rarely studied in background soils

The purpose of the study was to increase our utadetisig of factors that
influence soil-atmosphere GEM exchanges in backgt@oils. In particular, |
wanted to explore the possibility that soil Eh @od pore [TGM] were important

controllers of GEM fluxes. In addition, | wantemldetermine the net annual daytime
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flux of GEM for background soils in forests andggareas, two land-cover classes

that dominant the landscape of western Maryland.

4.3 Methods

4.3.1 Site Description

This study was conducted at the Piney ReservoiridnAir Monitoring
Station (PRAAMS) in Garrett county Maryland (392R29"N, 79° 0'43.21"W)
(Figure 4.1). PRAAMS is located on a relativelgtflhigh elevation ridge top (781

m) adjacent to the Piney Creek Reservoir. Measentsof mercury in wet
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Figure4.1. The location of PRAAMS within Maryland

(http://www.censusfinder.com/mapmd.htm).
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deposition were started here in 1997 (Mason e2@00). In 2004, the ridge top was
cleared to expand the measurement program. As#\arite of atmospheric gases,
aerosols and meteorological parameters are nowurezhat the site. The cleared
area has since re-established as a grass fieldavatix of thorns Rubus spp.),

orchard grasdjactylis glomerata), flowers @ster spp.), Virginia creeper
(Parthenocissus quinguefolin), black locustRobinia pseudoacacia), and black cherry
(Prunisserotina). This grass area is surrounded by deciduoust®dominated by
Northern Red OakQuercus rubra), white oak Quercus alba), sugar mapleAcer
saccharum), and shag bark hickorgZyra laciniosa) with an understory of marginal
woodfern Dryopteris marginalis) and christmas ferrPlystichum acrostichoides).
PRAAMS is also the location of MDO08, a monitorirtgteon in the National
Atmospheric Deposition Program National Trends MekwMercury Deposition
Network and Atmospheric Mercury Network. Annualtweposition of total
mercury measured in the open area at PRAAMS rangeseen 5.5 and 10.2 pg°m
y! with a mean of 7.6 pg fy* from 2004 to 2009 (NADP, 2009).

Mean annual air temperature for the entire campaigs 8.5C, roughly equal
to the long term (1972 — 2010) annual temperatfiBe8C (SERCC, 2010). For the
measurement period, precipitation was 136.0 cm5tHeghest since 1972 and
snowfall was 260.9 cm, the "I ®ighest since 1972 (SERCC, 2010). PRAAMS was
at least partially snow covered from 12/20/2008/26/2010. The snowpack melted
twice. The first melt began on 1/16/2010 when smitperatures increased to’C5
during the day. As a result, this first melt ocedrrelatively slowly but most of the

20 cm snow pack had melted by 1/29/2010. The smoivfall of 70 cm occurred
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from 2/5 to 2/7/2010. Snow then continued toifalFebruary, creating a 90 cm snow
pack. This 90 cm snow pack started to melt ori28/10. By 3/24/2010, all of the
snow had melted at PRAAMS.

The measurements were made at three permanent@aisyn both the
cleared grass area and adjacent forest stan@atiect the three 3 m by 2 m plots in
each area in early June 2009. Soils in both drads mean total mercury
concentration of 0.05 pg of mercury per g of spi %). According to Lindberg et
al. (1999), background soils contain less thanu@%*. Soils were classified as
Dekalb and Gilpin very stony loams (USDA, 2009)epth to bedrock was 50 to 101
cm (USDA, 2009). The O horizon in the forest was¥thick and 4 cm thick in the
grass area. The forest O horizon contained largksstocks, decomposed and
undecomposed litter. In the grass area, the G tomad fewer large sticks and
rocks than the forest. The A horizon in both angas 6 to 10 cm thick. The E
horizon in both areas was light brown and usud#yted at least 10 cm below the
surface. In the grass area, the mean soil pHaVldepths was 4.43 £ 0.17. The
mean soil pH for the forest was 3.99 + 0.14 ovkdapths. Mean bulk density of the
forest O horizon was 0.55 + 0.12 g €mnd was 0.60 + 0.14 g ¢hin the grass area.
Mean bulk density in the A horizons was 0.74 #50glcm® in the forest and 1.08 +
0.13 g ciit’ in the grass area. The highest mean bulk dessitize in the E-horizon:
1.20 + 0.16 g cAiin the forest and 1.32 + 0.14 g érim the grass area. Mean loss on
ignition (LOI) for all depths in was 15% + 11% imet forest and was highest at the
Oe — A soil horizon interface (31% + 10%). Meanlli@ all depths in the grass area

was 9% + 9% and was also highest at the Oe — Asoiton interface (19% + 16%).
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4.3.2 Soil GEM Fluxes

I measured GEM fluxes every third week from 7/2BR to 6/30/2010 with a
10.0 L (29 cm diameter) polycarbonate dynamic thamber. The chamber was
attached to a Tekran 2537A (2537A) Mercury Vapoalkrer. The 2537A had a 0.2
um filter in the sample line that allowed only GEMénter the analyzer. The 2537A
was set up the day before sampling and allowedngog ambient air overnight. The
analyzer was calibrated immediately before samplifigxes were measured only if
the channels differed by less than 5%. The chambserinert to HY had no memory
effects and low blanks (Lindberg and Zhang, 20@tBworth et al., 2007). Blank
chamber tests were performed in the lab by se#liadpottom of the chamber with
cleaned polyethylene. By sealing the bottom ofctii@mber it drew air only through
the holes in the side through which ambient agire&avn during deployment on the
soil. There was no significant difference betwpenods when lab air was sampled
with clean Teflon tubing and periods when lab aasvwampled with the flux chamber
sealed with polyethylene. GEM fluxes and the potie air [TGM] were measured
simultaneously in order to link the surface GEMk#a to the soil TGM pools.
However, the GEM fluxes were measured at leastalvay from the pore [TGM]
concentration measurements to avoid creating@difgradients in [TGM] with the
flux chamber.

Each sampling week consisted of two days of fiekheurements made
during daylight hours. On day one of each sampbeigod, | measured the forested

or grass plots then the next day | sampled thes pothe other area. For each
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sampling period, | changed the sampling area amidopdler to prevent time and
temperature biases. On each sampling day, two wiets sampled in the morning for
up to three hours. Each afternoon, one of thesgampled in the morning was re-
sampled along with the third plot. During the 003 hour soil gas samplings, our
flux chamber was rotated between the two plotsgoeampled.

Several efforts were made to standardize the flaasurement technique. For
instance, the 1.5 L mihflow of air being removed from the top of the cmnwas
controlled by the mass flow controller in the 2537lAused polycarbonate chamber
bases permanently driven into the ground to craatairtight fit between the soil and
chamber. The bases also allowed us to samplathe bcation for the duration of
the study. The chamber top was rotated betweebases in the two plots being
sampled for soil pore air [TGM] every hour. Befdie chamber was placed on a
base in a new plot, it was positioned on its sae2D min to sample ambient air
directly through the chamber. Also to verify tiiare were no blank effects of the
polycarbonate bases, the chamber was placed osealt was sealed with of clean
polyethylene once every sampling day.

After the initial 20 minute blanking period, theachber was placed on a
polycarbonate base and weighted down with 5 kgdis to assure an airtight fit.
The chamber was left on the base for 30 to 45 ragbéfore rotating to the next plot.
| calculated GEM flux with Equation 4.1:

(C _Cin)

out

Frow = QX A

where Q was the air flow through the chamber (1Bi*) and G was the [GEM]

of air being removed from the top of the chamb@r.was the 20 minute mean
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ambient air [GEM] immediately before the chambes\ptaced on the base, and A
was the area of the surface covered by the cha(@Ber5 cni). With this method |
calculated a flux in ng ihh™* for every 5 minute period that the chamber wathen
base. Itook the mean of all 5 minute fluxes ttedaine a mean daytime flux for

each day sampled.

4.3.3 Soil Temperature and Moisture

| measured soil temperature and soil moisture @itin long Decagon
Devices 5TE soil moisture, soil temperature andtatsal conductivity probes
(Decagon Devices, Inc., Pullman, WA, USA). Tempeeand electrical
conductivity were factory calibrated for all sojpes (Decagon Devices, Inc). For
soil moisture, | calibrated the sensors for eagitldat both sites using the procedures
recommended by Decagon Devices, Inc. One sensoimstalled at the Oe — A soil
horizon interface, A — E soil horizon interfaceddémand 10 cm into the E horizon in

each plot of both areas. This made a total oflo®bgs per depth in each area.

4.3.4 Soil Eh

| constructed soil Eh probes from 10 gauge coppdr0.5 mm 99.997%
platinum wires (Rabenhorst et al., 2009; van Boehetval., 2002; Wafer et al.,
2004). | crimped the platinum wire into a smallehm the end of a 25 to 36 cm
length of the copper wire. Epoxy was applied atjthnction of the copper and
platinum wires until the copper was completely cedeand 5 mm of platinum wire

was exposed. The epoxy was then covered withdmemik tubing. Probes were
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tested in Light solution (Light, 1972) then satedajuinhydrone solution before
deployment. The probes varied by £ 1 mV in thevitggoised Light solution and

by + 20 mV in the less poised saturated quinhydsmetion. Five Eh probes were
deployed at the A — E soil horizon interface (45ocm depths), 5 cm into the E soll
horizon (13 to 20 cm depths) and 10 cm into ties®iEhorizon (18 to 25 cm depths)
in each plot. This made a total of 15 Eh probesdeeth in both the grass and forest
areas. The probes were monitored continuously avifampbell CR10X, a
multiplexer and a single Ag/AgCI half cell referenelectrode in each area
(Rabenhorst et al., 2009). After the 10/21/2008ang, | determined that the
highest soil pore air [TGM] was at the Oe — A switizon interface (3 — 7 cm depth).
Beginning 11/9/2009, | deployed 10 soil Eh probethia interface for each of the
remaining sampling dates. These probes were deghloy the day of sampling, then
removed and redeployed on the next sampling detese probes were monitored
with a separate CR10 datalogger and Ag/AgCl refexestectrode. Soil Eh was not
measured when temperatures were belt@vifecause the filling solution in the

reference electrode would freeze.

4.3.5 Soil Pore [TGM]

I measured soil pore air [TGM] on the days thalMGiitixes were samples
with a new system described in Moore et al. 20IBis system did not have a (u&h
Teflon filter to prevent other forms of mercury hgicollected by the gold trap.
Therefore, it was reported as TGM. | collectedrtiexcury in soil air by slowly

passing the air through gold coated quartz sapd.trahe traps were connected to
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PyrexX’ funnels permanently installed at the same depthbkesoil temperature and
soil moisture probes in each sampling plot. Thalena total of three funnels per
depth in each area. The funnels were installelt ewgeks before measurements
began. | used a single vacuum pump and mass thowvatler to draw air from the
funnels. Flow was equally distributed to the fusnesing two banks of five
rotameters. This technique allowed us to simuttasky collect samples from eight
funnels and ambient air for three hour samplinggast Soil pore air was sampled at
25 mL min* to prevent changes in the [TGM] gradients (Farg) Moncrieff, 1998).
Gold traps were sealed, individually double bagged, transported to the
Appalachian Laboratory for analysis on the sametday were collected. Traps
were thermally desorbed into a Tekran 2500 CVAF&org detector that had been
calibrated using a Tekran 2505 mercury vapor catiibn unit and three replicate
injections each of 43.0, 87.5, and 130.4 pg of TGAhalysis of gold traps proceeded
only if the R of the nine point calibration curve was greatantf.99 (Moore et al.,

2010).

4.3.6 QAIQC

Soil pore [TGM] concentrations were not signifidgrdifferent between
morning (1st sampling) and afternoon (2nd sampliaggither area. This allowed us
to conclude that | was not altering soil [TGM] withe sampling technique. Also, the
shallow Oe — A forest soil interface had signifiggmigher soil pore [TGM]
concentrations than other layers. Therefore, tkated that | had minimal

entrainment of ambient air into the soil pore aimgples.
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4.3.7 Statistical Procedures

| used R Project (version: 2.10.1) to performsgdtistical tests. | calculated
daily means for soil temperature, moisture contand, Eh only during the times that
GEM fluxes were measured on each sampling daged Welch's t-tests to
determine differences in GEM flux between the foeesl grass area. | used Pearson
product moment correlations to evaluate relatiqggshimong soil GEM flux, soil
temperatures, moisture content, Eh, and soil pp@M]. | used an ANOVA to test
for seasonal differences. To determine pairwifferdinces among seasons for both
areas, | used a Tukey’s HSD test atdhe0.05 level. For the multiple linear
regression (MLR) modeling | used the GEM flux, d6iil, temperature, and soil

moisture content data collected every ten minutes.

4.4 Results and Discussion

4.4.1 Soil GEM flux

GEM fluxes exhibited strong seasonal variation diierone year sampling
period (Table 4.1). Both study areas had simgassnal patterns, but the magnitude

and direction of the fluxes were sometimes diffe€igure 4.2). Depending on the
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Table4.1. Seasonal summary of GEM fluxes in the measurenmreasat PRAAMS.

Mean Flux (hg m 2 hr'l)

7/16/09
7/30/09
8/13/09
8/27/09
9/10/09
9/24/09

Forest Grass
Units ngm?h? ngm?hrt
Summer
Mean -0.09 £0.37 -0.52+1.53
Max 2.27 3.17
Min -1.00 -3.39
Fall
Mean 0.38+1.08 -0.22 +£0.69
Max 431 1.33
Min -2.55 -2.03
Winter
Mean 1.41+1.48 0.67 £0.50
Max 6.36 1.90
Min -0.13 0.08
Spring
Mean 1.02+0.91 2.04+1.03
Max 3.56 4.16
Min -0.32 -0.16

10/8/09
10/22/09

11/5/09
11/19/09

Grass
—e&— Forest

12/3/09
12/17/09
12/31/09

1/14/10
1/28/10
2/11/10

2/25/10
3/11/10
3/25/10

4/8/10
4/22/10

5/6/10
5/20/10

6/3/10
6/17/10
7/1/10

Figure4.2. Mean daytime GEM flux for the measurement perigdor bars

indicate one standard deviation from the mean.
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season, soils could be strong sinks or sourcesofury. However, the mean GEM

flux for both areas over the entire sampling pen@s not significantly different (t =

0.28, df = 31, p = 0.78) (Table 4.2). The annuamfluxes were at the low end of

Table4.2. Soil GEM fluxes at PRAAMS and other sites. NRigates not reported

values.
Mean TGM Flux Max Flux Min Flux .
(ng m~2 hr) (ngm2hrY)  (ng m?hr) Time of Year  Ecosystem Study
PRAAMS:
0.53+1.11 6.36 -2.55 All Seasons Deciduous Forest This Study
0.51+1.53 4.16 -3.39 All Seasons Grass Field This Study
Other Studies:
2.3+0.95 3.7 0.6 June Mixed Forest Zhang et al. 2001
22+52 43 -0.5 May - October Mixed Forest Sigler and Lee 2006
15+0.18 3.8 -0.3 Summer Mixed Forest Ericksen et al. 2006
1.0 -1.4 3.8 July - August Hemlock Forest Boudala et al. 2000
1.55+2.98 27.1 -2.49 Spring Deciduous Forest Choi and Holsen 2009
1.46 +£1.06 5.26 -1.34 Summer Deciduous Forest Choi and Holsen 2009
0.82 +0.97 4.12 -1.92 Fall Deciduous Forest Choi and Holsen 2009
0.19+0.95 1.94 -0.70 Winter Deciduous Forest Choi and Holsen 2009
76+1.7 10.2 5 June Open Grass Field Zhang et al. 2001
2.95+2.15 8.29 0.62 Summer Open Grass Field Poissant and Casimir 1998
1.9 -0.15 4.3 June Open Grass Field Boudala et al. 2000
14+0.4 NR NR August Open Grass Field Schroeder et al. 1989
1.12+0.10 9.7 -0.9 Summer Grasslands Ericksen et al. 2006

the 0.3 to 7.6 ng ihh™* range of values reported in previous studies @4t2). The

findings were also consistent with previous studies showed similar mean flux

rates in forests and grasslands (Table 4.2).

Forest area mean soil temperatures at all depttrsgdGEM flux sampling

were significantly correlated with mean daily GEMxes (Table 4.3). As
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Table4.3. Correlations coefficients (r) between mean dailyMGiiix and measured

soil parameters at each depth.

Soil Depth Temperature Moisture Eh Pore [TGM]

r p value r p value r p value r p value
Forest
Oe - Ainterface -0.54 0.0296 0.56 0.0249 -0.02 0.9571 -0.14 0.6126
A - E interface -0.65 0.0082 0.5 0.0489 -0.75 0.005 -0.21 0.4445
5 cm into E horizon -0.65 0.0069 0.48 0.0606 -0.67 0.0164 -0.25 0.3427

10 cm into E horizon -0.66 0.005 0.49 0.0543 -0.71 0.0098 -0.12 0.6554

Grass

Oe - A interface 0.13 0.6498 0.48 0.0733 059 0.1642 -0.21 0.4429
A - E interface -0.11 0.7003 0.62 0.0141 -0.69 0.0096 0.04 0.8971
5 cm into E horizon -0.18 0.5287 -0.21 04567 -0.73 0.0047 0.19 0.5072

10 cm into E horizon -0.21 0.4501 0.53 0.0404 -0.62 0.0236 0.01  0.9579

temperature increased, GEM flux decreased. lgtass area GEM flux was not
correlated with soil temperature at any depth (@&b8). Several other studies found
that GEM fluxes increased as temperature incre@sgdBahlmann and Ebinghaus,
2003; Bash et al., 2004; Choi and Holsen, 2009aj @hd Holsen, 2009b; Ericksen
et al., 2006; Gillis and Miller, 2000; Gustin et,&006; Xiao et al., 1991; Zhang et
al., 2001). The negative relationship in the foress the opposite reported by other
studies. This relationship in the forest and #wklof a significant relationship with
temperature in the grass area indicated that feletors were driving the GEM fluxes
at PRAAMS.

Forest daily mean GEM flux was correlated with gailean soil moisture
content at the Oe — A and A — E soil interfaced(@4.3). Grass area GEM flux was
correlated with soil moisture at the A — E soikirface and 10 cm in the E horizon
(Table 4.3). In both areas, GEM flux increaseda@bkmoisture increased. This

relationship was consistent with the findings dfest (e.g. Bahlmann and Ebinghaus,

50



2003; Gustin et al., 2004; Gustin and Stamenkd®005; Wallschlager et al., 2000).
Since soil moisture and soil Eh were correlateallatepths except the Oe — A soil
interface in both areas, this relationship couttigate that increased soil water
indirectly affected the GEM flux by lowering theilséh.

In both areas, GEM flux increased as soil Eh attheE soil horizon
interface and 5 and 10 cm into the E soil horizeardased (Table 4.3). This pattern
was consistent with the findings of others thaa simple soil system with an Eh
above 400 mV and a pH below 7, the most stable fdfrmercury was HgGl
(Andersson, 1979; Schuster, 1991). Those stutBed@und that in soils below 400
mV and pH of 7, Hwas the most stable mercury species (Anderssai9; 19
Schuster, 1991). Since Hig more volatile than Hg higher fluxes were expected at
lower soil Eh values. In PRAAMS soils, the trigins from sink to source occurred
at 601 mV for the A — E soil horizon in the grassaarather than 400 mV (Figure

4.3). In the forest, where the soil Eh was highed inputs of mercury through
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Figure4.3. Mean daily GEM flux v. mean daily soil redox at the- E soil horizon.
The linear fit equation in the grass area was Elu8.0072*Soil Eh + 4.3873 (R

0.48) and Flux = -0.0078*Soil Eh + 6.0122*(R0.56) in the forest area.

litterfall were different, the transition for A —$oil horizon occurred at 773 mV
(Figure 4.3). At5 cm into the E horizon the tigina from source to sink occurred at
769 mV in the forest and 620 mV in the grass aval0 cm into the E horizon it
occurred at 717 mV and 620 mV respectively.

GEM fluxes were not correlated with soil pore [TGB]any depth. To
determine the influence of soil pore [TGM], | exawmil the [TGM] gradients between
soil depths and ambient air. To do this | sub&#dd¢he [TGM] at each soil depth
from the ambient air concentration measured 2 covalthe surface with the soll
pore air sampling system. | found significant riegarelationships between the flux
and [TGM] gradient for all depths in the forestabrit not the grass area (Figure

4.4).
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Figure4.4. The GEM flux v. the change in [TGM] between thd yers and
ambient in the forest area. The linear relatigpsiior the Oe — A interface to
ambient air was GEM flux = -0.1278FTGM] + 0.776 (R = 0.1189), forthe A— E
interface to ambient air was GEM flux = -0.326TGM] + 0.3541 (R = 0.2723), for
5 cm into the E horizon to ambient air was GEM flux0.3085A[TGM] + 0.3527
(R* = 0.2673), and for 10 cm into the E horizon to @mbair was GEM flux = -

0.3212A[TGM] + 0.2593 (R = 0.2202).

The negative relationships between the GEM flux [@i@&M] concentration
gradients could indicate that the different timalss of the two measurement
techniques was limiting my ability to evaluate te&tionship between soil pore
[TGM] and GEM fluxes. The soil pore [TGM] may haween changing with the

GEM flux throughout the day. However, | was notedlo capture the short term
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variation of soil pore [TGM] with my cumulative dettion of TGM on the gold

traps.

4.4.2 Predicted Annual GEM Flux

To estimate the net annual daytime GEM flux, Idude linear relationship
between soil Eh at the A — E soil interface and GlitMes for both areas (Figure
4.3). | used soil Eh measurements at the A — Eraerface due to the lack of
continuous measurements at the Oe — A soil interf&or days during the year that
did not have soil Eh measurements, | used theaaktip between soil moisture and
soil Eh at the A — E interface to estimate houdy Eh values with equations 4.2 and

4.3:

Eh.,. =-3.3279M ., +8136 :(R? = 039

Ehy. =—7.4239M . +8079 (R? = 025

Grass
Where Ehgrestand Elgrasswere the hourly soil Eh at the A — E soil intedan the
forest and grass areas respectively.rgMand SM;asswere the hourly soil moisture
contents at the A — E interface (% moisture) infdrest and grass areas,
respectively. | then calculated hourly soil Ehuesd for the daylight hours of each
day and used that data in the model to calculatelyreoil TGM fluxes for daytime
periods. To get the net annual daytime flux | swedrall hourly daytime fluxes for
the year. With this approach, | estimated a néssion of 2.1 pg My from the
forest soil and 2.0 pg fy™* from the grass area.

| also used multiple linear regression (MLR) modglfor a second estimate

of annual net GEM flux. The regression models vierged on the daytime GEM
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flux, soil temperature, moisture, and Eh measuwedyeten minutes on sampling
days. The best (highest)RMLR model for the forest soils used soil Eh ani s
temperature at the A — E soil interface. The MLBdel explained 42.4% of the
variation in the GEM fluxes. Soil moisture contergts not statistically significant.
In the grass area, the best MLR model containddEs$nisoil temperature, and soil
moisture content at the A — E soil interface. Thisdel explained 39.7% of the
variation in the GEM fluxes in the grass areastineated hourly soil Eh for periods
when data was missing with Equations 4.2 and B@.the forest area | used

equation 4.4:
Froy =—-0.002%Eh. . —0.094T. _ + 411

and for the grass area | used equation 4.5:

Fiew = —0.0063Eh,,, — 006T,,, + 0.00055M + 484

Grass Grass
Where Teorestand Tyasswere the hourly temperatures at the A — E soiiZoorin the
forest and grass area, respectively. | used ttedsgonships to calculate hourly mean
GEM flux values for the daylight hours of each d&yith this method, | predicted an
annual GEM emission of 5.3 pgiy™* from the forest area and 3.3 péf §i* from
the grass area.

The net annual fluxes were likely biased high bseahey were estimated
from daytime fluxes only. Several studies havenshthat GEM fluxes exhibited a
diurnal pattern with maximum emission during thg dad low emission or
deposition during the night (Bash and Miller, 20B8wards et al., 2001; Fritsche et

al., 2008c; Gustin et al., 2006; Gustin et al.,200m et al., 1995; Zhang et al.,

2008). The annual GEM emission results were similar t@o#stimates of emission
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for PRAAMS. For example, Bash (2010) used the CMA@mModel with a new bi-
directional H§ module and predicted a net flux of 20 ng day" in the region.

When scaled up to the annual time frame this daikyequaled an emission of 7.3 ug
m?y™. Choi and Holsen (2009) used their soil GEM flfngasurements and
empirical models to estimate a net emission ofi@.@? y™* from soils in an
Adirondack forest. Hartman et al. (2009) usedgragsion tree based model to
estimate a 2 — Bg m” y'* emission from soils in the region. Since theneates were
biased high, it was possible that all model est@saf GEM emission for the area

were also too high.

4.5 Conclusions

My results highlight the uncertainties in our uretanding of the surface
atmosphere exchange of GEM in background soils.ifiteeactions of factors
influencing the fluxes under field conditions makdifficult to determine the
dominant factor(s) controlling the net GEM fluxe&t PRAAMS, | found that soil
GEM fluxes vary significantly throughout the yedrhe study points to the potential
importance of soil Eh as a factor influencing th&ace atmosphere exchange of
GEM. However, before | can draw any concrete amiohs about the influence of
soil pore [TGM] concentrations on GEM fluxes mdreer scale TGM gradient
measurements above and below the soil — atmosptieriace may be needed. The
study also found that model estimates of GEM emisgiom my site may be too

high. My results suggest that more long-term mesasants of GEM fluxes at
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background solil sites are needed to further elteittee exact mechanism by which

soil Eh may be controlling GEM fluxes.
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Chapter 5: Modified Bowen Ratio Fluxes of Gaseous
Elemental Mercury in Western Maryland

5.1 Abstract

The purpose of this study was to increase our nstaleding of the
atmospheric exchange of gaseous elemental merGy ( Hd) for background
soils with low mercury concentrations. | measuattM fluxes using the modified
Bowen ratio (MBR) technique from 7/6/2009 to 7/6QGat the Piney Reservoir
Ambient Air Monitoring Station (PRAAMS) in westeMaryland. Annual hourly
mean GEM flux was -0.63 + 31.0 ngah™* and was not significantly different
among seasons. Using filtered data, GEM fluxes wetestrongly correlated with
atmospheric trace gases, aerosols, or meteorolagidables. Separating filtered
data into emissions and deposition allowed us tiebanderstand the factors
influencing these atmospheric exchanges. Annuahr@&aM emission was 15.3
27.9 ng rif ! and the annual mean GEM deposition was -14.6 & 2¢.m* h™.
Factors significantly correlated with emission aeghosition were solar ultraviolet-B
radiation (UV-B), wind speed (WS), ozone concertret and relative humidity
(RH). UV-B and ozone could oxidize GEM to gaseoxislized mercury (GOM)
near the soil surface. Wind and turbulence caaldsport GEM to or from the
surface. Over the entire filtered data, annuaG&EM flux was -3.33 pg iy™.
This was similar in magnitude to estimates of GO dkposition (2.5 to 3.2 pg'm

y!) at PRAAMS. Total dry deposition (GEM + GOM, 3@86.5 pg rif y*) was
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slightly less than the mean wet deposition (8 gy of total mercury. Wet and
dry deposition combined was about equal to therfatl mercury deposition (15 pg
m?y?) to the forest floor within the flux tower footpii As a result, total (wet, dry
and litterfall) mercury deposition within the fla@wer footprint was almost 30 pg m

2yr't. Dry deposition of GEM accounted for 11% of thetanercury deposition.

5.2 Introduction

Surface - atmosphere exchange of GEM can be imddahe overall
biogeochemical cycling of mercury (Gustin and Ja2f@10; Gustin et al., 2008;
Lindberg et al., 2007). Studying this exchangefien difficult due to the relatively
small concentration gradients, low surface - atrhesp fluxes, and rapid changes in
the direction of the flux. GEM, which comprisesto®8% of total atmospheric
gaseous mercury, can be emitted from and depasiteails (Gustin and Jaffe, 2010;
Poissant et al., 2005). This bi-directional movatrean happen quickly, with a site
switching between being a source and a sink of Géitlin a few hours (Bash and
Miller, 2008; Converse et al., 2010). This impotthnx has been measured with flux
chambers and micrometeorological techniques. Hewdew studies have measured
this flux for an entire year (Baya and Van Hey$t1@, Converse et al., 2010). Due
to the high variability of GEM fluxes, it is necesg to make long-term
measurements in order to determine the factorsabng these fluxes (Gustin and
Jaffe, 2010).

Many environmental parameters have been shownrfltence this surface —

atmosphere GEM exchange. Some of these factdiglmt)V-B radiation, wind
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speed, and ozone concentrations (Choi and Hol€€9a2 Engle et al., 2005; Gustin
et al., 1997; Moore and Carpi, 2005; Zhang e28l08). UV-B radiation is thought
to increase the photoreduction of#i¢gaseous oxidized mercury, GOM) to GEM in
the shallow soil layers (Choi and Holsen, 2009apMaand Carpi, 2005). This GEM
is volatile and may be readily emitted to the atpiese. Therefore, increased UV-B
radiation may lead to increased GEM emissions.héfigvind speeds and turbulence
near the soil surface have also been shown toaserthe turbulent transfer of GEM,
leading to higher exchange at higher wind speeds @ al., 1995; Schluter, 2000).
Ambient air ozone may increase GEM deposition me@nvironments or increase
GEM emissions in others. For example in Polar Begiatmospheric mercury
depletion events are believed to be caused by tisidaf GEM to GOM by species
such as ozone or bromine (Brooks et al., 2011;,H8®5; Schroeder et al., 1998;
Steffen et al., 2008). However, in one lab studt woils amended with Hgnd

Hg®*, oxidizers such as ozone were shown to increaseettuction of GOM to GEM
and increase the volatilization of GEM from soEn(le et al., 2005). The variability
of these factors, that control GEM fluxes, togettm@ntribute to the bi - directional
nature of the atmospheric fluxes.

Due to the variability of GEM fluxes and limitectkl measurements, little is
known about long-term variations and the importaofcis flux in mercury
biogeochemical cycling at background sites. Hoffedent factors influence these
fluxes is also not known. Therefore, one goahed study was to continuously
measure GEM fluxes for one year at a backgroued(sdtil bound mercury

concentration less than Qu§ g%) in western Maryland. The second goal was to put
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the annual GEM flux into perspective with other aarmercury fluxes measured at

the same site.

5.3 Methods

5.3.1 Study Site

GEM fluxes were measured semi — continuously fréé2D09 to 7/6/2010 at
PRAAMS in Garrett county Maryland (39°42'21.29"M°0'43.21"W). PRAAMS is
located on a relatively flat, high elevation ridge (781 m) adjacent to the Piney
Creek Reservoir (Figure 5.1). In 2004, the ridgewas cleared, and now a diverse
suite of atmospheric trace gases, aerosols androkigical parameters is measured

(Table 5.1). For this study, | also measuredrguibx, soil temperature, soil

Predominant
Wind Direction

- Piney |
Reservoir /

Figure5.1. The Piney Reservoir Ambient Air Monitoring (PRAAMSije.
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Table5.1. Means of each inlet during times of co-location.

Mean [GEM] Mean [GEM] Maximum  Minimum

Inlet 1 Inlet 2 Mean Gradient Gradient

Start End (ng m™) (ngm™®) Difference Magnitude Magnitude
Collocated 6/26/2009 7/2/2009 1.199 1.190 0.009 0.086 0.000
Collocated 8/2/2009  8/9/2009 1.093 1.094 0.001 0.134 0.000
Collocated  8/29/2009 9/2/2009 1.024 1.008 0.016 0.125 0.000
Collocated  9/18/2009 9/23/2009 1.029 1.028 0.001 0.122 0.000
Collocated 11/6/2009 11/14/2009 1.532 1.534 0.008 0.110 0.000
Collocated 2/1/2010  2/5/2010 1.809 1.809 0.000 0.098 0.002

Separated
(above 0.009

threshold) 7/2/2009  7/6/2010 - - -0.004 0.570 0.009

moisture, surface wetness, total UV, UV-B, net soddiation, albedo, and wind
speed and direction at 3 m. The flux tower waated 30 m to the west of the
equipment shelters (Figure 5.1). | chose thiatioa in order to have the most
homogeneous fetch from west to north, which ispileglominant wind sector.
PRAAMS is also the location of MDO08, a monitorirtgteon in the National
Atmospheric Deposition Program’s National Trend$vwdek, Mercury Deposition
Network and Atmospheric Mercury Network.

Mean annual air temperature for the entire campaigs 8.5C, roughly equal
to the long term (1972 — 2010) annual mean temperatf 8.8C (SERCC, 2010).
For the measurement period, precipitation was 18@.0the g highest since 1972
and snowfall was 260.9 cm, the"Bighest since 1972 (SERCC, 2010). PRAAMS
was at least partially snow covered from 12/20/2(038/25/2010. Soils were
classified as Dekalb and Gilpin very stony loamSQD4, 2009) and had a mean total

mercury concentration of 0.05 pg of mercury pef gail (ug gb).
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5.3.2 Modified Bowen Ratio

The MBR method was used to measure GEM fluxes (E@evet al., 2010;
Fritsche et al., 2008b; Gustin et al., 1999; Kinalet1995; Lindberg et al., 1995).
This is a micrometeorological technique that corabihigh speed eddy correlation
measurements (10 Hz) with GEM concentration gradieasurements. The eddy
correlation technigues were used to measure theatic heat flux with a 3D
ultrasonic anemometer (R. M. Young 81000VRE). Ull&asonic anemometer was
mounted at 2 m between two sets of thermistorswikeat mounted at 1 m and 3 m
above the ground. | then used the kinematic hextaind the temperature gradient
measured between the aspirated thermistors at 3 antb calculate a vertical
transport term (K) that was applied to the GEM gratto determine the flux. In this
way | was using heat as a reference scalar in eod#determine the movement of
GEM. By using heat as a reference scalar, | asduha the mechanical vertical —
air mixing transported heat from hot to cold and\GEom higher concentration to
lower concentration with the same efficiency. dshtemperature and heat flux as
the reference scalar instead of 3% water vapor, to eliminate some of the problems
experienced by others under dry and low,€@nditions (Converse et al., 2010). K

was calculated with Equation 5.1:

The GEM flux was then determined with Equation 5.2:

Feem = KACqy
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Where w'T’ was the kinematic heat flux (K i)sandAT (K) was the hourly
difference in temperature between 1 and 3 gayfvas the GEM flux (ng iih™),
ACgemWas the hourly GEM concentration gradient betweand.3 m. To determine
hourly GEM and temperature gradients, the hourlama the lower height was
subtracted from the hourly mean at the upper heighe dry deposition velocity

(Vg) for GEM was then determined by Equation 5.3:

V — I:GEM

d
C:GEM

Where Genmis the concentration of GEM at the 3 m height.

GEM concentrations were measured with a Tekran 2938&rcury Vapor
Analyzer (2537A) located in a temperature conttbBaed approximately 30 m from
the flux tower. The 2537A continuously measuredM=toncentrations by switching
between two gold traps. Mercury was collected o@ gold trap (A channel) for five
minutes, then while the mercury was being desodmeblanalyzed from the A
channel, mercury was being collected by anothet tab (B channel). The 2537A
had a detection limit of < 0.1 nghiTekran, Inc.). To determine the GEM
concentrations at 1 and 3 m, two identical lendil®3ID Teflon lines, one from
each height, were attached to a Tekran Model 1§aéhsonized two port sampling
system, which was attached to the 2537A. The hut@matically switched between
the two inlets every 15 minutes (three 5 minutedarg periods). The first five
minute sample was discarded during data analygseteent skewing of the data due
to stagnant air in the 30 m Teflon line. Flowwitite 2537A were maintained at 1.0

L min™ and were checked monthly with a Bios DryCal Defia20 flow meter.
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The temperatures at each height were measured ewenye with two 1000
Q platinum resistance thermistors (PRT) inside Me¢ ©O76B aspirated shields.
These shields produced consistent air flow actes$RTs and removed them from
direct sunlight and precipitation. The precisidriree PRTs was + 0.6C. The
temperature gradient was calculated by subtratti@dnourly mean of the two PRTs

at 3 m from the hourly mean of the two PRTs at 1 m.

5.3.3 QA/QC

The 2537A was automatically calibrated from annmaé calibration system
every 49 hours. The analyzer was closely monitaretitaken offline or serviced if
the difference between the gold traps (channeladdB) rose above 7.5%. The
2537A was offline 749 of 9234 hours over the anmu@hsurement period for
calibration, maintenance, power failures, or usether projects. Twice during the
year, the accuracy of the internal calibration sewas examined by several
injections of GEM from a Tekran 2505 mercury caliiwn unit and a digital syringe
(1702RN, 25 pL, Hamilton Co., Reno, NV). Both tenéhe accuracy of internal
calibration system was within the uncertainty &f germeation rate. The sample
inlet on the back of the 2537A had a 2 um Tefldterfiwhich removed particles and
gaseous oxidized mercury. Therefore, the only@asspecies of mercury that
entered the analyzer was GEM.

To be certain | was measuring real GEM gradieritis the flux tower, | set
both sampling inlets at 1 m six times throughoettieasurement campaign (Table

5.2). This allowed us to compare data from permfdsollocated inlets to
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Table5.2. Means of each inlet during times of co-location.

Mean [GEM] Mean [GEM] Maximum  Minimum

Inlet 1 Inlet 2 Mean Gradient Gradient

Start End (ng m™) (ngm™®) Difference Magnitude Magnitude
Collocated 6/26/2009 7/2/2009 1.199 1.190 0.009 0.086 0.000
Collocated 8/2/2009  8/9/2009 1.093 1.094 0.001 0.134 0.000
Collocated  8/29/2009 9/2/2009 1.024 1.008 0.016 0.125 0.000
Collocated  9/18/2009 9/23/2009 1.029 1.028 0.001 0.122 0.000
Collocated 11/6/2009 11/14/2009 1.532 1.534 0.008 0.110 0.000
Collocated 2/1/2010  2/5/2010 1.809 1.809 0.000 0.098 0.002

Separated
(above 0.009

threshold) 7/2/2009  7/6/2010 - - -0.004 0.570 0.009

periods when inlets were separated by 2 m. Thigpawison was necessary in order
to determine the GEM concentration gradient thriestieat was caused by variation
in the data and not measurement uncertaintiesolpaced the PRTs at the same 1
m height during these six periods. By doing thisas able to determine that one of
the four PRTs was measuring FCthigher than the three other PRTs. Therefore,

0.1°C was always subtracted from this PRT before amy dhlculation.

5.3.4 Flux Footprint

The flux footprint was estimated with the modeveleped by Hsieh et al.
(2000). This model had been widely used to estrfiak footprints (i.e. Oishi et al.,
2008; Park et al., 2009; Wohlfahrt et al., 2008his model was based on Lagrangian
stochastic dispersion and similarity theory (Hs¢lal., 2000). The model used
hourly measurements of sensible heat flux (H)teamrperature, and friction velocity
(u*). Canopy height, zero plane displacement, rmonthentum roughness were

defined as 0.5 to 1.0 m (leaf off and leaf on, eesipely), 0.335 m, and 0.05 m
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respectively. Zero plane displacement and momemtwghness were estimated
from Arya (2001a).

| used this model to calculate the direction aridifevhere 80% of the GEM
flux occurred (Hsieh et al., 2000). Only 80% of ftux footprint was modeled
because the flux footprint follows an exponentetaly function. The last 20% in the
tail of the decay can extend for hundreds to thodsaf meters with only a small
contribution to the flux. The model results wdnert separated into periods of stable,
neutral, and unstable atmospheric conditions. &bstconditions were defined as
Monin-Obukhov lengths (zt) less than -0.02, stable conditions were'zeater
than 0.02, and neutral conditions were the tramsiperiod between stable and
unstable (Hsieh et al., 2000). The z is the measant height and L is the Obukhov

length (Arya, 2001b; Hsieh et al., 2000).

5.3.5 Statistical Analysis

All statistical analyses were performed in R Pebjgersion 2.10.1) on hourly
mean values. Pearson Product Moment correlati@ns veported as significant at
thea = 0.05 level. ANOVA was used to determine if therere significant
differences in mean GEM fluxes by season and wirgttion sector and the
differences in mean emission and deposition byosead Tukey’'s HSD test was
used with the ANOVA results to test for significatitferences among seasons. |
used an ANOVA to determine significant differenbgswind rose sector. | also used
spectral and partial autocorrelation function asiglyo evaluate the filtered GEM
fluxes. Spectral analysis was used to identify emgracteristic time frequency of

variation in GEM fluxes. The partial autocorretetifunction analysis was used to
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determine if subsequent hours were correlatedrdar to perform the spectral and
partial autocorrelation function analysis, | penigd linear interpolations to fill in
missing data for 3975 hours out of the total sangpbf 9234 hours. These data were
missing due to the 2537A being offline for calibwatperiods, flow measurements,
routine maintenance or when the weather prevehtdltrasonic anemometer from

working properly.

5.4 Results and Discussion

5.4.1 GEM Flux Validation

In this section, | describe my rationale for renmgvéome GEM fluxes that
may have been caused by uncertainties in the nezasuats. The fluxes were
calculated, in part, from the GEM concentrationdggat between the 1 and 3 m
measurement heights (Equation 5.2). | wanted terohéne the concentration
gradient threshold caused by real differences iM®Etween the two heights. To do
this, | examined the variation in the GEM conceimragradient when the two inlets
were collocated at 1 m (Table 5.2). The overalhmior the collocated periods was
0.006 ng it and the range was -0.004 to 0.016 rig(able 5.2). From the mean
gradients during collocation periods | selected psssible gradient thresholds, 0.009
ng m° and 0.016 ng i

To determine the more effective threshold, | exadithe absolute value of
the GEM concentration difference between the tietsnfor the entire measurement

campaign. By using the absolute value | avoidedparing mean GEM gradients
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that could have been biased low by the many pes#&nd negative values. To
demonstrate this, the mean GEM gradient when tleésimere separated was -0.003
+ 0.045 ng it and ranged from -0.281 to 0.570 ng.nOn the other hand, the mean
absolute value for the same periods was 0.03429@ ni®. For the entire data set,
there was no significant difference (p = 0.5232aen this mean absolute value and
that during periods when the inlets were collocateti m (0.035 + 0.029 ngth
When | removed concentration gradients smaller th@A9 ng riv, the difference in
mean absolute values became significant (p = 6.83°% The mean GEM gradient
during separated periods increased after filtef@@40 + 0.030 ng ). As a result,
all fluxes with concentration gradients less th&d00 ng it were removed from the
data set (18% of total data). Filtering at a thods of 0.016 ng M also produced a
significant difference between collocated and sa&tealrperiods but would have
removed 32% of the fluxes. The latter was not usmzhuse it removed more data
than the 0.009 ng ththreshold.

| also wanted to be certain that the GEM fluxesenest simply random
noise. To examine this, | performed a time seaaieysis on the filtered data. The
partial autocorrelation function (PACF) of the aahtime series revealed that the

fluxes were correlated for five hours (Figure 5.Zhis indicated that even though the
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Figure5.2. The partial autocorrelation function (ACF) diagrafrhourly GEM

fluxes for the entire campaign. The dotted limelidate the 95% confidence interval
above or below which hours are significantly catetl with hour zero. The time lag
on the x axis is in units of hours and the Pa&i@F on the y axis in units of percent

(%).

fluxes oscillated between emission and deposisabsequent hours, up to 5 hours,
were correlated. If the fluxes had been noiseeltmrey would not have been
autocorrelated. | also performed a spectral arsabysthe fluxes. |did not find a

characteristic frequency of variation, such asevdror 168 hours, that would
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indicate a distinct daily or weekly variation. Hewver, the spectrum was not a flat
line, which would have indicated random noise. |€xively, the filtered data
contained measurable fluxes generated by realrdiftes in the GEM concentration
gradient.

Finally, there were two buildings located 10 a®d8 east of the flux tower.
| wanted to be certain that the buildings did dtarahe GEM fluxes. To determine
the effect of the buildings, | divided the fluxesa eight wind direction sectors (45
degree sections of the 360 degree wind rose)okid for significant differences in
the average flux for each sector. For the enteasaurement campaign, GEM fluxes
were not significantly different among the eightdidirection sectors. This

indicated that the buildings did not artificialljal the GEM fluxes.

5.4.2 GEM Fluxes

Hourly GEM fluxes were highly variable, continuoyslwitching between
emission and deposition (Figure 5.3). Mean hoGiBM fluxes were -0.63 £ 31.0 ng

m?h! (N =5259). The mean GEM flux was consistent iitikes from an upland
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Figure5.3. Hourly GEM fluxes from July 2009 to July 2010. Esibns are pink
while depositions are light blue. The black liepresents a 48 hour moving average

of the hourly fluxes.

meadow in Shenandoah National Park, VA (Conversé €2010) (Table 5.3). The
range of measured fluxes over the year (-346.7%8&ng it h') was much larger

than other studies especially, in the winter (TabB). The only other study
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Table5.3. A comparison of GEM fluxes measured at PRAAMSwitose measured

by other studies.

Mean TGM Min Flux Max Flux )
Flux 2. 1 2, 4 Time of Year Ecosystem Study
(ng m2 hr'l) (ngm™“hr™) (ngm™hr™)
PRAAMS:
Upland Meadow
surrounded with
-1.41+325 -224 353.6 Summer deciduous forest This study
Upland Meadow
surrounded with
0.32+33.1 -271.3 316.8 Fall deciduous forest This study
Upland Meadow
surrounded with
-0.64+34.4 -346.1 379.8 Winter deciduous forest This study
Upland Meadow
surrounded with
-0.62 £22.6 -129.7 217.7 Spring deciduous forest This study
Other Studies:
25+19.1 -124.8 82.4 Aug 6 - 12, 2009 High elevation meadow Converse et al. 2010
0.3+16.8 -77.1 67.6 Nov 7 - 14, 2008 High elevation meadow Converse et al. 2010
41+257 -112.0 119.1 Feb 11 - 17, 2009 High elevation meadow Converse et al. 2010
-4.8+ 255 -125.7 71.0 May 11 - 19, 2009 High elevation meadow Converse et al. 2010
NR -5.4 4.2 June 2 - 10, 1994 Forest Floor Lindberg et al. 1998
-4.3+NR -42.0 20.0 Aug 26 - Nov 23, 2005 Grassland Fritsche et al. 2008a
-1.7 +NR -35.0 34.0 Mar 27 - Aug 30, 2006 Grassland Fritsche et al. 2008a
Nov 24, 2005 -
0.3+NR -34.0 29.0 Mar 26, 2006 Grassland with snow Fritsche et al. 2008a
May 7 - 14 and
9.67 + NR -91.7 190.5 May 31 - June 8, 2001 Agricultural Field Cobos et al. 2002
-4.3 +NR -27.0 14.0 June 7 - July 20, 2006 Grassland Fritsche et al. 2008b
-1.6 £+ NR -14.0 14.0 June 7 - July 20, 2006 Grassland Fritsche et al. 2008b
-2.1+£NR -41.0 26.0 June 14 - 29, 2006 Grassland Fritsche et al. 2008b
-0.5 £ NR -76.0 37.0 June 14 - 29, 2006 Grassland Fritsche et al. 2008b
0.2+NR -33.0 29.0 Sep 14 -26, 2006 Managed Farmland Fritsche et al. 2008b
0.3+NR -18.0 30.0 Sep 14 -26, 2006 Managed Farmland Fritsche et al. 2008b
Wetlands, open water,
32.1+55.6 -110.0 278.0 Aug 23 - Sept 3, 2002 mixed vegetation Poissant et al.2004

with results similar to this range was over a mixedland, vegetation, and open

water system in Quebec, Canada (Poissant et 84)20 his could indicate that the

vegetation, land cover (snow), UVB, wind speed,nez@nd RH within the flux

footprint sporadically caused large spikes in tieMFluxes. In addition, previous
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studies with short measurement periods, may na kamnpled enough duration to
capture these extreme variations.

The net GEM flux for the year was -3.33 ug gi* for the filtered fluxes.
This estimate was made by summing the hourly &teftuxes for the year. The net
GEM flux for the unfiltered fluxes (all GEM gradiesnincluded) was -3.74 ugfy™.
This would indicate the removed fluxes made a somitribution to the overall net
flux. Filtered GEM fluxes were not significantlyfigerent among seasons, but the
flux patterns differed throughout the year. Thesze two periods in July 2009 when
deposition was consistently -100 n¢f ii* (Figure 5.3). In August 2009, the fluxes
oscillated between -100 and 100 ng hi for a short period (Figure 5.3). In fall
2009, the GEM fluxes became less variable (Figug S-luxes in winter became
more variable until snow covered the site in e&dpruary. From February to early
May 2010, fluxes were less erratic (Figure 5.3)onk early May until early July
2010 the fluxes were as variable as in summer 2B@Rire 5.3).

To determine the source area of the GEM flux meamants throughout the
year, | examined the flux footprint model resulEor the entire measurement
campaign the atmospheric stability conditions was68% unstable, 45.7% neutral
and 28.6% stable. During unstable conditionsptlean footprint for 80% of the
GEM flux was within 200 m of the flux tower. Duag neutral conditions, the mean
footprint for 80% of the GEM flux was within 300 af flux tower. During stable
conditions, mean footprint for 80% of the GEM flwas within 2000 m from the flux

tower. For 74.3% of the entire sampling campag§® of the GEM flux was within
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300 m of the tower. The vegetation within that 3®as mostly grasses and brush
with a few dispersed trees (Figure 5.1).

In order to put my study into perspective with ot)é calculated the GEM
V4. The V4 is often used in by modelers to estimate atmosphkeposition of GEM
(Zhang et al., 2009). The annual meanwas 0.33 + 0.61 cmi‘sand ranged from 0
to 8.08 cm 8. The mean Ywas in agreement with the mean ¥eported for
vegetated surfaces and wetlands (0.1 to 0.4trAlang et al. 2009). In springqV
(0.22 + 0.33 cm’Y was significantly lower than summer (0.38 + Ocrd %), fall
(0.38 £ 0.63 cm$ and winter (0.31 + 0.66 cmi's  Summer, fall and winter were
not significantly different from each other. Thiatfern was also reported by
Converse et al. (2010). The range of GEM fluxeBRAAMS was also smaller in
spring (Table 5.3). This indicated that there \eas exchange of GEM between the
surface and atmosphere during this season. Thetategn may have been less
effective at removing GEM from the atmosphere dytime onset of the growing
season. The range of;Values were also more consistent with the rangé; éor
forest canopies (0.0003 to 1.88 cif) than bare background soil (0.002 to 0.064 cm
s%) (zhang et al., 2009). This could indicate tfet torests at PRAAMS were
important sinks for atmospheric GEM.

When analyzed in bulk, mean hourly GEM fluxes waightly correlated (r <
0.05) with mean hourly N§) NGOy, soil redox at 5 cm into the E horizon and tots&l. U
The fluxes were not related to any of the 25 otltagiables measured. Therefore, |

was not able to identify any factors that consigyeinfluenced the GEM fluxes.
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5.4.3 GEM Emission and Deposition

Due to the low correlation coefficients between@EM fluxes and all of the
other measured variables, | examined the GEM earnisand deposition separately,
an approach also used by Kim et al. 1995. AnnwemGEM emission was 15.3 +
27.9 ng it it (N = 2453). Emission in spring (12.9 + 21.1 ng ht) was
significantly lower than fall (17.8 + 29.4 ngTi) but was not significantly different
from summer (16.8 + 29.8 ng'hh™) or winter (13.9 + 29.8 ng fhY). GEM
emissions were also not significantly different agdall, summer, and winter.
Among all seasons, GEM emissions were greater wnttable atmospheric
conditions (23.8 + 28.4 ng ) than under neutral (21.5 + 33.1 n¢f i) or
stable (3.00 + 5.43 ng %) conditions. This trend occurred in all seasofise
mean GEM emission was slightly higher than the siois(7.5 + 7.0 ng fih™) in
the Walker Branch Watershed in Oak Ridge, TN (Kirale 1995). However, the
Kim et al (1995) study was limited to short daytisampling periods from May
through November 1994.

Annual mean GEM deposition was -14.6 + 26.6 nghh (N = 2806). Mean
GEM deposition in the spring (-11.4 + 17.3 ng hi*) was significantly lower than
summer (-15.5 + 27.3 ng'fh™), fall (-16.6 + 21.1 ng M h?) and winter (-15.2 +
32.5 ng it h'%). Deposition for the year was also significartigher under unstable
atmospheric conditions (-23.0 + 29.7 ng ') than under neutral (-17.5 + 29.3 ng
m? h?) or stable (-3.3 + 10.5 ng'frh™!) atmospheric conditions. Deposition under

unstable conditions was significantly higher witsEasons. The GEM deposition
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was also higher than the mean daytime GEM depasith?2 + 2.4 ng M h%) at
Walker Branch Watershed (Kim et al., 1995).

Separating the fluxes into emission and deposigvealed that several
variables were influencing the fluxes. Howeverstmf the correlation coefficients

were still below 0.25 (Table 5.4). By looking atlypthe variables with the highest

Table5.4. The variables most highly correlated with GEM emuissand deposition
separately. Only those variables with a corretatioefficient (r) greater than 0.25
are reported unless no variables were above 0e2bdhly the variable with the

highest r value is reported.

Emission Deposition
Correlation Correlation
Season Parameter Coefficient Parameters Coefficient
Relative Humidity 0.44
uvB 0.47 WS (3 m) -0.42
Summer Relative Humidity -0.36 Ozone -0.40
Ozone 0.31 Total UV -0.40
WS (3 m) 0.27 uvB -0.38
Total UV 0.26 Surface Wetness 0.35
Albedo 0.28
Fall uvB 0.28 WS (3 m) -0.29
Winter WS (10 m) 0.24 WS (10 m) -0.26
Net Solar Radiation -0.47
Net Solar Radiation 0.37 uvB -0.41
Spring uvB 0.31 Total UV -0.28
WS (10 m) -0.28
Oe - A soil Horizon WS (3 m) -0.26
Soil Temperature 0.30 Relative Humidity 0.25

correlation coefficients in each season, | was abliraw a few conclusions. UV-B

was correlated with emission in summer, fall anghgpand with deposition in
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summer and spring (Table 5.4). Although more gfiprelated than other
parameters, UV-B still only explained 22% of theiaon of the GEM emissions (in
summer) and 17% of the deposition (in spring). Heevel did find that as UV-B
increased, emissions increased and depositionatsde This was consistent with
the findings of others and may indicate that UViB-reduction of GOM to GEM
at the soil surface may have been influencing t&&Guxes (Choi and Holsen,
2009a; Moore and Carpi, 2005; Xin et al., 2007he Tmportance of the conversion
between GOM and GEM occurring at the soil surfaes also supported by
correlations with ambient air ozone concentratiorsummer. As ozone
concentrations increased, GEM emission increaseédi@position decreased. This
relationship was consistent with the findings ofenet al (2005), who reported that
GEM emissions increased from soils enriched in biddg’* under higher ambient air
ozone concentrations (up to ~ 70 ppb). Althougyttid not determine the exact
mechanism, they speculated that the ozone waszmagdsulfur species, such as HgS,
and this oxidation was counterbalanced by reduaifdig’* (gaseous or bound) in
the soil matrix to GEM. The GEM was then emittedhte atmosphere. It was
possible that this process was occurring at PRAAMSwever, | could not rule out
the fact that higher UV-B also produced more lazine. Ozone can be produced in
the troposphere from a photochemical reaction driweUV-B radiation (Jacob et
al., 1995).

There were also higher GEM emissions and lower GEepbsition at higher
wind speed. The influence of wind speed on GEMdhicould indicate that air

turbulence was physically moving the GEM from thalbow soil layers into the
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atmosphere. This would agree with my findings ti@h emissions and deposition
were higher under unstable atmospheric conditigksturbulence near the surface
increased, the physical movement of the GEM in@@&ad his indicated that pressure
fluctuations at the surface move gases in and fatlieosoil pore spaces. This further
emphasized the importance of the soil surface dueing periods when UV-B and
ozone were lower, such as in the fall and winter.

RH appeared to be a factor controlling emissionageqbsition during the
warmer spring and summer months. Higher RH ledwel emissions and higher
deposition. This was similar to that seen by o#ttedies (Boudala et al., 2000;
Converse et al., 2010; Ericksen et al., 2006; Raisand Casimir, 1998). This
relationship may indicate that increased moistarine air could facilitate the

oxidation of GEM to GOM and increase deposition.

5.4.4 Comparison with other measurements at PRAAMS

The MBR measurements of GEM flux were part of géaistudy to better
understand the atmospheric mercury cycle at PRAAK®Ser studies measured
GEM fluxes with dynamic flux chambers (Moore et 2011b), GOM deposition
with ion exchange membranes (Castro et al., 2Qat@l, mercury in litterfall
deposition (USGS, 2010), and total mercury in weggaskition (NADP, 2010). One of
the projects also modeled GOM deposition (Castad.eP011). Here, | present a
comparison of the two GEM flux measurement campa{ggnamic flux chambers
vs MBR), and then | put these fluxes into perspecivith the other mercury

measurements made at PRAAMS.
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The net annual GEM flux estimates were differentveen the dynamic flux
chambers and MBR methods (Moore et al. 2011). h\tiié flux chambers |
estimated a net daytime emission of 2.0 to 5.3 ffgm With the MBR method, |
estimated a net deposition of 3.3 pg i for both all periods. When only the
daytime MBR fluxes were included the net depositi@s only slightly lower (2.4 pg
m?y?). This emphasized the differences between thesanement techniques.
Fluxes measured with the MBR method were represeataf large footprint areas
from 300 to 2000 1 The MBR fluxes were also a summation of the, s@ijetation,
and snow surfaces, and each surface may have tiackni factors controlling the
GEM fluxes. The chambers measured fluxes overehremaller area (< 0.53nand
only during daytime hours. This could have biagedflux chamber estimates high,
due to the missing deposition that may occur dttnid\so, there were periods when
the soils beneath the chambers would switch fromncgoto sink of GEM. This
indicated that the landscape consisted of spatialtiable and highly dynamic GEM
fluxes, which could not be captured with flux chanimeasurements. Therefore, we
must be careful when scaling up fluxes measurel fivik chambers to be
representative of a large area. My efforts vethiiy findings of others that
micrometeorological and chamber fluxes do not @gihycagree (Gustin et al., 1999).

The annual estimate of GOM deposition measured intlexchange
membranes was 2.5 pgay™* (Castro et al., 2011). The GOM deposition modeled
using a multi-layer inferential model of GOM drgpbsition velocities was 3.2 ug
m?y! (Castro et al., 2011). These two estimates werg similar in magnitude to

the net GEM flux measured with the flux tower. Stiould indicate that dry
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deposition of GEM was as important as GOM depasiioPRAAMS. GEM was
thought to have a much smaller deposition veldatign GOM and was often not
included in many deposition estimates (Lyman et28l07; Ryaboshapko et al.,
2007). Other models estimated that GEM depostourid be roughly equal to GOM
deposition (Miller et al., 2005). My findings stigthen this estimation. However,
the measured dry deposition was slightly lower ten12 to 15 pg hy™ that had
been modeled for PRAAMS (Miller et al., 2005).

The dry deposition estimates (5.8 to 6.5 |igyil) were roughly equal to the
mean mercury wet deposition (7.6 pg §i*) from 2004 to 2009 (NADP, 2010).
Other modeling and measurement studies have estinttat wet and dry deposition
could be roughly equal (Engle et al., 2010; Mik¢ial., 2005). My studies verify this
assumption. The wet and dry deposition estimat@sgever, were much lower than
the litterfall mercury input (15 ug fy™') measured in 2008 (USGS, 2010). Although
there is likely some annual variation in the litédirinput of mercury, this confirms
the importance of this component of total mercugpasition (Rea et al., 1996; Rea et
al., 2001). Since there are both grass and farests at PRAAMS litterfall plays an

important role in mercury biogeochemical cycling.

5.5 Conclusions

In bulk, GEM fluxes at PRAAMS were very dynamic amut strongly
correlated with any of the atmospheric trace gasa®sols, or meteorological

variables. After separating the fluxes into pesioflemission and deposition, | was
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able to determine that UV-B, ozone, wind speedratative humidity influenced the
GEM fluxes. However, even these relationshipsa&red less than 22% of the
variation in GEM fluxes. This could indicate thptrameters other than those
measured were influencing GEM fluxes at PRAAMS e3énfactors could include
biological processes, variables that change omdestthan one hour time scale, or
variables that change substantially within the oot of the flux tower. The few
correlations could also indicate that it might leaéficial to have higher resolution
measurements of the possible GEM flux controls iwithe MBR flux footprint. The
comprehensive studies of mercury cycling at PRAANScated that GEM
deposition was as large as GOM deposition and GEpbsition was 11% of total
mercury deposition.

| suggest that future work at background sites $amuimproving our
understanding of the role of ozone in GEM depositiad the importance of
humidity in GEM atmospheric dynamics. | would ass@gest that future work focus

on the variability of the factors controlling th&® fluxes in the MBR footprint.
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Chapter 6: Conclusions

The toxicity and mobility of mercury has stimulateelw, detailed research on
all aspects of the mercury biogeochemical cyclasgdus elemental mercury (GEM)
constitutes more than 95% of the 5 gigagram glababspheric mercury pool
(Mason and Sheu, 2002). The interaction of GEMvbeh the atmosphere and the 1
teragram terrestrial mercury pool may involve th@vement of as much as several
gigagrams of mercury per year. This global moveroéfarge quantities of mercury
was the reason that we attempted to measure anthésthe uncertainties associated
with the surface — atmosphere exchange of GEMed hreas that needed careful
study were measurement based estimates of the laretuexchange of GEM in
western Maryland, the environmental factors affegthe net exchange of GEM and
the factors affecting the soil pore air gaseouscongrconcentrations. Actual long
term measurements of GEM exchange have been linwidd most current estimates
of mercury dynamics based on model projectionstiaswl., 2004; Bullock and
Brehme, 2002; Cohen et al., 2004; Marsik et al072@hang et al., 2009). These
models are usually based on environmental variaideglated with mercury
movement that are more easily determined thantdastonates of GEM exchange.
Therefore, efforts to verify the utility of moded¢ GEM exchange and/or the
identification of more robust variables for estimgtexchange rates are essential for
defining mercury dynamics in the environment. didiion, by making direct
measurements of GEM exchange, we hope to improvallity to predict the
consequences of limiting future anthropogenic elmmssof mercury or allowing

emissions to continue un-regulated.
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The bi-directional nature of GEM fluxes means thegpite the global
potential for the movement of gigagrams of meradhere may actually be zero net
exchange between terrestrial surfaces and the ptraosover a year. This
possibility for zero net exchange is enhanced ekdp@und sites that are far from
point sources of mercury pollution, that have batected only by atmospheric
deposition and have low soil mercury concentratiegn8.5ug of Hg per g of soil).

At PRAAMS in western Maryland, | quantified the GEMchange on two different
scales with flux chambers and micrometeorologieahhiques. Also, a new method
for measuring TGM in soil pore air was developeat improved on previous designs
by increasing sample sizes, reducing flow rategmeove ambient air contamination
issues, and removed container wall effects by ctiig on gold coated quartz sand
traps. With these techniques, | was able to stheyhree areas of GEM surface -
atmosphere exchange mentioned earlier.

One important finding from the project was that Bt was a dominant factor
controlling soil total gaseous mercury dynamics|uding both soil pore air TGM
concentrations and surface atmosphere fluxes of GEMther important finding
was that the net GEM exchange at PRAAMS was a dtéposf 3.3ug m? yr.

These results allowed me to provide quantitatitenedes in the conceptual diagram
of GEM exchange at PRAAMS presented in the intrtidaqFigure 6.1). GEM

deposition at
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Figure6.1. The final conceptual model of the surface atmesplexchange of

mercury at PRAAMS with all components complete.

PRAAMS was as high as gaseous oxidized mercury (@adosition. This finding
is important because GOM deposition was traditigrtbught to be the major form
of gaseous mercury deposition, while GEM has tiaitly been predicted to have a
net emission from background sites. The findingaf redox as a control of GEM
dynamics and the net deposition measured at PRAAM&Nt that current models
detailing the surface atmosphere exchange of mgend the emissions of mercury
from background soils may need to be re-evaluafddo, those same models may
need to be re-parameterized to include bulk chamgesil Eh among land cover

types.
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The findings of this study also show how difficitltvill be to measure the
environmental benefits of limiting anthropogenicrowgy emissions. For instance,
the total amount of mercury contained in a 1 squagter, 25 cm depth block of soil
in the forest area is 14.6 mg and in the grassiared.1 mg (Appendix 4). Currently
all forms of mercury deposition add up to9m? yr* (Figure 6.1). The net inputs
are currently 500 times smaller than the soil merpwol at PRAAMS. The
discrepancy between the GEM flux and pool sizegatds that small changes in
mercury deposition may take thousands of yearfféatahe soil mercury pool. This
slow change coupled with lower atmospheric depwsitif mercury may mean that
significant stores of mercury will be retained Gedl up” in the soil matrix keeping
them from cycling through aquatic systems. Lesbitaanercury would also mean
that fewer humans fewer humans are affected. Hewewly through studies like
this one, that actually make the long term GEM exge measurements, can we
track the changes in deposition and soil mercucjinyg.

Several important areas of the mercury biogeoctaicle must be
monitored to understand how changes in anthropogearcury emissions will alter
the atmospheric and terrestrial mercury pools. s€lareas can be expanded beyond
what was measured in this study. First, and alwagsany study, additional, longer
term measurements are highly desirable. One Yeamtinuous measurements was
beneficial, but at least 5 years of measurementgdime needed to estimate longer
term net exchange. Longer term measurements vatsdoallow me to more
precisely track how the exchange changes as navlateans are implemented. Also,

my study was concentrated at one site, but thesmh of other sites, measured
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simultaneously, would let me evaluate how the mehange and environmental
controls vary across different land cover typdsyduld also be beneficial to perform
a detailed fine-scale analysis of the measuremetke current study, focusing on
short one to two week periods that are more sintolather short term studies than
the annual measurement period in this study. flisscale examination may more
clearly reveal the factors controlling the highbriable GEM fluxes at PRAAMS.
Future studies of the surface atmosphere exchainggseous mercury should
focus on improving our measurement techniquesdtn BGEM and GOM.
Measurement techniques for quantifying GEM and GfbiMes have advanced little
in the past 20 years. More research needs toropleted in order to make reliable,
real time measurements of GEM. Only by making sekend measurements will we
be able to study this very dynamic, quickly chaggixchange with actual eddy
correlation techniques. GOM deposition measuresnemtld be relatively easily and
cheaply conducted at a network of sites similaheoNADP MDN or AMNET
measurement programs. We are currently in a wasigieg time for mercury
research with many areas of the biogeochemicakaycheed of study. The benefits
of such studies have already been realized to someat through the implementation
of regulations, however, we must continue the gteestonitor and understand the

fruits of our labor.
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Appendix 1: Supporting Information for Chapter 3

Chapter 3 was submitted Emvironmental Science & Technology (ES&T).
ES&T publications are short (less than 7000 woaa) often have Support
Information Sections that are published onlineisAppendix is that supporting
information.
Soil Pore TGM Sampling information

Each time | sampled, | randomly selected one areahe first day then
sampled the other area on the next sampling daigthima day, | sampled twice for
1.5 to 3 hours. The main factor that would reqtire 1.5 hour sample periods was
the forecast of rain. During the second samplihghe day, one of the two plots
pumped during the first period was re-sampled. s attern allowed replication of
one plot on each sampling day.

| also randomly selected the order in which thetplwould be pumped on
each day to prevent a sampling bias. Howevethenforest area on 1/6/2010 and
1/28/2010, there was only one pumping of the funele to heavy snow and limited
daylight. This meant that one of the three plo&swot sampled and there was no
replicate plot sampling. On 1/9/2010 and 1/29/2bithe grass area, not all funnels
were sampled due to some of the funnels havingirickhem. This caused the
replication at some of the depths to be limitedirduthese samplings. Although
samples were collected twice on each sampling tlagre were no significant
differences between the first and second sampfmgsither area. This confirms that

| did not alter the soil TGM pool with our sampling
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Table A1.1. A comparison of the soil pore air [TGM] measuredP&AAMS with

other studies.

Soil Pore
[TGM] Maximum  Minimum
(ngm™ (gm?® (gm?) Depth Ecosystem Study
At PRAAMS:
4.11 +2.04 8.36 1.50 oe - A soil horizon Deciduous forest This study
interface
1.60 £ 0.97 4.62 0.29 A- E soil horizon Deciduous forest This study
interface
1.57 £0.89 4.30 0.61 Sem mto.the E soil Deciduous forest This study
horizon
1.30 £ 0.68 3.35 0.61 10cm |nt9 the & soil Deciduous forest This study
horizon
1.53+1.53 5.86 0.52 Oe - A soil horizon Grass This study
interface
1.23+0.97 417 0.29 A - E soil horizon Grass This study
interface
1.33+0.89 3.56 0.47 5 cm into the E soil Grass This study
horizon
1.63+1.09 4.23 0.44 10 em into the E soil Grass This study
horizon
Other Studies:
110 2% NR NR 2cm Mixed Deciduous and Evergreen Siger and Lee 2003
Forest
3.5 to 6* NR NR 5cm Mixed Deciduous and Evergreen i 20 | ee 2003
Forest
0.25 to 2.5* NR NR 20 cm Mixed Deciduous and Evergreen i 20 | ee 2003
Forest
0.75t0 2 NR NR 50 cm Mixed Deciduous and Evergreen i 20 | ee 2003
Forest
275 to 310* NR NR 20 cm In ECOCELL, Hg enriched soil, - 5 1 et al, 2003
before replanting
330 to 360* NR NR 40 cm In ECOCELL, Hg enriched soil, ;1 ot al, 2003
before replanting
125 to 175* 600* 100 20 cm In ECOCELL, Hg enriched soil, ;1 ot al, 2003
after replanting
175* 600 100 40 cm In ECOCELL, Hg enriched soil, - ;1 ot al, 2003
after replanting
137 +£37 BDL 200 NR Hg enriched floodplain soils Wallschlager et al. 2002
NR 4800* 1200* 50 - 70 cm In Pb-Zn vein type deposits Kromer et al. 1981
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Figure A1.1. Mean soil organic matter (SOM) content at eagbtidevhere soil pore

[TGM] was measured. Error bars represent one atdmdeviation from the mean.
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Figure A1.2. Mean soil bound [THg] at each depth where saied®@GM] was

measured. Error bars represent one standard aeviedm the mean.
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Appendix 2: Soil Redox Probe Construction

Materials:
10 ga insulated copper wire
- | used 10-2 indoor wire from Lowes

0.5mm dia Premion 99.997% platinum wire
Epoxy (need specs)
Black shrink tubing (need specs)
Light solution
Saturated Quinhydrone solution
600 grit sandpaper
Equipment:
Jewelers drill press 1mm drill bit
Wire strippers
Heat gun
20mL disposable syringes
Grinding stone
Dremel
Procedure:

1) If 10-2 copper wire is used, strip outer plastanfrwire to expose the inner

single strand insulated copper wire.
2) Cut wire to length of the probe with wire cuttetsength should be at least 15

to 20cm. Probe length should be kept at a miniragrthe longer they are the
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more chance they will bend. | cut approximately-106 at a time and
prepared them to be put on the wheel for epoxy.
3) Grind one end of the length of copper wire to malk®mpletely flat surface

for drilling.

Figure A2.1 Grinding stone for grinding end of copper wire.

4) Dirill a Imm diameter hole approximately 3mm inte tjround end of the

wire.

Figure A2.2. Jewelers drill press for drilling hole in end opper wire.

93



5)

6)

7)

8)

9)

Strip 1 cm of insulation from the end with the hdtdled into it.

Cut 1.5 cm of platinum wire and drop it into thdehdrilled in the end of the
copper wire.

Place approximately 5 mm of the copper wire in alsmse and crimp the
platinum wire into the end of the copper wire. Sharoduces are very strong
connection. Pull on the platinum to be sure theneation is good.

Use a Dremel tool to sharpen the end of the copperlike a pencil around
the Pt wire. This is done because when the epoapplied it tends to pull
back from the tip of the copper. The sharperifhen the copper the less
likely the epoxy will shrink back and expose soméhe copper during
drying. If a small amount of copper is exposedrycuring this will be

fixed in a later step.

Mix the epoxy in a small disposable weighing didhix the epoxy and
hardener by weight. Place the epoxy on one sidleeoflish and the hardener
on the other in case some has to be removed tendb&proper mix. The
easiest way to pull the epoxy and hardener oute@tontainer is a disposable

pipette.
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Figure A2.3. Syringe for applying epoxy.

10)Rinse the end of the probes with ethanol.

11)Mix the epoxy with the hardener with a new clegmegtie. Once the two have
been mixed there is 20 to 30 minutes before it imasotoo set up to apply to
the end of the probe.

12)Spread the epoxy resin on the tip of the probeplygtarting approximately
2 cm onto the insulation toward the tip of the cappTry to bunch as much
of the epoxy toward tip of the copper possible withgetting epoxy on the
platinum. A small amount of epoxy at the basehefRt is inevitable.
Continuously turn the probe during applicationvoid dripping. Place the
probe on a foam wheel that is turned by a slowtiragdaelectrical motor. The
one that was used is typically used to apply efgoXishing rods. The foam
wheel could hold 17 probes a time. Probes werted while the wheel was
turning. While these probes are turning more eGambde and prepared for

epoxy.
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Figure A2.4. Set up for rotation of redox electrodes to préwgoxy from just

running off the tip of electrode.

Figure A2.5. Alternate view of rotation set up.

13)Allow probes to turn for 4 to 5 hours. After 45dwours the epoxy is dry
enough so that it will not run. However, probesigt be laid on the edge of
a bench top with the ends hanging over for at l#astours before the epoxy

is cured enough to be ground with the Dremel.
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14)When the epoxy has cured cut approximately 4 cbiawk heat shrink tubing
and slide it onto the probe. It is easiest toestlte tubing onto the end

opposite the Pt wire.

Figure A2.6. End of electrode before grinding and heat shrifknig addition.
15)Grind the epoxy with the Dremel just enough so thatheat shrink will slide

up to the Pt wire.

Figure A2.7. Epoxy and tip after using the Dremel tool on it.
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16)Slide the heat shrink tubing up so that only at®ut4 mm of Pt is sticking
beyond the heat shrink. Use a heat gun to shiekubing up to the base of
the bulb produced by the epoxy. Leave the entd@heat shrink open so that

more epoxy can be injected later.

17)Tape the probes upright along the edge of a beNtk.up epoxy and put it in
the back side of a disposable syringe. Injecetiexy into the end of the heat
shrink tubing until the epoxy forms a dome shapiatop of the tubing.
Roll the tip of the tubing with fingers to work oas many large air pockets as
possible. Air makes weak spots in the electroderaay cause them to fail

later. If this process causes the epoxy to satltemore to the top.

Figure A2.8. Electrodes taped top up to add the final injectbepoxy.
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18)Allow the probes to cure for 12 hours.

19)When the probes are ready to be tested polishttip With some 600 grit
sandpaper until shiny.

20)Rinse the probes with distilled water.

21)Set up reference electrode and instrumentationvitidbe used to read the
probes.

22)Place reference probe and 10 — 15 probes in aleaéerric redox solution
and read each probe. This solution is heavilyggbend all readings should

be within 2 mV.

Figure A2.9. Electrodes in reference solution for testing.

23)Rinse the probes and reference electrode and placsaturated quinhydrone
in pH 4.0 buffer solution. This solution is not@s@sed and tends to be more
similar to soils. This solution should produce0®®V response. However,

each group of 15 will be slightly different. Agatable variation is 20mV.
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24)Calculation of eh for a Ag/AgCl electrode mV reaglin 199, for a calomel

electrode mV reading + 244.
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TableA2.1. Example redox probe testing.

Redox Probe Testing

Probe mV Solution 1 mV of Solution 2

1 446 266
2 447 270
3 447 266
4 447 265
5 446 258
6 484 328
7 484 317
8 484 314
9 484 326
10 484 325
11 484 315
12 484 324
13 485 320
14 484 305
15 483 316
16 484 317
17 484 312
18 485 317
19 485 309
20 484 304
21 474 312
22 476 314
23 476 310
24 476 309
25 474 319
26 476 311
27 475 332
28 474 315
29 476 316
30 476 323
31 475 322
32 474 325
33 475 308
34 475 325
35 476 304
36 476 309
37 476 310
38 476 332
39 476 313
40 476 316
41 476 308
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42 476 316
43 476 314
44 476 308
45 476 316
46 476 312
47 476 315
48 476 311
49 476 309
50 476 319
51 462 333
52 464 323
53 464 320
54 464 320
55 466 329
56 465 329
57 464 326
58 464 335
59 465 317
60 465 333
61 464 340
62 463 324
63 462 319
64 458 346
65 462 335
66 462 332
67 461 334
68 464 333
69 459 334
70 460 323
71 465 324
72 479 295
73 479 291
74 479 291
75 479 291
76 479 300
77 479 294
78 479 293
79 479 297
80 479 294
81 479 296
82 479 299
83 479 291
84 479 289
85 479 291
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Appendix 3: Soil Moisture Probe Calibration

Calibration Method (Adapted from Application Not€alibrating ECH20 Soil

Moisture Sensors by Douglas R. Cobos, Decagon Bs)ic

The calibration generally follows the standard e for calibrating capacitance

probes outlined by Starr and Palineanu (2002).

A3.1. Equipment

A3.1.1. Shovel and for each type of soil a 5 gabocket.

Al.2. Calibration containers large enough to pheksoil back to approximate field

bulk density while maintaining at least 5 cm ofl st@ipth. | used roughly 2 gallon

planters from the greenhouse.

A3.1.3. 5TE probe and data acquisition systemathe
A3.1.3.1. 5TE probe output does not vary amonpgsaf the same type.
Calibration was carried out with a single probe #redcalibration was applied
to all other probes.
A3.1.3.2. | attached a Campbell Scientific CR1@Xikar to those to be used
in the field.

A3.1.4. Volumetric soil sampler (1)
A3.1.4.1. | sampler out of PVC. The sampler wdsné high and 50.9 cm (2
inches) in diameter with a volume of 122.2%m

A3.1.5. Soil drying containers

A3.1.5.1. 125mL IChem Jars. Five per soil type.
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A3.1.5.2. The mass was determined for each chlrgrsoil drying container

before adding soil to them.
A3.1.6. Balance with a resolution of 0.0001 gbiest possible soil specific
calibration.
A3.1.7. Drying oven at 7C.
A3.2. Soil Preparation
A3.2.1. The soil was air dried in thin layers arge plastic flat pans for 48 to 72
hours.
A2.2.2. Large objects were removed from the spitunning through a 1mm sieve.
A3.3. Calibration
A3.3.1. The soil was packed into the calibrationtainer at approximately the field
bulk density.
A3.3.2. The 5TE probe was inserted vertically l(idang the black plastic base) into
the soil trying to avoid any air gaps between thes and soil. The probe was
surrounded by continuous soil for a radius of asté cm from the flat sensing
portion of the probe.
A3.3.3. A mV response was recorded from the CR10X.
A3.3.4. A volumetric soil sample was collectedherit removing the 5TE probe, the
volumetric soil sampler was inserted fully into thedisturbed soil near the probe.
The sampler was removed, making sure that thecsmal inside is intact. The excess
soil was shaved from the end(s) with a flat edgé, any small voids were refilled.

The entire core was placed in a drying containeériarmediately weighed.
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A3.3.5. 300 — 500 mL of water was then added tactiiration soil and the soil was
mixed until the mixture was homogeneous and 3.4-re&peated.
A3.3.6. This was repeated 5 times for each sanmntiethe soil approached
saturation. Two random lab blanks were taken &mhesoil sample.
A3.3.7. The tightly capped already-weighed, ms&hples were placed in the an
oven at 78C oven for at least 48 hours.
A3.3.8. The dry soil was removed from the oven allalved to cool, capped inside a
desiccator. The containers without lids were wedjh
A3.4. Calculations
The volumetric water content is defined as the nawof water per volume of bulk
soil:
0 = Vw/Vt (1)
Wheref is volumetric water content (cm3/cm3), Vw is tleume of water (cm3)
and Vt is the total volume of bulk soil sample (gm3o find Vw, | calculated the
volume of the water that is lost from the soil séemuring oven drying:
mw = mwet - mdry (2)
Vw = mw/pw (3)
Where mw is the mass of water, mwet is the massoi$t soil (g), mdry is the mass
of the dry soil, anghw is the density of water (1 g/cm3). In additiortlhe volumetric
water content, the bulk density of the soil sanwpdes also calculated. Bulk density
(pb) is defined as the density of dry soil (g/cm3):
pb = mdry/Vsoil 4)

A3.5. Finding and using the calibration function
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| made a scatter plot with the mV probe outputhmX-axis, and the calculated

VWC on the Y-axis (Figure 1). Then | used a cufritang function to construct a

mathematical model of the relationship. This iel&hip was best fit with a

guadratic equation. The relationship was use@twvert the raw output to a

volumetric water content.

Volumetric water content

y= -8.1414E-07x? + 1.5320E-03x - 2.3953E-01

R? = 9.6016E-01 *
*

y = -2E-07%° + 0.0005x - 0.047
R?=1

0 200 400 600 800 1000 1200

Probe output (mV)

‘ ¢ VWC = VWC (probe calibration) — Poly. (VWWC) — Poly. (VWC (probe calibration))

Figure A3.1. Response to added water input in the grass areaiZoh.

Volumetric water content

(cm®/em?)

| y=-3.94222E-07% + 1.00752E-03x - 5.44824E-02

R? = 9.40563E-01
*

y = -1E-07)¢ + 0.0005x - 0.044
R? = 0.9999

200 400 600 800 1000 1200 1400 1600
Probe output (mV)

‘ ¢ VWC = VWC (probe calibration) = Poly. (VWC) — Poly. (VWWC (probe calibration)) ‘

Figure A3.2. Response to added water input in the grass areaizoin.
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0.8 1 y = -2.3248E-07x2 + 9.0671E-04x - 1.2799E-01
0.7 1 R? = 9.8199E-01

(cm3/cm?3)
o
N

y = -1E-07x? + 0.0005x - 0.0415

Volumetric water content

0.2 1
R? = 0.9999
0.1 4
0 T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 1800

Probe output (mv)

¢ VWC = VWC (probe calibration) =——Poly. (VWC) —— Poly. (VWC (probe calibration))

Figure A3.3. Response to added water input in the grass areaigbh.

y = -3.305E-07x? + 1.055E-03x - 2.051E-01

0.7 7 R? = 9.762E-01

0.6
0.5 A
0.4 -
0.3 A
0.2
0.1 -

O T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Probe (mV)

(cm®/cm?3)

y = 3.440E-11x° - 2.200E-07x? + 5.840E-04x - 5.300E-02
R? = 1.000E+00

Volumetric Water Content

‘ ¢ VWC = VWC (probe calibration) ——Poly. (VWC) —— Poly. (VWC (probe calibration))

Figure A3.4. Response to added water input in the forest afearizon.
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0.5 -
0.4 -
0.3
0.2 |
0.1 -

(cm3/cm?®)

y=-6.492E-075¢ + 1.849E-03x - 6.200E-01
R?=9.791E-01

y=3.440E-11% - 2.200E-07> + 5.840E-04x - 5.300E-02
R?=1.000E+00

Volumetric Water Content

200

T T T 1
400 600 800 1000 1200 1400 1600 1800
Probe output (mV)

¢ VWC =® VWC (probe calibration) =— Poly. (VWC) —— Poly. (VWC (probe calibration))

Figure A3.5 Response to added water input in the forest arearixon.
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Volumetric water content
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y = 3.440E-11x3 - 2.200E-07x? + 5.840E-04x - 5.300E-02
R? = 1.000E+00
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Figure A3.6. Response to added water input in the forest arkarion.
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Appendix 4: Total Mercury Inputs to PRAAMS

The study was part of a larger comprehensive stidgmospheric mercury
exchange at PRAAMS. These studies provided meavithique opportunity to
examine the inputs and the retention of mercurytorsoils. The mean soil bound
total mercury concentrations in the top 25 cm dfiadhe grass area were 0.04 |ig g
! The mean bulk density was 1.01 gtnTherefore, a 1 m25 cm deep section of
soil in the grass area contained 10.1 mg of merclmyhe forest area, the top 25 cm
of soil had a mean bulk density of 0.83 g*@md a mean bound total mercury
concentration of 0.07 pg'g The 25 cm deep, 13wolume of soil in the forest had
14.5 mg of mercury. This accumulation of THg inlsat PRAAMS was slightly
more than the 8 mg fireported by Lindquist et al (1991) for upland sail north —
temperate areas in Sweden.

For PRAAMS, the wet deposition was 8 pg §i*, estimated GEM
deposition was 3 pg iy, GOM deposition was 2.5 to 3.2 p¢’myi*, and litterfall
deposition was 15 pgfy* (Castro et al., 2011; NADP, 2010; USGS, 2010).
Combined there was a total deposition of 28.8 t6 2@ n¥ y* to PRAAMS.
According to Grigal (2002) only about 20% of théatadeposited mercury is
sequestered in the soils (Grigal 2002). Therefalrapst 24 pug My’ of mercury is
incorporated into ground water or surface wateoflun

The differences in accumulation between the faaadtgrass areas also
pointed to the importance of the litterfall inpatd site. The grass area was cleared 5

years before the beginning of this study. Prid2@04, it was similar to the forested
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area. After clearing there was no longer the 18nfg/* input of mercury from
litterfall. Also after clearing there must haveshea large initial flux of mercury from
the soil and vegetation that left the grass are&ion SOM, soil bound [THg] and
soil pore [TGM]. Only a few short years therefomas enough to see a measurable

change in the mercury cycling.
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