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ABSTRACT

An on-line analytical method has been developed for the routine measurement of S

topi ition in lichens using continuous flow-isotope ratio ma Y (CF-
IRMS). 15 mg (equivalent to about 9 pg S) of chemically-untreated lichen powder

(Alectoria sarmentosa) together with V,05 was weighed into 40 mg Sn capsules and then

d directly in idati duction reactor (packed with WO;, pure Cu and quartz
‘wool, heated to 1050°C) of an elemental analyzer, connected to the IRMS via an open-split
interface. All combusted gases were carried in a stream of He gas (at 80 mL/min) through
a trap (75% Mg(CIO,), + 25% quartz chips) to remove H;0,. A 1.2 m Teflon column
(Poropak™ QS, heated to 75°C) was used to chromatographically separate SO, from CO,
and N,. The separated gases were transferred into the IRMS through the interface where
excess CO, was diluted by the supply of He (set at 25 psi). Using these parameters over 150
samples can be analyzed successively, changing the H,O trap and cleaning residual ash from
the combustion reactor after every 40 samples.
Mean 5¥Sy; values of +6.3 + 0.4%o (calibrated using sulphates) and +6.1 + 0.3%o

dusing i dona i ite lichen le collected

from the Botanical Garden of Memorial University of Newfoundland, show excellent
agreement with those acquired by dual inlet (DI)-IRMS (+6.2 + 0.2%), and by on-line CF-

TRMS in which samples are chemically pretreated to convert S to BaSO, (+5.9 + 0.3%o).



Four different lichen samples with various S concentrations and 8*'S values collected from
various locations in Newfoundland also show excellent accuracy and precision compared to
DI technique. Lichen samples containing as little as 5-6 ug S (equivalent to about 9 mg
lichen powder) produce valid isotopic measurements without a loss of precision. No
memory effects were observed over a 8**S . value range of +6 to +16%o. Compared to DI-
IRMS and CF-mineral methods, analytical time and reasonable S amount required per CF-
lichen analysis are reduced greatly to 15 mins and 9 pg S, respectively.

The developed CF-lichen method was applied to young and old portions of single
lichen strands (25-35 cm in length) collected from Come-By-Chance oil refinery area,
eastern Newfoundland to investigate variations of S isotopic composition with time. There
were systematic variations in S isotope signatures (8*S¢pr) between old (+6.2 to +10.9%o)
and young (+5.1 to +8.2%) portions, suggesting that the old portions may preserve the S
isotopic signatures before the refinery operation while those of the young portions show the
present S isotopic signatures. This study demonstrates that the micro analytical capability
of the developed CF-lichen method can successfully be applied to other studies which

require very small amount of organic material with low S concentrations.
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CHAPTER 1

INTRODUCTION

1.1 SCOPE AND OBJECTIVES

Atmospheric sulphur causes environmental problems such as acidification and
climate change, which subsequently harm human and animal health, and lead to ecosystem
damage. To better understand these impacts, S concentrations have been monitored in a

wide variety of media. Precipitation, aerosols, di and ion have all

been used. In addition, sulphur stable isotopes have been used to distinguish anthropogenic
from natural inputs by comparing the distinct isotopic signatures of various sulphur sources.

Such measurements are made by isotope ratio mass spectrometry (IRMS) whereby
inorganic or organic samples experience chemical pretreatment in order to convert their S
to a solid form such as silver sulphide (Ag,S) or barium sulphate (BaSO,), and then to the

gaseous compound such as sulphur dioxide (SO,) or sulphur hexafluoride (SF¢), suitable for

into the i Such i require relatively large
amounts of original sample to obtain sufficient S (e.g. 3-7 mg of 8) for analysis (Giesemann
etal., 1994). They are also time-consuming (e.g. >18 hrs per analysis for sample preparation
and IRMS analysis) and labor-intensive, and in some cases may be both difficult and
expensive (Giesemann et al., 1994; Finnigan® MAT, 1997). Finally, they possess the

potential for i ion and isotopic




In order to minimize the problems associated with sample preparation, a new inlet
system has been created by interfacing an elemental analyzer (EA) to an IRMS. In the on-

line continuous-flow isotope ratio mass spectrometry (CF-IRMS), samples with no or

reduced p directl inanEA, d to SO,, and then analyzed
by an IRMS. In addition to minimizing the problems identified above, this automated on-
line method yields better reproducibility by reducing human errors and increases laboratory
productivity (Barrie and Prosser, 1996). For the pastseveral years, significant improvements

have been made to CF-IRMS i forSi: ic do inationsin inorganic materials.

S amount required for each analysis has been reduced to about 10 pg S and time for sample

preparation and IRMS analysis to about 1 hour (Giesemann et al., 1994).

However, the ication of this on-line ique to the direct ination of S
isotopic compositions in organic materials has not been as successful, mainly because of
extremely low S concentration of most organic materials (e.g. <0.06 wt% S in the lichen
analyzed for this study) compared to inorganic materials (e.g. >50 wt% S in pyrite), requiring
large amount of samples. Large sample size may lead to incomplete combustion and
subsequent isotopic fractionation. In addition, the high C:S ratio of most organisms
(e.g->90% of the total combusted gases of the lichen analyzed for this study is CO,) requires

much higher oxygen demand for complete sulphur oxidation than mineral analysis.

The major objective of this study develop an on-line analytical method for the

direct of S isotopic ition in lichens, with no chemical pretreatment,

using a CF-IRMS. Lichens were chosen for this study because of their widespread use as

2



an ic § biomonitor. The quality of th analytical technique is evaluated

by comparison with two existing, independent methods, off-line DI-IRMS and CF-IRMS
with minerals. The method is then applied to old and young portions of single lichen strands
to investigate the variation of S isotopic composition with time. Itis believed that this study
will become a cornerstone for the analysis of other organisms with low S concentrations by

CF-IRMS.

1.2 SULPHUR
Sulphur is present in nearly all natural environments (Hoefs, 1997). It may be a
major component in ore deposits and evaporites. It occurs as a minor component in igneous

and in

as both sulphide and sulphate, and in ocean water as sulphate (Ehleringer and Rundel, 1988;

Hoefs, 1997).

1.2.1 Atmospheric sulphur cycle

Figure 1-1 i the heric sulphur cycle (Bri etal, 1989).

Various sulphur compounds are emitted into the atmosphere, with a wide range of fluxes.
These include hydrogen sulphide (H,S), dimethyl sulphide (DMS, CH,SCH;), carbonyl
sulphide (COS), carbon disulphide (CS,), sulphur dioxide (SO,) and sulphate (SO,>). Table

1-1 summarizes natural and anthropogenic sources of atmospheric sulphur emission.
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Figure 1-1. Atmospheric sulphur cycle (Jamieson, 1996 modified from
Brimblecombe et al., 1989). All fluxes in Tg S/yr.



Table 1-1. Natural and anthropogenic sources of atmospheric
sulphur (Ryaboshapko, 1983; Andreae, 1985; Brimblecombe
etal., 1989; Charlson, et al., 1992).

Natural

= emission of sea salt sulphur from the ocean

 biogenic emission from coastal regions and the open ocean
 biogenic emission from land

« volcanic emissions of sulphur compounds

* acolian weathering of sulphates in arid regions

Anthropogenic

« combustion of fossil fuels for the production of energy
< oil refining and treatment of oil products

« smelting of ferrous and non-ferrous ores




1.2.1.1 Sources
1.2.1.1.1 Natural

The direct source of particulate sulphur to the marine atmosphere is from the
production of seasalt acrosol at the ocean surface (Andreae, 1985). The aerosol is produced
from seawater droplets that form when air bubbles burst at the sea surface. Under very high
wind conditions, droplets can also be formed when water is torn away from the crest of a
‘wave (Andreae, 1985). The sulphate flux from the formation of seaspray aerosol is probably
between 40 Tg S/yrand 300 Tg S/yr (Andreae, 1985). Brimblecombe etal. (1989) estimated
it to be 144 Tg S/yr (Figure 1-1). Most seasalt entering the atmosphere is redeposited to the
ocean surface (Andreae, 1985). However, as much as 10% of the total flux is carried over
continents and deposited on land (Andreae, 1985).

From coastal regions and the open oceans, gaseous reduced sulphur compounds are

emitted by pl k DMS)and vari ‘ganic matter ition p (H,8)

(Ryaboshapko, 1983). The most active reduction of sulphate occurs in periodically flooded

and shallow parts of sea basins, especially in parts with i organic matter

(Ryaboshapko, 1983). Areas ofhigh primary productivity are important for DMS emissions.
Estimates of the ocean and continental biogenic sulphur flux into the atmosphere vary from
34 Tg Sfyr (Granat et al., 1976) to 267 Tg S/yr (Eriksson, 1963).

Formation of biogenic volatile sulphur compounds, mainly H,S along with COS, CS
and DMS, occurs in continental areas under the anaerobic conditions found in marshes and
microorganisms play a leading role in this process (Ryaboshapko, 1983). Emissions are

6



likely to vary, therefore, with the temperature and moisture status of the environment and

with the availability of nutrients (] 1983). Also, the direct estimation of the

biogenic flux from land is rather difficult since its value may vary in space and time

(Ryaboshapko, 1983). Considering the inty of the estimate of reduced sulphur with

short residence time in this reservoir, the flux may be within the range 3.5-30 Tg S/yr
(Ryaboshapko, 1983).

Volcanoes and geothermal areas emit a number of sulphur gases as well as other
sulphur species, including H,S, COS and sulphate acrosol, during both eruptive and non-
eruptive phases (Andreae, 1985). Based on the results of field measurements from volcanoes
throughout the world by Berresheim and Jaeschke (1983), SO, emissions during
non-eruptive phases (8 Tg S/yr) are considerably larger than those during eruptive periods
(1 Tg Sfyr).

Estimates of dust emissions from arid regions (about 10% of the earth's land) vary

between 200 Tg/yrand 3,000 Tg/yr (] 1983). Depending on thy d values
for both the total dust mobilization and the sulphur content of the dust, source estimates
proposed are between 3 Tg and 30 Tg S/yr (Ryaboshapko, 1983). Substantial amounts of
this dust can be transported over more than 1,000 km and can be of great importance to

regional sulphur cycling (Ryaboshapko, 1983).

1.2.1.1.2 Anthropogenic

The anthropogenic flux of sulphur to the here results from the utilization in

7



industry of sulphur i Ives and from the utilization of other materials that
contain sulphur as an unwanted or unavoidable by-product (Table 1-1). Emissions of
anthropogenic sulphur to the atmosphere are almost entirely in the form of sulphur dioxide.
Combustion of fossil fuels accounts for 80 to 85% of the total, with the remainder coming
from the smelting of ores and other industrial processes and burning (Whelpdale, 1992). The

total flux of anth ic sulphur to th is estimated to be 80 Tg S/yr by Ivanov

(1983) and 93 Tg S/yr by Brimblecombe et al. (1989).

In coal, sulphur exits as organic compounds, pyrites and sulphate (Ryaboshapko,

1983). During th ion processes, organic sulphur and pyri idized to SO, and
partially SO, which, together with flue gases, are released to the atmosphere (Ryaboshapko,
1983). On combustion, 95% of the sulphur in fuel is released to the atmosphere (Kellogg
etal., 1972).

In natural oils, sulphur exists as hydrogen sulphide and organic compounds
(Ryaboshapko, 1983). Typically, the content of sulphur in oil is about 2% (Brimblecombe
et al., 1989). The bulk of this sulphur (80%) remains in oil products. About 8% of the
sulphur is released from the refinery into the atmosphere as the dioxide. The remaining 12%
is partly utilized for other products.

In ores of non-ferrous metals, sulphur exits in the sulphide form (pyrites). The
sulphur concentration in some pyrites reaches 45% (dry weight) (Ryaboshapko, 1983).
Sulphur from sulphide ore is emitted as sulphate directly formed in high-temperature
processes or as sulphur dioxide which can be oxidized further to sulphate during its

8



atmospheric residence (Thode, 1991). During smelting of copper, zinc, lead and nickel,
sulphide sulphur is oxidized to SO,, which is emitted into the atmosphere, unless otherwise

used (Ryaboshapko, 1983).

1.2.1.2 Transformations

Most reduced sulphur compounds emitted to the atmosphere are quickly (<1 day)

oxidized to SO, and ‘most of this is oxidized to SO,, by gas-phase (k
or aqueous-phase (heterogeneous) processes (Newman et al., 1991). For gas-phase
processes, H,S, for example, is oxidized by the reaction with free radical (OH) (Newman

etal., 1991):

OH + H,S -—--> HS + H,0 a.n
HS +20, > HSO, 12
HSO, > OH + SO, 13)
SO+ H,0 > H,80, (1.4)

Since most of the anthropogenic emissions are in the form of SO,, and since biogenic

sulphides are oxidized to SO, th istry of SO, in th here is of major

(Newman et al., 1991). The summary of homogeneous and heterogeneous oxidation

processes of SO, can be written as follows (Newman et al., 1991):



Homogeneous oxidation:

S0y + OH --—--> HOSO, 1.5)
HOSO, + 0, > SOy, + HO, (1.6)
S0y + HyO =-en-> H,S04 1.7
Heterogeneous oxidation
SOy + Hy0p g > SO;H,0 (1.8)
S0, --=-> HSOyp + H (1.9
HSO5 g > HSOy g (1.10)

1.2.1.3 Deposition

Chemical constituents in the atmosphere can be brought to the surface by a variety
of processes. The deposition processes which do not involve precipitation are collectively
termed dry deposition (Figure 1-2a) (Whelpdale, 1992). Particles larger than about 10 pm
in diameter may be removed by gravitational sedimentation (Whelpdale, 1992). However,
smaller particles and gases are more efficiently brought to the near-surface region by
turbulent atmospheric motions, where they may be subsequently be brought into contact with

surface elements by molecul 1 (Whel 1992). Actual uptake is

accomplished by chemical reaction, dissolution and adsorption (Whelpdale, 1992). Sulphur
dioxide is dry deposited more efficiently than particulate sulphate because it is more readily

taken up at the surface (Whelpdale, 1992).
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Those processes for which precipitation is the delivery ism are termed wet

deposition (Figure 1-2b). Gases, such as sulphur dioxide, can dissolve in cloud and rain
drops or adsorb on to frozen precipitation elements (Whelpdale, 1992). Sulphate particles

are efficient ion nuclei and are i into precipitation by ion or as

aresult of scavenging by cloud droplets and falling drops (Whelpdale, 1992).

Finally, the third deposition process includes mass transfer to the surface by
impaction of fog or cloud droplets, and by riming. In high-elevation forested ecosystems or
in areas with frequent fog, they can be very efficient (Whelpdale, 1992). This is not usually

included as wet or dry deposition.

1.2.2 Sulphur stable isotopes
Sulphur has four stable isotopes, *S, S, S and *S, occurring with natural
abundances of 95.02, 0.75, 4.21 and 0.02%, respectively (Krouse, 1980; Mitchell et al.,

1998). *2S and S are the ones most used in stable dies be f their

higher abundances and the extensive use of SO, gas for mass spectrometric determinations
(Krouse, 1980; Trust and Fry, 1992). In general, isotopic compositions are reported using
relative units (per mille (%o), on the delta (3) scale). Natural abundance measurements are

always made relative to a known standard refe material t ibsol

are technically more difficult to achieve on a routine basis (McKinney et al., 1950). 8*Sis

defined as:



34 o/32,
'S/
O S % 1060 (LI

84S (o) = [y
(34 S/ﬂs)m.d,,d

where #S/°28 is the ratio of the number of S atoms to the number of S atoms in the sample

or the standard (Krouse, 1988; Thode, 1991; Mitchell et al., 1998). In addition, 8-notation

means for i 11di inisotope
at natural abundance without the redundancy of carrying multiple preceding zeros. The
standard for sulphur used internationally is Cafion Diablo troilite (CDT, *S/*S = 449.94 x
10%), which is an iron sulphide (FeS) from the Cafion Diablo meteorite (Krouse, 1988; Trust

and Fry, 1992; Mitchell et al., 1998).

1.2.2.1 Fractionation mechanisms

Certain natural processes lead to isotopic fractionation which alters the ratio of 828
in various compounds. Isotopic fractionation occurs because of the mass differences
between isotopes. Heavier isotopes have lower zero-point energies which means that they
tend to be bonded more strongly, and thus react less readily, than lighter isotopes (Hoefs,

1997). Fractionation is represented by the symbol alpha (¢t) which can be written as:

B A (1.12)



where R, and Ry, are the ratios of isotopes (e.g. *S/?S) in substances A and B, respectively.

‘Two main phenomena produce isotope fractionation: (i) equilibrium isotope effect
and (ii) kinetic isotope effect (Thode, 1991; Hoefs, 1997). Equilibrium isotope effects
involve the exchange of isotopes between substances, phases or molecules in a system at
chemical equilibrium (Hoefs, 1997). Isotope exchange between hydrogen sulphide (H,S)

and SO, is an example (Thode, 1991). The overall exchange reaction is:

> H, 28 +*30, (1.13)

The equilibrium constant K may be expressed as below:

[$0,1s0,1

e e (1.18)
[H*SVH;S]

This expression shows that when K is not unity the ratio *S/*S will not be the same in the
two equilibrium phases (Thode, 1991). Therefore, the extent to which K differs from unity
is a measure of the equilibrium isotope effect (Thode, 1991). For the H,S and SO, system
above, the equilibrium constant K is 1.0064 at 800 K. Therefore, at 800 K under equilibrium

conditions, SO, will be 6.4%o enriched in 'S compared to H,S (Thode, 1991).

Kinetic isotope effects occur during i and unidirectional reactions such as

reactions, biologically mediated reactions and diffusion (Hoefs,
1997). Since lighter isotopes react more quickly, these reactions tend to give products

14



depleted in the heavier isotopes (Hoefs, 1997). ionation factors for kinetic

be calculated from reaction rate constants (k). As an example, the reduction of SO, to H,S

can be represented by two reactions:

280, <erreemmee> HyS ky (1.15)

G0 <emmmmmmn ->H,*S ksy (1.16)

The ratio of rate constants kyy/ks, for the above reactions is ~1.022 at room temperature
(Thode, 1991). Since the SO,* species reacts 1.022 times faster than the *SO.*, the H,S
produced at any instant is depleted in S by about 22%» relative to the remaining SO

(Thode, 1991).

1.2.2.2 Usefulness of sulphur stable isotopes in atmospheric studies
The combination of equilibrium and kinetic effects results in distinct isotopic
signatures for various sulphur sources. Figure 1-3 illustrates the variations of sulphur

sources of ic

isotopic signatures for different natural as well as
sulphur compounds (Newman et al., 1991). This makes the stable isotope technique a
powerful tool to identify sources of anthropogenic sulphur and trace its pathway in the
atmospheric environment.

In particular, isotope techniques work best if the isotopic value of anthropogenic
sulphur is quite different from that of natural background or other sources. Such is the case

15
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Figure 1-3. Variation of 6*S values for different sources of atmospheric

sulphur compounds (modified from Newman et al., 1991).
v is average 8™S of oil and gas from northeastern America.



for emissions from sour gas processing in Alberta, Canada, where the isotopic differences
(5*S values) between emitters and natural background range from +20 to +50%. (Krouse,
1991). A number of studies have been reported in which isotopes have been successfully

D dtod i urc ibutions and to elucidate ic processes (Jensen

and Nakai, 1961; Cortecci and Longinelli, 1970; Dequasi and Grey, 1970; Holt etal., 1972;
Grey and Jensen, 1972; Castleman et al., 1974; Ludwig, 1976; Krouse, 1977; Nriagu, et al.,

1991; Wadleigh et al., 1994; Jamieson, 1996; Wadleigh et al., 1996).

1.3 LICHENS
1.3.1 Biological background on lichens

1.3.1.1 Lichens and their nutrients

Lichens are symbioti i of a fungal ( jont) and
an algal component (photobiont) (Ahmadjian, 1967; Hale, 1974; Hawksworth and Rose,

1976; Richardson, 1992). In the relationship, the algal component usually suffers no

h and i me benefits; it is shielded from excessive sunlight,

desiccation and mechanical injury, and receives inorganic substances from its fungal
component. In return, the fungus receives nutrients from the photosynthetic algac
(Hawksworth and Rose, 1976; Richardson, 1992).

Lichens take nutrients from the environment in which they live: (1) they have active
uptake systems for anions like nitrates and sulphates within the cell, (2) they adsorb metal
ions such as Ca** through an ion exchange mechanism and (3) they can trap tiny particles
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within their structure (Richardson, 1992). Some of the metabolites produced by lichens can
break down such particles, releasing nutrients which may then be taken into the cells of
lichens (Richardson, 1992).

The fact that lichens do not possess roots, the efficient nutrient absorption system for
‘higher plants, has led to major dependence on atmospheric sources of nutrients (Nieboer et

al., 1978; Nash 111, 1996), although some li nutrients from soil and rock sub:

(Nash 111, 1996). The processes of nutrient uptake from the atmosphere include wet
deposition such rainfall, snow, fog and dew and dry deposition such as sedimentation of
large aerosols (greater than 2-10 pm in diameter), impaction of smaller aerosols and gaseous
uptake (Nash III, 1996). These nutrient supplies are very dependent on water because the
nutrients are dissolved in water and adsorbed over the surface of the lichen thallus (Blum,

1973; Hawksworth and Rose, 1976; Richardson, 1992).

1.3.1.2 Groups and structure
Lichens can be divided, according to their thallus growth forms into three groups,
crustose, foliose and fruticose (Figure 1-4) (Ahmadjian, 1967; Hale, 1974; Hawksworth and

Rose, 1976; Richardson and Nieboer, 1981; Richardson, 1992). The crustose lichens (Figure

1-4a) are closely attached or emt in their and the foli (Figure 1-4b)
are usually flat, circular or lobed and grow loosely, or only centrally, attached to their
substrates. The fruticose lichens (Figure 1-4c) are hair-like, shrubby or finger-like.
Alectoria sarmentosa, the species used for this study, is a common fruticose lichen.

18
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Figure 1-4. Three groups of lichens and their structures: (a) crustose,
(b) foliose and (c) fruticose lichens (Ahmadjian, 1967).
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Fruticose lichens may be round or flattened, unbranched or richly branched and can range
from I mm to 5 m in length. The internal structure is radial with a dense outer cortex, a
medulla and a thin algal layer (Figure 1-4). The cortex serves as a protective covering over
the thallus. It is composed of more or less compressed, heavily gelatinized hyphae (fungal
threads), firmly cemented together. The medulla consists of loosely interwoven fungal
strands. The medulla may be as much as 500 um thick. The medulla has a greater water-
holding capacity than any of the other tissues and is a region of nutrients. Within the algal
layer, positioned between the cortex and the medulla, lichen algae are completely surrounded
by fungal tissues. The algal layer is about 7% of the total thallus volume and its thickness
varies in different lichen genera. The structure of the lichen thallus shows considerable
variation in different genera (Ahmadjian, 1967; Hale, 1974; Hawksworth and Rose, 1976;

Richardson and Nieboer, 1981).

1.3.2 Importance of lichens as biomonitors of air pollution
Since the last 19" century, lichens have been used as biomonitors of atmospheric

pollution (Ri 1992). Several ies of lichens make them useful biomonitors

of atmospheric pollution (Ahmadjian, 1967; Hale, 1974; Hawksworth and Rose, 1976;
Richardson and Nieboer, 1981; Richardson, 1992; Gries, 1996). Firstly, lichens are abundant
and have a wide range of habitats. They can be found from extreme low tide level on the sea
shore to the tops of high mountains and from arctic to tropical regions. Secondly, lichens
take and accumulate materials mainly from the atmosphere. The accumulation may result
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by active uptake of ions from precipitation, passive adsorption of ions by ion exchange, or
direct incorporation of particulate materials into lichen tissues. Thirdly, lichens cannot
regulate the amount of uptake from the atmosphere because they do not possess specialized
protective structures such as a cuticle or stomates, which are found in higher plants.
Fourthly, lichens are slow growing and long-lived so they can be used in long term
monitoring. Growth rates vary from year to year and between habitats and may vary with
age of lichen. In general, the fruticose species are the fastest growing at between 1.6 mm to
10 mm annually, followed by the foliose (0.01 mm/year to 4 mm/year) and crustose
(0.25 mm/year to 1 mm/year) lichens. The longevity of lichens may be tens or hundreds of
years or more. In most cases the life of a lichen is determined by the longevity of its

substrate.

133 A ie sulphur bi itoring with lichens

Sulphur is an essential nutrient for lichens. However, the uncontrolled accumulation
of sulphur can disrupt the metabolic processes in lichens such as photosynthesis and
respiration. Also, the growth rate can be reduced, the size of lichen thallus decreased and the
color of thallus changed (Hawksworth and Rose, 1976).

Lichens are especially sensitive to sulphur dioxide (S80O,), a major component of

urban and industrial air pollution (F and Rose, 1976; Ri 1992). Sulphur

dioxide (1) may be adsorbed on a thallus and then absorbed when the thallus is wetted by
dew or rain, (2) may be absorbed by surface moisture and then taken up by the lichens, or
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(3) may be dissolved in rainwater as sulphuric acid prior to deposition on the lichen

(Hawksworth and Rose, 1976; Ri 1992; Ahmadjian, 1993). Several fa be

correlated with the sensitivity of lichens to sulphur dioxide; (1) the concentration of sulphur
dioxide in the atmosphere, (2) exposure time to sulphur dioxide, (3) wind speed, (4) water
content, (5) morphology, (6) physiology and (7) structure of the lichen species (Richardson

and Nieboer, 1981; Ahmadjian, 1993).

1.3.3.1 Fractionation of sulphur stable isotopes during lichen metabolism

Various sulphur compounds in the atmosphere may be deposited on vegetation,
including lichens. Most of these compounds are oxidized when they encounter water on the
thallus and form sulphate, which then enters the cells where it is reduced to sulphide and
incorporated into useful organic compounds (Taiz and Zeiger, 1991; Trust and Fry, 1992).
This biochemical process, called assimilatory sulphate reduction, is summarized in Figure
1-5 (Taiz and Zeiger, 1991; Trust and Fry, 1992).

Sulphate from the external environment begins activation reactions with adenosine
triphosphate (ATP). The activated sulphate is transferred to a carrier (CarSH) and reduced
to sulphite, followed by a further reduction to sulphide (Figure 1-5). The reduction of
sulphite may involve either free sulphite, to form free sulphide, or carrier-bound sulphite,
which is reduced to carrier-bound sulphide.

With respect to isotopic fractionation of sulphur, very small isotope fractionations
are expected during the steps of the uptake of sulphate by the cell, the activation involving
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ferredoxin; PP, = inorganic pyrophophate; RSH = a thiol molecule (Trust and Fry,
1992).




ATP and the transferring of sulphate to a carrier (Trust and Fry, 1992). However, there is
the potential to produce large fractionations due to the actual reduction steps in which
sulphur-oxygen bonds are broken (Rees, 1973; Winner et al., 1981). Since the overall
fractionations that are observed during the assimilatory reduction of sulphate are small, the
rate of sulphate reduction in plants must be controlled either by the uptake or activation of
sulphate (Trust and Fry, 1992). Otherwise, if the reaction was limited by one of the
reduction steps, larger fractionations during the assimilatory reduction of sulphate by plants
would be observed (Trust and Fry. 1992). Many studies have reported that large
fractionations do not occur during sulphur metabolism by vegetation, including lichens.

The study of Krouse et al. (1984) is an example. The objective of this study was to

how sulphur-g: issi from the Amoco Canada Petroleum Company
Limited West Whitecourt Sulphur Recovery Gas Plant affected the boreal forest ecosystem
including air, water, soil and vegetation (Krouse etal., 1984). A large difference in isotopic
composition was observed between sulphur gas emissions (~ +22%) and the pre-industrial

soil at a depth of 60 cm (0%o), ing the natural envil (Krouse

etal., 1984). Interestingly the vegetation (jack pine needles and moss) showed slightly lower

isotopic values than the sulphur gas emissi ing the ion was receiving
sulphur from the atmosphere as well as inputs from the root system. Figure 1-6 is an
illustration of portions of the moss, Polytrichum juniperinum, showing the difference of
sulphur isotopic values in each portion. The upper portion of the moss has §*S values near

+20%o, showing the direct influence of sulphur gas emissi and the humus
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Figure 1-6. 6*S values for different portions of a moss,
Polyirichum juniperinum (Krouse et al., 1984).



the rhizoids was at about +13%o. The rhizoids, +19%o, were intermediate between the two.
This study shows that the isotopic value of each portion of the plant represents that of the
surrounding environment and that sulphur stable isotope fractionation is very limited during
the assimilation and reduction of sulphate in vegetation.

In 1977, Krouse applied sulphur stable isotopes to Usnea sp., a fruticose lichen

species in Alberta, Canada. The sulphur isotop ition of the lichen species coincided

closely with the average isotopic composition of the air around the region (Figure 1-7)
(Krouse, 1977). However, the sulphur isotope composition of the pine needles, Pinus
contorta, from the region were approximately 10%o lighter compared with those of air and
lichens (Figure 1-7) (Krouse, 1977). This result indicates that the lichens absorb a much
higher proportion of their sulphur content from the air or rain than do coniferous trees, for
which soil is the primary source for sulphur. Thus, intermediate isotopic values were
obtained for the pine needles.

A similar result was found in the study of Case and Krouse (1980). They investigated

variations in sulphur isotopi ition and of ion near a SO, source at Fox

Creek, Alberta, Canada. Lichen species, Usnea scabrata, derived most of their sulphur from
the air while pine needles derived sulphur from both air and soil. Also, in this study, it was
found that the **S/*2S ratio in the lichen species decreased with increasing distance from the
emitter, while pine needles did not show this trend.

A series of studies in Newfoundland, Canada, has shown that the lichen species,
Alectoria sarmentosa, influenced by sulphur from anthropogenic and sea spray sources
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showed lower and higher sulphur isotopic compositions, respectively (Evans, 1996; Blake,
1998; Gollop, 1998; Nowotczynski, 1998; Wadleigh and Blake, 1999). For example, the
lichens sampled around the Come-By-Chance oil refinery portrayed very low (~ +4%o)
sulphur isotopic data, indicating that this area is polluted by anthropogenic sulphur. On the
other hand, the lichen samples collected from along the coastline displayed very high

(~+18%o) sulphur isotopic data, Icading to th ion that the sulphur in th

along the coastline is mainly from a natural source, sea salt.

1.4 ISOTOPE RATIO MASS SPECTROMETRY
TRMS consists of four essential components: (1) ion source, (2) mass analyzer, (3)
detector and (4) inlet system (Figure 1-8). IRMS ionizes gaseous molecules and separates

the ions into a spectrum according to their mass-to-charge ratio using electric and magnetic

fields. The i different ~to-charge ratio are then found

by measuring the currents generated by these separated ion beams (Figure 1-8). Detailed
rteviews of IRMS are provided by White and Wood (1986), Potts (1987), Barrie and Prosser
(1996), Brenna et al. (1997), Hoefs (1997), and Kendall and Caldwell (1998).

A good vacuum system (< 10" mbar) is required for IRMS for two reasons; first, the
trajectory of ions will be modified resulting peak broadening if the ions collide with any
residual gas molecules and second, residual gases in the ionizing chamber are also ionized

together with the sample material giving rise to an instrument background.
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1.4.1 Inlet systems

The dual inlet is the most conventional inlet system of IRMS. It alternatively admits
sample and reference gases into the mass spectrometer, perhaps six to ten times each over
10 mins, to give the effect of simultaneous measurement of the isotope ratio under identical
conditions (Figure 1-9) (Barrie and Prosser, 1996; Kendall and Caldwell, 1998). Since the
original design of Nier-McKinney in 1950, significant improvements have been made on
dual inlet systems with respect to electronics, vacuum technology and computer control,
resulting in the automation of the system control and of data processing, and in more stable
electronics.

However, as mentioned earlier in Section 1.1, for solid and liquid samples, this inlet

system requires lengthy, multiple-step, labor-intensive, difficult and expensive, off-line

chemical ‘before isotopic ination. On-line sample ion, which

will be discussed in the next section, allows rapid analysis, and is easy-to-use.

1.4.1.1 Continuous-flow inlet system and interface

In CF-IRMS, sample chemistry and gas purification take place in an here of

He and pulses of sample-derived gases (i.e., N3, CO,, N;O or 8O,) flow directly into the ion
source (Barrie and Prosser, 1996). There are two branches of CF-IRMS. In EA-IRMS, a
sample is combusted and the reaction products separated by gas chromatograph (GC) with
pulses of pure sample gases directed to the [IRMS (Barrie and Prosser, 1996; Kendall and
Caldwell, 1998). In GC-IRMS, the compounds of interest in the mixture are first separated
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Figure 1-9. Schematic diagram of DI-IRMS principles (Barrie and Prosser, 1996).
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