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ABSTRACT

The Sub Arctic Pacific Occan ncar Ocean Station Papa is chara rized as an iron
limiting area that affects phytoplankton  »wth and hence the production of dimethyl
sulphidc. Dimethyl sulphide is belicved to countcract global warming by producing or
being converted into other gascs ora  sphceric acrosols. During the Sub Arctic
Ecosystem Response to Iron Enl  1cement Study in the summer of 2 2, various sulphur
containing aerosols and gases including dimethyl sulphidc, sca salt, biogenic non sca salt,
anthropogenic non seca salt, methane sulphonic acid, biogenic sulphur dioxide and
anthropogenic sulphur dioxide v collected. The objectives were 1 determine:

1) The source of SO>thror  1wut SER 3

2) The source of NSS SO, throughout SERIES

3) The preferred pathway of DMS oxidation during SERIES and

4) The compare results of fertilized arca to an unfertilized area to ev  1ate whether

SERIES iron fertilization affected atmospheric DMS oxidation prod .
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QT THADTEDR 1. II\V‘l‘n PaS S BPalc )l Pa s N

1.1 INTRODUC™" ™™

Numerous researchers suggest that marinc phytoplankton play ¢ Hle in regulating
climate. Phytoplankton can do this in two main ways: first, marinc phytoplankton arc
responsible for the release of trace gascs that ¢ ¢ rerted into acrosols that can
reflect incoming solar radiation; sccond, marine phytoplankton cool Earth by dccreasing

the amount of carbon dioxide (CO;) in the atmo  here.

Marine phytoplankton producc dimcthylsulfoniopropinatc (DMSP) that can be converted
into dimethyl sulphide (DMS) via bactcrial or algal enzyme brecakdown of chemical
bonds (Figure 1.1). DMS is rclcased from the surface ocean to the atmosphere where it is
oxidized to sulphur containing acrosols/gascs such as mecthane sulphonic acid (MSA,
CH3SO;H), sulphur dioxide (SO,) d/or non sca salt sulphate (NSS SQO4) (Figure 1.1).
Thesc acrosols may thcn increasc cloud formation and/or increase the amount of radiative
backscattering, conscquently cooling the surface of the Earth (Figure 1.1). As Figure 1.2
shows, phytoplankton can reduce the amount of CO; in the atmosphere by using
dissolved CO; in the ocean for photosynthesis. Also, if phytoplankton are consumed
during zooplankton grazing, the zooplankton remains may be deposited in the deep occan

thereby reducing the CO> atm¢ ¢ reservoir (Figure 1.2).

In particular arcas, marine phytoplankton owth is limited by certain micronutricnts (c.g.

iron). During the Sub-Arctic ™ :osystem Response to Iron Enrichment Study (SERIES), a









portion of the Gulf of Alaska was fertilized with iron. It was thought that where iron was
not a limiting factor, phytoplankton would bloom and the DMS produced by the bloom
would be oxidized to sulphatc-containing acrosols in the marine atmosphere. In July
2002, SERIES was the first iron fertilization cxperiment involving both occanographers

and atmospheric scientists.

Previous studics have separatcly characterized the physical, chemical and isotopic
characteristics of sulphur-bearing acrosols, however the physical, chemical and isotopic
charactcrization of acrosols producc during an iron fertilization cxperiment have not

been previously reported. Thercfore the main objectives of this thesis were to determine:

1) The source of SO, throughout SERIES

2) The sourcc of NSS SOy throughout SERIES

3) The preferred pathway of DMS oxidation durii  SERIES and

4) The compare results of fertilized  ea to an unfertilized arca to cvaluate whether

SERIES iron fertilization affected atmospheric DMS oxidation products.

1.2 BIOLOGICAL CON™T™"" =7 CLIMA™"

In 1974, Lovclock and Margulis proposed the Gaia Hypothesis. It suggested that
biological life controlled climate cnabling it to flourish oncc optimal conditions were
obtaincd. However, if biology, as the senticnt being Gaia, were to control climate it

would have to bc aware of when to create cither positive or negative fecdbacks and have




a mechanism to rcgulate climatc by altering the atmosphceric composition and/or surface
albedo (radiation rcflected by a surfacc). In 1983, Watson and Lovelock developed a
theory in which life on Earth did not require awarencss to contre  climatc and called 1t
Daisyworld. In Daisyworld, two specics of daisics existcd, onc white species and onc
black spccics. The daisics could affect climate by altering the surface albedo since a
higher proportion of white daisies would increasc albedo (thus cooling the Earth) while a
higher proportion of black daisics would decrecasc albedo (thus warming the Earth). For
instancc, if there was low solar ene  and Earth began to cool, more black daisics would
grow in an attempt to increase temperature. However if there was high solar encrgy,
Earth would be warm. In order to dccreasc the Earth’s temperaturc to maintain optimal

growing conditions, thc whitc daisics would dominate.

In 1982, Loveclock and Whitficld concluded that climate may be regulated through the
carbon cycle, mainly by carbon dioxide (CO,). Atmospheric CO, traps infrared waves of
the Earth resulting in greenhousc warming thercfore Earth is warmer when atmospheric
CO, is high and Earth is cooler when atmospheric CO- is low. This theory was referred to

as the “grecnhousc gas hypothesis™.

The DMS-cloud-climate hypothesis was proposcd independently by both Nguyen ct al.
(1983) and Shaw (1983). This thcory stated that the Earth’s climate was actually
controlled by organisms throt i the sulphur cycle: “The mechanism would operate by

altering planctary albedo throug  tl  scleetive creation of biosphcric organic sulphide



gases which go on to mctamorphize into submicron particles and introduce cooling™
(Shaw, 1983). Biogenic gascs such as DMS, cventually bccome converted into sulphate
aerosols. A small flux of sulphate particles with radii of 0.1 um would lcad to a relatively
strong ncgative feedback because these particles remain in the atmosphere for long
periods of ttme and are non-colored, thereby providing reflection of sunlight (Shaw,
1983). This 1s an important idca that remains to be quantified. There is no cvidence that
the biosphere is controlling climate by particle-albedo change through the sulphur cycle,
however the sulphur particles are distributed uniformly, the ~0.1 um radii sulphur
particles are the right size to interact cfficiently with incoming solar encrgy and the
sulphur particles arc dcrived from long-lived, biologically-produced precursor gascs

(Shaw, 1983),

Charlson ct al. (1987) claborated on the DMS-cloud-climate hypothesis and it soon
becamc known as the CLAW hypothesis (an acronym from the authors” surnames:
Charlson, Lovelock, Andrecac and Warren). The CLAW hypothesis stated that a change in
occanic DMS concentration would causc a shift in the NSS SOy acrosol concentration
which would in turn changc the | ser of cloud condensation nuclei (CCN) and
ultimately climate. Once DMS enters the atmosphere, it can be converted to MSA or SO,
and subscquently biogenic NSS SO,. According to Charlson ct al. (1987), NSS SO, was
believed to be the main contributor to CCN because:

1) CCN arc composed of water soluble materials and NSS SOy is water soluble

2) The size distribution of sub-micrometer NSS SO, is appropriate for CCN activation




3) The mass concentration of NSS SO,4 and mcan radius can be uscd to estimate a total
number population that is in agreement with measured CCN populations

4) The concentration of NSS SQ4 in remote marine rain watcr a  :cs with a simple
nuclcation scavenging calculation

5) Much of the light scattering acrosols in the marine environment arc volatile at clevated
temperaturcs and cvaporate in the same way that NSS SO4 would

6) The residence time of CCN is approximately one day which is the same as the

residence time of NSS SO,.

The mechanisms of biologically controlled thermostats for Earth have been the center of

criticism and dcbate.

1.3 OCEANS

Approximatcly 70% of the Earth’s surface is covered by five occans: Southern (also
known as Antarctic), Arctic, Indian, Atlantic and Pacific. Of these, the Pacific Occean is
the largest covering 180 000 000 km? of Earth’s surface and containing 53% of the
Earth’s water (Monroc and Wi« ler, 1997). The Pacific Ocean contains thrce major
gyre systems (large circular occanic current systems caused by high pressure systems in
the atmospherce): the counter-clockwisce Sub-Arctic Pacific Gyre involves the North
Pacific, Alaska, Kamchatka and Oya Siwa Currents, the clockwisc Northern Pacific Gyre

includes the North Pacific, California, North Equatorial and Kuro Siwa Currents and the



counter-clockwise Southern Pacific Gyre includes the South Equatorial, East Australian,

West Wind Drift and Humboldt (also known as Pcru) Currents (Figure 1.3).

Because of the size of the Pacific Occan and its various gyres, arcas within it have
different physical and chemical propertics. For example, the Gulf of Alaska, in the sub-
Arctic Pacific Occan is considered to be a high-nutrient, low-chlorophyll (HNLC) arca.
Three HNLC areas (the Equatorial Pacific Occan, Southern Ocean and the Gulf of Alaska
in the northcast Pacific Occan, Figure 1.3) occupy 20% of the world’s oceans and arc
characterized by clevated amounts of nutrients (such as nitratc = NO; and phosphate =
PQ,) but low chlorophyll production. The micronutrient iron (Fe) was thought to be
responsible in limiting the chlorophyll production in HNLC arcas as carly as the 1930’s
(Gran, 1931; Hart, 1934; Harvey, 1938). Scientists realized that occanic iron was not
being replenished by physical processes such as river discharge, continental wind blown
dust or occanic upwelling. In the 1980°s the most widely accepted cause of HNLC arcas
was overgrazing of phytoplankton by zooplankton. At that time, iron fertilization

experiments were designed to test both the iron limitation and overgrazing hypotheses.

1.” "RON FERTILIZATION ~ " " TRIMEN™"

Prior to 1988, it was thought that iron concentrations in the occan were relatively high.
Howecver in 1988, Martin and Gordon demonstrated that dissolved iron concentrations in
the open ocean were two orders of magnitude lower than previously cstimated (Martin,

1992). Martin became curious  to whether or not iron played a role in phytoplankton







productivity. Martin retested this theory by collecting surface water from HNLC areas to
which he fertilized half the sample with iron (the unfertilized samplc acted as a control)
and incubating the samples for a weck at light and temperature conditions similar to the
area from which they were collected (Chisolm, 1995). As cxpected, the total chlorophyll
concentration increcascd, nitrate concentration decreased and the number of pennate
diatoms increcased (Chisolm, 1995). However Martin’s results were not convincing to all,
as some questioned the idea that sample bottles limited the zooplankton grazing
(Chisolm, 1995). After discussion at thec American Society of Limnology and
Ocecanography (ASLO) mcetit it was agreed that an in-situ occan fertilization
experiment must be conducted (Cullen, 1995). Since 1988, a number of iron fertilization
experiments have taken place: IronEx (Iron Experiment in the equatorial Pacific Ocean),
SOIREE (Southern Ocean Iron Rel. ¢ Experiment in the Southern Occean), SEEDS
(Subaretic Pacific Iron Experiment for Ecosystem Dynamics Study in the northemn
Pacific Ocean) and SERIES (Subarctic Ecosystem Response to Iron Enrichment Study in

the Gulf of Alaska, northcast Pacific Occan).

In mid-October 1993, IronEx I be; 1 as a 64 km” patch approximately 500 km south of
the Galapagos Islands in the cquatc | Pacific Ocean (Martin et al., 1994). Prior to
cnrichment, the ambient iron concentration was 0.06 nM (Gordon ct al., 1994). It was
increascd to ~ 4 nM by rcleasing an iron solution in the propeller wash of the rescarch
vessel (R/V) Columbus Iselin (Man et al., 1994). According to Martin ct al. (1994), the

patch was then tracked using:

10




1) biologically incrt sulphur hexaflouride (SFg) that was also released in the
propeller wash
2) Four corner buoys and onc cei 1l buoy cquipped with a global positioning
system (GPS) recei as well as a Very High Frequency (VHF) packet radio
transmitter and receiver and
3) National Acronautics and Space Administration (NASA) airborne
occanographic lidar (AOL) flights that could detcct chlorophyll conditions.
Samples were taken daily from an *“in patch” and an “out patch” station to mecasure the
cffect of iron on the phytoplankton and its ccosystem. The “in patch’” showed the addition
of iron resulted in increased phytoplankton biomass (2X), increased chlorophyll (3X) and
increased plant production (4X). Unfortunately, the iron-rich patch subducted bencath a
low-salinity front, introducing extra variables such as light and salinity, and so the

experiment was terminated (Martin ¢t al., 1994).

With the unfortunate subduction of the fertilized patch, IronEx I proved neither the iron
limitation thcory nor the overgr thcory (Martin ct al., 1994). A sccond iron
fertilization experiment (Irc - <x 1) therefore planned. In May 1995, IronEx 11 took
place in the castern Pacific Occan near 3.5°S, 104°W (Coalc ct al., 1996). Injcctions were
performed from the R/V Melville in the 72 km? study arca in a rectangular pattern (Coale
et al., 1996). In order to sustain iron concentrations, the arca was fertilized three times:
May 29" (2 nM), June 2™ (1 nM) and June 6" (1 nM) (Coale et al., 1996). As in IronEx

I, the fertilized patch was  :kedu buoys an  SFg and an untreated “out patch™ arca



served as a control. Increascs in thc phytoplankton growth rate (2X), phytoplankton
abundance (20X) and occanic DMS concentrations (3X) were accompanied by decreascs
in pCO, and NOs concentrations (Frost, 1996). 1e combination of thcse obscrvations
with zooplankton grazing and concentrations of possiblc secondary limiting nutricnts
(c.g. zinc and silicatc) throughout the exp 1ent showed that the phytoplankton bloom
was iron limited and zooplankton  azing and sccondary nutricnt limitation were not
restrictive factors (Coale et al., 1996). In addition, two sub-experiments took place: Patch
2 with acidificd water and SFq trac  'to test cffects of acidification and ship
contamination) and Patch 3 with a single infusion of low-concentration iron and SF; (to
mimic iron in equatorial underct  1its found west of study area) (Coalc ct al., 1996). It
was concluded that the observed biological shift in both Patch 2 and 3 was not causcd by
the additional chemicals or the presence of the ship but rather by the iron addition (Coalc

et al., 1996).

Results from IronEx Il together with results from other studics  g. Price ct al., 1991;

D1 lale and Wilkerson, 1990: 1ctal., 1991; Coalc ct al., 1996) supported the idca
that iron transport could influence pCO- and prompted ientists to conduct an iron
fertilization cxperiment in another NLC arca (Coale et al., 1996). In Fcbruary 1999
(Austral summer), the Southern Occan Iron Release Experiment (SOIREE) took place at
61°S and 140°E, an area characterized by iron and light co-limitation. A portion of the
Southern Ocean, with initial iron concentrations of 0.08 nM (Boyd ct al., 2000), was

fertilized and tracked using r  hods cxercised in IronEx 1 and IronEx II. The R/V

12



Tangaroo rcleased dissolved iron in a hexagonal pattern over 50 km? to produce
concentrations of ~ 3 nM of iron in surface waters. On Day 3, 5 and 7 of the experiment
the iron fertilization was repeated when iron concentrations in the patch became similar
to those in the control area. £ r 13 days, the fertilization of the area resulted in clevated
growth rates (2.5X), increased chlorophyll (6X), cnhanced bacterial production (3X) and

increased occanic DMS (3X) (Boyd ct al., 2000).

SEEDS (Subarctic Pacific Iron Ex  riment for Ecosystem Dynamics Study) took place in
the summer of 2001 in the northv  tern Pacific Ocecan (Tsuda ct al., 2003). A single
injection of iron solution (as FeSO,4) was added 1 an 8 km by 10 km square patch on July
18, 2001 (Tsuda ct al., 2003). As in prcvious experiments, the fertilized arca was tracked
and compared to an unfertil :d arca. Initial iron concentrations were 1.88 nM and these
concentrations decreased rapidly to 0.15 nM w! ¢ they remained relatively constant
cven after the phytoplankton bloom (Tsuda ct al., 2003). Phytoplankton biomass rosc
significantly between Day 6 to Day 10 and remained at approximately 20 mg/m” until
Day 13, the last day of the study (Tsuda et al., 2003). Large ce  ic diatoms dominated
the bloom (Tsuda ct al., 2003). There was a large drawdown of pCO; and dissolved
inorganic carbon with the pCO; changing aftcr Day 5 and having its largest change on
Day 12 (Tsuda ct al., 2003). Itv  unknown if thc 0 nic carbon produced during the
iron enrichment caused a decrease in CO, in the surface ocean however the SEEDS
results suggested the northwestc  Pacific was more sensitive to iron fertilizations than

the equatorial Pacific and Soutl Occans (Tsuda ct al., 2003).



SEEDS II began on July 20, 2004 in the western Subarctic Pac ¢ near the SEEDS |
location (approximatcly 93 km south where there was a broad arca of HNLC waters,
<0.02 nM Fe) (Tsuda ct al., 2007). The R/V Hakuho Maru injected an iron solution and
SFe (uscd to track the patch) in 18 km by 8 km grid pattern on Day | and injected morc
iron solution on Day 6. Obscrvations of the patch were donce by the R/V Hakuho Maru
from Day 1 to Day 14, by the R/V Kiro Moana from Day 14 to Day 22 and again by the
R/V Hakuho Maru from Day 23 to Day 26. The patch could not be found when the R/V
Hakuho Maru arrived to the arca on Day 31 so ¢ in patch results were obtained for a
total of 26 days. SEEDS Il results werc unlike the results of SEEDS | for two main
rcasons: first, the chlorophyll levels were much lower (2.48 mg/m3 in SEEDS 11
compared to 18 mg/m3 in SEEDS I) suggcsting the phytoplankton biomass was
unaffccted by the addition of iron (Tsuda ct al., 2007). Secondly, a diatom bloom was not
observed in SEEDS Il as scen in SEEDS I (Tsuda ct al., 2007). 1 SEEDS I, the copepod
biomass increased exponentially and was five times higher than SEEDS 1, and it appcared
that copepod grazing may have prevented a diatom bloom from developing in SEEDS 11
(Tsuda ct al., 2007). ..icrefore S IS Il appeared to be unsuccessful duc to grazing

rather than iron limitation (T: act al., 2007).
SERIES took place in the Gulf of Alaska at Occan Station Papa (50°N and 145°W)

during July 2002 (Figure 1.3). The location for c iron fertilization was an arca ncar

Occan Station Papa with uniform physical characteristics where the patch would unlikely
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subduct. This 8 km by 8 km area was fertilized on July 9, 2002 by the propcller wash of
the Canadian JP Tully in an cxpanding squarc pattern. Methods excrcised in previous iron
enrichment experiments were uscd to map the patch (e.g. SFe, buoys, chlorophyll and
fluorescence). With atmospheric measurements an integral part of SERIES,
mcasurcments inside and downwind of the fertilized patch werc compared to
measurements taken outside and upwind of the fertilized patch. Following fertilization,
the seawater iron concentration had increcased to the target concentration of
approximatcly 4 nM. Duc to strong winds and rough secas, the patch was re-injected on
July 16, 2002 to obtain a concen  :ion of approximately 2 nM. Only a few hours after
the initial fertilization, there was a small, rapid  :recase in bacterial abundance and
production. During the first days of the iron enrichment experiment, bactcria were found
to be limitcd by iron as wcll as limited by dissolved organic mattcr. Nanophytoplankton
growth rates incrcased however growth ratcs were later slowed down by grazing. The
community structure shifted from: 10phytoplankton to diatoms (Boyd ct al., 2004) and
was accompanied by high DMS production during the nanophytoplankton bloom to low
DMS production during the diatom bloom. The *“bloom” cnded on July 31 with iron and
then silicic acid exhaustion (Boyd ct al., 2004) and the silicate-limiting induced sinking
of diatoms was unique (Boyd ¢t , 2004). The bac: 1l response in SERIES was larger
than in previous iron fertilization experiments: over 50% of the carbon that was fixed by
the phytoplankton bloom was grazed or remineralized by bacteria resulting in only
approximatcly 18% of the particulatc carbon being cxported to the deep ocean. The patch

was monitorcd for 26 days by three ships (Canadian JP Tully — rtilized the patch on
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July 9 and left July 23, Mexican £/ Puma — present July 9 to July 28 and Japancse Kaiyo
Maru — present July 23 to August 4), the longest continuous monitoring of an iron

enriched patch at that timec (Boyd  al., 2004).

1.5 ATMOSPHERE

The atmosphere is a layer surrounding thc Earth composed of a mixture of gascs, water,
ice and minutc solids. The 2 spl ¢ can be divided into two large layers known as the
homosphere (a well-mixed zone which is 0 to 110 km above Earth’s surface) and the
hetcrosphere (a stratificd zone which is >110 km above Earth’s surface). The atmosphere
can be sub-divided vertically into the troposphere (0 to 15 km), stratosphere (15 to 50
km), mesosphere (50 to 84 km), thermosphcere (84 to 500 km) and cxosphere (>500 km).
Due to the ability of diffcrent gasi  to absorb light of different wavelengths, the

atmosphere has a layered tem] 61 structure.

Presently, the atmosphere is strongly oxidizing and is composed of approximately 78%
nitrogen, 21% oxygen, <1% argon and carbon dioxide and 0 to 4% water vapour (Curry
and Webster, 1999). Numcrous tracc gascs, gascs having concentrations less than 1 part
per million by volume (i.c. < 1 ppmv), exist in the atmosphere. The abundances of trace
gases have changed as a result of  ological, biological, chemical and anthropogenic
processes (e.g. deforestation, biomass burning,  lustrial activitics) (Scinfeld and Pandis,

2006).
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Atmospheric trace constituents have become increasingly important because they arc
known to affect Earth’s radiation. Greenhouse gases such as carbon dioxide (CO;), ozonc
(O3), methanc (CHy), nitrous dioxide (NO;) and halogen-containing compounds absorb
infrarcd radiation from Earth’s surface and re-radiate a portion back to the surface
thereby acting as a thermal insulator for Earth’s atmosphere. Thesc gases have the ability
to increase Earth’s temperaturc by scveral degrees Celsius. Acrosols, particularly
sulphate acrosols, decrcasc Earth’s temperaturc  y reflecting incoming solar radiation
cither directly by intcractions with the particles or indirectly by intcractions with clouds

they producc (Figure 1.4).

1.6 AEROSOLS

Aerosols are mixtures of particles and gascs that arc present within thc Earth’s
atmosphere. The acrosol load of the atmosphere is usually sma r (by onc or two orders
of magnitudc) than the load of atmosphecric trace gases (Jacnicke, 1980). Over the oceans,
rural areas and citics, the concen  ions of acrosols are in the 10°/em’, 10%cm’ and

10°/cm’ range respectively (Curry and Webster, 1999).

Acrosol diameters can range between 0.001 and 100 um. There are several ways of
classifying acrosols accordii to size: Junge (1963) uscd location (marinc, contincntal
and background) and particle size (0.001-0.1 pm radius, 0.1-1 pm radius and >1 um
radius) to divide aerosols into Aitken acrosols, Large acrosols and GGiant acrosols; Whitby

(1973) DI | tle ¢ (GPC), co: 1lation and/or
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Figure 1.4: Sulphate aerosols affect climate (CCN = Cloud
Condensation Nuclei 1d SO, = Sulphate).
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heterogeneous condensation  1d meel ical production) and particle size (0.001-0.1 pm
radius, 0.1-1 pm radius and >1 pum radius) to classify acrosols as Nucleation mode,
Accumulation mode and Coarsec mode (Jaenicke, 1993). Figure 1.5 shows the sizc of the
particles rclates to their sources, their processcs and their transport (Krousc and

Grinenko, 1991).

Tropospheric aerosols have a*  ‘cty of sources and accordingly many classification
schemes were developed:

1. Area, Volume and Point  urces (Jacnicke, 1980): Arca sources, also known as
“surface sources”, producc acrosols  the base of the atmospheric volume (c.g. the
production of aerosols fromde 1 occan surfaces) whilc volume sourccs, also known
as “spatial sources”, produce acrosols within the atmospheric volume (c.g. the production
of acrosols by gas-to-particle con' ‘sion). Point sources arc sourccs that produce acrosols
on a local or regional scale (c.g. the production of acrosols by volcanocs). Typically
particles from arca sources are la than particles from volume sources (Jacnicke,
1980).

2. Stratosphere, Oceanic and Continental Sources (Jacnicke, 1980): Stratospheric
aerosols, occanic acrosols and contincntal acrosols are aerosols with a stratospheric,
occanic and continental origin respectively. For example, tropospheric sulphur may be
derived from stratospheric carbonyl sulphide, COS (stratosphceric source), from sca spray

(oceanic source) or by soil dust (contincntal source). The stratospheric source does not
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Figure 1.5: Aerosol abundance (change in number
concentration) and size classifications (Junge, 1963,
Whitby, 1973; Jaenicke, 1993).
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secm to play as much of an important role in providing acrosols to the troposphere as the
occanic or continental sources.

3. Natural and Anthropogenic Sources: Acrosols may be produced naturally by soil dust,
combustion, sca spray, v : ion 1 volcanocs (National Rescarch Council of Canada,
1982). In contrast, acrosols may be produccd by the activities of humans: industrial
processcs, fuel combustion, transportation, solid waste incincration, slash burning,
fertilizer application, ctc. (National :scarch Council of Canada, 1982). Anthropogenic
particlc cmissions account for 7to % of thc global total while natural particle
emissions account for 81 to 93% (Hidy and Brock, 1971, Petcrson and Junge, 1971). The
magnitude of natural and anthropogenic sourccs is dependent on factors such as location,
type of activity and scason. or instance, roughly about ?/5 of the oceanic particles are
natural and '/; are anthropogenic (Berner and Berner, 1996) howcver, the proportion of
the anthropogenic source may increasc if there was an increase in shipping activitics or
the proportion of the natural source may increasc if there was a dry period that would

cause more soil dust to blow from the continents to the occans.

The two ways aerosols arc produced are: 1) production of acrosols by disintegration of
material and release into the atmosphere 2) production of acrosols by modification of
gascs and cxisting acrosols in the atmosphere. These production mechanisms can
respectively categorize acrosols as primary acrosols or secondary acrosols. The size of
the particle is generally indicative of the type of production with primary aerosols (such

as sea spray formed by the bursting of bubbles in breaking waves) being larger than
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secondary acrosols (such as sulphate formed by the photochemical oxidation of sulphur

dioxide).

The production mechanism and source can be combined so that acrosols can be

categorized as:

)

2)

3)

4)

primary natural acrosols (c.g. windblown dust, forest fires, sca spray, volcanoes,
organics likc pollen, spo . icteria, algac, hair, plant debris, fragments of
insccts, cte.)

sccondary natural acrosols (¢ s-to-particle conversion of dimethyl sulphide
(DMS), hydrogen sulphide (H-S), volcanic sulphur dioxide (SO-), biogenic
nitrogen oxides (NOy), volatile organic compounds (VOC's), ctc.)

primary anthropogenic acrosols (c.g. industrial dust, soot, biomass burning,
windblown dust produced by cons  ction and mining, ctc.) and

sccondary anthropogenic acrosols (¢.g. gas-to-particle conversion of sulphur
dioxide (SO,) from smelters, power plants, nitrogen oxides (NOy) from vehicles

and power plants, ctc.).

The primary biogenic sources  count for 48 to 73%, sccondary biogenic sources account

for 27 to 52%, primary anthropogenic sources account for 5 to 41% and sccondary

anthropogenic sources account for 59 to 95% of the acrosols in the atmosphere (National

Rescarch Council of Canada, 1982).
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The processes that an acrosol undergoes in the atmosphere arc known as “aging”. Aging
includcs gas-to-particle conversion, heterogencous or homogencous nucleation,
coagulation, dilution, scavenging and scdimentation. Aging may have different effects.
For instance it may cause ncw acrosols to form (c.g. gas-to-particle conversion), cause
existing acrosols to grow (c.g. coagulation) or causc acrosols to be removed (c.g.

sedimentation).

New aerosols can form from gas-tc _ irticle conversion, whereby a gascous precursor is
converted into a solid and/or liquid particle by cither heterogencous nucleation
(formation of a new particle in the presence of a substance/phase that is different from
itself) or homogencous nucleation (formation of a new particlc in the presence of a

substance/phase that is simi”  to itsclf) (Jacnicke, 1993).

Acrosols can “grow” by collidit  with cach other and combining. This process, known as
coagulation, is most rapid where there arc high concentrations of acrosols (Jacnicke,
1980). On the other hand, if aerosols arc mixed with clcan air « acrosols of a lower

concentration, dilution can occur ( :nicke, 1980).

Aerosols can be removed from the atmosphcere by scavenging or sedimentation. There arc
many types of scavenging and the type depends upon location (in-cloud or below cloud
scavenging), type of precipitation (snow or rain scavenging), type of pollutant (particle or

gas scavenging) or the mechanism (clectrostatic or nucleation scavenging) (National
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Research Council of Canada, 1982). Acrosols arc removed by sedimentation when their

mass causcs them to cventually be deposited from the atmosphere.

Aging dctermines the residence time of acrosols (Jaenicke, 1980). The residence time is
the ratio of acrosol concer 1tion ([Acrosol]) to the change in concentration with time (A)

(Jaenicke, 1980):

) . [Acrosol]
Equation 1.1 ResidenceTime = —A[Acrosol]

The residence time among acrosols varies: large acrosols have residence times <1 day
(Bonsang ct al., 1980) whilc fine acrosols have residence times <1 week (Prospero ct al.,

1983).

The distance an acrosol is t  sported is related to the size of t| particle. For example,
fine particles may be transported over large distances (National Rescarch Council of
Canada, 1982). The transport of { : acrosols is limited by Brownian motion (random
motion of particles in responsc to their thermal motion and collision with gas particlcs)
and coagulation (whcn acrosols collide and combine to producc larger acrosols)
(Jaenicke, 1993). Coarsc aerosols :  larger and hcavier, thercfore coarse acrosols scttlc
out of the atmosphere before being transported over long distances (National Rescarch

Council of Canada, 1982; Berner and Berner, 1996).
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The chemical composition of an acrosol is related to its size, source and aging processcs.
In terms of size, generally fine particles (<1 um) contain sulphatces, nitratcs, ammonium,
lead, bromine, clemental carbon and condensed organic matter (National Rescarch
Council of Canada, 1982) whilc coarse particles (>1 um) contain mostly crustal clements
such as calcium, aluminum, silica, iron, and vegetation derived components, as well as
sea spray (Miller et al., 1972). The chemical composition of acrosols may consist of: 1) a
watcr soluble portion (c.g. sulphate, nitratc, ammonium, ctc.) 2) an insoluble inorganic
portion (c.g. silicates, oxidcs, ctc.) and 3) a carbonaccous portion (soluble and insolublc
organic matter) (Bemer and Bemer, 1996; Rahn, 1976). While most occanic acrosols arc
composcd of soluble materials, most contincntal acrosols are mixtures of soluble and
insolublc components (Junge 1963, Fitgerald, 1991). For cxample, a continental acrosol
is composed of approximately 30% insoluble inorganic material, 10% insoluble organic
matcrial, 20% soluble organic ma  "al and 40% watcr soluble matcrial (Jacnicke, 1980).
The average chemical composition of finc acrosols in both rural and urban arcas is shown

in Table 1.1.

Sea spray particles will be compo  primarily of compounds found in scawatcr,
primarily sodium chloride (NaCl) with tracc amounts of potassium (K), magncsium
(Mg), calcium (Ca), sulphates (SQ,), carbonates (CO3) and organics. The composition of
anthropogenic acrosols will depend on the type of activity and the matcrials used
(National Rescarch Council of Canada, 1982) with acrosols from a coal-fircd power

plant, for example, primarily composed of silicates, aluminum oxides, sulpha  and
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Table 1.1: Average chemical composition of fine rural and urban acrosols (Brasscur ct

al., 2003).
Compound Aver :composition ot ine || Average composition of fine 1
p | ke memasols (in %) rural aerosols (in %)

Organic Carbon B 51 11

Inorganic Carbon 9 0.3
NH, 8 7 Il

NO; 6 3

SO 28 22

Not detectable 18 57
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carbon. The composition of acrosols will change during aging processes because acrosols

provide sites for chemical reactions to takc placc within the atmosphere.

The effect of acrosols on climatc has become a popular topic of scientific discussion as
the global warming versus global cooling dcbatc continues. Scicntists are trying to
understand whether acrosols warm or cool the carth and have determined that the
composition of the acrosols and their absorbing abilities will detcrminc the positive or
negative climatic feecdback. For ¢ nple, if the aerosol is composcd of dark colored,
carbonaccous matcrial, thcre will tend to be absorption of solar energy and hence
warming. However, if the acrosol is composcd of light colored, sulphatc matcerial, there
will tend to be scattering of solar  :rgy and hencce cooling. Sulphate acrosols arc the
focus of this thesis and can affcct the climate in two main ways: 1) they can directly cool
Earth by scattering incomii  solar radiation in a clcar sky and 2) they can indircetly cool

Earth by producing cloud conc ion nuclci (CCN) (Figure 1.4).

Acrosols in the accumulation modc will be efficient scattcrers because their size is the
same as the wavelength of incomit  s¢”  radiation (Curry and Webster, 1999) hence
causing a negative climate feedback through the direct effect. Sulphate acrosols have the
potential of reflecting the incomin  solar cnergy over the open occan since they are
usually in the accumulation mode. In addition, the size of sulphatc acrosols makes them
good candidates for CCN. If there is an incrcasc in thc CCN, there is an increasc in

smaller cloud droplets, an increase in albedo and life of clouds (Bemcr and Berner
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1996) hencc a ncgative climate feedback through the indirect effeet. In the remote
atmosphere the radiative properties of clouds are sensitive to the number of CCN present
(Calhoun and Batcs, 1989) and approximately 20% of thc total atmospheric acrosol

population over occans serve as CCN in clouds (Curry and Webster, 1999).

Scientists are trying to mcasurc both the direct cffect and indirect cffect of sulphate
aerosols on climate. Recently the direct cffect has been estimated to causce a cooling of 1
W/m? averaged over the northern hemisphere (€ arlson ct al. 1987; Charlson ct al., 1990)
whereas the magnitude of the indirect cffect is not well known because there is no
accepted relationship between the sulphate mass concentration and the number of CCN

and cloud droplets (Charlson and Wigley, 1994).

1.7 SULPHUR CYCLE

Sulphur is widespread throughout the lithosphere, hydrosphere, atmosphere and
biosphere and can exist in a varicty of free and/or combined forms. It is a non-metal
(atomic number = 16, atomic weight = 32.065 g/mol) that can occur in a range of valence
states, from -2 in reduced sulphides to +6 in oxidized sulphatcs (Table 1.2, Charlson ct
al., 1992). Sulphur may cxist in solid, liquid or gascous statcs (Krousc and Grinenko,

1991).
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Table 1.2: Oxidation statcs of sulphur gases and the acrosol cach gas produces where
H,S = Hydrogen Sulphide, (R) is a hydrocarbon chain, S = Sul; ur, = Hydrogen, OCS
= Carbonyl Sulphide, CS> = Carbon Disulphide, CH;SOCHj; = Mcthyl Sulphoxide, SO:
= Sulphur Dioxide, SO2H20  SO»-H;O complex, HSO; = Hydrogen Sulphite, SO; =
Sulphur Trioxide, H,SO4 = Sulphuric Acid, HSOs= Hydrogen Sulphate, SO = Sulphate,
(NH4);SO4 = Ammonium Sulphate, Na;SO4 = Sodium Sulphate and CH3SO;H =

Methanc Sulphonic Acid (Cl  son et al., 1992).

| MState Il Gas —l Aerosol |
H.S, (R)SH -]
" (R)S(R) -

OCS - I
CS, ]

I 1 | (R)SS(R) -

Il 0 | CH3SOCH; ]

| v SO, SO,+H:0
SO, HSO; ,
SO, H,SO4, HSO4
SO, SO,

I VI SO, (NH,)>S0s, ctc.
SO, N2,SO;

L SO; __CHiSO3H




The Earth’s sulphur cycle includes three major reservoirs: the lithosphere, hydrosphere
and atmosphere (Figure 1.6). According to Jackson and Jackson (1996), the lithosphere
accounts for 2.5 X 10?° mol of sulphur, the hydrosphere for 0.4 X 10%° mol of sulphur and
the atmosphere for 1.25 X 10" mol of sulphur. The size of the atmosphcric reservoir may
scem small considering that sulphur exists as highly volatile specics produced in large
quantitics by natural processes (41.47 X 10" mol of sulphur per year) and anthropogenic
processes (16.2 X 10'" mol of sulphur per ycar) (Figure 1.6). Howcver because of the
short residence times of atmospheric sulphur specics, they are quickly removed from the

atmospheric reservoir (Table 1.3).

Atmospheric specics of sulphur can vary in time and space. For cxample, some
atmospheric sulphur source fluxes are continuous (¢.g. global sca spray) while others arc
cpisodic (c.g. volcanic cruptions). Anthropogenic sources arc dominant in the northern
hemisphere whereas natural sor s arc dominant in the southern hemisphere (Liss et al.,
1993; Berresheim et al., 1989). Atmospheric sulphur sourcces can be:
1) naturally-produced, co itally-derived volcanic cmissions, biogenic
emissions and aeolian cmissions)
2) anthropogenically-produced, contincntally-derived (e.g. combustion of fossil
fuels, refining of fossil fucls, ore smeltit  and gypsum processing)

3) naturally- produced, marine-derived (c.g. biogenic cmissions and sea spray) or
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Table 1.3: Residence times of atmospheric sulphur species.

| Syrheem Spnnine
DMS
SO,
MSA
NSS SO,

CQ QN
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D~cidence Time (in days) |
< 2 gays (Charlson ct al., 1992)
2 to 8 days (Katz, 1977)
12 days (Millet et al., 2004)
< 6 days (C arlson ct al., 1990).
< 7.5 days (Gong ct al., 1997)




4) anthropogenically-produced, marine-derived (e.g. ship stack emissions, oil rig
stacks and planes).
The dominant sulphur species in the atmospherc of the northern Pacific Occan (the
location of this study) arc sea sp 7 sulphate (SS SQs), dimcthyl sulphide (DMS),
mcthanc sulphonic acid (MSA), sulphur dioxide (SO,) and non-sca-salt sulphate (NSS

SOy4) (Figure 1.7).

Sea spray particles form from bt ting bubblcs in breaking waves at the ocean-
atmosphere interface. There arc two kinds of sca spray particles: film drops and jct drops
(Figure 1.8). Film drops form from the shattering of a bubble film cap while jet drops
form from a central jct (Figure 1.8). Cipriano and Blanchard (1981) found that sca spray
particles <10 pm in diameter originated as film drops from bubbles larger than 1 mm and
that sca spray particles >20 um were produced from jet drops from bubbles >200 um.
The size of the sca spray particle is also dependent on the relative humidity such that an
increase in the relative humidity produces sea spray particles of decrecasing diameter
(Duce ct al., 1983). The residence time of sca spray is also dependent on the aerosol size
with coarser acrosols havi:  shorter residence times than finer acrosols (0.5 hour and

<2.5 days respectively) (Gong ct al., 1997).

DMS is produced by assimilatory sulphatc reduction, ASR, by phytoplankton in the

marine cnvironment. During ASR by phytoplankton, occanic sulphur is reduced to

producc methionine and dimethylsulfoniopropionatec (DMSP) (Andrcac, 1980). The
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Figure 1.7: Dominant sulphur species in the atmosphere of
the northern Pacific Ocean (Anthro SO, = anthropogenic
sulphur dioxide, Anthro SO, = anthropogenic sulphate, SS
SO, =sea salt sulpl te, DMS = dimethyl sulphide, MSA =
methane sulphonic acid, Bio SO, = biogenic sulphur

dioxide and Bio SO, bio¢ 1ic sulphate).
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cnzymatic breakdown of DMSP produces occanic DMS and acrylic acid (Challenger and
Simpson, 1948). The DMS flux into thc atmosphere depends mainly on the oceanic DMS
concentration and the wind speed such that stronger winds relcase more DMS gas.
Atmospheric DMS is oxidized by tion with hydroxyl (OH). itratc (NO3), halogens
or halogen oxides (c.g. bromatc, BrO). OH is an important oxic 1t in thc daytime, NO3 in
the nighttime and BrO in the Arctic (Turnipsced and Ravishankara, 1993). The
atmospheric lifetime of DMS is < days and is controlled mainly by the concentrations
OH and NO; which are in turn ¢ lled by concentrations of nitrous oxides (NOy) and

ozone (O3) and ambient conditions  ch as temperature and solar flux.

Oxidation of DMS by OH can occur via two proccsses: 1) hydrogen abstraction and 2)
addition of OH to the sulphur at  to form a weak adduct that will recact with oxygen
(O7) (Hynces et al., 1986) (Figu. 1.9). Hyncs ct al. (1986) four that 70% of thc DMS
will oxidize by the abstraction pathway (at room temperature and at onc atmosphere of
air pressure). This corresponds to the 70% yield of SO, discovered by Barnes ct al., 1989.
Hence it is rcasonablc to predict that SO, is a major product of abstraction and MSA,
dimcthylsulphoxide (DMSO) and dimcthylsulphone (DMSO) are the dominant products
of addition. Hyncs ct al. (1986) alsc »und that lower temperaturcs, the addition and
abstraction pathways arc¢ cqually important in OH oxidation of DMS. However, Planc
(1989) reported that the rate of addition increased with decreasing temperature. For
example, at 27°C there will be 25% oxidation ol . MS by OH via the addition pathway

while at -23°C 1 :willbc 70%  /ncs et al., 1986). Yin et al. ( )0) stated that t]
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abstraction pathway is limited by I 1t intensities and/or temperatures such that lower
light intensitics and temperatt  can causc a slower decomposition rate of the
methylsulphonyl radical (CH3SO,), a precursor of SO- in the oxidation of DMS (Yin ct
al., 1990). Thus at low ter  ratures there will be higher concentrations of MSA and at
high temperatures there will be higher concentrations of SO, (Bates ct al., 1992). The
preferred oxidation pathway alsos  1s to depend on the ambicnt amount of pollution
with the addition pathway domi  ing in polluted cnvironments and abstraction
dominating in clean cnvironm¢  (Yin ct al., 1990). Laboratory tests revealed that at low
NOj levels, less than 20% MSA v 5 produced (Tyndall et al., 1986; Saltzman ct al.,

1986).

Oxidation of DMS by NOj; is rapid and may bc a dominant oxidation process for DMS
however its products and reactions arc not well defined. For instance, Daykin and Wine
(1990) and Jenscn ct al. (1992) 2 red large yiclds of specics that suggest an
intramolccular hydrogen abstraction within a NO3;-DMS complex cven though it is

generally belicved that NO; adds to the sulphur atom.

It appcars that the role of | ogens and halogen oxides are relatively unimportant except
in Arctic environments and that ¢  and NO; dominate the oxidation of DMS. In
unpolluted environments, daily cycles showing a maximum at night and a minimum in

the afternoon are indicative of ox n by OH (Andrcac, 1985). In polluted
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cnvironments, Andrecac (1985) found the daily cycle was not as pronounced, suggesting a

nighttime sink by NOs.

The oxidation of DMS by OH yiclds MSA via the addition reaction. There have been no
gas-phasc studics involviit  MSA and therefore the oxidants ar  reactions arc highly
uncertain. Duc to its vapour pressurc, MSA is suspected to go into aqucous phascs rather
than gascous phascs. MSA in the marinc environment is formed distinctly from DMS
(Bates ct al., 1992). MSA is onc of thc morc stable oxidation products of DMS and the

mean residence time of MSA is 12 days (Millet ct al., 2004).

SO, is present in the marine atmosphcre from anthropogenic activity, volcanic activity or
oxidation of biogenic reduced sulphur gases like DMS. Oxidation can take place by gas
phase reactions or by aqucous phase reactions. Gas phasc reactions arc irreversible while
aqueous phase rcactions often obtain equilibrium and are therefore reversible. SO» will
have a mean residence time of 2 days if it was oxidized in the aqucous phasc and a
minimum of 8 days if oxidized in the phasc (Katz, 1977). Gascous SO: is oxidized by
OH or NO;, however, oxidation of SO, by NOs is extremely slow (Planc, 1989).
Oxidation in the aqucous phasc is by ozone (O3) or hydrogen peroxide (H20z) (Benkovitz
ct al., 2006). The SO, oxidation ¢ depends on factors such as relative humidity with

more rapid oxidation occurring in humid environments (Jackson and Jackson, 1996).
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The majority of anthropogenic SO, is produced from the burning of fossil fucls (c.g. coal
and oil). Sulphur contaminants (c.g. pyrite in coal and organic sulphur compounds in coal
and oil) can be oxidized to SO, during combustion. The typc of fossil fucl being
combusted will affect how much sulphur will be emitted: coal generally has a higher
sulphur content (mean 2% sulphur by weight) than oil (mean 0.3 to 0.8% sulphur by
weight) and natural gas (mcan 0.05% sulphur by wcight) (Méller, 1984). Anthropogenic
SO, found in the occanic a  sphere can originate from combustion of fossil fuels cither
on continents or from ships. Ship sulphur cmissions arc ncarly cqual to the natural
sulphur flux from occan to atmosphere in many arcas (Capaldo ct al., 1999). In fact,
satcllite images show clouds form over shipping lancs (Weart, 2009) possibly because the

SO; in the ship exhaust can become oxidized to form CCN.

NSS SO, can have cither a biog  ic origin (i.c. from oxidation of DMS) or an
anthropogenic origin (i.c. from oxidation of sulphur involved in human activitics likc
combustion of fossil fucls, refining of fossil fucls, orc smelting and gypsum processing).
The NSS SOj4 can be involved in nucleation processes, forming new particles, or
condcnsation processcs, combining with existing particles. If the NSS SO4 formed on
cloud condensation particles and if the cloud evaporates rather than precipitates, the NSS
SO, will be released back into the atmosphere  he accumulation mode. The mean

residence time of NSS SO4 acrosols is approximately 6 days (Charlson ct al., 1990).
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1.8 STABLE ISOTOPES

Stable isotopes arc clements having different numbers of ncutrons in the nuclcus (thus
diffcrent masses) . 1 are not involved in any radioactive decay process. Sulphur isotopic
studics began in the 1940°s (Thodc ct al., 1949) and interest grew quickly duc to
sulphur’s relatively large isotopic mass diffcrences, varicty of chemical forms and
widespread distribution on Earth (Thode, 1991). The isotopcs, their relative atomic
masses and natural abundances according to Rosman and Taylor (1998) and Audi and

Wapstra (1995) arc:

s 31.972 95.02 %
Hs 32.971 0.75 %
s 33.967 421 %
s 35.967 0.02 %

Isotopic compositions arc reported as the ratio of the isotope amount of the two most
abundant isotopes for an clement in a samplc (c.g. AR samplc) and comparing it to the
ratio of the isotope amount of the two of the most abundant isotopes for the same clement
in an international standard (c.g. 5328 vept). This eliminates obtaining an absolutc
valuc for an element’s isotopic composition as well as allowing comparisons of data from
different laboratorics. For sulphur, troilite (FeS) from the Canon Diablo iron meteorite
was used in the Canon Diablo Troilite standard (CDT) that has a S8 = 1/22.22 or

343/%28 = (.0450045 (Thode, 1991). This standard has become scarce and was found to be
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inhomogeneous so a synthetic stan  d was dcveloped by the International Atomic
Encrgy Agency (IAEA) in Vienna and named Vienna Canon Diablo Troilite (VCDT)
(Rollinson, 1993). Standard dclta notation (8) cxpresses the isotope amount of the sample

to the standard in per mil (parts per thousand, %o):

Rslﬂndard

Equation 1.2 5= (—R R l)x 100

where Rgampic 18 the isotope amount of the number of heavy to light isotopes of interest in
the sample and Rgangara 1S the isotope amount of the number of hecavy to light isotopes in
the standard. CDT and VCDT arc assigned a valuc of 0%o. Figure 1.10 shows cxamplces

of sulphur isotopic compositions (5**S) in the SERIES arca.

Isotope fractionation, or partitioning of isotopcs, occurs during chemical reactions and
physical proccesscs that discriminate between the isotopes of different clements as a
function of mass. According to Rollinson (1993), fractionation provides information on
1sotope exchange processes anc  1ctic processes. Isotope exchange processes occur
when the isotopes of an clement redistribute themselves among different molecules
containing that clement. For example, the exchange of **S and *S between H,''S and
HzMSl

34

Equation 1.3 H,"S & H,"S
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Figure 1.10: Sulphur >topic Compositions (Sea Sait
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& Methane sulphonic :id (MSA) = Calhoun et al., 1991;
Western Canac Precipitation & Western Canada

Anthropogenic Em ons = Norman et al., 2004a).
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Becausc the reactants and products of isotope cxchange processes arc assumed to be in
equilibrium, the resulting fractionation is somctimes referred to as cquilibrium
fractionation. On the other hand, kinctic processes involve unidirectional or incomplcte
reactions that affect the bonds of the involved species. For example, the reduction of
sulphate involving 25 (S04 — H,™*S) takes place at a rate of k3 and the reduction of

sulphate involving **S (**SO; — H,™S) takes placc at a rate of k34 (Thode, 1991).

Equation 1.4 2280, +2H,0 - 2H,"$+50, rate=k;:

Equation 1.5 2430, + 2H,0 - 2H," S+ 50, rate=k;y

The ratio of k3> /k34 is 1.022 at room temperature meaning the reduction involving s
rcacts 1.022 times faster than the reduction involving s (Thode, 1991). The naturc of

isotopc fractionation cxpccted during isotope exchange and kinctic processces is described

by the fractionation factor, a:

. R :
Equation 1.6 an i R_A at a specified temperature
3
where R is the ratio of the hecavy isotope to the light isotope in two different molecules or
phascs (A and B) and the reaction is in cquilibrium at a specific temperature (Faure,

1986). When expressed in terms of the delta valucs, the equation becomes (Niclsen,

1979):
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OA
T ann 1000 1 s
A -B = =

Equation 1.7 at a specified tempcrature

1+ 1000 + o8
1000

Stable isotopes can be used to “fi  :rprint” the source of a substance so the stable
isotopes of sulphur will be used to determine the proportion of sca spray, anthropogenic,

and biogenic sources.

1.~ "'SING %SS SO4 AN™ e ¢ TODETERMINE AEF SOL SOURCE

Sea salt tracers (c.g. magnesium = Mg, sodium = Na, chloride = C1) can be used to
distinguish the sca salt sulphate, SS SO4, from the non sca salt sulphate, NSS SO, (both
biogenic or anthropogenic) and estimate the percent sca salt sulphate, %SS SO,

(Mizutani and Rafter, 1969):

1 n‘l camnls
Equation 1.8 %SS 5042(0,14+§ ]xlOO
| sample
Equation 1.9 %SS SO4 2(0_25+304sumnle]x 100
a sample
Equation 1.10 %SS SO = [2. 12591 "'] x100
£ sample

where 0.14, 0.25 and 2.10 correspond respectively to the mass ratios of SO4/Cl, SO4/Na
and SO4/Mg of scawater. Consequently, the percent of non sca salt sulphate, %NSS SOs,

can be calculated:
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Equation 1.11 % NSS SO =100 - % SS SO

The %SS SO4 and %NSS SO4 can be used to calculate the fraction of sca salt suphate

(Fss sos4) and the fraction of non sca salt sulphate (Fnss so4):

Equation 112 Fsssos = % SSS04+100

Equation 1.13
Frnsssos = % NSSSO4=-100

The sulphur isotopic compositions (8**S) have been usced in a number of studics (c.g.
Nriagu et al., 1991; McArdle ct al., 1998; Patris ct al., 2000; Turckian ct al., 2001) to
dctermine the sources of acrosols, especially fine NSS SO, acrosols that can be either
anthropogenic or biogenic. The isotopic composition of NSS SO4 (8™S nss so4) can be
calculated provided the isotopic composition of the total SOy (8°*S so4), the isotopic
composition of SS SO, (6348 ss soa), the fraction of sca salt sulphate (Fss sos) and the

fraction of non sca salt sulphatc (Fnss so4) arc known using:

Equation 1.14 878504 = (334Sss S()4XFSS so4)+ (5}4SNSS SO4XFNSS so4)

Subscquently, the fraction of biogenic NSS SO4 (Faio nss so4) and anthropogenic NSS SO,

(F anthro Nss soa) can be estimated by the cquation:
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Equation 1.15

34 _ 34 34 34
d Sso4 Fyos = (Fss S04 X Ssss04 )+ (FAmhru NSS$ S04 XS SAnlhm NSSSO4 )+ (FBiu NSSSO4 XS SBio NSSSO4 )

where

Equation 1.16 |

FS()4 = FSSSO4 + FAnlhm NSSS04 + FBio NSSSO4 —

Solving for Fpgj, nss soa gives:

Equation 1.17

(6348504 XFsm )_ (Fss S04 )(534855 S04 )— ( 34SAmhm NSS so4£(834g nthro NSS S04 XFSS S04 )

34 34
o SBio NSS S04 0 SAnlhm NSSSO4

E Bio NSSSO4 —

where 8348504 is the valuc obtained from the mass spectrometer for that samplc, 8*Sss s04
is the isotopic composition of sea salt sulphate (=+21 + 0.2%o bascd on results from Rees
ct al,, 1978), S amhronss s is the isotopic composition of anthropogenic non sca salt
sulphate (=+2.0 + 1.0%o based on results from Norman ct al., 2004a), 5**Spio Nss 504 1S the
isotopic composition of biogenic non sca salt sulphate (=+18.6 + 0.9%o bascd on results
from Patris et al., 2000), Fsos was the fraction of total sulphate (=1 based on Equation 16)

and Fgs sos was the fraction of sca salt in the sample (calculated using Equation 12).

47



Most acrosol studics that usc stable isotopes to determine sources over the oceans, utilize
a three source mixing model whereby one corner represents sea spray (%S sss04 =
+21%o, 100% SS SOy,), another corner represents biogenic sulphur (8”*Shio nss 504

= +18.6%o, 0% SS SO4) and the third corner represents anthropogenic sulphur (8**Sanro
NSS 504 = 2%0, 0% SS SOy) (Figure 1.11). Once the % SS SO4 and isotopic composition
(834S so4) arc plotted for cach sample, the source of the particular sample can be

determined.

l(\ NDIDATIVEC
.

The main objectives of this thesis were to determine:

1) The source of SOs throughout SERIES

2) The source of NSS SOy throughout SERIES

3) The preferred pathway of DMS oxidation during SERIES and

4) The overall cffects of the SERIES iron fertilization on the acrosols (by comparing the

fertilized arca to an unfertilized: ).
Chapter 2 will provide a bricf review of previous results, Chapter 3 will describe methods

used to collect and analyze samples, Chapter 4 will discuss resuits and interpretations and

Chapter 5 will provide a summary and suggestions for futurc work.
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Figure 1.11: A mixing model using sea salt content (%SS
S0,) and isotopic c¢ josition (8°**Sg,). Each corner
represents a different sourc the lines connecting two
corners represent mixing between two of the sources. For
example, biogenic sulphur is 0% and +18.6 %. and
anthropogenic sulphur 0% and +2.0 %.. The line
connecting the biogenic and anthropogenic corners
shows mixing of bio¢ ic and anthropogenic sulphate

sources.
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CUADPTER ?- pooviniie pESULTS

SERIES took placc in thc opcn occan, so this chapter includes previous results of
sulphur-bearing acrosols and gascs cxpected: SS SOy aerosols, biogenic and

anthropogenic NSS SOy acrosols, MSA acrosols and biogenic and anthropogenic SO,.

2.1 SS SO4 AEROSOLS

Sca salt acrosols arc naturally produced at the occan-atmospherc boundary. Wind speeds
affect the concentration of sca salt acrosols by influencing wave activity. Wave activity
produccs acrosols when jet drops or film drops propel sea water into the atmosphcre
(Woolf and Monahan, 1988). Sca salt concentrations have a scasonal dependence with
summer concentrations at a minin 1 and winter concentration at a maximum (Gong ct
al., 1997). Data collected from N :¢ Head (53.19°N, 9.54°W), Heimacy (63.40°N,
20.30°W), Bermuda (32.27°N, 64.87°W) and Oahu (21.33°N, 157.70°W) showed sca
spray concentrations arc affccted by geographic location, with smallcr scasonal sca spray
concentration changes obscrved in locations closer to the equator (Gong ct al., 1997).

Table 2.1 shows mcan SS SO, concentrations collected in marinc locations.

2.2 NSS SO, AEROSOLS

NSS SOy acrosols have been shown to exhibit a scasonal cycle with a summer maximum
(Nriagu ct al., 1991; Prospero ct al., 1991; Wagenbach ct al., 1988; Leck ct al., 1996;

Ayersctal., 1991; McArdle ct al., 1998). Saltzman et al. (1983) rccorded a mcan NSS
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Table 2.1: SS SO, acrosol concentrations (in pg/m3) from previous studics of marine air

Reference Location Mean
|| Prospero, 1979 Cent :m_A_Ftlc (ZW"N) B 6.71 £4.24
Prospero, 1979 Tropical and Equatorial North Atlantic (0-28°N) 11.2+£6.92
Prospero, 1979 Tropical and Central South Atlantic (5-35°S) 9.06 +5.25
| Prospero, 1979 Pacific (28°N — 40°S) 8.44 +5.14
Prospero, 1979 Mecditcrranean 6.98 £2.92
Il Prospero, 1979 Indian (15°S to 7°N) 352+1.10
Prospcro, 1979 Malacca Straits, South China and Phillipine Seas 6.47 £3.32
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S04 concentration of 0.630 ug/m3 in the atmosphere of the Pacific Ocean, which was
typical of results from othcr remote marine arcas (Savoic and Prospero, 1982). Batcs ct
al. (1992) stated the northern hemisphere of the Pacific Ocecan had NSS SO4
coneentrations between 1.729 and 3.074 ug/m3. Table 2.2 shows NSS SO, results from

other study areas.

Wylic ct al. (1993) stated that the size of the NSS SOy acrosol depended upon the
weather: when there was dry weather there was an increase in the fine acrosols whercas
when there was humid weather there was an incrcasc in larger acrosols. Both Krischke ct
al. (2000) and Scairc ct al. (2000) found that approximatcly 70% of thc NSS SO,

occurred in finc acrosols.

As discussed in Section 1.9 (Us  Sca Spray and Isotopes to Calculate Acrosol Source),
the isotopic composition of NSS SO, (5*Snss s04) depends on the source(s) from which it

formed. Table 2.3 shows 5>*Sxss so4 from previous studics.

Patris ct al. (2000) found that 50 to 90% of coarsc NSS SO; acrosols had a biogenic
isotopic signaturc in both the northern and southern hemispheres of the Atlantic Occan.
However the fine NSS SOy acrosols of the southern hemisphere of the Atlantic were
shown to have a stronger input of bic :nic sources than those of the northcrn hemisphere
of the Atlantic: southern hemisphere finc acrosols having 60% with a biogenic origin and

northern hemisphere fine acrosols having 35% with a biogenic origin (Patris ct al., 2000).
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Table 2.2: NSS SO, acrosol concentrations (in pg/m3) from previous studics of marine

air
Reference Location Mean |
Berresheim et al., 1991 North Atlantic, Marine air 0.404
Berresheim et al., 1991 North Atlantic, Continental air 1.224
Saltzman et al., 1983 Indian Ocean 0.520
Reference T aratign Maximum Minimum —l
Bates et al., 1992 Southern Pacific Ocean 1.537 0.077 |
Wylic et al., 1993 Ross Island, Antarctica 1.114 0.293
Leck et al., 1996 Arctic Occan 0.672 0.003
Pracepero et al., 1991 Moaurenn Antarctics 0.250 0.0065
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Table 2.3: 8*Syss so4 (in %o) from previous studics of maring air

Reference Location 5_z ‘<15 504 I

Gravenhorst, 1977 North Atlantic +7 to +9
Gravenhorst, 1977 Southwest Atlantic -12 to +10
Patris ct al., 2000 African ~nast +9.4
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2.2 ""A AEROSOLS

MSA acrosols over the marine atmosphere were first measured by Saltzman ct al. in
1983. Since then numerous rescarchers have measured MSA in a varicty of locations
(Table 2.4) and many have found there is also a scasonal pattern (with a summer
maximum) in MSA conccntrations (Prospcro ct al., 1991; Ayers ctal., 1991; Leck et al.,
1996; McArdle ct al., 1998). MSA from the Pacific Ocean has been reported by Saltzman
et al. (1983) to range between 0.035 to 0.042 pg/m’ and by Bates ct al. (1992) to range
between 0.002 to 0.045 pg/m3 . Although Pszenny (1992) stated therc was no relationship
between MSA and size, both Saltzman ct al. (1983) and Scaire ct al. (2000) showed that

MSA occurs in sub-micrometer  osols but in slightly larger acrosols than NSS SO,.

2.4 MSA T ~ee on
It has been suggested that thc MSA to NSS SO, ratio may be indicative of sourcc or
oxidation pathway and may be « dent upon temperaturc and/or latitude. The MSA to
NSS SOy ratio ncar the cquator is rclatively constant  sproximatcly 0.065) (Saltzman ct
al., 1983, Saltzman et al., 1986). Thc MSA to NSS SO, in occanic arcas affected by
anthropogenic sulphur cmissions (c.g. North Atlantic Occan) is typically <0.3 (Savoic ct
al., 1989; Galloway, 1990) whilc it is >0.5 in occanic arcas unaffected by anthropogenic
sulphur cmissions (c.g. mid to high latitudes in thc southern hemispherc) (Bates ct al.,

1990; Berresheim et al., 1990). FE ios close to | have been observed near Antarctica
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(Berresheim, 1987; Pszenny ct al., 1989). Therefore MSA to NSS SO, tends to increase
with increasing latitude and/or decreasing temperature and may be duc to a preferred
oxidation pathway that favors addition (production of MSA) as opposed to abstraction
(production of SO,). If the addition pathway were preferred, morc MSA would be
produced and there would be higher MSA to NSS SO, expected. However as Ayers ct al.
(1991) pointed out after reporting a winter minimum (mean = 0.06) and a summer
maximum (mcan = 0.18) at Cape Grim, the sampling techniques can have an influence on
the MSA to NSS SO, ratio. For cxample, biogenic NSS SO, formed from biogenic SO,
may be simultancously collected and included as the NSS SOy portion during analysis,
causing a reduction in the MSA to NSS SO, ratio. Also, if acrosols are collected on one |
filter as opposcd to two filters that scparate coarse and fine acrosols, the size sampled will
affect the MSA to NSS SO, ratio as MSA combincs with pre-cxisting acrosols and is

concentrated in slightly larger aerosols than NSS SOy (Scaire ct al., 2000).

2.5 SO, GAS

Gascous sulphur dioxide (SO») in a clcan atmosphcre shows a scasonal cycle with
maximum occurring in summer (from oxidation of DMS). Leck ct al. (1996) as well as
Berresheim ct al. (1991) observed a maximum in winter in an atmosphere heavily
influenced by continents, likely from combustion of fossil fucls for heating. Nguyen ct al.
(1983) reported a latitudinal dependence/primary productivity dependence of SO»

concentrations: arcas that were further from the equator were arcas of low productivity
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(<36 g/cmzyr) and had low SO- concentrations (~0.030 pg/m3 ), arcas of intcrmediatc
productivity (36 to 90 g/cmzyr) had intermediate SO; concentrations (~0.100 ug/m3) and
areas near the cquator had high productivity (>90 g/cm’yr) and had high SO,
concentrations (0.200 to 0.300 pg/m3). Nguyen ct al. (1983) stated that the mean
background SO; concentration over the world’s occans was 0.100 ug/m]. Batcs ct al.
(1992) reported SO, concentrations ranging from 0.122 to 0.833 pg/m3 in the northern
hemisphere of the Pacific Occan (h  ier than valucs previously reported by Quinn et al.,

1990). Table 2.5 shows additional SO; concentration results.

Assuming no isotope fractionati  occurrcd (Norman ct al., 2004a), the 5*Ss02 will be

the same as the 8**Sgo4 from which it formed (Table 2.3).
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CHAPTER 3: METHODS

3.1 AEROSOLS AND SO, ™ ©

Aerosol and gas samplcs were collected from July 10 to July 30, 2002 using high volume
air samplers when conditions were favorable (i.c. no precipitation and when the ship was
heading into the prevailing wind). Analyscs of the gas and acrosol samples took placc
after the cruise at the University of Calgary and Mcmorial University of Newfoundland.
Ship fuel samples were prepared at M orial University of Newfoundland and were
subscquently analyzed at the University of Ca” iry. The following sections provide dctail

on the procedures used during sample collection, preparation and analysis.

3.1.1 COLLECTION OF AEROSOLS AND SO, GAS

Acrosols and sulphur dioxide gas were collected using two Anderson Sicrra and two
Sierra Miscu high-volume, mass-flow controlle samplers sct at a flow ratc of 1.13
m*/min. Samplers were located at the front of the flying bridge of the Mcxican E/ Puma,
approximately 10 m above sea level. Two samplers collected acrosols in/downwind of
the patch (Samplers 3 and 4) and two si  Hlers collected out/upwind of the patch
(Samplers | and 2) therefore Samplers 1 and 2 collected background concentrations and
Samplers 3 and 4 collected concentrations influenced by the fertilized patch. Two
samplers (Samplers 2 and 3) were equipped with Graseby Scries 230 five-stage cascade
impactors and back-up filters; two samplers (Sampler 1 and 4) were cquipped with bulk

acrosol filters and sulphur dioxidc filtcrs (Figure 3.1).
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A cascade impactor (Figure 3.2) is a sct of staggered slotted plates uscd to collect
acrosols of known diamectcrs on filters positioned between the plates. The staggering of
the slots in the various stages of a cascade impactor cnables ac  sols above a certain cut-
off diameter for a particular stage to be colleeted on the filter for that stage whilc acrosols
smaller pass through the filter and onto the next stage. The cut-off diameter for the
acrosols is controlled by the slot width of the plate, where the slot width per stage
remains constant but the slot width between stages decreases toward the bottom of the
cascadc impactor. Thercfore acrosols of a similar diameter arc collccted on the same
slotted filter but duc to the narrowing of the slot width, smaller acrosols arc collccted on

successively lower stages.

During SERIES, PM, hcads were installed on Samplers 2 and 3, the samplers cquipped
with cascade impactors and back-up filters. This meant only acrosols <10 um were
samplcd and sorted accordin  to« : where Stage |, the uppermost stage, collected
aerosols between ~ ~ um and 10 um, Stage 2 between 7.2 um and 3.0 um, Stagc 3
between 3.0 ym and 1.5 um, St : 4 between 1.5 pm and 0.95 pm and Stage 5 between
0.95 pm and 0.45 pm (Figure 3 . The back-up filter collected acrosols <0.45 um onto a

solid 8 x 10 inch quartz filter (F ¢ 3.2).

The other two samplers, one in/dov  vind of the patch sampler (Sampler 1) and one

out/upwind of the patch sampler (Sampler 4), col  ted bulk acrosols and sulphur dioxide

gas (Figure 3.1). Untrcated quar filters collected bulk acrosols while a potassium
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carbonate/glyccrol-impregnated quartz filter (sce Appendix 3.1) absorbed sulphur dioxide

gas (Figure 3.1).

Throughout the cruise, 23 samples, containing 8 filters per sample, were collected
onboard El Puma. Sampling times varicd between 4 and 31 hours and depended on
sampling conditions (c.g. no precipitation and ship stcaming into wind). Usually after
approximatcly 12 hours of sampl , filters werc removed from the samplers. The
sulphur dioxide filters were immediately folded and placed in a labeled sampling bag.
The cascade impactor and the bulk filter and filter holder were placed in a larger bag for
transport inside the ship. Wearii  powder-free gloves and working in a portable
fumchood inside the ship, filters were folded so that the acrosols were contained inside.
Folded filters were then wrapped individually with aluminum foil and placed in
individually labeled sample bi .. The filters were then double bagged (to reduce
contamination) and given a sample sct name. The sample bags were placed in a scaled,
plastic container until sample preparation in the laboratory. The cascade impactor and
bulk filter holder were cleancd using isopropyl alcohol, Kim Wipes and/or Q-tips. Filters
were then loaded for the following sample and placed in a larger plastic bag that was

stored in the clean-ceil until use.

A sample sct naming system indicated type of sample (by number) as well as the order of

collection (by letter). Samples beginning with the number 1 collected bulk acrosols and

SO, gas out/upwind of the patch, samples beginning with the number 2 collected size-
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st egated acrosols out/upwind of the patch. The number 3 indicated the collection of
size-scgregated acrosols in/downwind of the patch and any sample beginning with the
number 4 collected bulk acrosols and SO, gas in/downwind of the patch (with the
cxception of 4E which was mislabeled and was actually an out/upwind bulk sample).
Samples containing the Ietter A were the first samples collected, samples containing the
lctter B werc the sccond samples collected and so on. For the size-scgregated samples,
the samplc sct name was followed by a dash and a sample stage number. For instance, in
Samplc 3A, 3A-1 mcant Stage 1 (7.2 um and 10 pm acrosols), 3A-2 mcant Stage 2 (7.2

pum and 3.0 pm acrosols), 3A-3 mcant Stage 3 (3.0 pm and 1.5 pm acrosols), 3A-4 mcant

acrosols) and 3A-6 mcant the back-up filter (<0.45 um acrosols). In addition, SO,

Stage 4 (1.5 pm and 0.95 um acrosols), 3A-5 mcant Stage 5 (0.95 pm and 0.45 pm
samples were indicated by the sample sct followed by a dash and SO,. For instance 3A-
\
|
|

SO, meant the SO filter of Sample 3A. Blanks included 1E & 2E, 11 & 21, 1] & 2), 3E &
4G, 3L & 4N and 3M & 40. Sample 2F was destroyed during shipping. The sampling

dctails are shown in Appendix 3 (sampling datcs and times given in Pacific Time).

3.1.2 PREPARATION C™ * wmenr o anm an 2@ FOR STABL ™ "SOTOPIC

ANALYSIS
The preparation of methanc sulphonic acid acrosols, sulphate acrosols and sulphur
dioxide for isotopc analysis incorporated a mcthod that was designed and completed in

February and March of 2003 in the Isotope Sciences Laboratory at the University of

Calgary.
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3.2.2.1 PREPARAT"™N OF " ".I’"801 ©

Sulphate from acrosol filters was cxtracted by sonication and precipitated as barium
sulphatc (BaSQO,). Determining the isotopic composition of sulphate acrosols was an
important aspect of this thesis thercforc a method was devised to scparatce the sulphate (as
barium sulphatc, BaSQO,) from the mcthanc sulphonic acid (MSA) in order to prevent

falsc biologically-derived isotopic s 1atures. The procedure is outlined in Appendix 3.3.

After the MSA and sulphate were separated, the filter paper containing the sulphate was
transferred from the vacuum appa  1s to a clecan, labelled watch glass. Thc filter was
covered with another watch glass  1d placed ina 110 °C oven for 60 minutes. The filter
paper was cooled to room tempcerature. The filter was placed into a clean labelled
crucible and covered with a lid. The crucibles werce put in an 800 °C oven for 90 minutes.
Once the crucibles had cooled to room temperature, they were tapped gently to loosen the
barium sulphate (BaSQO4) from the sidcs and onto a weighing paper. The weight of the
barium sulphate (BaSOy) produced was recorded. The samples were storcd in labelled

sample cnvelopes until ready for analysis by the n s spectrometer.

3.1.2.2 PREPARATION OF SC GAS

Becausc the sulphur dioxidc filters were  pregnated with a potassium
carbonate/glycerol solution, a slightly diffcrent method than acrosols was employed to

precipitate barium sulphatc (BaSQOs) for analysis. Appendix 3.4 outlines the procedure.
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3.1.3 ANALYSIS OF AEROS™" < “ND SO, GAS

3.1.3.1 STABLE ISOTOPIC ANALYSIS OF AEROSOLS AND SO; GAS

In order for the sulphate acrosol and sulphur dioxide to be analyzed for their stable
sulphur isotopic compositions, a portion of the barium sulphate (BaSO4) had to be packed
into a 4 mm diameter by 6 mm high tin capsule. The capsule was then scaled and stored

in a labelled plastic tray until analysis.

Isotopic analyses of the sulphur dioxide gas and sulphate acrosols were completed using
a Carlo Erba NA 1500 Elemental Analyzer (EA) interfaced to a VG Prism I Continuous-
Flow Isotope-Ratio Mass Spectrometer (CF-IRMS) at the University of Calgary during

the spring of 2003.

As the sample was introduced into the clemental analyzer by an A200S autosampler, a
pulse of oxygen gas causced a flash  1bustion in the quartz reaction tube in the
combustion furnace (maintained at a temperature of 1020°C). Ultra High Purity Helium
(UHP He) carricd the sample gascs at a flow rate of 90 mL/min through a water trap,
consisting of approximatecly 10 cm of magnesium perchlorate (Mg(C104).) and
approximately 5 em of phosphorus pentoxide (P>Os), and then into the 6 mm by 800 mm
long Gas Chromatograph (GC) column. An open-split intcrface then diluted other gascs
in the sample (c.g. nitrogen oxides, NOy and carbon dioxide, CO,) before the SO; entered

the mass spectrometer for stable isotopic analysis.
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During analysis, samples were compared to internal and external standards of known
concentration and isotopic composition. Internal standards included SW (barium sulphate
precipitated from a scawa  standard) and STB (barite standard) with 5MSs04 of +20.8%e0
and -2.0%eo respectively. These internal standards have been calibrated to the international
reference matcrials IAEA S-1 and IAEA S-2 with 8**Sgo4 of -0.3%0 and +21.0%o
respectively. During the analysis of the SERIES samples, the accuracy was +/- 0.5%0 and

the precision was +/- 0.3%o.

3.1.3.2 CHEMI“*" A™" "7 *(SIS OF AEROSOLS

The concentration of anions (including chloride (CI), nitrate (NO3), sulphate (SO4) and
methanc sulphonic acid (MSA, CH;SO;H)) and cations (including sodium (Na),
potassium (K), magnesium (Mg), calcium (Ca) and ammonium (NH4)) were determined
at Mcemorial University of Newfoundland during the summer and fall of 2003 using a
Dionex 100 lon Chromatograph cquipped with version 3.2.1 of the A1-450

Chromatograph Automation Software.

Cation analysis was performed using a Dioncx IonPac CS12A 4 mm diameter by 250 mm
long analytical column with a Dior  CSRS-ULTRA 4 mm diameter sclf-regencrating
suppressor and a Dionex lonPac CG12A 4 mm diameter x 50 mm long guard column. A
20 mM H,SO4 cluent sct at a flow ratec of | mL/min was used for analyses of Na, K, Mg,

Ca and NH4 ranging between 0.2 and 10 ppm.
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Anion concentrations werce obtained using a Dionex IonPac AS4A-SC 4 mm diameter by
250 mm long analytical column with a Dionex ASRS-ULTRA 11 4 mm diameter sclf-
regenerating suppressor and a Dionex lonPac AG 4A-SC 4 mm diameter by 50 mm long
guard column. A 1.8 mM Na,COs/1.7 mM NaHCO; clucnt sct at a flow rate of 1.0
mL/min was used for analyscs of Cl, NO3; and SO4 ranging between 0 and 20 ppm while
a 3.6 mM Na,CO5/3.4 mM NaHCO; and | mM NaHCO:; set at a flow rate of 1.5 mL/min
were used for analyses of MSA rai  ng between 0 and 0.5 ppm (MSA required a special

procedure, described in Apper x3

Each day the ion chromatograph was calibrated using intcrnal standards prepared from
National Institute of Standards and Tcchnology (NIST) standard stock solutions and
checked with external certified standards ( Table 3.1). The injccting syringe was

rinsed three times with deionized water and 1 mL of air-frec deionized water was injected
in the sample inlet. A volume of sample to be analyzed was poured from the vial and into
a 5 mL bcaker so as to avoid cot ination of the remaining sample. The syringe was
then rinsed once with sample befo  injecting 1 mL of bubble-less sample solution into
the lon Chromatograph. Analysis lasted approximately 6 minutes per samplc for anions
(excluding MSA), 30 minutes per sample for MSA (which required a special procedure,

described in Appendix 3.5) and 12 minutes per sample for cations.
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Table 3.1: External certified standard concentrations for lon Chromatography (in ppm).

[STANDARD:][ < W~ I[s0, [ Na I K |[ Mg ][ Ca |[NH,
QCP-Rain, ||

wocpisose || 131 | 317 | 671 | 157 [ 071 | 040 | 0137 | 0.72
QCP-Rain, W-

| QCP13035 0.61 | 0.30 _0.15 0.015 | 0.274

| ESD Cation | I 20004114973 | 1.4983 | 1.5029 | 1.4958

[ ESD Anion  12.9996 | 1.5029 | 1.5025

| TI71 L 86 | 2.8 | 278 | 6.75

70




3.1.3.3 BLANK CORRECTI*™ ™ AERC“*" S AND SO; GAS

Sampling filter blanks, laboratory filter blanks and water blanks were analyzed for this
study. Sampling filter blanks were filters inscrted into the samplers for less than one
minutc whilc thc samplcr was not running to determine whether sample handling
affccted the results. Laboratory filter blanks were used to assess contamination during
storage in the laboratory. Wa  blanks were uscd to assess the cleanliness of the lab ware
and lab water during cxtraction and analysis. Laboratory and water blanks werc
negligible. Six ficld samplii  blanks were collected, three in/downwind of the patch and
threc out/upwind of the patch: 1E & 2E, 11 & 21, 1J & 2J, 3E & 4G,

3L & 4N and 3M & 40. Oncc thc lanks were analyzed, the results could be used to
“blank-corrcet” the data. In other words, the average concentrations from the blanks were

subtracted from the concentrations.

3.1.3.4 UNCT"TAINTY ;<" *"ED WITH AEROSO*" © **™ “™. GAS

The percent uncertainty associated with the concentration of car  ion is shown in Table
3.2. The pereent uncertainty is used when results are plotted in graphs. The mean + onc
standard deviation is reported when results arc given in the text. Time weighted averages
(i.c. average over time) were used where indicated. For calculated values, crror

propagation was performed with percent uncertaintics propagated.
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Table 3.2: Percent unccrtainty for ion concentrations.

[ don B i 1 su, L ~a ][ Mg J[MsA |
[Uncertainty 1% 14 9 I 8 |
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3.2.1 SAMPLE COLL ™"™"7"" 9F SHIP FUELS

Fucl samples from cach of the three ships involved in the SERIES cruise were collected
in 250 mL Nalgene bottles and double bagged. The Canadian JP Tully and Mcxican E/

Puma fucl samplcs were collected during fill-up at Institute of Ocean Sciences, Sidney,
B.C. in June and July of 2002 respectively whereas the fucl from

the Japancse Kaiyo Maru was collected from the ship’s tank in August of 2002.

3.2.2 SAMPLE PREPARATION OF SHII ™"'"" §

Fucls were converted to solid barium sulphate (BaSQ4) using a  arr Bomb apparatus in
order to analyzc fucl samplcs for sulphate concentration and stable sulphur

isotopic composition, (Figure 3.3). The Parr bomb method used was developed by
Zaback and Pratt (1992). Approximatcly 0.5 g of fucl was added to the sample
combustion capsule of the Parr Bomb and placed in the holder bencath the fuse wire
connecting two clectrodes. Betwe 3 to 5 drops of hydrogen peroxide (H.0;) were
added to 10 mL of dcionized water in the bottom of the Parr Bomb. With the oxygen
outlet valve open, the lid was then placed on the bottc  and scaled tightly by the
containment ring. The Parr Bomb was then flushed with oxygen for 3 scconds. Once the
outlet valve had been closed, the Parr Bomb was filled with 30 atmospheres of oxygen.
The clectrode Icads from the ©  ition unit were connected to the  arr Bomb and the Parr

Bomb was placed in a cold water bath. Once there were no visible Icaks, the ignition unit

was detonated. After 15 minutes, the Parr Bomb was  10ved from the water bath  d
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dried off. The pressure inside the bomb was released as the oxygen outlet valve was
slowly opened. Once the containment ring was removed, the sulphate solution inside was
pourcd into a 500 mL beaker along with any rinsings from the inner portions of the
apparatus (i.c. inside of bomb, electrodes, capsule, underside of lid). The solution was
then heated on a hot plate and when it began to boil, the pH was checked. The pH was
brought to 4 by adding cither hydrochloric acid (HCI) or sodium hydroxide (NaOH) to
decrcasc or increase the pH respectively. Then 10 mL of 0.5 M barium chloride (BaCl,)
were added to produce barium sulphatc (BaSQy) in solution. The volume was reduced as
the solution simmecred for 2 to 3 hours. The remaining solution was then vacuum-filtered
through a Whatman 47 mm ashless filter and the filter was permitted to dry on a watch
glass in an oven sct at 80 °C for approximatcly 30 minutes before igniting it in a Vitrosil
crucible with a Bunsen burner. The solid barium sulphatc was collected and stored 1n a

clean, labeled 12 mL glass vial until later analysis by the mass spectrometer.

3.2.3 ANALYSIS OF SHIP FUELS

The barium sulphatc (BaSQ4) produced from the fucl samples were analyzed by EA CF-
IRMS at the University of Calgary. ...z analyzing conditions and standards used for the

fucl samples were the same  those uscd for acrosols and sulphur dioxide.
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CHAPTER 4; PFRIT TS

4.1: SEA SPRAY

4.1.1A: £ . SPRAY INTRODUCTION

Sea spray particles form from bursting bubbles at the ocean-atmosphcre intcrface.
Typically bubblc bursting is a conscquence of wind action such that stronger winds causc
more bubblc bursting. Sca spray can also be loftcd directly into the atmosphcre at high
wind spceds. Both processes result in sca salt acrosols that are chemically identical to

secawatcer.

Part of the scopc of this thesis was to determine the source of marine sulphate acrosols
during an iron fertilization experiment, therefore it was important to calculate the amount
of:

1) sca spray sulphatc (SS SO4)

2) anthropogenic non sca salt sulphate (Anthro NSS SO4) and

3) biogenic non sea salt sulphatc sources (Bio NSS SOs).
Sca spray acrosols arc composed of compounds found at high abundancc in scawater,
primarily sodium chloride (Na , w tracc amounts of magnesium (Mg), sulphates
(SOy), potassium (K), calcium (Ca), carbonates (COs), and organics. Table 4.1 shows the
molar ratios of common ions in scawater (Lide, 2002; Maidment, 1993). The ratios arc
preserved during the production of marine acrosols (Keenc ¢t , 1986) and thesc ratios
were uscd to help determine which ion was more appropriate for calculating SS SOy

contributions in the sampled acrosols.
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Table 4.1: Concentrations and molar ratios for common 10ons in seawater wherc the

concentration of cach ion in scawater is shown in bold. For example, Na/Mg = 470/53.1

= 8.85 mol/L (Lide, 2002; Maidment, 1993)
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Ion X value |_ cl Na
V valuo mal/T (M) 847 470
o 547 | 1 1.16
Na 470 0.859 1
Mg 53.1 0.0970 0.113
SO, 281 || oo0514 0.0598

Mg

&1 1

10.3
8.85

"530

SO4
28.1

19.5
16.7
1.89




4.1.1B: SEA SPRAY R™ "' ™

Bulk concentrations of Na, Cl and Mg for cach sample are found in Appendix 4.1 and
bulk Na, Cl and Mg concentrations with time were plotted in Figure 4.1. Figure 4.1
showed bulk Na, Cl and Mg concentrations had similar trends: bulk Na and Mg outside
the patch incrcascd with time (between July 10 to 17 and July 18 to 30, the mcan Na
concentration outsidc the patch increased from 1.37 to 2.83 pg/m’ and the mean Mg
concentration increcascd from 0.15 to 0.32 pg/m3 (t-test p<0.1)). Outsidc the patch, mean
Cl concentrations for the same time periods were 2.04 to 2.18 pg/m3 and werc not
significantly diffcrent (t-test p>0.1). Bulk Na, Cl and Mg concentrations inside the patch
peaked twice (July 16 & 17-! nples 4C and July 22 and 23 - Samplc 4H).
Concentrations of sea spray ions were undctectable between July 18 and July 24 outside

the patch.

Size segrcgated concentrations of Na, Cl and Mg for each samplc arc found in Appendix
4.2 and wcre plotted in Figures 4.2a and 4.2b. e size segrey  cd concentrations had
similar trends to the bulk concen  ions for both out and 1n patch. Undctectable to low
sca spray concentrations were obscrved outside the patch from 1ly 18 to July 24. The
largest size scgregated Na, Cl and Mg concentrations out patch were found in acrosols
>3.0 um (Stage 1 and 2) and it is interesting to note that this was not the same for in
patch samplcs where higher sea spray concentrations were found in acrosols between 1.5

and 7.2 um (Stage 2 and 3).
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Similar trends were observed when common scawater components such as Mg, Na and
Cl as well as wind speed were plotted with time both outside and inside the patch (Figure
4.3). Concentrations of Mg, Na and Cl vs wind speed both inside and outside the patch
(Figure 4.4) showced rclationships between wind speed and sca spray components (Sce
Table 4.2): as wind spceds increased, the amount of Mg, Na and C1 concentrations also

increased.

In order to determine the most representative ion for sea spray calculations, ClI/Mg, Na/Cl
and Mg/Na wecre plotted in Figure 4.5. The slope of the linear regression lines of the

plottcd ions werce then multiplicd by molar masscs to get the following molar ratios:

Cl/Mg = 4.60
Na/Cl = 0.575
Mg/Na = 0.114

When compared to the molar ratios of scawater (Table 4.1), ClI/N was 55% lower,

Na/Cl was 34% lowecrand M Na s 1% higher.

4.1.1C: SEA SPRAY [MTrDRPDRETATIONS

The similarity in obscrved trends for concentrations of Na and Mg, inside and outside the
patch, and Cl insidc the patch, suggested that these ions were involved in similar

production and dcposition processes. Concentrations of Na, Cl and Mg werc highest
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Table 4.2: Wind speed (km/hr) and concentration of Mg, Na and Cl (pg/mJ) outside and
inside the patch. A lcast squarcs fit where y = ion concentration, m = slope, x = wind

speed, b =y intercept and r is the Pcarson Cocfficient (r >0.5 is considered a good fit).

II Concentration i Equation of line_ r
Mg Out Patch y=0.227x-0.3116 0.68
Na Out Patch y =0.1803x - 2.2266 0.68
Cl1 Out Patch y=0.1153x - 0.6692 0.35
Mg In Patch y=0.0136x-0.1932 0.c.
Na In Patch y=0.1107x 1.573 0.67
Cl In Patch y =0.1665x — 1.5256 0.62
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in acrosols >1.5 pm. The predominance of Na, Cl and Mg in larger acrosols and the
similarity of thcir ratios to that cxpected in scawater suggested acrosols >1.5 um were

produced by sca spray from the occan surface (i.c. arca sourcc).

The undctectable bulk concentrations and the undetectable to low size segregated
concentrations of sca spray componcnts from July 18 to July 24 was cxplaincd by
washout — acrosols arc washed o1 of the atmosphere by precipitation, causing

concentrations to appcar low or immcasurablc.

Similaritics between the wind sp- 1and bulk Na, Cl and Mg concentrations werc
expected and showed that the wind action dircctly influenced the production of sca spray
acrosols to a large cxtent. Chloride outside the patch showed the only poor rclationship
with wind speed (r = 0.35) and this 1y be the result of aged acrosols. Chloride is not a
conscrvative ion; it is volatilc and may be depleted as gascous HCl is produced when
exposed to H,SO, or HNO; (H,SO4 or HNOs is pre 1t on the surface of acrosols from
the oxidation of pollutants such as SO, or NO,) (Singh, 1995). This loss of HCI from the
sca salt acrosols cncountc: polluted air masscs advected from Asia as they cross the
Pacific may expl:  why Cl had lowcr than cxpected molar ratios. In comparison to Na,
M had molar ratios that werc mo  similar to molar ratios expected in scawater (Mg/Na
was 1% higher than expected in scawater whercas Na/Cl was 34% lower than expected in
seawater). Thercfore Mg was considered the most appropriate ion for sca salt

calculations.

87



4.7 AEROSOL SO4

SO acrosols can have a variety of sources in the marine environment: SS SOy,
anthropogenic NSS SO, and biogenic NSS SOs. Each source can contribute different
concentrations which may accumulate in particular size fractions. This scction will
investigate the concentrations and sources of bulk and size segregated SOy in acrosols

outsidc and inside thc patch.

4.2.1A: AEROSOL SQ, "~~~ "~

The total SO4 concentration includes SS SOy plus NSS SO4. NSS SO, is composed of
anthropogenic NSS SO, plus biogenic NSS SO4. The total concentration of SO4 will be

used to distinguish sourccs of the  :rosols in combination with stable isotopes of sulphur.

4.2.1B: AEROSOL £~ =777~ ™7

Bulk concentrations of SOy for cach sample arc found in Appendix 4.1. Bulk SO,
concentrations inside and outside the patch were similar except in the middle of the study
when bulk SO4 had a slight drop in concentration outside the patch and a slight risc in

concentration inside the| ch wown in Figure 4.6.

Sizc segregated concentrations of SO, for cach sample arc found in Appendix 4.2 and arc
plotted in Figures 4.7. Trends in size scgregated SO4 concentrations show a decrease in
SOy outside the patch and a risc of SO, insidc the patch during the middle of the study,

much like the bulk SO, concentrations. The smallest size fractions (<0.95 um) had the
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highest concentrations outside the patch and for the majority of sampling periods inside

the patch.

4.2.1C: AEROSOL SO, IN™"™"mmm - mrNg

The bulk and size segregated concentrations of SO4 show unique trends outside versus
inside the patch. The different trends support the results from Phinney ct al., (2009) that
suggest SO4 had different sources contributing outside the patch than inside the patch.
Isotopic composition (6"Ss04) and ~ent sca salt will be used to determine the sources

of the SO,.

The §Sg04 can be an cffective method of determining sources of acrosols. For example,
SS SO4 has a uniform 8**Ss so4 in the global occans of +21 + 0.2%o (Rces ct al., 1978)
whilc in the Gulf of Alaska 1ithropogcnic SOq4 has a 8™ Anthro Nss s04 Of +2.0 £ 1.0%o0
(based on results from Norn et al., 2004a) and biogenic SOy has a 5Spio nss s04 OF

+18.6 + 0.9%o0 (based on results from Patris ct al., 2000).

4.2.2B: 5**Sso4 RESULTS

Bulk §"Ss04 with time (Figure 4.8) was constantly ncar +8%. for acrosols both outside
and insidc the patch. One out patch sample had a negative 5**Ss04 (July 24, Sample 1D =
-5.6%o0). This valuc was excluded since the SO4 concentration for this sample was below

. . . 34 . .
zcero after blank corrections, making the concentration and 67" Sso4 1nvalid.
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The size scgregated 8**Sgos with time outside the patch (Figure 4.9) demonstrated
various trends for cach size fraction. The 8'*Sgo4 of acrosols >0.75 um (Stage 1)
incrcased throughout the study (before and after July 23, t-test p<0.1), the 58504 of
aerosols between 3.0 and 7.2 um (Stage 2) stayed relatively constant throughout the study
(beforc and after July 23, t-test p>0.1), the 5S04 of acrosols between 1.5 and 3.0 um
(Stage 3) increased throughout the study (before and after July 23, t-test p<0.1), the
§%Ss04 of acrosols between 0.95 and 1.5 um (Stages 4) decrcased in the middle of the
study (from July 10 to July 19, July 19 to July 23and July 23 to July 30, t-tcsts p<0.1), the
8%'Sg04 of acrosols between 0.45 and 0.95 um (Stages 5) decrcased in the middle of the
study (from July 10 to July 19, July 19 to July 23 and July 23 to July 30, t-tests p<0.1)
and the 8*Sso4 of acrosols <0.45 pm (Stage 6) stayed relatively constant throughout the

study (before and after July 23, t-test p>0.1).

The size scgregated 5*Ss04 with time inside the patch (Figure 4.9) showed the §*Ss04 Of
all acrosols increasced between July 10 and July 17 (t-test, p<0.1) and the 5**Ss04 Of
aerosols lcss than 0.45 um (Size 6) stayed constant thercafter (July 17 to July 24 and July

24 to July 30, t-test, p>0.1).
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4.2.2C: **Ss04 INTE

Equal bulk §Sg04 outside and inside the patch was interpreted as showing that the same
sources contributed SOy to both arcas. A 8*Ssos of +8%o likely represented the mixing of

anthropogenic and biogenic sources of SOj in the study arca.

The changing §™Sso4 trends of s sc_ :gated samples showed different sources were
contributing to different sizes. An increase in the 8**Sso4 on all acrosol sizes inside the
patch after July 17 may show an influcnce of biogenic sources after that time and that the
increase of 8**Sgp4 occurred after the second iron fertilization. Outside and inside the
patch revealed the same 8*Sso4 for the smallest size fraction (average §**Sso4 in patch =
+6.1, average 8348504 out patch = +6.7, t-test, p>0.1). . ais indicated that ¢ sourccs
contributing and producing ncw acrosols werc likely the same. The smallest size fractions
in both arcas had a 83485()4 much lower than sca spray or biogenic sources and were thus

influenced more by anthropogenic sources than other size fractions.

4. " "7 7'RCE APPORTION] 04

INTRODUCTION

As mentioned above, SOy in marine acrosols have three main sources: SS SOs,
anthropogenic NSS SO, and biogenic NSS SOj. Using both the 8**Sgo4 and %SS SO;, a
3-source mixing model can be used to further pinpoint the SO4 sources (sec Figure 1.11).

SS SO, was 100% SS SO, and had a 8%*Ssos of +21 + 0.2%o (Rees ct al., 1978), biogenic
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NSS SO4 was 0% SS SO, and had a 8348504 of +18.6 + 0.9%o (basecd on results from
Patris ct al., 2000) and anthropogenic SO; was 0% SS SO; and had a 8*Sss of +2.0 +

1.0%o (bascd on results from Norman ct al., 2004a).

4~~~ “URCE APPORT """ """ USING SEA SALT AN™ §"S¢4 RESULTS

Appendix 4.1 and Appendix 4.2 show the percent sca salt uscd in SS SOy calculations. As
discusscd in Section 4.1.1C (Sca Spray Intcrpretations), the Mg concentration was
determined to be the most appropriate ion for subscequent sca salt calculations. Typically
Na concentrations were used if M data was unavailable or unreliable and Cl
concentrations were usced if Mg an Na data was unavailable or unrcliable. Samples
wherc scawater ions other than Mg were used for correction arc identified in Appendix
4.1 and 4.2. The mass ratios 1d the concentrations in cach sample (pug/m®) were used to

determine the amount of sca salt for cach sample. For cxample:

qulﬂlion 4.1 % SS SO4 (based on Mg) = (2-l - (SO4 samplc / Mg samplc)) X 100

where 2.1 is calculated by convertii  the SO4/Mg molar ratio in Table 4.1 to mass ratio

using the molar masscs.

The 8"*Sso4 values of the bulk  nples as a function of %SS SO, were plotted in the
three source mixing model of Figi  4.10 and showed samplcs contained less than 70%

SS SO.. In addition, most 5*Sso4 plotted approximatcly halfway between the biogenic
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and anthropogenic axis (y axis) and surprisingly showced no dependence on %SS SO, In
patch samples on July 24 & 25 (Samplc 4K) and July 25 & 26 (Samplc 4L1.) and July 26,
27 & 28 (Samplc 4M) would have plotted along the mixing linc for biogenic and
anthropogcnic sulphatc (y axis) but arc not shown because they contained an unknown
amount of SS SO4 (Mg and Na data werc missing and Cl concentrations were deemed
unreliable). As previously discussed in Section 4.2.2B, Sample D was cxcluded. The in
patch samples on July 21 & 22 (Samplc 4H) and July 23 (Sample 41) as well as the out
patch samplc on July 29 & 30 (Samplc 1H) contained a high amount of SS SO,. The

concentrations of Na, Cland M on thesc dates arc also high inside and outside the patch.

Size segregated samples showed  ilar trends as bulk samples when plotted on the three
source mixing modcl (Figure 4.11). Most bulk samplcs containcd <70% SS SO, whilc

most sizc scgregated samples contained <50% SS SOs.

The size segregated out patch samples had two main groupings: the majority of the
samples had <50% SS SO, and moderate §'*Ssos (average %SS = 19.3%, average 5S04
= +8.1%e) and six samplcs had >50% SS SO, and 84Sg04 (average %SS = 73.5%,
average 8345504 =+17.1%o0). A t-test at the 90% confidence interval showed the average

6348504 were significantly different (p<0.1).

The in patch size segregated samples also had two main group  gs: the majority of the

si ples had <50% SS SO4 and moderate 8"Ss04 (average %SS = 18.8%, average 5"Ss04
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= +10.1%e) and the remaining samples had >50% SS SO, and plotted cither along the
biogenic and sca spray mixing lit  or below the anthropogenic and sca spray line
(average %SS = 64.3%, average 8 *Ssos = +16.8%0). A t-test at the 90% confidence

interval showed the average 8MSg04 were significantly different (p< 0.1).

When in patch and out patch samples were compared, the average 8*Ssoq for out patch
samples containing <50% SS SOy (+8.1%0) was not significantly different than the
average 6348504 for in patch s: ¢s containing <50% SS SO, (+10.1%o0) as proven by a
t-test at the 90% confidence interval (p>0.1). In addition, thc average 8*'Ss04 for out
patch samples containii >50% SS SO4 (+17.1%o0) was not significantly diffcrent than the
average 8*Ss04 for in patch samples containing >50% SS SOy (+16.8%o) as proven by a

t-test at the 90% confidence interval (p>0.1).

*~~7: SOURCE APPORTIONMENT USING SEA SALT AND §*¢ ),

INTE™"1E™ “7IC™

The three source mixing model (Figure 4.10) showed the bulk samples were influenced
mostly by biogenic and anthrope  1ic sources. In fact, anthropogenic sources may have a
slightly stronger influence on the NSS SO, fraction, as samples plotted slightly lower

than halfway between the biogenic and anthropogenic mixing line (i.c. below +10.3%e.).

The size segregated samples outside the patch (Figure 4.11) had two main groupings: the

group with >50% SSSO;  1h  5™Sgos(ave 3¢ %SS = 73.5%, average 8 *Sgoq =
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+17.1%o) was likcly dominated by SS SO, and the group with <50% SS SOy4 and
modcratc 6348504 (avcrage %SS = 19.3%, averagce 6345504 = +8.1%o) was likcly
influcnced by both biogenic and  1thrope  nic sources. Like the bulk samples outside
the patch, the size scgregated  nples with <50% SS SOy outsidc the patch plotted
approximatcly halfway between the biogenic and anthropogenic sources. The samples
with high SS SO4 (average %SS = 73.5%) were Sample 2G for acrosols >1.5 pm (out
patch, July 27, 28 & 29, Stage 1, 2 and 3) and Samplc 2H for acrosols >1.5 um (out
patch, July 29 & 30, Stagc 1, 2 ar  3). It was intcresting to notc that the sca salt content
was based on Mg and that thesc six samples contained 57% of the total Mg in all the size

segregated samples.

The majority of size scgre  ited s ples inside the patch (Figure 4.11) had <50% SS SO,
(average = 18.8%) and modcratc 6348304 (average & 48304 =+10.1%o) and plottcd on the
left side of the three source mixi model, showing that biogenic and anthropogenic
sourccs were the main contributors. The remaining samples had >50% SS SO, (average =
64.3%) and therefore were influen . more by SS SO,. Aerosols between 3.0 and 7.2 pm
and 1.5 and 3.0 um in diameter on July 23 (in patch, Sample 3G, Stage 2 and Stage 3)
plotted on the biogenic and sca salt mixing line of the mixing model and thus likely had
biogenic NSS SO, and SS SO, sources. Acrosols between 3.0 and 7.2 um and 1.5 and 3.0
um in diameter on July 21 & =~ (in patch, Sample 3F, Stage 2 and Stage 3), between 0.95
and 1.5 pm in diameter on July 24 & 25 (in patch, Sample 31, Stage 4) and >7.2 pm in

diamcter on July 25 & 26 (in patch, Samplc 3J, Stage 1) plotted below the anthropogenic
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and sca salt mixing linc of the mix : model and likcly had SS SOj4 and anthropogenic

NSS SO, sources.

The three source mixing modcl was helpful in distinguishing sources however by

removing SS SOy, the sources of the samples became more evident.

4.2.4A: AEROSOL SS SQ,4 INT™HUC™ ™™

The actual concentration of SS SO; can be calculated using the %SS SO, in a particular

sample:

Equation 4.2 [SS SO4] = (Fss so4) ([SOs))
where

Equation 4.3 Fessos = (%SS SO4) / (100)

Calculating thc amount of SS SOy in cach samplc was the first stcp in dctermining the

source(s) of SOy acrosols.

4.2.4B: AEROS™" << <™ R¥SULTS

Bulk SS SOy concentrations (4ppendix 4.1, Figure 4.12) had similar pattcrns to scawater

i (Na, Mg ). Outs : dld ¢ jons, SS SO,
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concentrations progressively increased in the first three samples and SS SOy
concentrations on July 28 and 29 were lower than the sample before and after it. Bulk SS
SO, concentrations inside the patch peaked twice (during Samples 4C, July 15 & 16 and

Samplc 4H, July 21 and 22).

Size scgregated concentrations of SS SOy for cach sample can be found in Appendix 4.2
and arc plotted in Figure 4.13. The size segregated concentrations have similar patterns
to the bulk concentrations fi  both out and in patch. Like Na, Cl and Mg concentrations,
the largest size segregated SS SO, concentrations out patch were found in acrosols >3.0
pm (Stage 1 and 2 = 78%) and in| ch were found in acrosols between 1.5 and 7.2 um

(Stages 2 and 3 = 69%).

The bulk samples contained 31.000 + 0.003% SS SOj outside the patch and 32.00 +
0.09% SS SOy inside the patch. Roughly 5% of the SS SOj outside the patch and 13%

inside the patch were submicron SS SOy (acrosols <0.45 um, Stage S and 6).

A 4C: AEROSOL SS§™ I ETATIONS

SS SO, concentrations had similar patterns to Na, Cl and Mg concentrations which was
not surprising considering they v : from the same source (sca water) and thercfore were
intcrpreted to be involved in the's: » formation processes (¢.g. wind action causing
bubble bursting) and deposition  -ocesses (c.g. physical deposition near its arca

source). This may also help ¢ n why SS SO, occurred predominatcly as large
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aerosols. The rclative amounts of SS SO outside and inside the patch revealed that SS

SOj contributed approximately 1/3 of the total sulphur in the area.

4.2.5A: AEROSOL NSS SO4 INTRODU ™™

Calculation of NSS SO, is the second step in determining the source(s) of SO4 acrosols.
The NSS SO4 concentration was calculated similarly to the calculation for SS SO4

concentration:

Equation 4.4 [NSS SO4] = (F nssso4) ([SO4])
where

Equation 4.5 F nsssos = | — Fssso
Equation 4.6 F sssoa = (%SS SQ4) / (100)

The 8 Snss sos was calculated fic

Equation 4.7

8>*Snss soa = (([SO4]) 8*Ss04) — ([SS SO4)) 8™*Ssss04) ) / [NSS SO

where 8**Sss 504 Was assumed to be +21.0 + 0.2%o (Rees et al., 1978).
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The F antro Nss soa Was calculated using

Equation 4.8

_ 34 M M M
Fanthro NSS 304 = (07 Snss s04 - 87 Sgio Nss $04) / (87 SAnthro NSS 04 = O SBio NSS 504)

where it was assumed S‘MSBi0 nssso H18.6 + 0.9%0 (based on results from Patris et al.,

2000) and 8 *Sanmro Nss s04= +2.0 + 1.0%o (based on results from Norman ct al., 2004a).

The concentration of anthropogenic NSS SO4 was then calculated from

Equation 4.9 [An 0 NSS SO4] = (FAnthro NSS 504) ([NSS 804])

Biogenic NSS SO4 was calculated using similar equations.

4~ en- AEROSOL N 'S

The bulk samples contained 69 + 0.003% NSS SO, outside the patch and 68 + 0.09%
NSS SO; insidc the patch. Approximately 52% of the sulphur outside the patch and 45%

inside the patch was submicron NSS SO,
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4.2.5C: AEROSOL NS" Q4 =~ ~7777 7" 7% S
Making up approximately 70% of the bulk sulphur, NSS SO4 was onc of thc most
common forms of sulphur both outside and insidc the patch, however, approximately half
the NSS SO, was found in the submicron acrosols (Stages 5 and 6, <0.95 pm) and

suggested the formation of new NSS SOy acrosols.

4.2.5.1A: ANTHROPOGEN"" "'SS SO4 INTRODUCTION

Anthropogenic NSS SOy in the marine environment may include NSS SO4 from sources
such as ship cmissions and continental pollution and generally represents “dirty™ air. The

&**S Anthro Nss 504 18 +2.0 + 1.0%0 (based on results from Norman et al., 2004a).

A Z1D. A \ITHROPCﬁn\VIh AN G MNOTIT Mmoo

The concentration of bulk an  -opogenic NSS SO; outside the patch remained relatively
constant (t-test, p>0.1) while the concentration inside the patch had a slight increasc in
the middle of the study (Figure 4.14) (July 10 to 15 = 0.86 pg/m’, July 16t0 21 =1.1
pg/m3 and July 21 to 30 = 0.80 ug/m3, t-test, p<0.1). Bulk anthropogenic NSS SO4
concentrations arc shown in Appendix 4.1. Bulk anthropogenic NSS SO4 had the same
mecan time weighted average  iide the patch as outside the patch (inside = 0.911 +0.20

pg/m’, outside = 0.962 + 0.13 pg/m’; t-test, p>0.1).

Size segregated concentrations for anthropogenic NSS SOy both outside and inside the

patch arc listed A4y m - 4.2. The size scgr it~ anthropog ¢ NSS SO, outside the
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patch (Figure 4.15) was dominated by acrosols >7.2 um (Stage 1) and acrosols <0.45 pm
(Stage 6) at the beginning of the study and by acrosols <0.95 um (Stage 5 and Stage 6) at
the end of the study. The anthropogenic NSS SOj outside the patch in the larger sizes
tended to decrease with time while the anthropogenic NSS SOy outside the patch in the
smaller sizes tended to stay constant or increase slightly (determined by time weighted
averages and t-tests, July 10 to 21 and July 22 to 30). The concentrations of acrosols
between 0.45 and 1.5 um (Stages 4 and 5) outside the patch werc immeasurable until the
end of the study. The trends for size scgregated acrosols outside the patch were

considcrably different than thosc inside the patch.

Size scgregated anthropogenic NSS SOy inside the patch (Figure 4.15) was dominated by
the smallest size fractions throughout the study. Size segregated anthropogenic samples
showed a slight increase in concentration in the middle of the study period (detcrmined
by time weighted averages and t-tests, from July 10 to 15, July 16 to 21 and July 22 to

30).

Nincty-two percent of the NSS SOy collected in bulk samples both outside and inside the
patch was anthropogenic NSS SO4 and 49% of anthropogenic NSS SO4 outside the patch
and 53% of anthropogenic NSS SO; inside the patch were contained within the

submicron acrosol fraction.
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4.2.5.1C: ANTHROPQ“ """ NSS SO4 INTERPRETATIONS

The relatively constant concentration of anthropogenic NSS SO, outside the patch
showed that the Station Papa region was constantly being affccted by anthropogenic NSS
SO, sources. The concentration of anthropogenic NSS SOy in patch had a slight peak in
the middle of the study that revealed additional contributions to anthropogenic NSS SO4
inside the patch. The presence of ships continuously tracking the patch and constantly
cmitting ship stack emissions inside the patch was interpreted as the source of the

additional anthropogenic SO, inside the patch.

Although the bulk anthropogenic NSS SO4 outside the patch remained relatively
constant, thc dominant sizc fracti . outside the patch varied. The change in the
dominant size of anthropc :nic NSS SOy outside the patch indicated that different
processes were influential. For instance, acrosols >7.2 pm and <0.45 pm (Stage 1 and
Stage 6) werc most common at the beginni of the study while acrosols <0.95 um
(Stage 5 and Stage 6) were most common at the end of the study. This showed a shift
from anthropogenic NSS SO, producit  new acrosols and forming on pre cxisting,
possibly aged seawater acrosols in the larger size fraction, to anthropogenic NSS SO4
only forming ncw acrosols. ..i¢c decrease in anthropogenic NSS SO4 concentrations
outside the patch in the middle of the study (July 18 to July 24) was cxplained by the

presence of moisture in the air and washout of acrosols during that time.
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The size segregated anthropogenic NSS SO4 samples inside the patch were dominated by
the smaller size fractions, indicatir  that the anthropogenic NSS SO, was forming new
particles throughout the entirc experiment. The increase in concentration of all sizes of
NSS SO, inside the patch showed the influence of the ship emissions inside the patch as

ships tracked the patch.

The pereentage of anthropogenic NSS SO, collected in bulk samples both outside and
inside the patch show that almost all the NSS SO4 came from polluted air masses. The
submicron acrosols showed that both outsidc and inside the patch approximately half of
submicron acrosols were anthrop:  :nic NSS SO,. Therefore anthropogenic NSS SO,

aerosols were being produccd as new acrosols in both arcas.

4°°**-310GENIC N"" 3C INTRODUCTION

Biogenic NSS SOy in the marine environment may include NSS SO, from sources such
as oxidation of biogenic SO, and gencrally represents “clean” air. The

8**Shio nss S04 1S approximatcly +18.6 £ 0.9%. (Patris ct al., 2000).

4.2.5.2B: BIOGENIC

Bulk biogenic NSS SO4 ranged from undetectable to 0.28 pg/m® outside the patch and
from undetcctable to 0.23 pug/m” inside the patch (Appendix 4.1). McArdlc ct al. (1998)
found the biogenic NSS SO4 at Macc Head Ircland was as high as 0.27 pg/m’. During

SERIES, bulk biogenic NSS SO, had a mean time weighted average of 0.17 £ 0.11 pg/m’
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inside the patch and 0.084 + 0.11 pg/m’ outside the patch, therefore biogenic NSS SO,
concentrations were approximately the same inside and outside the patch. The trend in
bulk biogenic NSS SO, concentrations inside and outside the patch was undeterminable
(Figure 4.16). Both outsidc and insidc the patch, less than 10% of the NSS SO, collected
on bulk samples was biogenic NSS SOy (8% biogenic NSS SOy in both arcas) and

corresponded to morc anthropc nic influenced bulk 834SNSS SO4.

Appendix 4.2 contains sizc segregated concentrations outside and inside the patch. Like
the bulk NSS SO, the size scgregated biogenic NSS SO4 had large crror bars making
trends difficult to distinguish. The size scgregated biogenic NSS SOy outside the patch
(Figure 4.17) was dominated by smaller size fractions at the beginning (<0.45 pm, Stage
6) and at the end (0.45 to 0.95 pm, Stage 5) while in the middle of the study period it
appeared to be dominated by the la  r size fractions (>3.0 pm, Stage 1 and Stage 2). The
mean time weighted average of biogenic NSS SOy in submicron acrosols (<0.95 pm,
Stagc 5 and 6) outsidc the patch was 0.11 £ 0.06 ug  and was the samce as the time
weighted average of submicron acrosols insidc the patch (0.10 + 0.09 ug/m3, t-test,
p>0.1). The biogenic NSS SO4 concentrations inside the patch (Figure 4.17) had an
increase in the middle of the study and an increase at the end of the study (determined by
time weighted averages and t-tests from July 10 to 17, July 17 to 21, July 21 to 26 and
July 26 to 30). For the most part, the biogenic NSS SO; inside the patch was dominated

by acrosols 0.45 to 0.95 um and 0.95 to 1.5 pm in diameter (Stage 4 and 5). Outside the
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patch, 57% of the NSS SO, in submicron acrosols was biogenic in origin compared to

32% inside the patch.

The amount of bic  :nic NSS SOy 1s lowcer than the amount of anthropogenic NSS SOy

both insidc and outside thc patch.

4.2.5.2C: BIOGENIC NSS S "NTERPRETATIONS

The time weighted average concentrations of bulk biogenic NSS SOy inside the patch
werc approximatcly the same as bu  biogenic NSS SQj outsidc the patch. This result
was uncxpected since the in patch arca was fertilized with iron and a phytoplankton
bloom was cxpccted to produce more biogenic NSS SOy in the air mass inside or
downwind of thc patch. The biogenic NSS SO, concentrations inside the patch were
anticipated to be more pronounced, howcvcr the biogenic NSS SO, results suggest that

the arca outside and upwind of the patch was cqually productive.

Size scgregated out patch biogenic NSS SO4 showed acrosols <0.95 pm (Stage 5 and 6)
werc dominant at the beginning and end of the study. It appeared acrosols >3.0 pum
(Stages | and 2) were dominant for biogenic NSS SO4 outsidc the patch between July 18
and July 24 however this corresponded with the same washout cvent that caused low Na,
Mg and Cl concentrations and may cxplain why other sizes have undctectable
concentrations. Insidc the patch, the biogenic NSS SO4 concentrations increased in the

middlc of the study as wcll as at the end of the study and were dominated by acrosols
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between 0.45 and 1.5 pm (Stages 4 and 5). As mcan time weighted average
concentrations of submicron biogenic NSS SOy acrosols outside the patch were similar to
those inside the patch, it indicated that the entirec Station Papa arca, both inside and
outside, was producing ncw bic  nic NSS SO, acrosols. Because the out patch arca had
not been artificially fertilized but was producing biogenic NSS SOy, the out patch arca
was being influenced by DMS as well. In fact, approximately 57% of thc biogenic NSS
SO, acrosols outside the patch we  submicron and only 32% of the biogenic NSS SOy
acrosols inside the patch were submicron, evidence that the arca outside the patch was
indeed producing new biogenic acrosols. Biogenic NSS SOy inside the patch was found
in slightly larger size fractions tt 1 biogenic NSS SO, outside the patch and revealed not
only did biogenic NSS SQ, inside the patch form new particles (0.45 to 0.95 pm, Stage

5), it also formed onto or combined with pre cxisting particles (0.95 to 1.5 um, Stage 4).

The lower concentration of biogenic NSS SO, both inside and outside the patch showed a

dominance of anthropogenic sources (92%) over biogenie sources (8%) in both arcas.

4.3: MSA

4.3.1A: MSA T T T Y

MSA is biologically produced by phytoplankton in marine environments and is derived
from DMS. Becausc it has no anthropogenic sourccs, it can be uscd as an approximation

for the biological sulphur contribution to the atmosphere.
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4 4 1. ARAO A IO TO

Bulk MSA concentrations outside the patch were up to 1.04 pg/m’ and inside the patch
were up to 0.35 pg/m’(Appendix 4.1), higher than previously recorded in the Pacific
(Saltzman ct al., 1983 had a max um of 0.042 ug/m‘]; Bates ct al., 1992 had a maximum
of 0.045 pg/m’). The time weighted average of bulk MSA outside the patch was 0.14 +
0.16 pg/m’, similar to inside the patch which was 0.15 + 0.07 ug/m*. As shown in Figure
4.18, the bulk MSA concentration outside the patch had a decrease in concentrations in
the middle of the study (i.c. undctectable concentrations) while inside the patch there was
an increasc in concentrations in the middle of the study (from July 10 to 17 and from July

17 to 26, t-test, p<0.1 and from July 17 to 26 and from July 26 to July 30, t-test, p<0.1).

The size segregated samples outside the patch (Figure 4.19, Appendix 4.2) showed most
size fractions decreased at : beginning of the study (exception: acrosols >0.72 pm;
determined by time weighted average MSA concentrations and t-tests from July 10 to
July 12 and from July 12 to July 18). Between July 18 and July 24 most size scgregated
MSA concentrations were immeasurable (exception: acrosols >0.72 um) and continucd to
be immeasurable between July 24 and July 27 (exceptions: acrosols between 1.5 to 3.0
pm and <0.45 pm). From July 24 to July 30, thc¢ MSA concentrations increased and
conccentrations of all size fractions werc again measurable. Outside the patch, acrosols
<0.95 um (stagc Sand 6) hada : :MSA concentrations that decrcased from July 10 to

18 and increcased from July 24 to 30 (dctermined by time weighted averages and t-tests).
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All size fractions of MSA acrosols inside the patch increased between July 10 and July
21 and size scgregatcd MSA concentrations thereafter had v s trends (Figure 4.19).
Smaller size fractions (<0.95 pm, Stage S and 6) inside the pat  increased, decreased
and incrcased throughout the study (dctermined by time weighted averages and t-tests)
Insidc the patch, for acrosols less than 1.5 um, the predominant size of MSA acrosols 1s
smaller than the predominant size of biogenic NSS SOy acrosols for corresponding
samplcs. The trend of MSA and biogenic NSS SO4 concentrations inside the patch were
the same. MSA was found to be concentrated in the smaller size fractions with
approximately 68% submicron MSA outside the patch and 48% submicron MSA inside

the patch.

4.3.1C: MSA INTERPPETATINNS

The concentrations of MSA werce approximately 10 times higher than thosc previously
recorded in the . acific Occan and indicated that the Pacific Occan was extremely
productive prior to or during the SERIES cxperiment. As with biogenic NSS SO, the
time weighted average bulk concen tions of MSA inside the patch (0.15 + 0.013 pg/m’)
werc similar to the concer, s outside the patch (..14 £ 0.C 2 pg/m’) which is
expected if inside and outside the patch produced approximately thc samc | portion and

amount of DMS oxidation produ

The size fractions had opposite trends at the beginning of the study: inside the patch the

conccentrations incrcascd while outside the patch the concentrations decrcasced and
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suggested that there were possibly different processes and/or sources that were affecting
the concentration of MSA acrosols in cach arca. As was determined by bulk biogenic
NSS SO, size segregated NSS SO, and bulk MSA results, another DMS bloom was
sampled outside the SERIES fertilized patch, thercfore the differences obscerved were
likcly duc to various sourccs of newly formed acrosols. Bulk MSA and size scgregated
MSA concentrations outside the patch between July 18 and July 24 appcared to be
affccted by a washout cvent as sec - with Mg, Na, Cl, anthropogenic NSS SOy and

biogenic NSS SO, so care must be taken when interpreting MSA concentration trends.

It appcarcd that MSA was a major contributor of submicron sulphur to both insidc and

outside the patch.

4" A4, RAC A TN eg SC "ITRODUCTION

MSA is dcrived from biogenic sources of sulphur, however, NSS SO4 ¢i cither be
anthropogenic or biogenic in nature. The ratio of MSA to NSS SOy can help determine
the source of NSS SO4;. When a MSA to NSS SOj ratio is above 0.5, it suggests that the
air mass is not influenced by anthropogenic cmissions (i.c. MSA dominates) (Bates ct al.,
1990; Berresheim ct al., 1990). In contrast, a MSA to NSS SOy ratio below 0.5 suggests
the air mass is influenced by anthropogenic cmissions (i.c. NSS SO4 dominates) (Savoic
ct al., 1989; Galloway, 1990). Therefore the ratio may be indicative of the preferred
pathway for DMS oxidation such that higher ratios suggest the addition pathway and

lowcr ratios suggest the abstraction pathway.



4.3.2B: **“A TO N¢

The MSA to NSS SO, ratios were calculated for the size segregated samples and arc
shown in Appendix 4.2 (thc MSA to NSS SO, ratio could be calculated for 59 samples).
Only three samples had a MSA to NSS SO, ratio above 0.5 (Samples 1H, acrosols
between 3.0 and 7.2 um, St 2 0.5349, collected July 29 & 30 outside the patch;
Samplc 4B, acrosols between 3.0 and 7.2 pm, Stage 2 = 0.6638, collected July 12, 13, 14
& 15 inside the patch and Sample 1G, acrosols between 1.5 and 3.0 um, Stage 3 =

0.1594, collected July 27, 28 & 29 outside the patch).

4-3-2C: MSA TO NSS SA MRIANTI A MR T ’I"In-q_s

MSA to NSS SO, ratios werc gencrally below 0.5 so the MSA to NSS SO, ratio
calculations revealed that the majority of the NSS SO, sampled was anthropogenic in
nature and agrecd with thc NSS SO, results (92% anthropogenic and 8% biogenic NSS
SOy4). The three samples with a MSA to NSS SO, ratio above 0.5 were likely biogenic in
nature and oxidized via thc addition pathway. In this study, isotopic compositions
(8**Snss soa) were also used to differentiate between anthropogenic and biogenic NSS
SO, sources. Results from both the MSA to NSS SO, ratios and the 8*Snss s04 point

toward anthropogenic influenced NSS SOs.
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4.4: SO:

4.4.1A: SO, INTRODUCTION

Nguyen et al. (1983) reported oceanic background SO; concentrations as 100 ng/m3 and

SO, concentrations in highly productive arcas as 0.3 pg/m3.

44."™ “73 ""SULTS

The SERIES SO; concentrations (Appendix 4.1) were larger than those observed for
highly productive arcas and were tenfold the background SOs concentrations over the
ocean: SO, concentrations outside the patch were between 0.049 and 1.01 pg/m’ and
insidc thc patch were betwcen 0.012 and 0.68 ug/m3. Time weighted average SO»
concentrations was 0.56 + 0.38 | 'm” outsidc the patch and 0.37 + 0.21 pg/m’ inside the

patch and both arcas showed an incrcasc then deercase with time (Figure 4.20).

4.4.1C: SO, INTEF ™~~~ ="~

The maximum SO, concentrations in cach arca were well above those recorded
previously and pointed toward cithcr h™ "1 production occurring both in patch and out
patch or considerable influence frc  ship stack emissions. Similar trends in SO»
concentrations with time indicated that similar sourccs or similar processcs were
influcncing both in and out patch arcas. The trend of the SO, concentrations shows that
for the first half of the study a source or proccss was contributing SO to the entire arca
and for the sccond half of the study cither the production of SO, from this source

d d .« he loss of n¢ mi 1 "1 1n both arcas was not
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predicted: it was thought that concentrations inside the patch would be higher than
outside the patch duc to incrcased SO, sources  the vicinity of the patch (local
anthropogenic SO, sources included patch mapping with ships relcasing cmissions
containing anthropogenic SO» and local biogenic sourccs included the patch releasing
DMS that could be oxidized into biogenic SO»). As discussed in the next scetion, i1sotopic
compositions (83455()2) can be used to determine sourecs of SOs: if the 8*Sso2 shows
both arcas have SO; of a biogenic origin, then another DMS bloom was the main sourcc
of SO in the arca; if the §**Sso2 shows both arcas have SO, of an anthropogcnic origin,
then cmissions from shipping lancs was the main source of SO in the arca; if the 5*Ss02
shows onc arca has SO- of a anthropogenic source and onc arca has SO, of a biogcnic

source, then different sources were affecting SO, in cach arca.

4.4.2A: 5Sg0, INTROL™ " TION

Isotopic compositions (8‘“8303) can be used to distinguish between SQ; produced from
biogenic or anthropogcnic sourccs since the 5'Sg03 is different: biogenic sources have a
8**Ss02 of approximately +18.6 + 0.9%o (bascd on results from  atris ct al., 2000) and
anthropogenic sourccs have a 5Ss0> of approximately +2.0 + 1.0%o (bascd on rcsults
from Norman ct al., 2004a). As shown in Norman ct al. (2004a), it is rcasonablc to
assumc therc is no isotope fractionation when SO, is produced from DMS or oxidized

NSS SOa.
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4.4.2B: 5°'Sso, RESULTS

The 8348502 ranged from +8.9%o to +14%o. outside the patch and from +1.7%o to +27%o
inside the patch (Appendix 4.1, F  ure 4.21) and the **Sg0, had a much widcr range
inside the patch than outside the patch. The 8850, for samplcs collected out of the patch
had a higher time weighted average than those collected in the patch (out patch = +12 +
%o, in patch = +7 + %o, t-test at 90% confidence interval showe average inside and
avcrage outside were different, p<0.1). The 8*Ss0a decreased slightly with time as shown

in Figure 4.21.

4 ane gHg L, TR R R e T TIONG
The range in §**Ssoz both outside : inside the patch suggests both arcas contained
mixtures of biogenic SO sources and anthropogenic SO, sources. The higher time
weighted average 8%Ss02 outsic  the patch showed anthropogenic SO; sources had a
stronger influence insidc the patch than outside the patch. This could be explained by
ship emissions as research vesscls tracked the location of the patch. The decrease in
8%S502 inside the patch from approximately +10%o to +5%0 showed that prior to the study
and the presence of rescarch vesscls, the arca had a 5*Ss02 near +10%o. Thus emissions

from rescarch vesscls likely reduced the 8°*Sso, by approximately 5%o in that arca.

In addition, the decrcasc in 8348502 outside the patch from +15%. to +10%. suggested that

a DMS bloom contributed biogenic SO; to the out patch arca, out and upwind of the
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SERIES fertilized patch. Eventually this DMS bloom contributed less biogenic SO, to the
area and the 8348502 of the out patch arca stabilized to pre bloom values (approximatcly

+10%o).

Either a SO, source depleted in **S was becoming regionally important, or a source
enriched in **S was becoming regionally less important, as scen by the deercase in
8348502 both insidc and outsidc tl  patch with time. However, it was intcresting to notc
that thc initial 83485()2 insidc the patch was the same as the final 63485()2 outsidc the patch.
This scemed to suggest tl - the out patch arca was affected by a biogenic source that
produced less biogenic SO, with time and the in patch arca was affected by an
anthropogenic sourcc that produced more anthropogenic SO» with time. A 8'Sgo»
between +8%o and +12%0 was concluded as the background &S¢0 for the Station Papa

arca.

4.4 2A: ANTHROPOGE ~~ "~ 7 777 GENIC SO, INTRODUCTI™N

As with SOy4, SO, concentrations 1 8345502 were uscd to separate the biogenic and
anthropogenic fractions. Asst yisotope  :tionation occurrcd when biogenic SO»
formed from biogenic SO4 and when anthropogenic SO, formed from anthropogenic SO,
(Norman ct al., 2004a), then it was assumed that the biogenic SO, had a 8%'Sso, of +18.6
+ 0.9%o (Patris ct al., 2000) and the anthropogenic SO, had a 8"Ssg2 of +2 + 1.0%a

(Norman ct al., 2004a).
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4.4.3B: ANTHROPC {ENT SO; RESULTS

Anthropogenic and biogenic SO, concentrations inside and outside the patch were plotted
in Figure 4.22a and Figure 4.22b respectively. Anthropogenic and biogenic SO»
concentrations inside and outs  : patch incrcasced during the first half of the study period
(July 10 to July 20) then decreased during the second half of the study period (July 20 to
July 31) as proven by t-tests at the 90% confidence interval (anthropogenic SO; in patch,
p<0.1, anthropogenic SO out patch, p<0.1; biogenic SO; in patch, p<0.1; biogenic SO;
out patch, p<0.1). The concent  ion of anthropogenic SO- outside the patch was slightly
lower than inside the patch (time weighted average out patch = 0.19 + 0.10 pg/m’, time
weighted average in patch = 0.28 + 0.17 pg/m’) while the concentration of biogenic SO,
outside the patch was highcr than inside the patch (time weighted average outside the
patch = 0.37 + 0.29 pg/m’. time weighted average inside the patch = 0.06 + 0.07 pg/m).
Of the SO; collected in bulk samples, it was calculated that outside the patch 68% was
biogenic (i.c. 32% anthropc nic SO, outside) 1d inside the patch 18% was biogenic

(i.c. 82% was anthropogenic SO, inside).

4 4*7: ANTHROPOGENIC, "~ ~ 77777777 77777777 1ONS

Anthropogenic SO- concentrations (Figure 4.22a) displaycd the same trend in both arcas.
The increasc then decrease in SO, coneentrations inside and outside the patch suggested
that there was onc regional anthropogenic SO, source. Possible regional anthropogenic
SO, sourccs included continental derived SO- or ship derived SO;. The anthropogcenic

SO, in the Station Papa rcgion was interpreted to come from shipping lanc emissions.
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The anthropogenic SO, was sl tly higher inside the patch however there were always
ships inside the patch that cmitted SO as they tracked the patch. The higher
anthropogenic SO; concentrations inside the patch, yet similar anthropogenic SO;
concentrations inside and outside the patch, further supported that ship emissions were

the source of anthropogenic SO, both inside and outside the patch.

The concentration of biogenic SO, (Figure 4.22b) had the same trend outside the patch
as inside the patch however the concentration of biogenic SO, was higher outside the
patch (outside the patch = 0.37 + 0.29 pg/m’, inside the patch = 0.06 + 0.07 pg/m’).
Therefore it was concluded that the arca outside the patch was being affccted by a
regional DMS bloom, as dctermined by bulk biogenic NSS SOy, size scgregated NSS

SO, and bulk MSA results.

‘= “""'MMARY OF SULPHUR SPECIES

A2 1A: SU'™ " RY C “ULPHUR SPECIES INTRODUCTION

Part of the aim of this thc  was to apportion sulphur sourccs throughout SERIES.

Source apportionment was completed using physical, chemical and isotopic analysis.

4=*™; SU*"MARY QF Sy~ === =7 e "ESULTS
Table 4.3 shows the percentages and concentrations of the species found in acrosols and

Yy

gases collected throughout SE y whilc Table 4.4 shows the percentages and

133




Table 4.3: Pcrcentages and concentrations of bulk acrosols and gascs coilccted

throughout SERIES.

—

Species " || OutFatch  In Patch |[ Out Patch " 1n Patch
3 3
_ @pgm’) __ (@uym’)
SS SO, 31% 32% 3.02 4.85
NSS SO, 69% 68% 6.65 10.46
Total SO, 100% 100% 9.67 15.31
Biogenic NSS SOq 8% 8% 0.55 0.79
Anthropogenic 92% 92% 6.10 9.66
NSS SO, |
Total NSS SOy 100% 100% 6.65 10.46
Biogenic SO, 68% 18% 3.13 0.54
Anthropogenic 32% 82% " 1.47 2.40
SO,
Total SO, 100% 100% 4.61 2.94
Biogenic NSS SO, " 10% 27% 0.55 0.79
Biogenic SO: 58% 19% 3.13 0.54
MSA 32% 54% 1.71 1.57
i Total Biogenic S 100% 100% 5.39 2.89
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Table 4.4: Pcrcentages and concentrations of submicron acrosols colleeted throughout
SERIES. The concentration data show a) the amount of submicron acrosols of size
scgregated acrosols and b) the total amount of acrosol in all size actions. Percentages

arc bascd on valucs from Appendix 4.2.

Spe-cies In r Out Patch In Patch
------ = Patchll g/’ (pg/m’)
SS 0%  13% || VU7 of1.26°  0.33°0f2.52°
NSS I 524 45% || 1.80%0f3.43° 4.05"0f8.99" |
Biogenic NSS SO, 57% 32% || 0.76*0f1.33°  1.15%0f3.54"
Anthropogenic NSS SO, || 50%  53% || 1.04%of2.1 2.90* of 5.44" ||
MSA ‘ 54%0f 1.12°
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conccentrations of submicron acrosols (<0.95 um, Stages S and 6 of the size-scgregated

acrosols).

4. 17;: SUMMARY OF €1 == =777 I'™ " ""RPRETATIONS

Both outside and inside the patch, bulk NSS SO4 was morc common than bulk SS SO4
and bulk anthropogcnic NSS SO4 was morc common than bulk biogenic NSS SOq. This
showed that both arcas were affected by anthropogenic sources. Of SO,, bulk biogenic
SO, was morc common outside the patch while bulk anthropogenic SO, was morc
common inside the patch. This has been explained by the presence of ships increasing the
amount of anthropogenic sulphur sources during in patch tracking. In terms of the bulk
biogenic sulphur species (i.c. bic  :nic NSS SOq, biogenic SO, and MSA), bulk biogenic
SO, was most common outsidc the patch while bulk MSA was most common instde the
patch. The preferred DMS oxidation pathway is different in the two arcas and may have
been affected by the presence of acrosol surfaces duc to ship cmissions. When focusing
on the bulk acrosols, abstraction appcars to have been more prevalent outside the patch
(i.c. production of biogenic SO,) v ° reas addition may have been more important inside

the patch (i.c. production of MSA).

As shown in Table 4.4, the concentration of submicron acrosols for cach the species was
higher inside the patch than outside the patch however the percentage of submicron
biogenic NSS SO4 and MSA outside the patch was higher than inside the patch. With

>50% of biogenic NSS SO4 and MSA submicron acrosols, it suggested
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that although outside the patch was at a lower concentration, the acrosols that were
forming werc preferentially forming new, submicron aerosols. Therc was a low
percentage and concentration of SS SO, both outside and inside the patch in submicron
aerosols however, as discusscd in Section 4.1.1, sca salt was forming larger acrosols.
This may have also been the case for other species inside the patch (c.g. forming larger

acrosols or combining with larger aerosols).

4.6 SAMPLE 4D AND 4E

A bulk sample collected inside the patch on July 16 (Sample 4D collected from 1320 to
1900 hours and another that was collected outside the patch later the same day (Sample
4E collected from 1900 to 2130 hours) may be uscful to determince differences outside

and inside the patch. As noted in previous scctions, these two bulk samplcs had peculiar

results and required further investigation.

The bulk in patch and out patch  1ples from July 16 (Sample 4D and Sample 4E) must
be interpreted with caution. The sampling times were very short and the amount of

sample collected onto the sample i in some instances was low.

Sea spray components inside the patch were between and outside the patch were higher

than the sample(s) collected before and after (Figure 4.1). The higher concentration of

sca spray components out patch can be cxplained by a higher production of sca spray
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aerosols duc to higher wind speeds during sample collection (4E = 28.1 km/hr, 2B =

22.41 km/hr) (Figure 4.31 and . .gure 4.3).

The 8*Sso4 of Sample 4E (outside patch, July 16) was lower than the Sample 2B which
was collected beforc and after it (Figure 4.8) suggesting proportionally more
anthropogenic sulphur. The lower 8*Sso4 outside the patch (Sample 4E) when compared
to inside the patch (Sample 4D) suggested that the out patch was influenced more by
anthropogenic sources than inside the patch at that particular time. Ship’s emissions were

likely the source of the anthropogenic NSS SO,.

It was interesting to note the very high MSA concentrations in the July 16 out patch
samplc (Sample 4E, Figure 4.18) which pcrhaps suggests DMS production upwind.
Unfortunately the wind direction during the sampling period was ambiguous. This sample
was collected on a sunny day (Samplc 4E, outsidc patch, July 16) when it was expected
that distinct oxidation products could be scen. Obviously the addition pathway and hence
production of MSA was preferred during the collection of Sample 4E, outside patch on
July 16. It was also intcresting to note that the sample collected on July 16 inside and
downwind of the patch (Samplc 4D, Figure 4.18), did not immediately show the high
MSA concentrations as outside and upwind of the patch revealed, howcver MSA

concentrations incrcascd thercafter.
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The 5*Ss0; inside the patch on July 16 (Sample 4D, 8*Sgoz = +1.67%o) suggested much
morc anthropogenic influcnce t 1 the samplcs collected before and after it (Sample 3C,
5*Ss02 = +6.48%0 and Sample 3D, §*Ss02 = +5.89%0) while outside the patch on July 16
(Samplc 4E, 8*'Sg02 = +13.39%o) the anthropogenic influence was only slightly more
than the sample collected before and after it (Sample 2B, 8*Sson = +13.98%o) (Figure
4.21). On July 16, 100% of the SO, inside the patch was anthropogenic while 31% of the

SO, outside the patch was anthropogenic.

Outsidc and insidc the patch the biogenic SO, was low (outside = 0.074 pg/ln3, inside = 0
pg/m®, Figure 4.22b). The high MSA concentrations outside the patch (Figure 4.18)
suggested the addition pathway for DMS oxidation (i.c. MSA produccd) was preferred at
this particular time outside the patch while high biogenic NSS SO4 concentrations inside
the patch (Figure 4.16) suggcsted the abstraction pathway (i.c. biogenic SO, and
biogenic NSS SOy produced) was preferred at this particular time inside the patch,

opposite to thc overall percentages of cach arca shown in Table 4.2.

4.7 FUELS

Fuel from the three ships involved in SERIES was analyzed to determine whether ship
cmissions influenced the **Sgo4 or the sulphur concentrations during SERIES air

sampling. Data for the fucl samplcs arc shown in Table 4.5.
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Table 4.5: Sulphur concentration (mg/g) and 8"*Ss04 (%0) of fucls from the three ships

involved in SERIES

| Ship Name I ¢ Fancanimatian (mg/g) o

__ g/g :_Squm (%0) ]

JP Tully I 0.062 +9.77
El 122 +9.33
Kaiy 76 41
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The 8**Sgos of the fucls used by the £/ Puma (+9.33%o) and JP Tully (+9.77%o) during
SERIES was similar to av(  1c 5¥Se04 for dicsel fuels across western Canada (+9.9 +
2.0%o0, Norman et al., 2004b). However the 5™S of the fuel used by the Kaivo Maru was
lower (-4.32%o) and can be attril  ed to the fact that the Kaiyo Maru fucled up in Asia
while the JP Tully and EI Pi  a fucled up in Canada. The fucls would likely have
different isotopic signatures since they originated from different

continents and thercfore different sources with different §**Sgos (Krousc and Grinenko,

1991).

The sulphur concentrations and 8*Sg04 of the ship cmissions may have been affected by
sulphur containing oils and  sricants added to the ship fucl. Norman ct al.

(2004b) showed that these additiv - can reduce the 8**Ss04 by approximately +4 or +5%o.
Thercforc while the JP Tully and EI Puma were present at Station Papa, the 8¥Ss04 of the
ship emissions was approximatcly +4.5%o (thc average of +9.77%o and +9.33%o 1s
+9.55%o, 5%o lower duc to fucl additives makes 8**Ssos approximately +4.5%o) and when
the Kaivo Maru and EI Puma were present, the 8**Ss04 of the ship

emissions was lowered (the average of +9.33%o and -4.32%o is +5.01%o, 5% lower duc to
fucl additives makes 8*'Ssos 2] oximately 0%o). A 5*Ss04 of +2.0%0 was uscd
throughout this thesis as an anthropoy  ic valuc and was thercfore a good approximation.
Howecver SERIES rescarch ship emissions contributing sulphur prior to July 23, 2002

(i.c. when the JP Tully departed) would result in a slight overestimation of biogenic
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contributions and after July 23, 2002 (i.c. when the Kaiyo Maru arrived) would result in a
slight underestimation of bio:  1ic sulphur. This idca was not discussed in previous
results because the cffects were minimal. Assuming all three ships combusted fucl at the
samc ratc, the time weighted average of 8]45304 from the combined cmissions for the

three rescarch vessels was calculated as -3.8%o.
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CHAPTER §: CONCL"'SIONS AND RECOMMENDATIONS

FOR FUTURE WORY¥

5.1: CONCLUSIONS

The main objectives of this thesis were to determine:

1) The source of SO, throughout SERIES

2) The source of NSS SO, throughout SERIES

3) The preferred pathway of DMS oxidation during SERIES and

4) Whether SERIES iron fertilization affected a  aspheric DMS oxidation products.

5.1A: COMPOSITION 7 * 7ot < AND GASES

Aerosols in the Station Papa arca contained sca salt components (¢.g. Mg, Na, Cl and SS
SQOy). During SERIES, the concentrations of sca salt components were shown to coincide
with wind spced. Washout affected the concentrations of sca spray components, as well

as the concentrations of other species collected.

Most samplcs were shown to be mixtures of SS SOy, anthropogenic NSS SO; and
biogenic NSS SO, using a threc source mixing modcl. The SOy 1sotopic compositions
(approximatcly +8%o) were slightly bclow what would be expected for a 50:50 mixturc of
biogenic sources (+18.6%o) and anthropogenic sources (+2.0%o). The anthropogenic
sources of NSS SOy in patch were determined to be ship emissions from ships in this

study continuously mapping the patch.
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When NSS SO, was scparated into biogenic and anthropogenic NSS SOy, anthropogenic
NSS SQ4 concentrations were h™ ier than biogenic NSS SOy in the Station Papa arca.

Biogenic NSS SO, concentrations inside and outside the patch were similar however the
amount of sulphur in submicron biogenic NSS SO4 was uncxpcectedly higher outside the

patch.

Bulk MSA concentrations revealed the Station Papa arca was producing high
concentrations of MSA during SERIES and these MSA concentrations were higher than
previously recorded. However MSA to NSS SOj ratios revealed that although the arca

was impacted by biogenic sources, it was influcnced by anthropogenic sources as well.

As with MSA, biogenic SO, concentrations were higher than previously recorded. A
background SO isotopic composition for the arca was determined to be between +8%o
and +12%o and showed both anthropogenic and biogenic SO; contributed to the
composition of the SO,. Unex  tedly, the out patch arca was influecnced more by

biogenic SO, than the in patch arca.

'™ PATHWAYSOFDN ™ 777 AT

The DMS ncar the Station Papa arca during SERIES was preferentially oxidized via the
abstraction pathway; high concentrations of biogenic SO, and low bulk MSA to bulk

NSS SO, ratios were observed. In turn, SO, was oxidized to produce NSS SOs. Biogenic
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NSS SOy in the Station Papa arca produced new acrosols as well as formed on or

combincd with pre cxisting acrosols.

5.1C: EFFECTS OF FERTIL ™ "TION

A definitc conclusion as to the influence of the SERIES iron fertilization DMS oxidation
products cannot be determined given that data presented here. The results of the

fertilization experiment were difficult to determine as concurrent DMS blooms, and ship
emissions may havc affected observations. The data collected during SERIES will prove

to be uscful however in the sche ¢ of the scientific community.

5.2: RECOMMENDATIONS F™® EUTURE WORK

Future cxperiments can be informed by SERIES results. Future studics should:

e Dcvclop a better sampling schedule in order to determine whether day time and
night time conditions have any cffect on oxidation. Requirements such as
atmospheric sampling only under idcal conditions and obtaining cnough samplc
for analysis made samplc scheduling both inside and outside the patch more
random than desired. Sampling aboard two ships may have solved this issuc: onc
ship tracking and sampling insidc the patch and the other ship sampling
out/upwind of the patch.

e Choosc a specific out/upwind patch that can be tracked and compared throughout

the cxperiment rather than randomly cruising to any location out/upwind of the
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patch. This will help to determine changes occurring in the arca and thus help

determinc the cffects of the iron fertilization experiment better.
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Appendix 3.1: Preparation of Sulphur Dioxide (SO:) Filters (Method from Isotope

Sciences Laboratory of the University of Calgary, 2003)

1.

Wear safety glasses, a lab coat and suit ¢ gloves while preparing the SO filter
paper. (If organics will be tested, wear PVC gloves. If not, wear latex.)

Clcan the board and roller thoroughly with distilled water and then with alcohol.
Wipe the arca with a Kim Wipe. Clean 8 paper clips with deionized water.

Sct up a stand with a clamp and attach the mctal rack. Clip the paper clips onto
the metal rack in rows of  irs, with cach row five bars apart from cach other.
This should allow adequate room for the filter papers to not touch cach other
when being hung to dry.

Preparc the oven by lining the bottom with aluminium foil to catch the drippings
and sctting the temperature to 100°C.

Place 6 untreatcd filter papers on the glass working arca, laying half of cach shecet
on top of another.

Cover the untreated filter papers with SO, filter mix (Potassium carbonate/
glycerol solution). Use the roller to spread the solution evenly over every filter
paper, making surc thc  arc no dry spots. Squecze out cxtra solution.

Grasp the corners of a filter paper and clip the edges to  : rack using the paper
clips. Repeat until all filter papers have been clipped.

Place the rack with wet filter papers in the oven and heat for 30 minutes or until

the filter papers are completely dry.
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9. Take the trcated filter papers out of the oven and place them in the designated
Ziploc bag.

10. Repeat steps 5-9 until enough SO filter papers have been made.
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Appendix * - Separating sulphate from methane sulphonic acid (MSA) (Method

from Isotope Sciences Laboratory of the University of Calgary, 2003)

1.

10.

Wear poly vinyl gloves and tear the sample filter into small pieces and place into
a clean, labelled 600 mL beaker.

Add 200 mL of dcionized water to the beaker.

Place the beaker in an ult  onic bath and sonicate for . minutes.

Rinsc a 0.45 um ccllulose nitratc membrane filter paper on a vacuum apparatus.
Rinse the vacuum apparatus.

Filter the sample to remove any filter paper fibres. Wash the beaker three times
with dcionized water.

Collect the filtratc 1d washings into a clean, labelled 600 mL beaker. Disposc the
filter and filter paper fragments.

Obtain 200 mL of solution by decreasing the volume by heating on a hot platc or
increasing the volume _ a 1 deoionized water.

Fill two 10 mL labelled vials with the sample solution for later analysis by Ion
Chromatography.

Reduce the sample voli  : by heating the beaker on a hot plate until <25 mL of
solution remained.

Check the acidity of the  nple solution. pH=6 was obtained by adding sodium
hydroxide (NaOH) if the solution was pH<6 or adding hydrochl ¢ acid (HCl) if

the solution was pH>6.
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12.

14.

15.

17.

Heat thc samplc and 0.5 mL of 10% barium chloride (BaCl,) to precipitate barium
sulphatc (BaSQ,). Mix.

Cheek the acidity of the sample solution and pH<3 was obtaincd by adding onc
drop of hydrochloric acid (HCl) at a time. Record the amount of hydrochloric acid

(HCI1) added.

. Reheat the sample.

Record the weight of a clean 0.45 pm Nucleopore Track-Etch Membranc filter
(Notc: the diameter of this filter used depended on the amount of precipitate that
was visible: if'a small amount of precipitate was visible, a 25 mm diameter filter
was uscd but if a large amount of precipitate was visible, a 45 mm diameter filter
was uscd).

Rinsc the filter on a vacuum apparatus. Clean the vacuum before filtering the

samplec.

. Wash the beaker three times with hot deionized water. Filter washing with the

samplc as well.

Scrape the bottom of the b er with a rubber policeman and rinse the rubber
policeman and beaker with hot deionized water. Filtered washings with the
sample solution as well. At this point the methance sulphonic acid and sulphatc arc
scparated so that the | ccipitate on the filter contains the sulphate (as barium
sulphate (BaSQy)) and the filtratc contains the methanc sulphonic acid (MSA).
Pour the filtrate containing the mcthane sulphonic acid into a clcan beaker (The

methanc sulphonic acid procedure and results will not be discussed in this thesis).
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Appendix 3.4: Precipitating Sulphate from the Sulphur Dioxide Filters (Method

from Isotope Sciences Laboratory of the University of Calgary, 2003)

10.

Wear poly vinyl gloves 1d tear the sample filter into small picces and place into
a clean, labelled 600 mL beaker.

Add 200 mL of dcionized water to the beaker followed by 2 mL of 30% hydrogen
peroxide (H.0,).

Place the beaker in an ultrasonic bath and sonicate for 30 minutes.

Rinsc a 0.45 pm ccllulose nitrate membrane filter paper on a vacuum apparatus.
Rinsc the vacuum apparatus.

Filter the sample to  nove any samplc filter paper fibres. Wash  z beaker three
times with dcionized water.

Collect the filtratc d washii  into a clcan, labelled 600 mL beaker. Dispose the
filter and filtcr paper fragments.

Add 5 mL of 10% barium chloride (BaCls) solution.

Check the acidity of the sample solution and obtain pH<3 by adding onc drop of
3M hydrochloric acid (HCI)  a time. Record the amount of hydrochloric acid
(HCI) added.

Reduce the sample volume to <50 mL by hcating the sar e solution on a hot
plate.

Rccord the weight a 0.45 pm Nuclcopore Track-Etch Membrane filter (Note: the

diameter of the filter used depended on the amount of precipitate that was visible:
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11

13.

14.

15.

16.

17.

18.

19.

20.

if a small amount of precipitate was visible, a 25 mm diameter filtcr was uscd but
if a largc amount of precipitate was visible, a 45 mm diameter filter was uscd).
Rinsc the filter on a vacuum apparatus and clcan the vacuum before filtering the

samplc.

. Wash thc beaker three times with hot dcionized water. Filter the washings with

the samplc solution as well.

Scrape the bottom of the beaker with a rubber policeman and rinsc the rubber
policeman and the beaker with hot deionized water. Filter the washings with the
sample solution as well.

Transfer the filter pa  from the vacuum apparatus to a clean labelled watch
glass.

Cover the filter with another watch glass and placed ina 110 °C oven for 60
minutcs.

Cool the filter paper to room temperature and record the weight (Note: this will be
the weight of filter plus barium sulphate, BaSO4, from the sample).

Place the filter into a cl “elled crucible and cover with a lid.

Put the crucibles in an 800 °C oven for 90 minutcs.

Cool to room temperature before tapping gently to loosen the barium sulphate
from the sides and onto a weighing paper.

Record the weight of barium sulphate produced. Store the samples in a labclled

sample envelope until ready for packing and analysis by thc mass spectrometer.
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Appendix 3.5: Analysis of MSA using the lon Chromatograph (Method taken from

Davison and Hewitt (1992))

1.

Using degassed deionized watcr, prepare the two cluents required for this
procedure: | mM NaHCOj; (used to clute MSA and Cl) and 3.6 mM
Na>CO03/3.4 mM NaHCOj; (uscd to flush NOj; and SOj4 through the column)
Prcpare standard solutions: 0, 0.1, 0.25 and 0.5 ppm MSA

Turn on lon Chromatograph. Sct the high pressure limit to 3600 psi and the
rangc to | pS. Adjust flow rate to 1.5 mL/min.

Let 1 mM NaHCOj cluent pump approximatcly 30 minutes to condition the
column

To calibratc lon Chromatograph, inscrt | mL of a freshly prepared standard.
After analysis, change the 1| mM NaHCO; cluent to the 3.6 mM Na,CO3/3.4
mM NaHCO:; cluent. To do so, turn off the pump and cluent nitrogen
pressurc. Loosen the | mM NaHCO; cluent cap slowly to releasc the pressure.
Disconncct tubing from the | mM NaHCQO; cluent bottle and conncct to the
3.6 mM Na,C0;/3.4 mM NaHCO; cluent bottle. Turn the pump and cluent
nitrogen pressu  on. Purge bubbles from the tubing and reprime the pump.
Change the range to 30 uS and once the background conductivity is between
16 and 19 pS, let it pump for 5 minutes.

Switch back to thc I VI NaHCO; cluent. To do so, turn off the pump and
cluent nitrogen pressure. Looscn the 3.6 mM NaxCOs3/3.4 mM NaHCOs; cluent

sl ytorel .. Dis bii fr € M
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Na,CO0j3/3.4 mM NaHCOj cluent bottle and conncect to the 1 mM NaHCO;
clucnt bottlc. Turn the pump and cluent nitrogen pressurc on. Purge bubbles
from the tubing and reprime the pump. Change the range to 10 pS and wait
approximatcly 8 mint . until the background conductivity is approximatcly
6.5t0 6.9 uS.

7. Adjust the range to 1 pS. Analyze the next standard/sample.
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APPENDIX 4.1: Bulk results: 8**Sso4 (%0), 8" *Sxss sos (%e)s 8" *Sso2 (%o)

IN . 5% Snss so4 8" Sson
PATCH || _ _
4A (In) 7.138 D.120 5.026
4A (Down) I 7.138 5.126 13.56
4B 6.952 0.9613 6.979
4C 6.843 -1.668 6.484
4D 7.553 2.798 1.666
4F 7.683 4.949 5.886
4H 8.005 -10.60 5.343
41 10.09 -8.874 5.480
4J 7.315 2.069 9.051
4K 7 5 3113 6310
4L 7.120 1.990 26.53
4M Q IA £ SN <59]
04 8"Snss s04 8*Sso2
paTcH |l
1A /.510 5.544 12.93
1B 7.607 2.504 13.98
1C 15.47
1D -5.596 10.11
1F 7.656 1.068 9.298
1G 8.277 5.262 8.905
1H 9011 -2.876 11.15
A 7048 -0.8100 13.39
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APPENDIX 4.2: Size segregated results: Mg concentrations (pg/m3)

IN I >72pm 3.0t 1.5 to 095t0 0.49to <0.49 pm
PATCH 7.2 pm 1.0 pm 1.5 pm 0.95 pm

4A 0.00686  0.03777  0.01268  0.00233  0.00569 0

4B [ 0.00832 003835 001794 000492  0.00232  0.00666

4C 0.02692  0.09166  0.03435  0.01698  0.00425  0.01003

4F 0.00533  0.02726  0.01652  0.00757  0.00334  0.00537

4H L 0.03410  0.20430  0.06994  0.01835 0 0.01662

41 || 0.00711 007504  0.01766 0 0 0

4) 0.00388  0.02782  0.01257  0.00107 0 0

4K 0.00202 0 0.00699 0 0 0

4L 0 0 0 0 0

am_ || o npaTon 001562 0.00177 0 0
ouT >7.2 pm 3.0 to 1.5to 0.95 to 0.49to <0.49 pm

PATCH 7%um  30pm  1.5um  0.95pm |

1A || 0.01495  wvwssizo  0.01278 v 0 0.00504

1B 0.02929 0 0 0 0.00684

1C 0.00870 0 0 0 0 0.00286

1D 0.04494  0.03 ' 0.00735 0 0 0.00054

IF

1G 0.03594  0.07° 0.01913 001218  0.00487  0.00122

1H 0.05047 012110 0.04831  0.02299  0.00788  0.00421
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ATPENDIX 4.2: Size segregated results: Cl concentrations (ug/ml)

| IN >72um  3.0to 1.5 to 095t0  0.49t0 <0.49 pm
PATCH || 7.2 pm 3.0 pm 1.5 um 0.95 pm
4A IW 0 0 0 0 0 0
4B 0.2197 1.556 02780  0.07461 0 0
4C 0.5731 2.680 0.5212 02201  0.02065 0
4F | 0.1345 0.3615 0.1653  0.04072 0 0
4H ﬂ 1.006 3.278 1.725 0.5645 0.1444 0
41 0.6371 2.101 0.5851 0.2298 0.1055 0
4J LI 0.3269 0.7230  0.1233 0 0 0
4K 0.4105 02100  0.1470 0 0
4L 0.1100 0.4180 0.0678 0.0089 0
4M 0.1608 0.64°7 03329  0.0882 0 0
OouT >7.2 pm 3.0 to 1.5 to U.95 to 0.49 to <0.49 pm
PATCH 7.2 um 3.0 um 1.5 pum 0.95 pm
1A 0.2944  0.558% 02066  0.0197 0 0
| 1B 0.6097 00479  0.0614 0 0
ic || o.1874 0 0 0 0.01046 0
1D 10327 08502 04736  0.1193 0.2476 0
IF
1G 04940 09960 02192  0.1080 0.0018 0
1tH || 0.8155 1 a0g 0.6552  0.2996  0.01128  0.0299
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APPENDIX 4.2: Size segregated results: Na concentrations (pg/m“)

IN >7.2 pm 3.0t¢t0 1.5to 0.95 to 049to <0.49 pm
PAT Y T 3.0 pm 1.5pm  0.95pm
| 4A 0 0 0 0 0 0
| 4B 0.1567 0.5229 0.2461 0.1242 0.0701 0.0837
4C 0.3625 0.9664 0.3841 0.2778 0.1591 0
4F 0.1288 0.3558 0.2048 0.1702 0.1575 0.0575
4H | 0.7556 2.144 1.088 0.4374 0.1504 0
41 0.2239 1.353 0.4726 0.3401 0.1518 0
4J 0.2703 0.4759 0.2393 0.2158 0 0
4K 0.1440 0 0.2676 0.2658 0.1047 0.1390
4L 0.0896 0.3099 0.1186 0.1166 0.1169
FI AN N 1NAnN N <778 N 17oN ()2263 020']2 00239
OUT || >72pm  3.010 1.5 to 0.95 to 049tc <0.49 pm
PATCH 7.2 = 3.0 pm 1.5 pm 0.95 nm
1A 0.1376 0.2842 0.1025 0 0.0057 0.0493
l 1B 0.1351 0 0 0 0.0079
1C 0.0300 0 0 0 0 0
D || 0.3426 0.2703 0 0 0 0
1F
1G 0.4367 0.8690 0.3697 0.2048 0.1183 0
1H 0.4545 1.088 0.4413 0.1965 0.0625 0.0707
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APPENDIX 4.2: Size segr

ited results: %SS

IN >7.2 pm 3.0 to
| PATCH 77 0m
4A 44,435 4%5.55
4B || 19.3] 3423
4C 25.85 38.12
4F 7.193 79.86
4H || 38.01 64.95
41 28.13 54.95
4] 9.690 31.17
4K I 2.748
4L 73.91
aM_ | 23.13 3R 4R
ouT >7.2 pm 3.0 10
PATCH 77 um
1A 15.63 39.53
1B 38.69
1C 8.95
1D 32.43 22.56
1F
1G 62.80 66.52
]H ‘7‘)”2‘2 ag 10

1.5 to

TN am

34.40
31.56
21.17
78.33
59.63
22.41
16.98

32.06

1.5to

AN um

T1%.38

10.66

69.26

A NQ
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0.95 to
18am
10.93
6.961
10.75
5.348
13.61
33.69
0.6893
54.13
20.45
1.415

049t0  <0.49 pm
0.95 um
3.332
2273 4.526
2322 9.460
1.739 2.303
11.87 8.114
41.71
14.59 18.59
26.01 20.56
11.94 1.174

0.95 to
18 pmr

21.66

19 L9

049to  <0.49 um

N OK sum

3.499
E&(\

4.64

8.75

0.96
2.09




APPENDIX 4.2: Size segregated results: lon used for %SS

IN [[>72um 3.0t 15t  095t0  0.49te <0.49 pm
PATCH 7.2 pm 3.0 pm 1.5 pm 0.95 pm
aan [ Mg Mg Mg Mg
4B Mg Mg Na Mg Mg Mg
4C Mg Mg Na Mg Mg Mg
4F | Mg Mg Na Mg Mg Mg
4H ﬂ Mg Mg Na Mg Na Mg
41 Mg Mg Mg Cl Na
4] “ Mg Mg Na Mg
4K I Mg Mg Na Na Na
4L Cl Cl Na Na
I 4M Na M Na Mg Na Na
ouT >7.2 pm 3.0 to 1.5 to 0.95 to 0.49to  <0.49 pm
PATCH 77 3.0 pm 1.5 pm 0.95 pm
|ﬂ 1A Mg Mg Mg
1B Mg Mg
1C Mg
1D Mg Mg Mg
'1 IF
1G Mg Mg Mg Mg Mg Mg
1H Mg Mg Mg Mo Mo Mg
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AP™"NDIX 4.2: Size segregated results: 5**Sso4 (%o)

[ >7.2 pm
PATCH

4A 3.121
4B 7.945
4C 10.73
4F 10.67
4H 11.04
41 16.30
4] 15.47
4K 12.99
4L 11.99
4M 7.064

OUT >7.2 pm
PATCH
I 1A 5.434
1B 5.672
1C 8.365
1D 15.26
1F
1G 14.07
li 1H 17 219

3.0 to
7 , [ 10 421

1.2062
13.22
14.01
13.37
17.25

21.19
17.93

3.0 to
T um

Pewv e

21.67
15.(

16.48

10 Y4

1.5 to 0.95 to 049to <0.49 um
10 am 1.5 pm 0.95 pm
7.199 5.324 7.704
10.46 9.219 9.514 4.176
11.17 10.7 4.467 3.369
13.09 13.69 14.48 6.378
15.66 12.76 13.4 8.247
23.69 14.45 14.54 0.1211
13.29 13.86 13.51 8.043
11.74 11.29 8.445 7.732
10.09 9.693 5.852
10.92 12.09 5.562 7.060
1.5 to 0.95 to 049to <0.49 um
10 um TSpym  0.95 pm ]
oo 2.040 6.576 7.628
6.223 8.135 13.12 7.175
-23.19 0.4450 2.957 5.326
12.30 14.08 12.25 2.468
6.533
14.73 12.55 12.37 8.752
_17.69 13.28 7.624
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IN >7.2 pm
(LPATCH )
4A I v.ul44
4B 0.01748
4C 0.05653
4F L 0.01119
4H || 0.07161
41 0.01493
4J 0.008146
4K 0.004249
4L 0.01541
aM || 0.02725
OUT || >7.2 um
PATCH .
1A |[ 0.03145
1B 0.06151
1C 0.01826
1D 0.09436
1F
1G 0.07548
1H 0.1060

3.0 to
7 " mm

VAVIERY
0.08054
0.1925
0.05724
0.429
0.1576
0.05843

3.0t
7 , nmm

V.U/844

0.07664

0.1622

N 789

APPENDIX “ * Size segr ted results: SS SO, concentrations (pg/ml)

1.5to 0.95 to 0.49t0 <0.49 pm
3-_02'“ 1 & sawn n (\g pm
0.004¥Y 0.01195
0.06153  0.01033  0.004863  0.01398
0.09603  0.03566  0.008915  0.02107
0.05121  0.01589  0.007006 0.01128
0272 0.03853  0.03761  0.0349
0.03708  0.03217  0.037795
0.05983  0.002247
0.01468  0.06644  0.02616
0.009488  0.02941  0.02923
noRM& 0003714 005179 0.005969
15to  095to  049to  <0.49 pm |
Wpm_ 15wm 008 .m
v.02685 0.01815
0.01437
0.01544
0.04017  0.02559  0.01024  0.00256
0.1014 N0]£SS0.008841
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APPE™™"X 4.2: Size segregated results: §*Snss sos (%0)

IN >7.2 pm 3.uto 1.5 to 095 to 0.49to <0.49 pm
PATCH 70 20pm LSpm AO0Swm

4A—|| 0.01801  v.Us412 00240  0.1315

4B 0.07302  0.1548  0.1174  0.1381 02091  0.2949

4C 0.1622 03125 02083 02960  0.3750 02017

4F 0.1444 02309  0.1907 02812 03959  0.4784

4H E 0.1168 0 15 007526 02446 02794  0.3952

41 ﬂ 003816  0.1292 002521  0.06331  0.05303

4J 007592  0.1290 02072  0.3238

4K 0.1503 0.07177 00563  0.1523

4L 0.005438 0.03691  0.08288  0.1130

4M JI 0.09055 n1743 02587 03819 0.5023
|| ouT "_>7.2 pm  3.0to 15tc  095t0 049to <0.49 pm

PATCH _ 0 30pm  1Spm  095pm

1A 0.1607  0.119/  0.1193 0.3729

1B 0.09749 0.1499

1C 0.1859

1D 0.1966 02631  0.1294

IF

1G 0.04472 008165  0.01783  0.09252 02823  0.2651

i 0.04075 001332  0.05638 03143  0.4148
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APPENDIX 4.2: Size segregated results: Biogenic NSS SO, concentrations (pg/m’)

IN >72pm  3.0to 15t0 095t 0.49to  <0.49 pm
PATCH 77 nm 3.0 pm 1.5 pm 0.95 pm
| 4A | 0 0 0.003452  0.01505
4B 001241  0.06683  0.0207  0.05273  0.09129  0.02449
4C 0.05025  0.1451  0.05813  0.1327  0.04683 0
4F 0.06846  0.1319 0.103 0.191 0.2949  0.1162
4H “I 0.02069 0.116 0 0.1394 0.1747 0.1219
41 0.02864  0.1292  0.02521  0.03478  0.0253
4] 0.0589 0.1131 0.1131 0.2303
4K 0.0975 0.03394 0 0.03968
4L 0 0.01175  0.01856 0
4M__ || 0.00475 n0439  0.1553  0.03379  0.1481
ouT >7.2 pm 3.0 to 1.5to 0.95 to 0.49to <0.49 pm
PATCH 7Yum  W0um 15um  0.95pm
1A 0.005631 v 0.0U¥408 0.1118
1B 0 0.03475
1c || 0.05738
1D 0.1245 0.1791  0.07219
IF
1G 0.001028  0.02708 0 0.04576  0.1711 0.1059
1H 0.01412 n 0.0330 _0.2059 0.1334
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APPENDIX 4.2: Size segregated results: MSA concentrations (ug/m3 )

IN | >7.2 pm 3.uto 1.5 to V.95 to 04910 <0.49 pm
PATCH T e ) pm 1.5 pm 0.95 pm
| 4A 0.01034  0.003622 0.004139 0.01682  0.009055
4B " 0.001013 0.1028 0009697  0.01085 0.01650  0.02200
4C 0.009649 0.006368  0.01196  0.02123  0.004631
4F 0.000895 0.01164  0.01888  0.04085 0.06737  0.05728
4H 0.002424  0.01- .. 0.02839  0.02770  0.02147  0.03116
41 0.002943  0.004414
4J) " 0.002675  0.02033 0.05993 0.09042  0.07491 0.03371
4K 0.007725 0.01104  0.01104 0.01619  0.02281
4L 0.003810 0 0.003810 0.009671  0.01407
4M )2167 0.04879  0.04834
ouT >7.2 pm 3.Uto 1.5t¢to 0.95 to 049t <0.4Y pm
PATCH || 0pm T8 pum 0.95 pm _
1A U131 v.01485 0.02825 0.07743 0.04480
1B 0.002456 0.003859 0.006314  0.01807 0.02105
1C 0.005284
1D 0.009259
1F 0.03173
1G 0.01852  0.009260 0.01803  0.03558 0.04191
1H 0.001511 0.007125 0.008960  0.01641 0.03379  0.03929
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