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Research conducted for my master's thesis is presented

in the form of two manuscripts: the first manuscript reports

on the biogeochemistry of sulfur in a smalr basin mire in
the Experimentar Lakes Area of northwestern ontario (chapter

2) ¡ and the second reports on an investigation of the

effects of experimental acidification on the sulfur dynamics

of the same mire (Chapter 3).

Resurts from these investigations were written as self
contained units, Chapter 2 and Chapter 3, which will
eventually be submitted to a professionar scientific journal

for publication. The manuscript style thesis was chosen to
provide maximum experience in writing a publishable

scientific paper and also to facilitate the publishing

process.

chapter 1 is a review of the relevant sulfur literature
and an introduction to the two manuscripts.

chapter 2 investigates the process of microbiar sulfate
reduction in an acidic sphagnum mire. The short term end

products of sulfate reduction in the mire are identified and

compared to the long term distribution of surfur forms in
the peat. The spatiar and/or temporar characteristics of
surfate reduction and its rerated sulfur forms within the

mire are also examined.

Chapter 3 examines the effect of experimental

acidification with sulfuric and nitric acid on the surfur
dynamics of a sma1l basin mire. The major questions are: r)
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what is the fate of the added-SO.?-Z 2) is sulfate reduction

stimulated by the additional 
"On'- 

input? 3) are there any

differences in' the way added 
"On'- 

is processed in relation

to season and/or location in the mire? and 4) what are the

overatrtr effects of 'ad'ôitionaÌ So,2-. Ioading on the sulfur
rL

budget of the mire?

Chapter 4 includes a discussion of the major results

from the two investigations and the importance of these

findings to the understanding of sulfur dynamics in

wetlands. In conclusion, I suggest future work which is

necessary to increase our understanding of the sulfur

transformations that are important in wetland ecosystems.
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Abstract

The occurrence and distribution of end products of
sulfate reduction were measured in a sma11 (3.67 ha)

Sphagnum dominated mire (Experimental Lakes Area,

northwestern ontario). In situ incubations with tuton'-

were also performed. An experimentar area (2.66 ha) was

acidified with lake water ptus H2SO4 and HNO3, while a

control area (0.88 ha) received only lake water. Three acid
additions took place in 1983 and 6 in 1984, about I month

apart. During an addition the experimentar area received g6

-) -'tmg S m -, compared to 13 mg S m " for the control area.

surface and pore water 
"on'- 

concentrations in both the

control and experimentar area were high shortly after snow

meIt, decreased during the summer months, and increased

during september and october in response to son2- input from

autumn rains and from the resolubirization of oxidized

sulfur. The margin or minerotrophic area of the mire had

higher 
"on'- 

concentrations than the centrar oligotrophic
area at all times because of the additionar 

"on'- 
input from

upland runoff it received. Hydrogen sulfide occurred only in
the minerotrophic pore water profires. The minerotrophic

area was lower in H+ concentration than the central
oligotrophic area (30 vs. r00 ueq H+ r,-1). concentrations

')-of SO¿' in surface water pools increased after all
acidifications and usually returned to near

pre-acidification concentrations within 7 days. rncreases in
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)-pore water SO4' content occurred less consistently than in

the surface water, yet acidifications always increased pore

water: HrS in the minerotrophic site, demonstrating that

sulfate reduction was stimulated by the additions.

Organic sulfur accounted for about 952 of the total

sulfur present (30-155 gmol S g-1), with pyrite accounting

for most of the remainder; both decreased significantly

below 20 cm. Addition of tuton'- showed that pyrite formed

rapidly and accounted for 90? of the short term inorganic

sulfur formation. ev35s and 35to arso formed. More r"35s-,ç "2'
ev35s, and 35to formed in the minerotrophic area than in the

otigotrophic area. During acidifications, Iarge amounts of

SOn2- v¡ere "sorbed" by Sphagnum spp. before reaching the
4

water table. The top 20 cm appeared to be dynamic in terms

of S accumulation, with increases in total S over winter and

spring and decreases during sunmer drawdown. Below this

zone the total S accumulation rate was 0.49 g s m-2 yr-l

slightly less than the average value ( 0.90 g s m-2 yr-I )

obtained from 4 years of mass balance data ( I98f-1984 ) .
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Review

Chapter I

of Relevant Sulfur Literature

and

General Introduction



The cycling of surfur has been investigated in many

ecosystems, incruding deciduous and coniferous watersheds

(Eaton et al 1978; Johnson and Henderson IgTg; Johnson

1984), agricultural soils (Tabatabai 1994), coastal marine

sediments (Jorgensen l-977; Howarth and Jorgensen r9g4) ¡

saltwater marshes (Howarth and Teal rgTg; Howarth and Giblin
1983; Howes et aI 1984), and freshwater lakes (Nriagu 196g;

King and Klug 1982; Cook and Schindler 19g3;,Kelly and Rudd

1984). However, sulfur cycling in wetlands has received much

less attention (casagrande et ar rg77; casagrande et al
1979; Rippon et al 1980; Brown r9g0; Brown and Macqueen

L982; wieder 1982; wieder and Lang rgï4) and only a few

investigators have examined surfur cycling in sphagnum

dominated wetrands (Brown 1990; Brown and Macqueen L9g2¡

9{ieder L982; Wieder and Lang t9B4). The paucity of data is
of special concern since many sphagnum dominated wetlands

are located in areas of North America known to be sensitive
to acidic deposition (Gorham et ar 19g4). presently rittre
is known about biogeochemicar cycling in peatlands, much

less the effect acidification may have on them. since
wetland environments are intermediate in the continuum

between limnetic and terrestrial ecosystems it seems

reasonable that sulfur transformations within wetlands would
have characteristics common to both. This simirarity might
be helpful in determining the fate of 

"on'- 
in wetlands

since surfur cycling in limnetic and terrestriar ecosystems

is better understood. Gorham et al (1994) suggested that a

-<



,-var-iety of,, approaches could be utilized to determine the

possible effects acidic deposition may have on peatlands,

incruding geographicar surveys, experimentar studies: short
term and long term, and paleoecological investigations.
:.:: sulfate is the dominant inorganic sulfur form in most

environments and consequently reactions invorving 
"onr- 

have

been studied in the greatest detair. The microbial
reduction of ton'- occurs primarily in anoxic habitats
containing organic matter and 

"ont-, 
and has received much

more attention than other processes (see later).
The process of microbial sulfate reduction has been

examined in coastal marine sediments (Jorgenson 1977 ¡

Howarth and Jorgenson L9g4), saltwater marshes (Howarth and

Teal r979i Howarth and Giblin r9g3; Howes et al 19g4), and

freshwater lakes (stuiver 1964; Nriagu 1969; King and Klug
1983; Kerry and Rudd 1984). These investigations focused on:

1) the determination of rates of sulfate reduction and its
importance in carbon minerarization; 2) identification of
the end products; and 3) the potential importance of the
acid neutralizing ability of the sulfate reducing bacteria
for lakes undergoing acidification with sulfuric acid.

Based on 
"on'- 

budgets for watersheds containing
freshwater wetlands, many investigators have demonstrated

that wetlands are sinks for atmospherically delivered
)-

SO¿- -S (Hemond 1980; Rippon et al 1980; Braekke 19g0;

wieder and Lang l-984) and some have suggested the retention
was partly due to the microbial reduction of 

"on'- 
(Hemond

-L
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1980; Braekke 19g0). However, reported measurements of the
end products of sur-fate reduction are limited (casagrande et
al 1977; Brown 1980; Altschuler et al_ I9g3).

casagrande et al (1977) and Altschuler et a1 (19g3)
examined the distribution of surfur in 2 different areas of
the peat-forning Fl0rida Everglades: casagrande et a] (rg77)
site was representative of a marine derived peat, while
Altschuler et aI (1993) was representative of a freshwater
derived peat. The average totar sulfur content of the
marine mangrove swamp peat was I.61 mmol S g-I dry wt.,
about 6 times the total sulfur content of the freshwater
derived peat examined by Altschuler et aI (1gg3). casagrande
et al (1977 ) also examined sulfur distribution in the
Okefenokee Swamp of Georgia, a freshwater peat_forming
system. They found the totar sulfur content to be about 57
¡rmol s g-1 dry wt. and was relatively constant with depth.
The freshwater Everglade peat examined by Altschuler et al
(1983) contained about 4.5 times the totar sulfur of the
Okefenokee swamp peat (261 vs. 57 pmol S g-1 dry wt.).

Regardless of total sulfur concentrations, organic
sulfur, defined as carbon bonded sulfur and carbon oxygen
sulfur (esters), accounted for over 702 of the total sur.fur
in both studies of the Everglades (casagrande et al Lg77 ¡
Altschuler et a1 19g3). Later, Casagrande et al (rg7g)
determined that 2sz of the total surfur occurred as carbon
oxygen sulfur. sulfate esters are a potential source of')_so4' for sulfate reducing bacteria in deep peat (Artschurer



1980 )
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gtorking in a bog in southern England, Brown (19g0) is
the only investigator known to the author to incubate a peat
core with 35sonz- to determine the end products of sulfate
reduction. After an g day incubation, Brown (19g0) found
that Hrs was the major end product of sulfate reduction in
the anaerobic zone, with lesser amounts of FeS, FeSrr âDd
organic sulfur forming. More recently, Brown and Macqueen
(L9BZ) determined that 7BZ of ttrOn2- added to waterlogged
peat cores remained in the top 5 cm of peat and was
recovered primarily as organic sulfur after a 3 week
incubation.

Brown (1990) also measured the concentration and
distribution of acid volatile sulfide (AVS= HrS + FeS) r
elemental sulfur (so), pyrite lresr), organic sulfurr âîd
total sulfur, in short peat cores (30 cm). Total sulfur
concentration increased with depth from about 150 to 2g7
¡rmol S g-1 dry wt. at 7.5 cÍtr to 359 to 375 pmol S g-I dry
wt. at 22.5 cm (Brown 19gO). Organic sulfur accounted for
about 608 of the total sulfur, somewhat less than that for
the Florida Everglades (Casagrande et al Lg77). The
remaining 40? was represented by 

"onr-, 
AVS, FeSrr ând So

(more than g0å of this fraction was AVS).
The concentration of 

"on'- 
in the surface water of

Brown's bog (209 pmol r,-1) was significantly higher than any
of the bog water samples corlected by Gorham et al (1985)
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( o .7 -2I umol to nr- r,-1 ) du r i ng

American bogs. Brown's (19g0)

at least partly a result of ZO0

in Britain.

rncreased sulfur l0ading to wetland ecosystems has
presumably resulted in the elimination of certain sphagnum
spp' from bogs where they were once dominant peat formers,
changes in the ionic composition of wetland water (most
notably, significant increases in SOn2- and H+

concentration), and increased sulfur accumulation within
watersheds containing wetlands and within sphagnum spp.
themselves.

rn an analysis of peat profiles from blanket bogs in
the southern penninesr TalIis (1g64) determined that
sphagnum spp. once formed a greater percentage of the
vegetation than they presently dor ârd suggested the loss
was due to 200 years of high sulfur deposition. Later,
Ferguson et ar (1979) determined from laboratory experiments
that some of the same sphagnum spp. now absent were among
the most sensitive to various sulfur pollutants, thus
supporting *alIis's earlier observation. More recenbly,
Ferguson and Lee (1993) reintroduced 5 sphagnum spp. to the
southern penninesr âhd found that only one of the 5

continued to grow after 1 year, even though bulk sulfur
deposition has presumabry decreased in recent years.

Eighteen months after transplanting 5 sphagnum spp" to
two locations in the united Kingdom, Ferguson et aI (19g4)

their transect of North
high tOn'- concentrations are
years of high SOZ emissions
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found that the 5 Sphagnum spp. transplanted at a polluted

site in the southern Pennines of England contained more

sulfur than any of the Sphagnum spp. which had been

transplanted in North glales, a relatively unpolluted site.
Likewise, Sphagnum mosses and -C1adonia lichens collected
from ombrotrophic bogs in southern Finrand alr contained

more sulfur than those collec,ted from similar systems in
northern Finland, which received far less bulk sulfur
depostion than those of the southern bogs (pakarinen r9B0).

rà addition, sulfur concentration in sphagnum and cladonia

was positively correrated with atmospheric deposition rates
)-of SO¿- along the south-north gradient (pakarinen I9g0).

In the 1950's, Gorham (1958) found a positive
correlation between H+ and 

"On'- 
concentration for bogs in

the English Lake District. Similary, Iow pH (3.A2r, high

ionic conductivity (130 gmho 
"^-2), and high 

"On'-
concentrations (364 gmol 

"on'- 
r,-I) of 24 moorland pools in

Belgain were thought to result from industrial acidification
(Vangenechten and Vanderborght 1980).

Sulfate reduction rates in freshwater ecosystems are

often lirnited by the concentration of 
"On'-, 

this is in
contrast to marine systems, which are limited by the supply

of oxidizable organic matter (Berner 1984). Therefore, the

observed increases in rates of sulfate reduction following
addition of 

"on'- 
from acid mine drainage and experimental

acidification are not surprising.
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,on'' from acid mine drainage or from experimental

acidification have been responsible for neutralizaLion of

significant amounts of sulfuric acid (Herlihy and MiIls

1,985; Ke]1y et al 1982; Cook and Schindler 1983; Cook et aI

'submitted). In fact, alkalinity generated from sulfate

reduction helped offset the potential acidification of

Thoreau's bog in Mass., an area receiving acid deposition

(Ilemond 1980). Similarly, acid mine drainage entering a bog

in trÏest Virginia had no effect on the outflow chemistry;

presumably sulfate reducing bacteria consumed the additional

"on'- 
and H+ from acid drainage (Wieder and Lang 1984).

In light of the lack of information regarding the

occurrence and distribution of sulfur in Sphagnum dominated

wetlands and their potential acidification, an investigation

was necessary that would: 1) determine the occurrence and

distributíon of the various sulfur forms present in a

relatively undisturbed Sphagnum wetland; and 2) examine the

possible effects acidification with sùlfuric acid may have

on the various sulfur transformations within the wetland.
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Chapter 2

The Biogeochemistry of Sulfur in an

t¡tire in Northwestern

Exper imentally Acidif ied

Ontario



Abstract

During the ice free season of I9g3 and I9g4, SOn

Hr were measured weekly in surface water while so42-,
and H+ were measured monthly in pore water in a smalr
ha) sphagnum dominated mire in northwestern ontario
(Experimental Lakes Area). surface and pore water so¿

)-- and

'zs '
(3.67

2-

concentration \,¡ere high shortly after snow mel_t, decreased
during the summer months, and increased during September and
october in response to 

"on'- 
input from autumn rains. The

margin or minerotrophic area of the mire had higher 
"onr-concentrations than the central 0ligotrophic area at al_1

times because of the additional ton'- input from upland
runoff the minerotrophic area receives. Hydrogen sulfide
occurred in pore water only in the minerotrophic area. The
minerotrophic area \.¡as rower in H+ concentration than the
central oligotrophic area (30 vs. 100 Ueq H+ f,-1).

organic sulfur accounted for about 95t of the totar
sulfur present (30-155 ¡mo1 S g-1), with pyrite accounting
for most of remainder. Both decreased significantly below zo
cm. Pyrite formed rapidly from tuton2- and accounted for
>55? of the inorganic 35s formed in 72 hour in situ
incubations. ev35s and 35ro also formed. More re35sr,
ev35sr êDd 35ro formed in the minerotrophic area than in. the
oligotrophic arear probably because of the greater suppry of)-son¿- and the lower H+ concentration in the minerotrophic
area. organic 35s .".ounted for about gOE of the total

--



recovered 35s .ft"r more than 2 nonths of in situ
incubation- A 30? reduction in recovered inorganic surfur
for spring vs. autumn cores occurred in the central
oligotrophic area compared to a 372 reduction in the
minerotrophic area. This resulted from thê exposure of
previously anoxic environments to o, during the annual
summer drawdown period
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Introduction

The process of microbial sulfate reduction has been

examined in coastal marine sediments (Jorgensen 1977 ¡

Howarth and Jorgensen L984), saltwater marshes (Howarth and

TeaI L979; Howarth and Giblin 1983; Howes et al 1984) ' and

freshwater lakes (Stuiver 1967; Nriagu 1968; King and Klug

1982; Kelly and Rudd 1984). In comparison to saltwater and

freshwater lake ecosystems, 1ittle has been done to

investigate the sulfur dynamics of wetlands. Gorham et aI

(1984) have mentioned the paucity of data related to the

occurrence of sulfur in wetland ecosystems.

Based on 
"On'- 

budgets for watersheds containing

freshwater wetlands, many investigators have determined that

wetlands are sinks for atmosphericatly delivered SOn2--S

(Hemond 1980; Rippon et aI 1980; Braekke 1980; Wieder L982¡

Wieder and Lang 1984) and some have suggested the retention

was partly due to the microbial reduction of 
"On'' 

(Hemond

1980; Braekke 1980; Wiedet 1982; Wieder and Lang 1984).

However, there have been few reported measurements of the

end products of sulfate reduction in freshwater wetlands

(Altschuler et aI f983; Casagrande et al L977; Casagrande et

al IgTg; Brown f980). Working in a bog in southern England'

Brown (1980) was the only investigator known to the author

to incubate a core with tuton to determine the end

products of sulfate reduction. After an I day incubation'

Brown ( 1980 ) found thaL Hr35S was the major end product of

sulfate reduction in the anaerobic zone' with lesser amounts
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of re35s, F.3'rr,' and organic 35su1fur forming.

. Concentrations of 
"On'- 

and HrS in Brown's system were

L-I, respectively,

probably the result of 200 years of high SOZ emissions in

Britain. In contrast, in a transect of bogs across North

America, Gorham et al (1985) never observed 
"On'-

concentrations as high as those reported by Brown ( 1980 ) .

Brown's bog received a significant amount of its water input

(ie. mineral input) frorn groundwater and therefore one might

expect the occurrence and distribution of sulfur forms to be

considerably different than for a bog which receives most of

the mineral input from direct precipitation and upland

runoff. In addition, the occurrence and distribution of

sulfur forms in a wetland that has received little

anthropogenic input of sulfur may also be different from a

system that has received large amounts of anthropogenic

sutrfur.

The purpose of the present study was to determine if

sulfate reduction was occurring in an acidic Sphagnum mire

receiving experimental acid inputs, and to identify the end

products of the reduction. Also, I examined spatial and/or

temporal characteristics of sulfate reduction and the

various forms ôf reduced sulfur within the mire. The

experimental inputs were applied monthly during the ice free

season to mimic acid precipitation events. In this paper I

deal primarily with general seasonal trends and differences

in the 2 major areas of the mire: the nutrient poor

::.
.:]

-:Ê
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oligotrophic area and the richer minerotrophic lagg area.

Detailed comparisons of the effects of acidification on the

minerotrophic and oligotrophic areas are treated elsewhere

(Chapter 3).

During this study, surface and pore waters collected
)-

throughout the mire were analyzed f.ot SO¿' and H2S

concentrations during the ice free season of 1983 and 1984.

Short peat cores were also obtained from various regions

throughout the mire and were analyzed to determine the

concentration and distribution of the various sulfur forms.

The inorganic forms measured were: acid volatile sulfide

(AVS) i elemental sulfur (So); and pyrite (FeS2). Organic

sulfur was assumed to be the difference between the sum of

these inorganic forms and total sulfur.

A radionuclide , 35son2-, was added to the mire in two

experiments to measure the immediate end products of sulfate

reduction, and to help explain the occurrence and

distribution of the various sulfur forms accumulating on a

long term basis.

Description of studY area

The experimental mire is located at the Experimental

Lakes Area (ELA) in northwestern Ontario, on the Canadian

Shield, about 56 km southeast of Kenora. The small oval mire

is centrally located within the northeast drainage sub-basin

of Rawson lake (49040'N, 93043'), and occupies 3-67 ha of

this 10.8 ha sub-basin (Figure 1). The surrounding upland
t:

lì
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Figure 1. Location of

sub-basin of

the experjmental

Rawson lake.

mire in the northeast drainage

I
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and the southwestern half of the mire burned in l-97 4.

Except for the trees, Vitt and Bayley (1984) determined that

there was no difference in vegetation in the burned and

unburned portions of the mire. The unburned half of the mire

is dominated by Picea mariana (Mill. ) BSP. while the burned

half is dominated by juvenile Pinus banksiana Lamb..

Sphagnum angustifolium (Russ. ) C. Jens. and S. magellanicum

Brid. form the ground cover throughout the mire with the

exception of a small pool near the center of the mire which

is dominated by S. faIlax (Klinggr.) Klinggr.. The

characteristic understory plants (eg. Smilacina trifolia

(t.) Desf., Ledum groendandium Oeder, and Carex trisperma

Dew. ) are abundant throughout the mire. For more detail see

Vitt and Bayley (1984). AIl water from the watershed passes

through the mire before being discharged vía a boulder zone

to Rawson lake. Thus the margin or lagg of the mire

receives more water and mineral input than the interior of

the mire. Consequently the chemistry and vegetation of the

lagg is significantly different than the central region of

the mire. In their analysis of the vegetational and

chemical characteristics of this mire, Vitt and Bayley

(1984) were able to divide the mire into two distinct areas:

1) a lagg area (called the minerotrophic area); and 2) a

central area (caIled the oligotrophic area), characterized

by nutrient poor conditons relative to the minerotrophic

lagg area (Figure 1).
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Part of the mire was experirnentally acidified with

sulfuric and nitric acid (Figure 1)(Chapter 3) in 1983

1984 accounting for 282 and 472 of the annual SO*2--S

loading, respectively. The control area received only

water, while the experimental area received acidified

water. Surface water r pore water r and peat cores vtere

and

Iake

Iake

collected from both experimental and control areas of the

mire. The effects of addition of sulfuric acid have been

ephemeral and have not yet appeared to alter the water

chemistry of the experimental area of the mire (Chapter 3).

llethods and tltaterials

Pore water and surface water

Pore waters were measured at four sampling sites within

the mire. Two of the four sites (sites l and 2') are located

in the experimental area of the mire' and the other two

(sites 3 and 4) are in the control area (Figure I). Sites 1

and 3 are characteristic of the nutrient poor, oligotrophic

area of the mire, while sites 2 and 4 are characteristic of

the more nutrient rich, minerotrophic lagg area (Figure 1).

All of these sites are located in hollows.

Pore water profiles were obtained on a monthly basis

from May through October. Pore water samples were obtained

at 5 cm intervals from the surface of the water table to a

depth of about 35 cm and were analyzed for 
"On'-, 

H2S, and

H+ concentration.

Pore water samples from the various depths were

obtained by suction using a hollow stainless steel tube ( 6

i'
::.'-\rì
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mm outside diameter) about 1 m in length' lined with

smaI1-diameter tygon tubing. One end of the stainless steel

tube had slots in I.5 cm of its length to permit entry of

pore water, and a nylon screen inserted to filter out large

particulate matter. A plastic syringe (50 mL) was attached

to the other end with a 3 way valve. Pore water profiles

were obtained by inserting the stainless steel tube into the

peat below the water tab1e, and withdrawing a sample with

gentle suction. The first portion of the pore water obtained

sras expelled through the 3 way valve, taking care not to let

air enter the syringe. Samples for H+ and HrS analyses were

collected in 5 mL glass syringes fitted with 3 way valves

which had been previously fil1ed with deoxygenated (boiled)

water. Sulfate samples v¡ere collected in 5 mL plastic mini

vials that had been rinsed 3 times witn distilled-deionized

vrater.

Surface water samples vtere collected weekly during the

ice free season. In 1983 surface water samples were

collected from the experimental area in the oligotrophic

central pool and in a small tree hoIlow near the edge of the

mire (caIled the mineral pool) (Figure 1). In 1984 two

additional surface water stations were added in the control

region of the mife (oligotrophic control and minerotrophic

control) (Figure 1). Surface waters were analyzed for 
"On'-

and H+.

Hydrogen ion concentration v¡as determined within 3 h of

collection using an Orion research meter and a Fisher glass
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conbination electrode. Hydrogen sulfide samples were

analyzed by the method of Stainton et aI (L977'). The HrS

analysis was always completed within 3 h of collection.

Sulfate samples $rere filtered with a Swinnex filtration

device equipped with a distilled-deionized rinsed 0.22 um

nucleopore filter and were refrigerated until analyzed with

a Dionex ion chromatograph.

Core Sampling and Sulfur Analysis

Short peat cores ( 40 cm) vlere collected to determine

the concentration of AVS, So, FeSr, organic sulfur, and

total sulfur.

Sixteen cores were analyzed for AVS, So, and FeSr; 8

from the minerotrophic lagg area (Figure 1) and I from the

central oligotrophic area (Figure I). All but 2 cores were

from the experimental area. The first 6 cores, 3 from each

area were used to determine the cold sulfur species and were

all collected in the spring, while the water table was near

the moss surface. the remaining 10 cores from the 2 areas

vrere obtained from enclosures used for the sulfur-35 (see

below) experiments and were analyzed for both the cold

sulfur forms and for the incorporation of tuton'-. The last

4 coresr 2 from each area, were collected in October and are

called autumn cores.

The short peat cores ( 40 cm) vrere obtained with a

piston type coring device (5 cm diameter) to retain the peat

within the tube and to mininize compaction. Each core vTas

placed in a freezer within 30 min of collection until

'Ìì'
È

.ùn
t!:L:
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analysis the following day. Frozen peat cores were

extruded, and sectioned into 5 cm segments. One half of each

section was used for determination of dry weight and total

sulfur. The second half was halved again, with one portion

used for determination of AVS and (FeS, + So), and the other

for so.

The section for AVS analysis was placed in a reaction

vessel containing 50 mL of 6 N HCl which was continuously

flushed with oxygen-free nitrogen and samples stirred for 2

h. AVS volatilized from the sediment was trapped in a basic

zinc acetate trap (Howarth and Teal 1979). The resultant

ZnS precipitate was quantified by an iodine titration

(Golterman J-967). This method was found to have a recovery

efficiency of 95? with NarS standards. Correction for

efficiency of recovery was not made.

After the removal of AVS, the peat sections v¡ere

transferred to 350 mL round bottomed flasks for measurement

of FeS, and So by the chromium ( II ) reduction technique

(Zhabina and Volkov Lg78i Howarth and Jorgensen 1984). This

technique reduces FeS, and So to HrS, which is then trapped

in basic zinc acetate as previously described. The

efficiency of the chromium (II) reduction procedure using

FeS, standards Ì{aS 85? and samples were corrected for this

efficiency.
Elemental sulfur content was measured in the remaining

section (see below) and subtracted from the total S in the

chromium ( II ) reduction fraction to determine the amount of
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FeS, present.

The section used for the So determination was also

sparged with 6 N HCI to remove AVS before dried. Samples

were dryed at 7OoC, weighed and ground with a mortar and

pestle before extraction of So with 80 mL of acetone. After
about 10 h of stirring, the acetone and peat slurry was

filtered via vacuurn filtration. The filtrate, acetone,

containing the extracted So was transferred to a 350 mL

round bottomed f1ask. Sulfur $ras measured using the

chromium (II) reduction procedure followed by iodine

titration of the trapped sulfide. Eight So standards

determined with this procedure resulted in an average

efficiency of 60? and samples were corrected for this
efficiency.

To determine the amount of radioactivity associated

with each of the inorganic sulfur species, a 3 mL subsample

was obtained from each titration flask and mixed with 17 mL

of Instagel fluor (Packard Instruments Inc. ). All sample

radioactivity was determined by liquid scintillation
counting and was quench corrected by the internal standard

method.

Total sulfur content was determined on one core from

each area with a LECO sulfur analyzer, model SC-132. After
dry combustion of 0.1-0.15 g of dry sample, the SOZ evolved

was measured by infrared spectroscopy.
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Sulfate Reduction ExPeriments

The radiotracer enclosure experiments started 11 July

84 in the minerotrophic area and 6 August 84 in the

oligotrophic area. After installation of the enclosure'

pêât: and pore water were allowed to equilibrate for 3 days

before addition of tuto,

Radioactive sulfur-35, as tutont 
' was added to

enclosures at two sites: one in the minerotrophic area and

the other in the oligotrophic area. Both $lere located in

the experimental area (Figure 1). The radioactive solution

was sprayed onto the surface of the mire vegetation which

was enclosed in a plexiglas frame (44 x 46 x 50 cm deep).

The 3000 mL t'"on solution used lake water and

contained 0.4 mci ttton , 300 ¡rmot 
"on'- 

L-L, 600 gmol

*ort- L-!, and 630 ueq H+ L-1. The loading of H*, 
"on'- 

and
l- -) -]*O3t- (Ueq m-". event-') was about the same as the loading

for an acidification experiment (Chapter 3) ' but the total

volume of water applied was increased (equivalent to 3 cm of

precipitation). After the 3000 mL tu"on solution was

appliedr ârI additional 3480 mL of lake water was applied to

ensure that a significant amount of the 1abel reached the

water table. The tUtO*2- and rinse solution was applied to

the moss surface just before sunset to minimize

evapot ranspi rat ion .

During both experiments, 5 short peat cores were

obtained at specific time intervals after the 35son2- n"d

been applied. The first 3 cores from each experiment (l' 3,
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and 15 days) were analYzed for the incorporation of 35s into

For the last 2 cores from each

or 62 and 63 days), 35to * r.35s,
ev35s, 35so, and re35sr.

experiment (82 and 83 daYs

were measured as one fraction (Cr-reducible) rather than

separately. In addition, to estimate the amount of labelled

organic sulfur, a quarter section from each interval was

digested with 20 mL of Aqua Regia fot L2-L6 h. Before

digestion, each section was first sparged with 6N HcI (as

described for AVS) and then washed four times with tap water

to remove any unreduced tston' . In laboratory tests with

sphagnum angustifolium peat gsz of the unreduced 35sor2- *.=

removed with this washing technique. The final digest was

made up to 100 mL and a 2 mL subsanple was mixed with 18 mL

of Instagel for radioactive assay. Organic 35su1fur was

estimated by the difference between the Aqua Regia fraction

(ar1 reduced s except ev35s) and the chromium reducibre

fraction {re35s, + 35so).

cores from the minerotrophic enclosure síte were

obtained L, gt 15, 82, and 83 days after the spike

apptication. Cores from the oligotrophic enclosure site v¡ere

obtained Lt 3,15, 62, and 63 days after the tuton

application.

Before application of tuton , 6 pore water samplers

(at 10, 15, 20,25,30, and 35 cm depths) were installed in

the enclosure. Pore water.samples were collected for 
"On'-

and H+ analysis and analyzed as previously described. In

addition, a 500 ¡rL subsample from each 
"On'- 

sample obtained
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after the tuton addition was mixed with 20 mL

(Amersham) and the radioactivity associated with

of ACS fluor

dissolved

35S d"t"rmined. The majority of this activity was assumed

to be associated with tuton'-.

RESULTS

sulfur chemistry of pore water and surface water

Sulfate concentrations varied significantly within the

mire both spati.ally and temporally. The surface and pore

water of the minerotrophic area were characterized by high
t-

SOnt- concentrations relative to the oligotrophic central

area (Figures 2 and 3). The average surface water 
"on'-

concentration for the experimental minerotrophic pool during

r9B4 was 7r.7 ymol L-} compared to Lz.5 gmol l,-1 for the

oligotrophic central pool. After spring runoff the

concentration of 
"On'- 

in the surface and pore water of the

experimental minerotrophic area decreased substantially and

remained low until there was a substantial input of 
"On'-

from direct precipitation and runoff (Figures 2 and 4) in

september ,84. There were short periods of elevated 
"on'-

due to experimental acidification (Chapter 3). It is

important to note, that overall the general seasonal trends

at the experimental sites eTere the same as those observed at

the control sites during 1983 and 1984. In both

minerotrophic sites , SO42 concentrations decreased with

depth (Figures 3 and 4), a result of the bacterial reduction
1-

of SO4'
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Figure 2. Seasonal

trophi c

ice free

t_S0"' concentrations in
4

and minerotrophjc surface

season.

the experimental o'l'igo-

water poo'ls during the 1984
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Figure 3. Sulfate concentrations as

imental o'ligotrophic and

a function of

minerotroph'ic

depth in the exper-

sites for 20-June-84.
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Figure 4. May - October-84 monthly S0O2- and

for the experimental minerotrophic

HrS concentration profiles

area (site 2).
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Surface water concentrations of Son2- at the central

oligotrophic pools (Figure 1), vrere consistently lower (< I5

-1¡rmol L-f ) than concentrations in the experimental

minerotrophic pool (Figure 2). The pore water samples were

slightly lower in SOn2- concentrations than the respective

surface water Pool.

The occurrence of II2S in the pore water of the mire v¡as

primarily confined to the minerotrophic sites. Hydrogen

sulfide was detected in all but one of the monthly profiles

obtained from the two minerotrophic sites in 1984. When Hrs

was present in the minerotrophic profiles' concentrations

usually increased witfr depth (Figure 4), with maximum

concentrations occurring between 15-25 cm. Hydrogen sulfide

concentrations never exceeded 20 ¡rmo] S L-l in either

minerotrophic site. Generally there was more pore v¡ater HZS

present during the May, June, and July profiles for both

minerotrophic sites than in the August, september' or

october profiles (Figure 4). In contrast, oligotrophic sites

contained measurable amounts of Hrs in their pore water only

occasionally in 1984 and in 1983.

The concentration of H+ (as measured by pII) with depth

also showed a distinct pattern. The central oligotrophic

sites were characterized by significantly higher H+

concentrations than the minerotrophic lagg sites. The H+

concentration ranged from 90-200 ueq t-I (pH 4.04-3.70) in

the central oligotrophic sites with a rather constant

concentration with depth. This was in contrast to the
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minerotrophic sites which were

(pH 4.52-4.22) with decreasing

(ie. increase in pH). Surface

less acidic ( 30-60 Ueq

H+ concentrations with

water H+ concentrations

-'tL ')

depth

in the

thei r

The

minerotrophic and oligotrophic pools were similar to

respective pore water profiles.

Sulfur Constituents of Short Peat Cores

The I cores from the minerotrophic lagg area contained

significantly more AVS, So, and FeS, in the top 35 cm of

peat than did the I cores from the central oligotrophic area

(Figures 5a and 6a). The total sulfur content was also

higher in the minerotrophic area (Figures 5b and 6b).

total inorganic sulfur content was higher for cores

collected before the water table dropped (spring cores) than

in the October cores (autumn cores) which !,tere collected

after the drawdown period had occurred. Differences between

minerotrophic and oligotrophic area cores were significant,

however, there were no significant differences between

experimental and control, minerotrophic and oligotrophic

cores.

Minerotrophic area. Organic sulfur vtas the dominant

forn of sulfur' accounting for 932 of the total sulfur

present, while inorganic S (AVS + So + FeSr) made up the

remaining 74. A maximum in total sulfur content (156 pmol S

-'tg-t) occurred at 10-15 cm, coincident with the inorganic

sulfur maxima (Figure 5a). Inorganic sulfur represented 13?

of the total sulfur in the 10-15 cm interval. Total

inorganic sulfur varied seasonally, with 372 less in the
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Figure 5. Concentrat'ion of ac'id volatile sulfide (AVS), elemental sulfur

(So), and pyrite (FeSr) as a function of depth'in the

expe¡imental minerotrophic area (site 2) (figure 5a), and the

concentrat'ion of total sulfur, organic sulfur, and

ìnorganic sulfur (AVS + So + FeS2) as a function of depth

for the same core (figure 5b).
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Figure 6. Concentration of acid volat'ile sulfide (AVS), elemental sulfur

(So) anO pyrite (FeS2) as a function of depth in the

experimental olÍgotrophic area (site 1) (figure 6a), and the

concentrat'ion of total sulfur' and inorganic sulfur (AVS +

So + FeSr) as a funct'ion of depth for the same core (figure 6b).
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10

of

October cores than in the spring cores.

In a typical core from the minerotrophic area (Figure

5a), 782 of the inorganic sulfur was FeSr, with AVS and So

representing about 2 and 202 respectively of the total

inorganic sulfur present on a per core basis ( 0-40 cm) .

l,laxima in FeS, concentration occurred near the 15 cm depth

(Figure 5a), and was observed in all cores from the

minerotrophic area (10-25 yrnol FeSr-S g-1).

The maximum concentration of So occurred within the top

cm of the minerotrophic cores and accounted for up to 422

the inorganic sulfur present in the top 10 cm.

Acid volatile sulfide in the minerotrophic peat cores

was less than 4Z of the total inorganic sulfur. Maximum AVS

concentration (0.5 Umol- S g-I) occurred at a depth of 10-25

C¡tr below and above which AVS was found at extremely low

Ievels. The absence of AVS from the surface moss was

probably due to aerobic conditions.

Oligotrophic area. The maximum total sulfur content in

the oligotrophic core (71 pmol S g-1) was about half the

maximum for the minerotrophic core (156 ¡rmo1 s g-1) with

organic sulfur accounting for about 95? of the total sulfur.

The depth interval (20-25 cm) which contained the highest

total sulfur content also contained the inorganic sulfur

peak (Figure 6b).

As in the minerotrophic area, pyrite was the dominant

form of inorganic sulfur in the I cores from the

oligotrophic central area, representing an average of 63e" of
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the total inorganic sulfur. AVS and So averaged about 32

and 34%, respectively of the total inorganic sulfur. The

pyrite profile was similar in shape to that for the

minerotrophic area, with maximum FeS, concentrations

occurring at 20-25 cm (Figure 6a). The maximum FeS,

concentrations above the 25 cm depth were much lower in

oligotrophic than in the minerotrophic cores (4 pmol vs.
-lUmoI S g-'). However, below a depth of 25 cm there was

1itt1e difference in the amount of FeS, present between

two areas (about 1.80 ¡rmol S g-1 in both areas).

the

20

the

Elementa1 sulfur accounted for a greater percentage of

the total inorganic sulfur in the oligotrophic core ( 34? )

than in the minerotrophic core (2021.

Acid volatile sulfur $tas a minor component of the total

inorganic sulfur in the oligotrophic core' accounting for

less than 4Z of the totat inorganic sulfur for the I cores

analyzed and was seldom found at concentrations. exceeding

0.25 ymol s g-1.

The reduction in the recovered inorganic sulfur ( Umol S

_.'m-') for spring vs. the autumn cores was 303 in the

oligotrophic area compared to 372 in the minerotrophic area.

rn situ rncubations with tuton

The concentration of the added So42- ( 300

overwhelmed the ambient ,on'- concentrations in

minerotrophic and oligotrophic experiments. In addition'

since the specific activity of the two tuton spike

solutions were similar the initial specific activity in each

-l I.

umor L )

both
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enclosure was also similar.

In both the minerotrophic and oligotrophic enclosure

experiments significant quantities of labelled reduced

inorganic sulfur formed. within 24 hours of the addition of
tuton (Tables 1 and 2'). The total amount of reduced

inorganic 35s recovered after L, 3, and 15 days of

incubation was significantly greater in the minerotrophic

site than in the oligotrophic site (Tables 1 and 2r.

Activityassociatedwith35'oandre35S,accountedfor>

of the recovered inorganic reduced sulfur at aII sampling

times (Tabtes I and 2). Organic sulfur accounted for about

80? of the total recovered label in both experiments after

82 and 62 days of incubation, while Rv35s, 35so, and re35s,

acccounted for the remaining 20? in both experiments.

l,linerotrophic area. Ttre total amount of reduced

35^ !¡ ! - rr-- 
-!.-'^L-^-L:- -:*^-Linorganic --s activity in the minerotrophic experimenL

decreased with time (Table 1). In the 5 cores analyzed, 902

of the recovered reduced sulfur occurred in the top 15 cm of

peat. Less than Ia of the pore water sulfur-35 activity

occurred below 20 cm. After 1 day of incubation, 5Z of the

total- reduced recovered labe1 was AV35s, 37% as 35 so, and

58? as re35sr. Fifteen days after the spike application the

percentage of recovered label represented by ev35s, 35so,

and Fe35S, was similar to that observed for the cold

chemistry: I%, 18?, and 81? after 15 days of incubation

compared to 2%, LAZ, and 842 for the cold chemistry.



Table I - Total recovered dPm

The percent value (%) refers

Tire, day Rv35s (ß)

I
3

15
82

.or.-1 to,. AV35s, 35so,

to the fraction each of

* value based on the average of two cores, alì others based on one core.

160,000
22,000
24,000

*13,ooo

35ro (g)

5

1

1

1,200,0oo
370,000
330,000

Fe35S. and organic sulfur with

the 3 inorganic 35sulfur species

r"35s, (l)

38
25
18

1,800,000
1, loo,000
1,500,000

Fu35s, * 35to (c) nv35s * Fe35s, * 35to

57
74
81

3,000,000
1,470,000
1,830,o0o
*750,000

time for the minerotrophic enclosure experiment.

represents of the total inorganic 35sulfur recovered.

95
99
99

3 , 160,000
1 ,492,000
1,854 ,000
*762,000

organì c
su I fur

*2,971,000

total
recovered

sul fur

*3,733,000



Table 2 - Total recovered dpnr co.e-1 for AV35s, 35so, F.35sr and organìc sulfur with time for the oligotrophic enclosure experiment'

The percent value (f) refers to the fraction each of the 3 inorganic 35sulfur species represents of the totaì inorganic 35su1fur recovered'

Tlne, day Rv35s (f)

I
3

15
62

* value based on the average of two cores, all others based one core'

15,000 10
22,000 9
40,000 7

*27 ,000

35to (f)

46,000
90,000

190,000

Fe35s,

30
36
32

90,000
140,000
370,000

(s) F"35s, * 35to (r)

60
55
61

136,000
230,000
560,000

*5 10,000

AV35S+Fe3ssr*35to

90
91
93

151,000
252,000
600,000

*537,000

organi c
su'lfur

total
recovered

sulfur

*2,004,000 *2,541,000

è
t\)
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After 82 days of incubation, 62eo of the reduced 35s

observed during the first 15 days of incubation was gone

(Table 1). This can be compared to the decrease in total

inorganic sulfur for spring vs. autumn cores (372). Organic

35su1fur accounted for 80? of the total recovered 35S after

82 days of incubation (Tab1e 1) ' compared to 932 for the

cold sulfur. The similarity in product ratio for inorganic

and organic sulfur must be interpreted with caution since

the ratio of labelled end products resulted entirely from an

acid application, while the cold sulfur ratio formed

primarily under natural conditions.

Oligotrophic area. The total amount of reduced

inorganic 35S activity recovered in the oligotrophic site

increased with tirne (Table 2'). In contrast to the

minerotrophic site, there was no decrease in the amount of

inorganic sulfur present (umot s n-2) with time. However,

the total amount of reduced inorganic 35S activity recovered

at all times was less in the oligotrophic site compared to

the minerotrophic site. For example, after 3 days of

incubation, there was about 5 times more reduced activity in

the minerotrophic site than in the oligotrophic site. Yet'

after 62 days of incubation, the amount of total reduced

inorganic 355 activity recovered in the oligotrophic site

(537t000 dpm'"or" -1¡ htas similar to thaÈ recovered after

82 days in the minerotrophic site (762.OOO dpm ' core -t),

the amount of organic sulfur formation was also similar

(Tables I and 21.

ìii.t
tÀi:.
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As in the minerotrophic experiment, more than 902 of

the recovered reduced suLfur occurred above 15 crrtr and again

less than IZ of the pore water sulfur-35 occurred below 20

cm. The percentage of Iabel in AV35S, 35to, and Fe35s" did
¿

not differ in the first 3 cores from the oligotrophic
enclosure (Tab1e 1). After 15 days, AV35S accounted for 'l%,

35to accounted for 322, and re35s, accounted for 6Lz of

reduced inorganic 35s. The total inorganic S fractions $¡ere

6? AVS I l-6Z So, and 78? FeSr.

As with the minerotrophic enclosure experimentr FeS,

represented a slightly larger fraction (783) of total
inorganic sulfur in the cold chemistry ratios than it did in
any of the 1abe1led cores taken during the first 15 days of

incubation (Tab1e 1). The formation of 1abe11ed organic

sulfur accounted for 792 of the total recovered sulfur after
62 days of incubation (Tab1e 21. Like the minerotrophic

experiment, the percent 1abelIed organic sulfur (792) was

less than that represented by the cold organic sulfur (95?).

Even though the labelled end product distribution formed

under an acid regime, the end product distribution was

remarkably similar to the cold sulfur distribution.
Discussion

Sulfate reduction occurred throughout the experimental

mirer €vêo in environments with tt+ concentrations greater

than 100 Ueq L 1 (pH < 4') (Tabtes I and 2). t¡Iol-ar rates of

sulfate reduction could not be determined for the

minerotrophic or oligotrophic enclosure experiment. However,
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because the specific activities of the 
"On'- 

pools were

fairly similar initially it was possible to safely compare

the relative rates of sulfate reduction in the two

experiments after 1 day of incubation.

More rapid sulfate reduction occurred in the

minerotrophic site than in the oligotrophic siter âs

demonstrated from the in situ incubations with sulfur-35

after 1 day (Tables I and 2r. Also there was a greater

abundance of the inorganic end products of sulfate reduction

(Avs, FeSr, So) in the minerotrophic area than in the

oligotrophic area (Figures 5a and 6a). After 3 days of

incubation there appeared to be recycling of 35s in the

minerotrophic enclosure which makes the specific activity

complicated and thus makes it difficult to compare the

relative amounts of reduced 35s in the two experiments. The

apparent differences in sulfate reduction rates between the

two areas may result from the lower surface and pore water
)-SO4' concentration in the oligotrophic area (Figures 2 and

3), the higher H+ concentration in the oligotrophic area

compared to the minerotrophic area, and/or differences in

the availability of oxidizable organic matter between the

two areas.

Sulfate reduction rates in freshwater environments are

often limited by the 
"On'- 

concentration rather than by the

concentration of oxidizable organic matter, in contrast to

marine sediments (Berner 1984). Sulfate reduction rates in

the mire were even more 
"on'- 

limited than freshwater lake
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sediments. Sulfate concentrations in ELA lakes (35 gmol

"on'- 
l,-1; Schindler, personal communication) were similar

to the mire in May and June. However, in Lakes, the

sediment has a reservoir of 
"On'- 

available in the water

column which constantly diffuses into the sediment and fuels

sulfate reduction (Ke11y and Rudd 1984). In contrast, the

amount of water in the mire is small compared to sediment

and therefore the 
"On'- 

content is much more seasonally

variable (Figures 2 and 4).

Sulfate reduction rates within the mire are undoubtedly

quite variable because the amount of SO^2- is limited and
4

the supply is not constant. Significant inputs of 
"On'' 

to

the mire from spring snowmelt and rain storms (including

acidifications) increase the 
"On'- 

concentrations of surface

and pore water, and probably increase the rate of sulfate
reduction temporarily. Jn fact, when ,On'- in the mire was

increased due to experimental acidification, rates of 
"On'-

loss also increased, indicating 
"On'- 

limitation (Chapter

3). Increased rates of sulfate reduction also occur in

lakes receiving additional 
"On'' 

from acid mine drainage

(Herlihy and Mills 1985) and experimental acidification
(Cook and Schindler 1983).

Sulfate reducing bacteria are known to be inhibited by

H* concentrations greater than I ueq L 1 (pH < 6) (Postgate

1984), and laboratory experiments with mixed sediments also

show inhibition of sulfate reduction at pH 4, compared to pH

6 (KeIIy and Rudd 1984). Although the lt+ concentration in

L
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the minerotrophic area (30 ueq L 1) might be expected to

inhibit sulfate reducing bacteria, the It+ concentration in

the oligotrophic area (>100 ueq L 1) would be even more

inhibitory. However, sulfate reduction was certainly

occurring in both areas. The higher H+ concentration might

be responsible for the apparently slower ttton reduction

rates in the oligotrophic area (Tables l- and 2).

Differences in the availabitity of organic substrates

suitable for sulfate reducing bacteria might also cause the

dífference in rate, but this seems unlikely because both

sites are dominated by the same vegetation (Vitt and Bayley

1984) and net peat accumulation is similar (Appendix VI).

l{any investigators have observed that watersheds

containing freshwater wetlands are net sinks for son2--s in

rain and in groundwater on an annual basis (Hemond 1980;

Rippon et al 1980; Brown 1980; Braekke 1980r1981; Wieder and

Lang 1984). The experimental mire is undoubtedly a net sink
)-for SO4' -S on an annual basis. This is based on the

annual SO,2--S mass balance (Chapter 3), the in situ=-
enclosure experiments with sulfur-35 (Tables I and 2), and

the disappearance of 
"On'- 

with depth (Figure 4) and with

time (Figure 2) in the minerotrophic and oligotrophic area.

At certain times of the year however ' wetlands are sources
)-of SO4' -S (Braekke 1981; Wieder and Lang 1984).

(198f) suggested that observed increases in 
"On'-

concentration of groundwater and water discharged

systems occurs after the interruption of extended

Braekke

from such

dry
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conditions with significant rainfall and that it results

partly from the resolubilization and wash-out of oxidized

organic and inorganic sulfur formed during the preceding dry

period. Evidence for this phenomenon has usually been

indirect (ie. based on SOn2- *"== balance). The oxidation of

sulfur forms has not been previously observed directly

within a freshwater mire system, although pyrite oxidation

has in a New England salt marsh (Howarth and Teal 1979). In

this study, evidence for the occurrence of this phenomenon

in the ELA mire includes: 1) the decrease in inorganic

sulfide content of spring vs. autumn cores, for both the

minerotrophic and oligotrophic areas; 2) the reduction in
35s activity in the minerotrophic enclosure experiment after

82 days of incubation (Tab1e 1); 3) significant increases in
)-pore water SO4' concentration following the first autumn

rains in the minerotrophic area (Figure 4) and oligotrophic

area (Appendix II); and 4) the decreasing sulfur content of

peat ( inorganic and organic sulfur ) below the depth of peak

concentrations in both areas suggests the existence of a

removal mechanism (Figures 5b and 6b).

A1I of the above changes are partly or whoIIy caused by

water table fluctuations. The water table leve1 dropped a

maximum of 15 cm in the minerotrophic area between the date

of collection of spring and autumn cores (Beaty unpublished

data); a similar drop also occurred in the oligotrophic area

between spring and autumn cores (14 cm) (Beaty unpublished

data). This drop resulted in the exposure to air of
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previously anaerobic peat containing inorganic sulfide and

organic sulfur. Since FeS, and AVS are rapidly oxidized

chenically and/or biologically to So and ,on'- in the

presence of oxygen (Berner 1984) ' it is likely that

increased penetration of oxygen during the drawdown period

caused the decrease in inorganic sulfide content. Because

total sulfur determinations were made only on spring cores'

I am unable to conclude that a similar decrease in organic

sulfur content occurred.

Likewise, the reduction in recovered reduced 35s d,rring

the minerotrophic enclosure experiment (Table 1) resulted

fromasimi1ardropinwatertab1eIeve1(15cm).Since>

90? of the reduced 35S formed in the top 15 cm of saturated

peat, a drop in water tabte level would result in the

exposure of recentry formed nv35s, 35so, and re35s, to air.

Sulfide oxidation also occurs in the epilimnetic sediments

of ELA lakes (Kel1y personal communication) ' and is

coincidenL with increased penetration of. O, into sediments

during winter. Reoxidation of organic sulfur also occurS '
but to a smaller extent than the inorganic sulfides (Kelly

personal communication). Howarth and Teal (L979 ) observed a

similar seasonality in pyrite production and oxidation in a

New England salt marsh, where pyrite accumulated during

falI, winter, and spring was later nearly completely

reoxidized during the sunmer months. They hypothesized that

pyrite oxidation resulted from the release of O, by

metabolizing grass roots in an otherwise anoxic environment.
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The 12 September Son2- profile showed a 1O-fo1d

increase in surface 
"on'- 

concentration fròm the 15 August

profile (FÍgure 4), partly due to ,On'- input via

precipitation, but probably partly from the washing out of

SO4'- formed from the reoxidation of inorganic sulfide

during drawdown. A simlar increase occurred in the

oligoLrophic site profile in 1984 (Appendix II).

A decrease in the amount of reduced 35s did ,,ot occurr

during the oligotrophic enclosure experiment (Tab1e 2) as in

the minerotrophic experiment. This difference is partly

because the water table level did not drop as much during

the oligotrophic experiment and in fact a net rise of 2.L cm

occurred. The anoxic zone probably rose with the water

tabIe.

The decreasing inorganic and organic sulfur content

with depth in both the oligotrophic and minerotrophic areas

(Figures 5b and 6b) must result from a mechanism that

releases and exports sulfur from the mire. It seems like1y

that summer drawdown, reoxidation, resolubilization' and
,)-

export of SO4' -S could prevent a large fraction of recently

formed sulfur from being permanently stored in the anaerobic

peat. In the examination of the distribution of various

elements in an ombrotrophic bog, Damman (1978) found that

many of the elements showed similar losses below the water

table and were attributed to a fluctuating water table.

Total sulfur concentrations in peat in the mire are in

the range reported for freshwater lakes (King and Klug 1982)
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and other freshwater wetlands (Casagrande et al 1977). As

with these systems organic sulfur was the dominant sulfur

form in the mire (Figures 6a,b) (Tables 1 and 2). However'

the decrease in total sulfur content (organic and inorganic)

with depth was unlike the data of Brown (1980) or Casagrande

et aI (L977), where total sulfur content increased or

remained relatively constant with depth rather than decrease

as they do in the experimental mire. In their systems the

water level is maintained at a more constant depth because

of ground water discharge and therefore the

drawdown-reoxidation cycle may not be as important as in the

experimental mire.

Pyrite's rapid formation and dominance as an inorganic

end product of sulfate reduction throughout the mire under

experimental acid conditions and natural acid conditions

(Tables I and 2) (figure 5a and 6a) is similar to that for

saltwater marsh ecosystems (Howarth and Teal I979). However'

FeS, dominance was in contrast to Brown's (1980) results

from an English bog. Brown (1980) injected a tracer

quantity of tutont into a peat core, and after an 8 day

incubation, HrS accounted for 603 of the original activity

below 12.5 cm with FeS, and organic sulfur accounted for

less than 402 of the original activity at all depth. Howarth

(1979) has explained FeS, dominance over FeS in terms of

their solubility products, and the effect of H+

concentration on 52- activity. The solubility product for

FeS, (2.4 x lO-28) is much less than that for FeS (2.75 x
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10-18), and both FeS, and FeS are dependent on s2- and Fe2+

activity. Increasing H+ concentration causes a decrease in

52- activity, resulting in a lower ion activity product.

The lower K=n for FeS, vs. FeS makes it possible for FeSt to

be oversaturated, while FeS is undersaturated and thus FeS,

would be the preferred iron sulfide mineral. The H+

concentration (20-100 ueq l,-1) in the mire were similar to

the saltwater marsh sediment where FeS, is the dominant

inorganic sulfide (Howarth and Gibtin 1982). rhe H+

concentration in Brown's (1980) bog was significantly lower

(usualIy < 32 ueq L 1) than the mire and may partially

account for the lack of pyrite formation.

Both organic and inorganic sulfur content decrease

significantly with depth below their maximum concentrations

in the zone of water table fluctuations (figure 5b and 6b).

However, the inorganic sulfurr primarily FeSr, all but

disappears below 30 cm and therefore organic sulfur accounts

for nearly all of the long term sulfur storage. This may be

a consequence of the refractory nature of the organic sulfur

present, relative to pyrite. If the organic sulfur vras less

easily oxidized or degraded compared to the inorganic sulfur

formsr the percent organic sulfur would increase at the

expense of the inorganic formsr âs it apparently does. The

depth profiles for organic and inorganic sulfur in both

areas support this theory (figure 5b and 6b).

In addition, although a direct comparison of the

percent organic sulfur formed during the in situ incubations
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$rith 'UtOn with the percentage of cold organic sulfur may

be inappropriate (as discussed earlier), it is interesting

that the percent of organic 35sulfur in the in situ

experiments (79-80?) were both less than the percent cold

organic sulfur present in both the minerotrophic and

oligotrophic areas, g3z and 952 respectively. In light of

the measured decrease in inorganic sulfur between spring and

autumn cores it seems possible that the greater abundance of

organic sulfur in the cold sulfur chemistry as compared to

the in situ experiments may have resulted from the

preferential removal of pyrite by the reoxidation cycle

outlined previouslY.

The resistance of organic sulfur in the mire to

changing redox conditions is consistent with long term 355

experiments in oligotrophic lake sediments (Ket1y¡ personal

communication). This apparent resistance to redox changes

may be because the organic sulfur is already in an oxidized

state , for example sulfate esters. Sulfate esters account

for 30-40? of the organic sulfur in eutrophic lake sediments

(King and Klug 1982) and freshwater wetlands (Casagrande and

Siefer t Lgl7). The biological incorporation of SOn2--S into

organic compounds such as sulfate esters occurS in the oxic

layers of Soils and is very important in terrestrial sulfur

cycling (Swank et aI 1983). In light. of the organic sulfur

content of freshwater wetland sediments, future work should

focus on its mode of formation and chemical reactivity in

wetland ecosystems.
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Chapter 3.--- - -

The Effects of Acidification on the Sulfur Dynamics of an

Experimentally Acidified lrtire in Northwestern Ontario
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Abstract

A small Sphagnum dominated mire (Experimental Lakes

Area, northwestern Ontario) was divided into an experimental

and control area. The experimental area (2.66 ha) was

acidified with sulfuric and nitric acid during half of the

1983 ice free season and the entire 1984 season. Three

monthly acidifications were applied in 1983 and 6 in 1984.

The control area (0.88 ha) received lake water during the

experiments. During an acidification the experimental area

received about 86 mg s m-2, compared to 13 mg s m-2 for the

control area. Sampling sites were located in the

experimental and control areas of the mire.

The concentration of SO^2- in surface water pools
¿L

increased in response to alI acidifications and usually

returned to near pre-acidification concentrations within 7

days. Smaller increases in 
"On'- 

concentrations occurred in

the control poo1s. Increases in pore water 
"On'- 

content in

both the experimental and control areas were smaller and

Iess consistent than those of the surface water. Hydrogen

sulfide occurred only in the minerotrophic pore water

profiles and alvtays increased after acidification. A large

amount of the added SOn2- was "sorbed" by the surface

Sphagnum spp. before reaching the water table. Annua1

)-SO4'--S mass balance budgets for 1981- 1984 demonstrated

that the mire was a sink for SO,2--S and showed that more
¿L

)-SO,'- was retained during the 2 acidification years (73?)
4
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than during the two previous years (553). Some of the

sulfur reactions resulting in sulfur retention were enhanced

by the additional SOn2--S loading
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Introduction

Acid deposition, in the form of sulfuric and nitric

acids, has resulted in the perturbation of many ecosystems

and has hence stimulated a considerable amount of research.

Much of the research has focused on understanding the

effects of acid deposition on lakes, including aquatic

sulfur cycling (Drablos and To11an 1980; Schindler 1980;

Schindter et al. f980; Schindler and Turner ' L982; Kelly et

aI 1982). Sulfur cycling and the effects of acidification

on terrestrial ecosystems has also been investigated in

deciduous and coniferous watersheds (Eaton et al L978¡

Johnson and llenderson 1979; Johnson 1984) and in

agricultural soils (Tabatabai 1984).

Investigations of the possible effects of acidic

deposition on North American wetlands are rarer Yêt many of

these wetlands are adjacent to the oligotrophic lakes that

are located in highly acid vulnerable areas. Gorham et aI

(1984) mentioned the paucity of data related to the

ecological effects of acid deposition on peatlands in their

review of the subject. This is especially important since

much of the 210 million ha of peatland in North America is

located in areas thought to be sensitive to acidic

deposition.

There has been more research in Britain on the possible

effects of acid deposition on peatlands. In an analysis of

peat profiles from blanket bogs in the southern Pennines,
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,..-:.:,,:

Tallis (1964) determined that Sphagnum spp. once formed a

greater percentage of the vegetation than they presentlY do'

and suggested the loss was due to 200 years of high SOZ

deposition. Later' Ferguson et aI (1978) determined from

faboratory experiments' that some of the Sphagnum spp. now

absent from the blanket bogs were among the most sensitive

to various sulfur pollutants, thus supporting Ta1lis's

earlier observations. More recently' Ferguson and Lee

(1983) reintroduced 5 Sphagnum spp. to the southern

Pennines, and found that only one of the 5 spp. continued to

grow after 1 year' even though bulk sulfur deposition has

presumably decreased in recent years.

In the 1950's, Gorham (1958) found a positive

correlation between H* and Son2- concentration for bogs in

the English Lake District. Similary, low pH (3.82)' high

ionic conductivity (I30 pmho 
" 

-2), and high 
"On'-

concentration (364 ¡rmo1 r,-I) of 24 moorland pools in Belgain

were suggested to be the result of industrial acidification

(Vangenechten and Vanderborght f980) .

Increased rates of sulfate reduction in lakes receiving
')-So4"- from acid mine drainage and experimental acidification

has been responsible for the reduction in the efficiency of

acidification (Her1igy and Mills 1985; Ke11y et aI L982¡

Cook and Schindler 1983; Cook et aI in press). Alkalinity

generated from sulfate reduction helped offset the potential

acidification of Thoreau's bog in Mass., an area receiving

acid deposition (Hemond 1980). Similarly, acid mine
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drainage entering a bog in West Virginia had no effect on

the outflow chemistry, apparently because sulfate reducing

bacteria consumed the additional 
"on'- 

and H+ (wieder and

Lang 1984).

Presently little is known about the biogeochemical

cycling of sulfur in peatlands r ot about the effect
acidification may have on the sulfur cycle. To investigate

the effects of acidification on an undisturbed wetland, a

small mire located in the Experimental Lakes Area (EtA) of

northwestern Ontario was experimentally acidified with

sulfuric and nitric acid. An irrigation system was

constructed on the mire's surface to apply acidified (pH 3)

and unacidified lake water (pH 6-7) to an experimental and

control area. The control area received only lake water,

while the experimental area received acidified lake water

during irrigation experiments.

This study investigated the effects of experimental

acidification with sulfuric acid on the sulfur dynamics

sma1l basin mire. The major questions addressed were:

what was the fate of the added SO'2-Z 2') vras sulfate
reduction stimulated by the additional ,On'- input? 3)

.)-
there any differences in the way the added SO4' was

processed in relation to season and/or location in the

and 4l what was the overall effect of additional SO,2-
4

loading on the sulfur budget of the mire?

ofa

1)

were

mire?
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Description of study area

The experimental mire is located at the Experimental

Lakes Area (ELA) in northwestern Ontario, on the Canadian

Shield, about 56 km southeast of Kenora. The smal1 oval mire

is centrally located within the northeast drainage sub-basin

of Rawson Lake ( 49o 40' N, 93o 43' ) , and occupies 3.67 ha of
this 10.8 ha sub-basin (Figure 1). The surrounding upland

and the southwestern half of the mire burned in L974. The

upland burned again in 1980. Except for the trees, Vitt and

Bayley (1984) determined that there was no difference in
vegetation in the burned and unburned portions of the mire.

The unburned half of the mire is dominated by picea mariana

(Mi1I.) BSP. while the burned half is dominated by juvenile

Pinus banksiana Lamb.. Sphagnum angustifolium (Russ. ) C.

Jens. and S. magellanicum Brid. form the ground cover

throughout the nire with the exception of a small pool near

the center of the mire which is dominated by S. fallax
(K1inggr.) K1inggr.. The characteristic understory plants

(eg. Smilacina trifolia (t.) Desf., Ledum groendandium

Oeder, and Carex trisperma Dew. ) are abundant throughout the

mire. For more detail see Vitt and Bayley (1984).

All water from the watershed passes through the mire

and out a weir before being discharged via a boulder zone to
Rawson Lake. Thus the margin or lagg of the mire receives

more water and mineral input than the interior of the mire.

Consequently the chemistry and vegetation of the lagg is
significantly different than the central region of the mire.
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Figure 1. Location of

sub-basin of

the experimental

Rawson lake.

mire jn the northeast drainage
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In.¡¡slr.analysis of, t-he vegetational and chemical

characteristies of this mire, Vitt and Bayley (1984) were

able to divide the mire into two distinct areas: 1) a lagg

area (calIed the minerotrophic area); and 2) a central area

(called the oligotrophic area), characterized-by nutrient
poor conditons relative to the minerotrophic lagg area

(Figure 1).

Experimental Design

The mire was divided into an experimental and control
area. The control area received only lake water, while the

experimental area received acidified lake water during the

irrigation events (Figure 1). Irrigation water was pumped

from a nearby lake and delivered to the mire surface via 160

sprinkler heads rocated on laterars spaced at 14 m intervals
along a 300 m mainl-ine. The control area (0.S8 ha) located

in the northeast end of the mire received only lake water.

Sulfuric and nitric acid were injected into the mainline

irrigation pipe just below the contror area with a chemical

metering pump, and was applied to 2.66 ha of mire surface.

only a small area of the mire (4 3) adjacent to the outflow

weir was excluded from the irrigation. For more details on

design and operation of the irrigation system see Bayley et

aI submitted.

To date there have been 9 acidifications: 3 in I9B3 (3

August, 31 August, 11 October) and 6 in 1984 one each month,

t{ay - October. Each acidification lasted 4-5 h, followed by

20-30 min rinse with lake water, to mimic a natural rain
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storm. The SO*2--S loading during an irrigation event in
the experimental area was about 86 mg S m-2, compared to 13

-1mg S m I for the control area which received only lake

water.

tltethods and l¡laterials

Sanpling and Chemical methods

Surface water samples were collected weekly during the

ice free season. Surface water samples were colLected in
1983 in the oligotrophic central pool and in a small tree
hollow near the edge of the nire characteristic of more

mineral conditions (called the minerotrophic pool) (Figure

1). Both stations received acidified water during the

experiments. rn 1984 two additionar surface water stations
v¡ere added in the control area of the mire (oligotrophic
control and minerotrophic control) (Figure 1). Surface

water samples were analyzed for 
"On'- 

and H+ concentration.

Pore waters v¡ere measured monthly at four sampling

sites within the mire. Two of the four sites (sites 1 and Z)

are located in the experimental area of the mire, and the

other two (sites 3 and 4) are in the control area of mire

(Figure 1). Sites 1 and 3 are characteristic of the

nutrient poor, oligotrophic area of the mire, while sites z

and 4 are characteristic of the more nutrient rich,
minerotrophic lagg area (Figure 1). All of these sites were

located in hollows and were sampled for pore water on a

monthly basis in 1983 and 1984. Pore water samples v¡ere

obtained at 5 cm intervals from the top of the water table
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cm and \,¡ere analyzed for 
"on'-, 

HZS,

Pore water samples from the various depths were

obtained by suction using a holIow stainless steel tube ( 6

mm outside diameter) about 1 m in length, lined with

small-diameter tygon tubing. One end of the tube had slots
in 1.5 cm of its length to permit entry of the pore water,

and a nylon screen inserted to filter out large particulate
matter. A plastic syringe (50 mL) was attached to the other

end with a 3 way va1ve. Pore water was thus obtained by

inserting the stainless steel tube to a known depth below

the water table, and withdrawing a sarnple with gentle

suction. Only pore water from the saturated zone could be

sampled with this device. The first portion of the pore

water obtained was expelled through the 3 way va1ve, taking

care not to let air enter the syringe. Samples for H+ and

HrS anallzses were collected in 5 mL glass syringes fitted
with 3 way valves which had been previously filled with

deoxygenated (boiled) water. Three mL samples were

collected for each analysis. Sulfate samples were collected
in 5 mL plastic mini vials which had been rinsed 3 times

with distilled-deionized water.

Hydrogen ion concentration was determined within
collection using an Orion research meter and a Fisher

combination electrode. Hydrogen sulfide samples were

analyzed by the method of Stainton et a1 (L977). Due

small sample sizer âppropriate changes were made to

3hof
glass

to the
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accommodate the 3 mL sample. Reagents were injected through

the 3 way valve to prevent contamination by atmospheric

oxygen. The HrS analysis was always completed within 3 h of

collection. Sulfate samples were filtered with a Swinnex

filtration device equipped with a distilled-deionized rinsed

0.22 um nucleopore filter and were refrigerated until
analyzed with a Dionex ion chromatograph.

Acidification Sampling

Pore water samples were collected before, immediately

after, and 12-18 h after each acidification experiment.

Surface water samples were obtained from pools located in
each of the 4 areas: before, during, directly after, L2 h

after , 24 h after, and 7 days after the acidification
experiment.

Laboratory Exper iments

Two laboratory experiments were conducted to

investigate absorption of ,On'- by the three dominant

Sphagnum spp.: S. fuscum; q. magellanicum; and 9.

angustifolium. In one experiment f determined the loss of
)-SO4' from the watelr with time for whole plants. In the

second experiment, whole plants of each spp. were divided

into 3 parts: capitulum (0-1 cß), green (2-5 cm), and brown

(5-10 cR), and loss of SO,2- was determined for the 3 parts
4

for each species. Duplicates were run on all treatments.

In both experiments the moss samples were placed in
jars containing 50 mL of irrigation water containing 136

')- -'l 't 
- -1 r -'rgmol SO4' L -, 272 pmol NO3- L -, and L25 Ueq H' L '.
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Five mL subsamples from each jar were obtained after It L2,

and 20 h. Sulfate samples were filtered and analyzed as

described previously. The dry weight of the samples were

measured after drying at 7Ooc. Results were expressed as
?-percent SO¿- absorption per gram dry weight of Sphagnum.

Sulfate-S budget

An input/output approach was used to calculate the

annual accumulation rate of SO42--S m-2 in the mire.

Sulfate entered the mire by direct precipitation on the mire

surface, runoff from the upland, and from acidification in
1983 and 1984. The major loss of SO*2--S was via the

bedrock controlled outflow. Loss of SOn2- due to escape of

HZS to the atmosphere was not measured but believed to be

smal1 (Chapter 21.

BuIk precipitation samples were collected after every

storm to calculate tOnt- input from direct precipitation.

Direct runoff into the mire was calculated from the measured

concentration of 
"On'- 

in runoff times the volume of runoff

from either the northwest or east sub-basin of L239.

Acidification SOn2--S was equivalent to the annual Son2--s

loading ptus lake water SO*2--S. The outflow was gauged

with a recording concrete plume and was sampled weekly

during the ice free season to determine 
"on'- 

exported via

outflow. All ,On'- samples were analyzed as described

earlier.
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Results

Background Chemistry

Sulfate concentrations within the mire varied
significantly in both time and space. The surface waters of

the ninerotrophic lagg area had higher 
"on'- 

concentrations

than the centrar area of the mire throughout the ice free
season (Figure 2). In addition , ,O42 concentration in the

surface pools was usuarly higher than the corresponding pore

water profile for that area of the mire.

Typical 
"On'- 

pore water profites from the experimental

oligotrophic and minerotrophic areas of the mire are shown

in figure 3. Generally, highest concentrations of SOn2- at
the ninerotrophic sites were at or near the surface,

decreasing with depth, due to sulfate reduction. surface

concentrations of 
"On'- 

were as high as 50-100 ¡imo1 
"On'-_1L ¿ shortly after spring snov¡ melt or after a significant

amount of precipitation. Later in the season or after
extended dry periods , so42 concentrations felr below 5 ynol

., _ -.ìso4' L '.
Increasing concentrations of HrS with depth were

observed only in the minerotrophic lagg sites. Sulfide
concentrations in the minerotrophic sites ranged from

undetectable to 10-15 ¡imoI S L-I. In general, the highest

concentrations occurred after significant 
"On'- 

inputs to
the system (see later). In L984, measurable amounts of HrS

were found in the two central oligotrophic sites only on two

occasions (ie.
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Figure 2.
,_

Seasonal S0"' concentration in
4

and mjnerotrophic surface water

free season.

the experimental oìigotrophic

pools during the 1984 ice
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Figure 3. Sulfate concentratjon as a function of depth in the experimental

oligotroph'ic and minerotrophic sites for 20-June-84.
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The H+ concentration of the oligotrophic center pool,

which characterizes the oligoLrophic area, averaged gZ.3 Ueq

H+ L-l (pH 4.03) in 1983 and L26.6 ¡req lt+ r,-1 (pH 3.9) in

Lg}4. The H* concentration of the experimentat minerotrophic

pool was r4.4 peq tt+ t-1 (pH 4.84) in 1984.

There was also a considerable difference in the lt+
concentration in pore water of the oligotrophic and

minerotrophic sites. The oligotrophic sites had

significantly higher H+ concentrations than the

minerotrophic lagg sites. The H+ concentration was usuarry

in the range of 90-200 ueq L 1 (pH 4.04-3.701 in the central
oligotrophic sites with a rather constant concentration with
depth. The minerotrophic lagg sites had H+ concentrations

ranging from 30-60 geq tt+ l-1 (pH 4.52-4.22) at the surface

of the water table, decreasing to 10-30 Ueq L I (pH 5.00-

4.52) with depth.

Effects of Acidification on Mire Water Chemistry

Typical increases in 
"On'- 

concentration for the

oligotrophic and minerotrophic pools in response to

acidifications are shown in figures 4a and 4b. Sulfate
concentrations in surface pools increased rapidty after
addition of sulfuric acid during the 9 acidifications
(Figures 4arb). The increase in tOn'- concentrations were

greatest for the oligotrophic and minerotrophic pools during

the July and August acidifications (Figures 4arbl. On Z0
)-June 1984, SO4- concentration increased about 5X in the

oligotrophic pool directly after the acidification (Figure
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4a). Sulfate concentrations decreased throughout the mire

during the sunmer months (Chapter 2), and therefore the

August acidification resulLed in significantly greater

increases in 
"On'- 

concentration (20x) in the oligotrophic
pool (Figure Aal, although peak concentrations were similar.

The mínerotrophic pool also increased in SO ^2-4

concentration, but since the initial concentrations were

higher, the percent increase was significantly less. Like

the oligotrophic pool , SOn2- increases were much greater for
the midsummer acidifications, when pre-acidification

concentrations were lower (Figure 4b). Overall , SO42

concentrations decreased rapidily after acidification in the

minerotrophic and oligotrophic pools. Generally , SO42

concentration vrere near pre-acidification leveIs within 7

days of the acidification in both the oligotrophic and

minerotrophic pools.

Irrigation with lake water (36 gmol 
"On'- 

r,-1) in the

control area resulted in much smaller increases in ,On'-

concentration in the minerotrophic and oligotrophic control
poo1s, and were much closer to pre-irrigation SOn2- levels

after I day, than vrere the experimental pools (see Appendix

IV).

fn contrast to the surface pools, pore water

concentrations of ,On'- did not always increase following

acidífication in the oligotrophic area. The 3

acidifications in 1983 (3 August; 31 August; 11 October)

increased pore water 
"On'- 

concentration in the
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Figure 4. Sulfate concentration in the experimental olìgotrophic and

m'inerotrophÌc surface water poo'ls in response to 4 1984 acid-

if icat'ions (f igure 4a and 4b respectively).
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minerotrophic site only. In l-gg4t 4 of the 6 acidifications
resulted in increases in pore water 

"on'- 
concentration in

the oligotrophic site, while all 6 acidifications caused

increases in the minerotrophic site. rn the minerotrophic
siter porê water sampres corlected 15-20 h after
acidification were usuarly lower in son2- than samples

corlected directly after acidification (Figure 5). The

autumn acidifications of 1993 and 1gg4 (september and

october) were notable exceptions: 
"on'- 

disappearances after
the autumn acidifications were srower than those f.or the
spring and summer acidifications of I9g4.

rncreases in 
"on'- 

concentration in the oligotrophic
contror pore water profile were very smalr, when they
occurred, and the same was generally true for the
minerotrophic control pore water profile, when increases did
occur they vrere usually greatest in the minerotrophic
control profile.

The addition of surfuric acid resurted in increased
concentrations of Hrs in the minerotrophic site directly
after each of the 9 acidifications. This was in contrast to
the oligotrophic site, where HrS was rarely present before
acidification and only twice after acidification.

The highest natural concentrations of Hrs in the
experimental and contror minerotrophic site occurred in May,

June' and July (chapter 2). The z0 June t9g4 acidification
resulted in an increase in Hrs directry after acidification
(Figure 6). usualry Hrs concentrations 15-20 h after

,-L
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Figure 5. Sulfate concentrat'ion as a function of depth in the experimental

minerotrophic area (site 2) in response to the 23-May-g4

aci d i fi cati on.
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acidification remained higher than the pre-acidification

levels (Figure 6), and in some cases the 15-20 h profile

contained more Hrs than the profile obtained directly after
acidification (Figure 7). The pre-acidification HrS

profiles for August, September, and October of 1994 only

contained HzS in I or 2 ot the depth intervals sampled,

probably because of the low son2- concentration during this
time (chapter 2). After the addition of surfuric acid during

the August, September, and October acidificationsr usually
aL least 1 or 2 additionar depth intervars contained Hzs.

The concentration of HrS in the pore water of the

minerotrophic control site also increased after each

irrigation with lake water (Figure 8). No increase was

detected in the origotrophic site. The increase in Hrs from

pre to post irrigation was similar for the control and

experimental minerotrophic sites, even though the increase
.)-

in son' concentration in the control site was much less

than for the experimental site.
fhe u+ increases shown in figures 9a and 9b for the

origotrophic and minerotrophic poors were typical for the 9

acidifications. rncreases in H+ concentration were usuarly
greater in the origotrophic pool than in the minerotrophic
pool (Figures 9a,b). Frequently, within 1 to 7 days after
the acidification, H+ concentrations decreased to
pre-acidification levels (Figures 9a,b), however, this was

not always the case. Minimal changes in the H+ concentration
in the control poors occurred folrowing irrigation with lake
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Figure 6. Hydrogen sulfide concentration as a function of depth in the

experimental minerotrophic area (s'ite 2) in response to the

20-June-84 acidi f i cation.

,!
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Figure 7. Hydrogen sulfide concentation as a function of depth in the

experimental minerotrophic area (site 2) in response to the

23-May-84 acidif i cation.
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Figure 8. Hydrogen sulfjde concentration as a function of depth in the

control minerotroph'ic area (site a) 'in response to the

23-May-84 ac'idì f i catjon.
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vrater.

Contrary to the surface pools, the effect of

acidification on H* in the pore water of the minerotrophic

and oligotrophic sites was not consistent. Some

acidifications resulted in increases in pore water H+

concentration, and only in the top 10 cm of saturated peat,

while others resulted in decreases in H+ concentration

immediately following the acidification event. No

significant or consistent change in lt+ occurred in the

control surface or pore water sites (see Appendix IV and V).
Laboratory Exper iments

Who1e plants and plant parts of the 3 Sphagnum spp. all
absorbed significant amounts of t}n'- within I h (Tab1e I).
The percent absorption, tor whole plantsr wâs highest for S.

angustifolium, followed by S. fuscum and S. magellanicum

(Figure 10). In addition, the whole plants caused a greater
percent loss of 

"On'- 
than any of the 3 individual plant

parts for each of the respective species. There was litt1e
difference in percent loss between plant parts for a given

species (Table I). In general, there was at least a 50 Z

)-loss of SO4' within I h, for whole plants and plant parts

for the 3 species (Table 1). It was not known whether the

reduction in 
"On'- 

concentration was a result of passive or

active uptake by the plants, although one would expect the

rapid removal of 
"on'- 

(50? loss in I h) vras primarily
through passive uptake and/or adsorption to plant surfaces.
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Figure 9. Hydrogen ion concentratjon jn the experimental oligotrophic

and the experimental minerotrophic surface water pools jn re-

sponse to 4 1984 acidificatjons (figure 9a and 9b respectively).
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Table L - Percent loss of S0r2- from water containing
whole p'lants and piant parts-for Sphagnum angustifolium,
S. magellanicum, and S. fuscum., as a function of time.

Whole Plants

time, h I . anqustifol ium S. magellanjcum S. fuscum

1

L2
20

75 55
63
79

65
76
82

85
90

Capituìum (0-

tìme, h !.
1 cm)

angustifol ium S . magel I an'icum S. f uscum

1

12
20

66
75
87

56 57
70
56

62
73

Green part (2-5 cm)

time, h S. angustifolium S. maqellanicum S. fuscum

1

1,2

20

78
83
96

67 47
64
69

68
73

Brown part (

tìme, h !

5-10 cm)

. anqust'if ol i um S . magellanicum S. fuscum

1

L2
20

72
81
90

56
63
66

48
49
59
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Sulfate Mass Balance

The annual SO
2- mass balance budget for 1981-1984

4

demonstrated the mire $ras a sink for SO,2--S (Table 2). The
4

additional SO4r--S input from acidification in 19g3 and t984

accounted for 28 and 472 of the total annual SOr2--S input
4

to the mire. In addition, the mire retained more SOr2--S (g
4

_1myr
1982,

-1 ) during the two acidification years than in 19BI or

even though the total SO¿
2--S input during the two

acidification years vras similar to the two pre-acidification
years (Table 21. In addition, the long term sulfur
accumulation rate (g S m-2 -1 ) within the mire wasyt

calculated by multiplying an estimate of the total sulfur
content of the peat (g S g-1 ), by the annual net rate of
peat accumulation (g m-2 -1

) The total sulfur value usedyt

for this calculation (1.96 x I0 -3 9sg -1 ) was obtained from

the average total sulfur content of peat between 20 and 40

cm in two peat cores analyzed for total sulfur concentration
(Chapter 2). The average net rate of peat accumulation for
3 cores (25L g m-2 -1 ) was estimated by the 21oPb dating

The long term

, somewhat

yr

method (l,lethods and Results in Appendix VI).
sulfur accumulation rate vras O.49 g s m-2 yr-I
Iess than sulfur accumulation rate based on the 4 years of
son2--S mass balance data, (0.64-L.28 g m-2 yr-l, Table 21.

Discussion

This work revealed a number of routes that added 
"On'-

may

by

fol1ow: 1) SO¿
2- may be immediately absorbed or adsorbed

living and dead Sphagnum spp. before reaching the water



Table 2 1981-1984 S0*2- - S budgets for the 239 Mire. Acid was added to the mire during half of 1983 and during the entire 1984 ice-free
season

198I 1982 1 983 1984
.tg nr re-

yr- I
g t¡-
yr- i

2 %of
'i nput

g mire-I
yn- I

g m-2

yn- I
%of
i nput

g mi r^e- 
I

yr- I
g m-2

yr- I
T" of
'i nput

g mine-l
I

y r'-

gm-
yr- I

2 %of
i nput

Natunal precì pitat, i on

Acì d precì p itati on
(incl. Roddy Lake water)

13,579 0.37 37 25,690 0.70 45 14,680

r1,377

14,680

40,737

10 , BB7

29,850

0. 40

0.31

0. 40

36

28

36

100

27

/J

15,414

30 ,094

1B ,350

63,858

16,520

47,338

0.42

0.8?

0.50

24

47

Runoff into mine*

Total

0utfl ow

Retenti on

23,4BB

37 ,067

13,355

23 ,712

0. 64 63

100

36

64

31 ,195 0. 85 55

100

54

46

29

1.0i

0. 36

0.65

56,BB5 1. 55 1.11

0.30

0. Bl

t.7 4

0.45

r.29

100

30,995

25,890

0. 84

0.71

26

74

*Runoff pnoportionaì to: northwest sub-basin - 1981; east sub-basin - 1982; east sub-basin - 1983; east sub-basìn - 1984.

\oÞ



95

table (partly active uptake by the living plants, but

probably mostly passive uptake) (Figure 10); 2) 
"On'- 

may be

reduced by sulfate reducing bacteria in the anaerobic zone

(Figures 6,7, and 8), resultant sulfur may be stored in

various sulfur forms or reoxidized later (Chapter 2l; 3)
)-SO4' may remain in the surface water or pore water without

being sorbed or reduced ¡ and/or 4') it may be exported via

the outflow (Table 2).

The relatively small and ephemeral increases in surface

and pore water tOn'- concentration following acidification
't - -'l(500 gmol SO4' L ') in conjunction with the significant

uptake of SOn2- by Sphagnum spp. in laboraLory experiments

(Figure 10) (Tab1e 1) indicate that a significant amount of

the applied SOr2- was sorbed by the Sphagnum spp. before.l

reaching the water table. This is consistent with findings

of Brown and Macqueen (Ig82) , where 782 of tuton'- ( in
distilled water), added to peaL cores was found in the top 4

cm of peat after 3 weeks of incubation; organic 35sulfur was

the main product. This is also similar to the ground layer

of terrestrial watersheds, where large amounts of SOn2'(+

present in precipitation are adsorbed (Johnson and Henderson

I979) and/or rapidly transformed to non-saIt extractable

sulfur, Iargêly organic sulfate esters (F'itzgerald et al
1983; Swank et al 1984).

Based on the ability of Sphagnum spp. to take
1_

up SO4'

in laboratory experiments (Table 1), the in situ formation

of organic sulfur (Chapter 2), and the dominance of organic
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sulfur in surface peat (20 150 ¡rmol S g-I dry wt.)

(Chaptbr 21, it is likely that a portion of the added 
"On'-

is transformed to organic sulfur in the aerobic zone of the

peat profile.
, Ferguson et al (1984) observed a similar phenomenon

when five Sphagnun spp. collected from an unpolluted area

were transplanted to two blanket bogs: one located in the

southern Penninesr ârì area with high bulk sulfur deposition
-., -.t(9.78 g S m o yr'); and the second bog was a relatively

unpolluted site in North Wales (5.82 g S rn-2 yr-1). After
18 months they found the total sulfur content of the apical

shoots for all 5 spp. transplanted in the southern Pennine

site were higher than those for the North Wales site.
Although the mechanism of sulfur incorporation and form of

sulfur were unknown these results are consistent with my

observations on increased ,On'- leading to increased loss of
.)-

SO4' from the water to the plants (Tables 1 and 21.

Addition of 
"On'- 

to freshwater ecosystems has

increased the rate of sulfate reduction (Hemond 1980; Wieder

1982; Herling and Mitls 1985; Cook and Schindler 1983).

This occurred in the minerotrophic area of the mire as

demonstrated by increases in pore water HZS following

acidification (Figures 6 and 7). Although the increases in
pore water HZS in both experimental and control

minerotrophic sites were similar, the higher 
"On'- 

levels in
the experimental minerotrophic site may have maintained the

post-acidification HrS levels longer, unfortunately because
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no additional pore water samples were collected after the

L2-L7 h samþIes I am unabte to conclude that this occurred.

Because sulfate reduction in the minerotrophic area is 
"On'-

limited, especially in midsunmer (Chapter 2), even sma1l

increases.in pore water tOn'- content may be expected to

increase sulfate reduction rates (Figure 8). Sulfate

reduction measurements in the mire have demonstrated that

sulfate reduction does occur in the oligotrophic area even

though HrS was not detected in the pore water (Chapter 2)¡

therefore it is possible that sulfate reduction rates in the

oligotrophic area also increased after acidification.
In situ incubation with 35SoA2- in the minerotrophicc

and oligotrophic areas have shown that ev35s re35sr, and
35to form rapidly (Chapter 2), and probably the rates of

formation increased due to acidificaLion at least in the

minerotrophic area where HrS concentrations increased

(Figures 6 and 7). The precipitation of 52- as FeS, FeS2r

or So results in alkatinity production and may help offset
acidification of the mire, as long as the reduced sulfur is
not reoxidized to 

"On'-.
In an oligotrophic lake experimentally acidified with

sulfuric acid, epilimnetic and hypolimnetic sulfate
reduction accounted for 85? of the internal alkalinity
production which decreased the efficiency of acidification
by 66-813 (Cook et al submitted). Sulfate reduction rates

within the mire could not be determined (Chapter 2) and

therefore I am unable to quantify alkalinity production via



98

sulfate reduction. However, after a year and a half of
acidification there has been no increase in H+ concentration
(Bayley personal communication) and probably increased

sulfate reduction rates are partly responsibte.

Although sulfate reduction rates could not be

determined, both the long term sulfur accumulation rate
-., -.t(0.49 g s m o yr') and the recent sulfur accumuration rates

(0.64-1.28 g S m-2 yr-I) indicate that the mire is an

efficient sink for son2--s. Theses independent estimates of
sulfur accumulation are reasonably similar. However, the

somewhat higher rates of sulfur accumulation based on the

1981-198 4 SO42--S mass balance data may be interpreted as

evidence that the recent increase in atmospheric SOn2--S

deposition in the ELA (schindrer personar communication) has

resulted in greater rates of sulfur accumulation, even

before the acidificaLion years.

Many investigators have observed autumn peaks in 
"On'-

concentration of ground water and water discharged from

watersheds with and without wetrands (wieder and Lange L9B4¡

Braekke t9B0; Brown r9g0). Braekke (1980) atLributed the

increase in ground water 
"on'- 

content to accumuration of
dry and wet sulfur deposition and the oxidation of organic

sulfur and inorganic sulfide during the preceding dry

months.

The sudden release of large amounts of acidified water

from watersheds containing wetrands may be detrimentar to

aquatic ecosystems downstream. Norwegian literature cited
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by Brown ( 1980 ) suggested autumn acidification of rivers and

subsequent fish kirls were the result of the autumn flushing
of sulfuric acid formed from the oxidation of reduced sulfur
during the preceding dry months. Brown (1980) calculated

that the exposure of 2.76 cm of anaerobic peat could release
-l40 kg S ha * of stored sulfide from a smalI British bog,

this was equivalent to the annual sulfur loading for the

region. In the experimental mirer â coflrparison of the

inorganic sulfide content of spring vs. autumn cores

(collected after the sunmer dry period) reveared about a 33?

decrease in the amount of reduced inorganic surfide present

(chapter 2). The resorubilization of the oxidized surfides
would herp explain the september and october increases in
pore water 

"On'- 
concentration (Chapter 2), and the autumn

)-peak in SO4' concentration discharged from the watershed

for 1981-1984 (unpubrished data). The apparent increase in
sulfur accumulation in recent years may be of concern in
regards to the sulfur reoxidation cycle. As more and more

sulfur is stored (in recent peat), the amount of sulfur that
rnay potentially be released due to a given drop in water

lever wirl also increase. This phenomenon may be especialry
important in areas where wetlands contribute significantry
to the hydrologic input of downstream aquatic ecosystems.

In summaryr âcidificatsion with sulfuric acid resulted

in temporary increases in 
"on'- 

concentration in surface and

pore water. Much of the t}n'- added to the mire s/as ,,sorbed"

by the surface Sphagnum spp. before reaching the water
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saturatedjzone. -Sulfate,that reached the water tabLe .

increased the rate of sulfate reduction in the minerotrophic

area and probably also increased the rate of formation of

iron sulfides and elementar sulfur. A simirar increase in
the rate of sulfate reduction in.the oligotrophic'area
probably also occurred following acidif,j,cation. The mire

retained.more sulfur per unit area during, the. two :

acidification years than during the 2 preceding years, and

for aIl 4 years the net accumulation rates were higher than

long-term sulfur accumulation in older peat as determined by

Pb-210 dating. The potential for increase in sulfur
accumulation as absorbed and adsorbed sulfur, organic

sulfur: reduced and oxidized, and reduced inorganic surfides
is unknown. Prolonged acidification may eventually result
in the elimination of sensitive Sphagnum spp. as observed in
Britain (Ferguson and Lee 1983). If this results in
decreased surfur retention by one or more of the mechanisms

l-isted above, the resurt wourd be increased surfur export

with resultant stream acidification.
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Chapter 4

Overall Summary and Conclusions
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The two papers contained in this thesis have

investigated two interrelated topics: the first, sulfur

cycling in a Sphagnum dominated wetland, and the second , the

effects of acidification on the sulfur dynamics of this
wetland. Until this study was undertaken there had been no

experimental North American investigations on the effects of

acidic deposition on Sphagnum dominated wetlands, although

there have been investigations in Britain (Ferguson et al
L978) | as previously discussed. The occurrence and

distribution of sulfur compounds have been reported for the

Everglades and similar wetland ecosytems (Casagrande et al
L977; Altschuler et al 1983); however, Brown (1980) has been

the only person to report on the distribution of sulfur
compounds in a Sphagnum dominated wetland. This

investigation has increased the present understanding of

sulfur cycling and how acidic deposition in the form of
sulfuric acid can affect the natural sulfur dynamics of
Sphagnum dominated wetlands.

A large amount of 
"On'- 

entered the mire during spring

snowmelt with sporadic inputs occurring from rain events

during the remainder of the year. Because a significant
amount of the 

"On'- 
input resulted from upland runoff, the

margin or minerotrophic area of the mire received more

mineral input than the central oligotrophic area which is
physically isolated from much of the upland runoff and thus

depends primarily on atmospheric input for its mineral

input. Sulfate concentrations in surface and pore water
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reflected this difference in 
"On'- 

supply. In this mire,

the minerotrophic area (lagg) is quite extensive. The ratio
of upland area to mire surface and the slope of uptand area

are important factors which determine how much of the mire

is affected by the mineral water runoff.
Because so littl-e was known about the sulfur

biogeochemistry of wetlands, I concentrated on the

examination of the sulfur chemistry of the two major areas:

the minerotrophic and oligotrophic areas.

WeekIy and monthly 
"On'- 

samples from both surface

pools and pore water profiles not only demonstrated the

large difference in ton'- concentrations between the two

areas, with concentrations much lower in the origotrophic
areas. There was also a pronounced seasonar variability in

)-so¿- concentrations at one tocation. rt was obvious that
.)-

SO4' supply to the system was very important, especially
since the process of surfate reduction must have a source of

')-SO¿- to fuel the reaction. In fact, many of the observed

differences between the minerotrophic and origotrophic area

might be the result of 
"On'- 

supply. Atthough sulfate
reduction occurred throughout the mire, the enclosure

experiments with tuton2- rpp.rently showed higher surfate
reduction rates in the minerotrophic area than in the

oligotrophic area. The inorganic end products of sulfate
reduction in peat cores (AVS, Sor FeSr) were also more

abundant in the minerotrophic area. As discussed in chapter

2, this difference may partly resurt from the difference in
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Hn "on."ntration 
between the two areas. However, one may

argue that the higher 
"On'- 

supply in the minerotrophic area

supports higher sulfate reduction rates which inturn consume

more H* ions, thus enabling the sediment to maintain a lower

H* concentration. The higher Hr concentrations of the

oligotrophic area may be a consequence, rather than a cause

of, lower sulfate reduction rates resulting from a lower
1-

SO4' suPply.

The 9 acidifications were a significant source of 
"On'-

to the mire, accounting for 282 and 472 of the total SO*2--S

input to the mire during 1983 and L984. This was especially

true during the July and August acidifications, when 
"On'-

concentrations in pools and pore water $¡ere extremely low

due to the lack of precipitation. The increase in HrS

concentration in the pore water of the minerotrophic area

following each acidification demonstrated that sulfate
reduction rates $rere 

"On'- 
lirnited. Even in May, when 

"On'-
concentrations in the minerotrophic area were relatively

highr porê water HZS concentrations increased. Although HrS

was not detected in the oligotrophic area before or after

the acidifications, it is likely that sulfate reduction

rates did increase following acidifications, since the added
.)-

SO4' disappeared rapidly.

Although AVS, FeSr, So, and organic sulfur were forming

throughout the mire, organic sulfur accounted for the

majority (942) of total sulfur present in 40 cm peat cores.

The dominance of organic sulfur in the enclosure experiments
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also indicated the importance of organic sulfur. Organic

sulfur accounted for about B0? of the total sul-fur recovered

in both the minerotrophic and oligotrophic experiments after

82 and 62 days of incubation.

Organic sulfur forms from the assimilatory reduction of
)-SO4' by plants and microorganisms, and may also form from

the reaction of HrS with various organic compounds

(Nissenbaum and Kaplan I976; Casagrande et aI I979). Lake

sediment sulfur is often dominated by organic sulfur which

has generally been thought to be derived primarily from

seston (King and Klug 1983). Recently, Nriagu and Soon

(1985) demonstrated that the sulfur isotope signal of

organic sulfur in oligotrophic lake sediments was most

compatible with a microbial sulfate reduction origin. The

formation of large amounts of sulfur-35 labelled organic

matter along with the dominance of organic sulfur in the

peat profile suggest that a portion of the organic sulfur
present may have formed from the reaction of HrS with

organic matter. A portion of the organic sulfur present is
derived from the remains of dead plantsr primarily Sphagnum

spp., this sulfur probably consists mostly of carbon bonded

sulfur (ie. amino acids and proteins).

The rêcent and long term sulfur accumulation rates

based on the 1981-1984 SO42--S mass balance data (0.64-I.28

g s m-2 yr-I) and the 210pb dated cores (0.49 g s m-2 yr-I)
both indicate that a significant amount of the incoming

)-SO4' is retained by the mire. Sulfate-S deposition in the
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ELA has increased in recent years ( Schindler personal

communication) and may be reflected by the slightly greater

S accumulation rates during 1981-1984 compared to the S

accumulation rate based on sediment accumulation rate and

total sulfur content of peat deposited more than 50 years

ago. In contrast, sulfur acccumulation rates in 2

ombrotrophic bogs located in northern Finland (Pakarinen and

Tolonen 1980) were about I0 fold less than than my estimates

(0.49-f .28 g S m-2 yr-I). The atmospheric deposition of

t)n'- is similar for the two areas but unlike their system

the ELA mire is not an ombrotrophic system, because it

receives upland runoff in addition to direct atmospheric

precipitation which helps explain the difference in sulfur

accumulation rate.

When 
"on'- 

is microbially reduced, Ht ions are

consumed, and this is very important in the regulation of

lake acidification (KeIIy et aI 1982). Alkalinity generated

by sulfate reduction may only be temporary if the reduced

sulfur is later reoxidized, so even though inorganic

sulfides are forming quite rapidly from ton'-, the summer

drawdown of the water table resulted in the oxidation of up

to 372 of the inorganic sulfide present in the top 20 cm of

peat. Therefore much of the lt+ originally consumed may be

returned to the pore water and acidity increases upon

reoxidation of the reduced sulfur.

The process whereby reduced sulfur compounds are

reoxidized and released to the pore water during the summer
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drawdown may become a serious problem as the amount of

stored sulfur compounds within the peat profile continues to

increase due to the increased sulfur loading. The release

of large amounts of sulfuric acid from wetlands following

such a reoxidation cycle has reportedly caused the

acidification of rivers (In Brown 1980). The formation of

organic suLfur, specifically sulfate esters, from

microbially produced HrS rnay be very important in this

regard, due to its more resistant nature (Casagrande et a1

L979) | and its greater abundance. For example, the

formation of 
"On'- 

esters from HrS results in the production

of only 1 ueq nSon2-a-I of alkalinity compared to 2 ueq

nSOnZ'o-I when FeS 2, AVS, or carbon bonded sulfur are

forrned, Ester sulfates are considered a geochemical stable

form of sulfur (Casagrande et aI 1980) and therefore

alkalinity generated via sulfate ester formation may be

considered more resistant. However, more study is needed in

peat-forming environments before their importance can be

assesed.

Only recenLly have scientists become aware of the

potentiat importance of organic sulfur formation in aquatic

ecosystems. In fight of my findings and others, I believe

that future sulfur work in wetlands should focus on the

identification of the various organic sulfur forms present,

their distribution, and their mode of formation:

specifically, are they primarity the result of bacterial

SO
4
2- reduction or the accumulation of plant material, and
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how will changes in bog ecology affect each,oÉ these sulfur

retaining processes?
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Appendi x tJI

_ lllr
Peai rores {or ""Fb rietermination nere obtaÍned siih a 14 rm diameter =tainle¡¡ steei cnre tube.

Three rore: Here rnllert-ed irnm hrllcus lncated eiihin the mire. [nres I anii i uere rnl]ected t¡

ï!-itru'¡er¡brr-Ê,1, anii mrs J ¡ras calierled un Ìi-iìuqurt-84. i.rres i and.l *ere coilec,ted in the

oligtrophit ¡rea anti cnrr I urs {rom the minernt.rnphic area. Aìi cnrer uere extruded into pla:tir brg:

in Lhs {ield rnri reiurned tc ihs iield Iaburaiory within I h shere ihe'¡ rrere {rn:en, Fruren cores reere

:ect.ioned ai- i rm intervais tc * rlepth oi Iu rm llith ¡ buck sau, beion ?ü rm, ? rm inier'¡al: r.tere

taken. Aìl peal sectisns *ere dryeri rt 7ü 
Ú[ untii na {urther ueight ioss ncrurred yrith {urther

Itu-.úrying. ""Pb sas assr¡ned lc be in Eecuiar equilibriurn nith ""Fo. The raditrhemir¡l methnd: s{

Hilkin¡nn i1?t5i were u:ed ior all sarnpier. The {nlloning í: e brie{ de:rription n{ ihe procedure:

u:ed. In gener.rl, aiternale pe*t reciinn: uere analyzed {0. lIÛFo ¡cii,;ity. 1.ü tu t.fJ g peat:arnpie:

uere diqested niih cunrenirat¡'l Htlü-. Soun ¡iter the digesi-ion began i.C *L o{ 
?ûfiFo 

{? Eq } nas ¡dded

to each rample as en iniernai yiaid tracer, íliter {inai digeltion eith Htl0Ur Íù rnl o{ lil il H[l sa¡

¡dderi tn each trmple. The pre:ence o{ Fe $as indicated by the {nrmatinn o{ a yelloil colaur tFe[l=],

Irnn inter{ere¡ sith thr nrigralÍon s{ Fo and srE ert-rarted uiih iso-prnpyi ether be{ore piating,

Irn-propyl ether rem¿ining in the rampla a{ter exirartion ua¡ remtçerl by bnilinq. Pnlonium ua: plaied

nn Eilver disks {nr tu h ai Bú 
E[, 

f,ampler Hers rounted nn ¡ surfare t¡arrier alpha:pectrometer untii

counting eirðrË +¡Ëre les: th¡n 1(iï. o{ sampie activity. The artivit'y o+ 
!1üFo 

uas deterrnined by

cnnparing the activity ai ihe:pii,:e, !ÚËFo 
r*rou*red, i.n i,he knuun ¿nount *+ 

?üEFo 
¿dded and cnrreriing

J I il .''Ácl

the 
*'"Po attiviry'$ur thi: r.idiarhemiral yieiti, E{{Írinncy oi recovery oi t''oFb 

ranged {rorn 45-f07..

The net peat rcrumuiatiun raie {g *-? yr-li {or e.irh cure $åE nbt¡ined by calrulatinç the

mass-depth ¿rrumul¡ted ig *-3t durinç the time it take¡ {rr ih* ?li'ib ¡ctivii.l in derrea:e by one-h*li

(i?"i yri" The niess-depth (ç,n-?i u..umul.led uas divided by the hati-1i{e n+ 
!lÛFb i2i,i yri uhirh

-'! -t
ytÉlú5 g n¡ yr -. The depth intrrv¡l uEed {or these ralculatinnE uas betneen i8 - 39 cm.

lii'i -i -iihe .*"Pb activity {Bq g'} vs. ercr-trîulateri nrass-depth {g cm-'i are shsnn belni,r ior eash u{ the I

tureã. ihe r*ïcrrl¡i,icn used i,n nbiain the nei peat accnnuiriion i:.11¡n ¡hosn ior e¿ch cnr¡, The
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