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--:r -Preface ._ .. __. . e

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 small basin mire in
the Experimental Lakes Area of northwestern Ontario (Chapter
2); and the second reports on an investigation of the
effects of expérimental acidification on the sulfur dynamics
of the same mire (Chapter 3).

Results from these investigations were written as self
contained units, Chapter 2 and Chapter 3, which will
eventually be submitted to a professional 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 microbial sulfate
reduction in an acidic Sphagnum mire. The short térm end
products of sulfate reduction in the mire are identified and
compared to the long term distribution of sulfur forms in
the peat. The spatial and/or temporal characteristics of
sulfate reduction and its related sulfur forms within the
mire are also examined.

Chapter 3 examines the effect of experimental
acidification with sulfuric and nitric acid on the sulfur

dynamics of a small basin mire. The major questions are: 1)




what is the fate of the added S0,27? 2) is sulfate reduction

i
stimulated by the additional SO42_ input? 3) are there any

differences in the way added 8042_ is processed in relation

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

2

~overailAeffects of~additionarfso4 ~- loading on the sulfur

- 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 small (3.67 ha)

Sphagnum dominated mire (Experimental Lakes Area,

35 2-

4
were also performed. An experimental area (2.66 ha) was

northwestern Ontario). 1In situ incubations with

acidified with lake water plus sto4 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 1 month

apart. During an addition the experimental area received 86

2

mg S m—2, compared to 13 mg S m “ for the control area.

Surface and pore water SO 2- concentrations in both the

4
control and experimental area were high shortly after snow
melt, decreased during the summer mbnths, and increased
during September and October in response to 8042_
autumn rains and from the resolubilization of oxidized

input from

sulfur. The margin or minerotrophic area of the mire had

42_ concentrations than the central oligotrophic
area at all times because of the additional 8042— input from

upland runoff it received. Hydrogen sulfide occurred only in

higher SO

the minerotrophic pore water profiles. The minerotrophic

. + .
area was lower in H concentration than the central

oligotrophic area (30 vs. 100 upeg ;0 L—l). Concentrations

of 8042- in surface water pools increased after all
acidifications and usually returned to near

pre-acidification concentrations within 7 days. Increases in




water: H

vii

pore water SO42_

the surface water, yet acidifications always increased pore

content occurred less consistently than in

2S in the minerotrophic site, demonstrating that

sulfate reduction was stimulated by the additions.
Organic sulfur accounted for about 95% of the total
sulfur present (30-155 umol S g‘l), with pyrite accounting

. for most of the remainder; both decreased significantly

35 2-

below 20 cm. Addition of SO

4
rapidly and accounted for 90% of the short term inorganic

sulfur formation. AV3SS and 3550 also formed. More Fe35

2!
35 35,0 . . . .
AV~~S, and S~ formed in the minerotrophic area than in the

showed that pyrite formed
S

oligotrophic area. During acidifications, large amounts of

8042— were "sorbed" by Sphagnum spp. before reaching the

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 summer drawdown. Below this

zone the total S accumulation rate was 0.49 g S n 2 yrt

slightly less than the average value (0.90 g S m 2 yr 1)

obtained from 4 years of mass balance data (1981-1984).
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Chapter 1

Review of Relevant Sulfur Literature
and

General Introduction




The cycling of sulfur has been investigated in many
ecosystems, including deciduous and coniferous watersheds
(Eaton et al 1978; Johnson and Henderson 1979; Johnson
1984), agricultural soils (Tabatabai 1984), coastal marine
sediments (Jorgensen 1977; Howarth and Jorgensen 1984),
saltwater marshes (Howarth and Teal 1979; Howarth and Giblin
1983; Howes et al 1984), and freshwater lakes (Nriagu 1968;
King and Klug 1982; Cook and Schindler 1983; -Kelly and Rudd
1984). However, sulfur cycling in wetlands has received much
less attention (Casagrande et al 1977; Casagrande et al
1979; Rippon et al 1980; Brown 1980; Brown and Macqueen
1982; Wieder 1982; Wieder and Lang 1984) and only a few
investigators have examined sulfur cycling in Sphagnum
dominated wetlands (Brown 1980; Brown and Macqueen 1982;
Wieder 1982; Wieder and Lang 1984). 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 al 1984). Presently little
is known about biogeéchemical cycling in peatlandé, 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 transformatioﬁs within wetlands would
have characteristics common to both. This similarity might
be helpful in determining the fate of SO42~ in wetlands
since sulfur cycling in limnetic and terrestrial ecosystems

is better understood. Gorham et al (1984) suggested that a




- ._..variety of approaches could be utilized to determine the
possible effects acidic deposition may have on peatlands,
including geographical surveys, experimental studies: short
term and long term, and paleoecological investigations.

= Sulfate is the dominant inorganic sulfur form in most
environments and consequently reactions involving SO 2- have

4
been studied in the greatest detail. The microbial

- reduction of SO4 occurs primarily in anoxic habitats

-containing organic matter and 8042—, 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 1984), saltwater marshes (Howarth and
Teal 1979; Howarth and Giblin 1983; Howes et al 1984), and
freshwater lakes (Stuiver 1964; Nriagu 1968; King and Klug
1983; Kelly and Rudd 1984). These investigations focused on:
1) the determination of rates of sulfate reduction and its
importance in carbon mineralization; 2) identification of
the ehd 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 SO42— budgets for watersheds containing

freshwater wetlands, many investigators have demonstrated
that wetlands are sinks for atmospherically delivered
5042_—8 (Hemond 1980; Rippon et al 1980; Braekke 1980;

Wieder and Lang 1984) and some have suggested the retention

2-

4 (Hemond

was partly due to the microbial reduction of SO




1980; Braekke 1980). However, reported measurements of the

end products of sulfate reduction are limited (Casagrande et

. al 1977; Brown 1980; Altschuler et al 1983).

Casagrande et al (1977) and Altschuler et al (1983)
examined the distribution of sulfur in 2 different areas of

- the peat-forming Florida Everglades: Casagrande et al (1977)

site was representative of a marine derived peat, while

Altschuler et al (1983) was representative of a freshwater

derived peat. The average total sulfur content of the

marine mangrove Swamp peat was 1.61 mmol S g—l dry wt.,

about 6 times the total sulfur content of the freshwater

derived peat examined by Altschuler et al (1983). Casagrande

et al (1977) also examined sulfur distribution in the

Okefenokee Swamp of Georgia, a freshwater peat-forming

system. They found the total sulfur content to be about 57

umol S g_l dry wt. and was relatively constant with depth.

The freshwater Everglade peat examined by Altschuler et a1l

(1983) contained about 4.5 times the total sulfur of the

Okefenokee swamp peat (261 vs. 57 umol § g—l dry wt.).

Regardless of total sulfur concentrations, organic

sulfur, defined as carbon bonded sulfur and carbon oxygen

sulfur (esters), accounted for over 70% of the total sulfur

in both studies of the Everglades (Casagrande et al 1977;

Altschuler et al 1983). Later, Casagrande et al (1979)

'determined that 25% of the total sulfur occurred as carbon

Ooxygen sulfur. Sulfate esters are a potential source of

8042- for sulfate reducing bacteria in deep peat (Altschuler




et al 1983) and in lake sedimentsg (King and Klug 1980),
where 5042— concentrations are extremely low.

Workinglin a bog in southern England, Brown (1980) is
the only investigator known to the author to incubate a peat
core with 358042— to determine the end products of sulfate
reduction. After an 8 day incubation, Brown (1980) found
that st was the major end product of sulfate reduction in
the anaerobic zone, with lesser amounts of FesS, FeSz, and
organic sulfur forming. More recently, Brown and Macqueen
(1982) determined that 78% of 355042— 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 (1980) also measured the concentration and
distribution of acid volatile sulfide (Avs= HZS + FeS§),
elemental sulfur (SO), pyrite (FeSZ), organic sulfur, and
total sulfur, in short peat cores (30 cm). Total sulfur
concentration increased with depth from about 150 to 297
umol § g1 dry wt. at 7.5 cm, to 359 to 375 umol s g1 dry
wt. at 22.5 ecm (Brown 1980). Organic sulfur accounted for
about 60% of the total sulfur, somewhat less than that for

the Florida Everglades (Casagrande et a1l 1877). The

2-
4

(more than 80% of this fraction was AVS).

remaining 40% was represented by Sso ¢ AVS, FeSZ, and s°

The concentration of 8042— in the surface water of

Brown's bog (208 umol L—l) was significantly higher than any

of the bog water samples collected by Gorham et al (1985)




(0.7-21 umol 8042— L™y during their transect of North

American bogs. Brown's (1980) high SO42_

at least partly a result of 200 years of high 802 emissions

concentrations are

in Britain.

Increased sulfur loading 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 so, 2~ and HY

4
concentration), and increased sulfur accumulation within
watersheds containing wetlands and within Sphagnum spp.
themselves.

| In an analysis of peat profiles from blanket bogs in
the southern Pennines, 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 sulfur deposition. TLater,
Ferguson et al (1978) determined from laboratory experiments
that some of the same Sphagnum spp. now absent wefe among
the most sensitive to various sulfur pollutants, thus
supporting Tallis's earlier observation. More recently,
Ferguson and Lee (1983) reintroduced 5 Sphagnum spp. to the
southern Pennines, and found that only one of the 5
continued to grow after 1 yeéar, even though bulk sulfur
deposition has presumably decreased in recent years.

Eighteen months after transplanting»S Sphagnum spp. to

two locations in the United Kingdom, Ferguson et al (1984)




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 Wales, a relatively unpolluted site.
Likewise, Sphagnum mosses and-Cladonia lichens collected
from ombrotrophic bogs in southern Finland all contained
more sulfur than those collected from similar systems in
northern Finland, which received far less bulk sulfur
depostion than those of the southern bogs (Pakarinen 1980).
In addition, sulfur concentration in Sphagnum and Cladonia
was positively correlated with atmospheric deposition rates
of s0,2”

4
In the 1950's, Gorham (1958) found a positive

along the south-north gradient (Pakarinen 1980).

correlation between H' and SO 2- concentration for bogs in

4
the English Lake District. Similary, low pH (3.82), high
ionic conductivity (130 umho cm 2), and high SO42_
concentrations (364 umol SO42_ L_l) of 24 moorland pools in

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

Sulfate reduction rates in freshwater ecosystems are
2-
4 14
contrast to marine systems, which are limited by the supply

often limited by the concentration of SO this is in

of oxidizable organic matter (Berner 1984). Therefore, the
observed increases in rates of sulfate reduction following

addition of SO 2- from acid mine drainage and experimental

4
acidification are not surprising.




-~ Increased rates of sulfate reduction in lakes receiving

2
4

acidification have been responsible for neutralization of

from acid mine drainage or from experimental

significant amounts of sulfuric acid (Herlihy and Mills
.-1985;-Kelly et al 1982; Cook and Schindler 1983; Cook et al
-submitted). 1In fact, 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 drainage entering a bog
in West Virginia had no effect on the outflow chemistry;

presumably sulfate reducing bacteria consumed the additional

2-

4 and H' from acid drainage (Wieder and Lang 1984).

SO
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
distribution of the various sulfur forms present in a
relatively undisturbed Sphagnum wetland; and 2) examine the

possible effects acidification with sulfuric acid may have

on the various sulfur transformations within the wetland.



Chapter 2

The Biogeochemistry of Sulfur in an Experimentally Acidified

Mire in Northwestern Ontario




Abstract

During the ice free season of 1983 and 1984, SO42_ and

ut were measured weekly in surface water while 8042—, H2

and H' were measured monthly in pore water in a small (3.67

S,

ha) Sphagnum dominated mire in northwestern Ontario

(Experimental Lakes Area). Surface and pore water 8042—

concentration were high shortly after snow melt, decreased
during the summer months, and increased during September and

October in response to 5042_ input from autumn rains. The

2~
4

cohcentrations than the central oligotrophic area at all

margin or minerotrophic area of the mire had higher SO

times because of the additional SO42_ input from upland
runoff the minerotrophic area receives. Hydrogen sulfide
occurred in pore water only in the minerotrophic area. The
minerotrophic area was lower in H' concentration than the
central oligotrophic area (30 vs. 100 peq HY 171y,

Organic sulfur accounted for about 95% of the total
sulfur present (30-155 pmol S g—l), with pyrite accounting
for most of remainder. Both decreased significantly below 20

cm. Pyrite formed rapidly from 358042 and accounted for

>55% of the inorganic 35

35

S formed in 72 hour in situ
35

incubationé. AV~~S and 3580 also formed. More Fe

35

SZ'

AVT~"S, and 3580 formed in the minerotrophic area than in the

oligotrophic area, probably because of the greater supply of

8042— and the lower H' concentration in the minerotrophic

35

area. Organic S accounted for about 80% of the total




recovered 3°g after more than 2 months of in situ

incubation. A 30% reduction in recovered inorganic sulfur
for spring vs. autumn cores occurred in the central
oligotrophic area compared to a 37% reduction in the

" minerotrophic area. This resulted from the exposure of

previously anoxic environments to O2 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 1984), saltwater marshes (Howarth and
Teal 1979; Howarth and Giblin 1983; Howes et al 1984), and
freshwater lékes (Stuiver 1967; Nriagu 1968; King and Klug
1982; Kelly and Rudd 1984). 1In comparison to saltwater and
freshwater lake ecosystems, little has been done to
investigate the sulfur dynamics of wetlands. Gorham et al
(1984) have mentioned the paucity of data related to the

occurrence of sulfur in wetland ecosystems.

2
4

freshwater wetlands, many investigators have determined that

wetlands are sinks for atmospherically delivered 8042_—8

Based on SO,“ budgets for watersheds containing

(Hemond 1980; Rippon et al 1980; Braekke 1980; Wieder 1982;

Wieder and Lang 1984) and some have suggested the retention

2-

was partly due to the microbial reduction of SO4 (Hemond

1980; Braekke 1980; Wieder 1982; Wieder and Lang 1984).
However, there have been few reported measurements of the
end products of sulfate reduction in freshwater wetlands
(Altschuler et al 1983; Casagrande et al 1977; Casagrande et
al 1979; Brown 1980). Working in a bog in southern England,

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

358042_ to determine the end

products of sulfate reduction. After an 8 day incubation,

35
2

sulfate reduction in the anaerobic zone, with lesser amounts

to incubate a core with

Brown (1980) found that H S was the major end product of
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of Fe3SS, Fe3582,'and organic

2~

35sulfur forming.

Concentrations of SO4 and H,S in Brown's system were

2
high, 200 umol 8042_ ™1 and 30 umol H,S 7L, respectively,
probably the result of 200 years of high 802 emissions in
Britain. In contrast, in a transect of bogs across North
America, Gorham et al (1985) never observed SO42-
concentrations as high as those reported by Brown (1980).
Brown's bog received a significant amount of its water input
(ie. mineral input) from 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
sulfur.

The purpose of the present study was to determine if
sulfate reduction was occurring in an acidic.SQhagnum 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 of 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
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oligotrophic area and the richer minerotrophic lagg area.
pDetailed 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
72—

and HZS

concentrations during the ice free season of 1983 and 1984.

throughout the mire were analyzed for SO4

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); elemental sulfur (SO); and pyrite (FeSZ). Organic
sulfur was assumed to be the difference between the sum of
these inorganic forms and total sulfur.

35

2-
SO4

experiments to measure the immediate end products of sulfate

A radionuclide, , was added to the mire in two
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
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Figure 1. Location of the experimental mire in the northeast drainage

sub-basin of Rawson lake.
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and the southwestern half of the mire burned in 1974.

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. fallax (Klinggr.) Klinggr.. The

characteristic understory plants (eg. Smilacina trifolia

(L.) 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 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. 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 (called 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 experimentally acidified with
sulfuric and nitric acid (Figure 1) (Chapter 3) in 1983 and
2...

4 S

loading, respectively. The control area received only lake

1984 accounting for 28% and 47% of the annual SO

water, while the experimental area received acidified lake
water. Surface water, pore water, and peat cores were
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).
Methods and Materials

Pore water and surface water

Pore waters were measured at four sampling sites within
the mire. Two of the four sites (sites 1 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 1). 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 nﬁtrient 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

2-

depth of about 35 cm and were analyzed for SO4 , H,S, and

2
+ .
H concentration.

Pore water samples from the various depths were

obtained by suction using a hollow stainless steel tube (6
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mm outside diameter) about 1 m in length, lined with
small-diameter tygon tubing. One end of the stainless steel
tube had slots in 1.5 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 table, and withdrawing a sample with
gentle suction. The first portion of the pore water obtained
was expelled through the 3 way valve, taking care not to let
air enter the syringe. Samples for gt and HZS analyses were
collected in 5 mL glass syringes fitted with 3 way valves
which had been previously filled with deoxygenated (boiled)
water. Sulfate samples were collected in 5 mL plastic mini
vials that had been rinsed 3 times with distilled-deionized
water.

Ssurface water samples were collected weekly during the
ice free season. In 1983 surface water samples were
collected from the experimental area in the oiigotrophic
central pool and in a small tree hollow near the edge of the
mire (called the mineral pool) (Figure 1). 1In 1984 two
additional surface water stations were added in the control
region of the mire (oligotrophic control and minerotrophic
control) (Figure 1). Surface waters were analyzed for 8042"
and H'.

Hydrogen ion concentration was determined within 3 h of

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

analyzed by the method of Stainton et al (1977). The HZS

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.

Core Sampling and Sulfur Analysis

Short peat cores (40 cm) were collected to determine

(o]

the concentration of AVS, S~, FeS organic sulfur, and

2!
total sulfur.

o]

Sixteen cores were analyzed for AVS, S°, and FeS 8

97
from the minerotrophic lagg area (Figure 1) and 8 from the
central oligotrophic area (Figure 1). 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

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

below) experiments and were analyzed for both the cold
35 2-
4 L ]
4 cores, 2 from each area, were collected in October and are

sulfur forms and for the incorporation of so The last
called autumn cores.

The short peat cores (40 cm) were obtained with a
piston type coring device (5 cm diameter) to retain the peat

within the tube and to minimize compaction. Each core was

placed in a freezer within 30 min of collection until
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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 (FeS2 + So), and the other
for s°.

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 1967). This method was found to have a recovery
efficiency of 95% with NaZS standards. Correction for
efficiency of recovery was not made.

After the removal of AVS, the peat sections were
transferred to 350 mL round bottomed flasks for measurement
of FeS2 and s° by the chromium (II) reduction technique
(Zhabina and Volkov 1978; Howarth and Jorgensen 1984). This
technique reduces FeS2 and s° to HZS' which is then trapped
in basic zinc acetate as previously described. The
efficiency of the chromium (II) reduction procedure using
Fesz.standards was 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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F982 present.,

The section used for the S° determination was also
sparged with 6 N HC1l to remove AVS before dried. Samples
were dryed at 70°¢C, weighed and ground with a mortar and
pestle before extraction of s® with 80 mL of acetone. After
about 10 h of stirring, the acetone and peat slurry was
filtered via vacuum filtration. The filtrate, acetone,
containing the extracted s® was transferred to a 350 mL
round bottomed flask. Sulfur was measured using the
chromium (II) reduction procedure followed by iodine
titration of the trapped sulfide. Eight s® 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 determinéd 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 SO, evolved

2
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,

peat and pore water were allowed to equilibrate for 3 days

35 2—
SO4 .
Radioactive sulfur-35, as 355042—, was added to

enclosures at two sites: one in the minerotrophic area and

before addition of

the other in the oligotrophic area. Both were 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).

358042— solution used lake water and

contained 0.4 mCi 35so42', 300 umol S0,%” 1”1, 600 umol

4
No. 1~ L_l, and 630 peq gt .7}, The loading of ut, SO42_

3
NO3 (ueq m_z. event_l) was about the same as the loading

The 3000 mL

and
1...

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 358042—

applied, an additional 3480 mL of lake water was applied to

solution was

ensure that a significant amount of the label reached the

35 2=
804

the moss surface just before sunset to minimize

water table. The and rinse solution was applied to

evapotranspiration.

During both experiments, 5 short peat cores were

35 2-
SO4

been applied. The first 3 cores from each experiment (1, 3,

obtained at specific time intervals after the had
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35

and 15 days) were analyzed for the incorporation of S into

35 3540 35

AVTTS, §~, and Fe~"S For the last 2 cores from each

2.
35,0 35

experiment (82 and 83 days or 62 and 63 days). S” + Fe™~S

2
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 for 12-16 h. Before
digestion, each section was first sparged with 6N HC1l (as

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

3550 27, 1n laboratory tests with

4
Sphagnum angustifolium peat 95% of the unreduced 355042_ was

removed with this washing technique. The final digest was

to remove any unreduced

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

35

of Instagel for radioactive assay. Organic sulfur was

estimated by the difference between the Aqua Regia fraction

3

(all reduced S except AV 5S) and the chromium reducible

35Sz + 3550).

Cores from the minerotrophic enclosure site were

fraction (Fe

obtained 1, 3, 15, 82, and 83 days after the spike

application. Cores from the oligotrophic enclosure site were

35 2-

obtained 1, 3, 15, 62, and 63 days after the SO4

application.

358042—, 6 pore water samplers

(at 10, 15, 20, 25, 30, and 35 cm depths) were installed in
2_

Before application of

the enclosure. Pore water samples were collected for SO4
and ut analysis and analyzed as previously described. 1In

addition, a 500 uL subsample from each SO42— sample obtained
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355042“ addition was mixed with 20 mL of ACS fluor

(Amersham) and the radioactivity associated with dissolved
35

after the

S determined. The majority of this activity was assumed

35 2-
SO4 .

RESULTS

to be associated with

Sulfur Chemistry of pore water and surface water
Sulfate concentrations varied significantly within the
mire both spatially and temporally. The surface and pore

water of the minerotrophic area were characterized by high

sO 2= .oncentrations relative to the oligotrophic central

4
area (Figures 2 and 3). The average surface water 8042—
concentration for the experimental minerotrophic pool during

1

1984 was 71.7 pmol L — compared to 12.5 umol 1! for the

oligotrophic central pool. After spring runoff the

2—-

concentration of SO4 "in the surface and pore water of the

experimental minerotrophic area decreased substantially and
remained low until there was a substantial input of 8042—
from direct precipitation and runoff‘(Figures 2 and 4) in
September '84. There were short periods of elevated SO42_
due to experimental acidification (Chapter 3). It is
important to note, that overall the general seasonal trends
at the experimental sites were 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

2-

of SO4 .
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Seasonal 5042_ concentrations in the experimental oligo-
trophic and minerotrophic surface water pools during the 1984

ice free season.
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Figure 3. Sulfate concentrations as a function of depth in the exper-

imental oligotrophic and minerotrophic sites for 20-June-84.
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Figure 4. May - October-84 monthly 5042— and H,S concentration profiles

for the experimental minerotrophic area (site 2).
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Surface water concentrations of 8042_ at the central
oligotrophic pools (Figure 1), were consistently lower (< 15
umol L_l) than concentrations in the experimental
minerotrophic pool (Figure 2). The pore water samples were

slightly lower in SO 2=

4 concentrations than the respective

surface water pool.

The occurrence of HZS in the pore water of the mire was
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 st
was present in the minerotrophic profiles, concentrations
usually increased with depth (Figure 4), with maximum
concentrations occurring between 15-25 cm. Hydrogen sulfide

1 in either

concentrations never exceeded 20 umol S L
minerotrophic site. Generally there was more pore water 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 HZS in their pore water only
- occasionally in 1984 and in 1983.

The concentration of H+ (as measured by pH) with depth
also showed a distinct pattern. The central oligotrophic
sites were characterized by significantly higher u
concentrations than the minerotrophic lagg sites. The ;0
concentration ranged from 90-200 upeq L—l (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 less acidic (30-60 ueq L_l)
(pH 4.52-4.22) with decreasing H+ concentrations with depth
(ie. increase in pH). Surface water ' concentrations in the
minerotrophic and oligotrophic pools were similar to their
respective pore water profiles.

Sulfur Constituents of Short Peat Cores

The 8 cores from the minerotrophic lagg area contained
significantly more AVS, s®, and FeS2 in the top 35 cm of
peat than did the 8 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). The
total inorganic sulfur content was higher for cores
collected before the water table dropped (spring cores) than
in the October cores (autumn cores) which were 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 was the dominant

form of sulfur, accounting for 93% of the total sulfur
present, while inorganic S (AVS + s® + Fesz) made up the
remaining 7%. A maximum in total sulfur content (156 umol S
g_l) 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 37% less in the
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Concentration of acid volatile sulfide (AVS), elemental sulfur
(SO), and pyrite (FeSz) as a function of depth in the
experimental minerotrophic area (site 2) (figure 5a), and the
concentration of total sulfur, organic sulfur, and

inorganic sulfur (AVS + s° + FeSz) as a function of depth

for the same core (figure 5b).
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Figure 6. Concentration of acid volatile sulfide (AVS), elemental sulfur
(S°) and pyrite (FeSZ) as a function of depth in the
experimental oligotrophic area (site 1) (figure 6a), and the

concentration of total sulfur, and inorganic sulfur (AVS +

s° + FeSZ) as a function of depth for the same core (figure 6b).
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October cores than in the spring cores.

In a typical core from the minerotrophic area (Figure
5a), 78% of the inorganic sulfur was FeSz, with AVS and s°
representing about 2 and 20% respectively of the total
inorganic sulfur present on a per core basis (0-40 cm).
Maxima in.FeS2 concentration occurred near the 15 cm depth

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

l).

The maximum concentration of S° occurred within the top

minerotrophic area (10-25 umol FeS,-S g

10 cm of the minerotrophic cores and accounted for up to 42%
of the inorganic sulfur present in the top 10 cm.

Acid volatile sulfide in the minerotrophic peat cores
was less than 4% of the total inorganic sulfur. Maximum AVS
concentration (0.5 umol S g—l) occurred at a depth of 10-25
cm, below and above which AVS was found at extremely low
levels. 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 umol S g_l) Qas about half the
maximum for the minerotrophic core (156 umol S g_l) 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 8 cores from the

oligotrophic central area, representing an average of 63% of
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the total inorganic sulfur. AVS and s® averaged about 3%
and 34%, respectively of the total inorganic sulfur. The
pyrite profile was similar in shape to that for the
minerotrophic area, with maximum Fe82 concentrations
occurring at 20-25 cm (Figure 6a). The maximum Fe52
concentrations above the 25 cm depth were much lower in the
oligotrophic than in the minerotrophic cores (4 umol vs. 20
umol S g—l). However, below a depth of 25 cm there was
little difference in the amount of FeS2 present between the

two areas (about 1.80 umol S g—l

in both areas).

Elemental sulfur accounted for a greater percentage of
the total inorganic sulfur in the oligotrophic core (34%)
than in the minerotrophic core (20%).

Acid volatile sulfur was a minor component of the total
inorganic sulfur in the oligotrophic core, accounting for
less than 4% of the total inorganic sulfur for the 8 cores
analyzed and was seldom found at concentrations exceeding
0.25 umol S g L.

The reduction in the recovered inorganic sulfur (umol S

m_z) for spring vs. the autumn cores was 30% in the

oligotrophic area compared to 37% in the minerotrophic area.

In situ Incubations with
—_ ”"

4
overwhelmed the ambient SO42— concentrations in both

1

The concentration of the added SO (300 ymol L 7)

minerotrophic and oligotrophic experiments. In addition,

35 2-
SO4

solutions were similar the initial specific activity in each

since the specific activity of the two spike
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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

35 2-
SO4

inorganic

(Tables 1 and 2). The total amount of reduced

358 recovered after 1, 3, and 15 days of

incubation was significantly greater in the minerotrophic

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

35,0 35

Activity associated with S~ and Fe”~ S, accounted for > 90%

2
of the recovered inorganic reduced sulfur at all sampling
times (Tables 1 and 2). Organic sulfur accounted for about
80% of the total recovered label in both experiments after
82 and 62 days of incubation, while AV3SS, 35SO, and Fe3SS2
acccounted for the remaining 20% in both experiments.

Minerotrophic area. The total amount of reduced

inorganic 355 activity in the minerotrophic experiment
decreased with time (Table 1). In the 5 cores analyzed, 90%
of the recovered reduced sulfur occurred in the top 15 cm of
beat. Less than 1% of the pore water sulfur-35 activity
occurred below 20 cm. After 1 day of incubation, 5% of the

total reduced recovered label was AV355, 37% as 35

35

SO, and

58% as Fe™~S Fifteen days after the spike application the

2.
35 35,0
percentage of recovered label represented by AV™"S, S

35

r

52 was similar to that observed for the cold

chemistry: 1%, 18%, and 81% after 15 days of incubation

and Fe

compared to 2%, 14%, and 84% for the cold chemistry.




~ Table 1 - Total recovered dpm core“l for AV35S, 3550, Fe3532, and organic sulfur with time for the minerotrophic enclosure experiment.

The percent value (%) refers to the fraction each of the 3 inorganic

35

sulfur species represents of the total inorganic

35

organic total
Time, day AV (%) 3550 (g) Fe®%, (%) Fe3%, + 3% (%) a0 + Fe¥s, + B suifur recovered
: sulfur

1 160,000 5 1,200,000 38 1,800,000 57 3,000,000 95 - 3,160,000 — —

3 22000 1 370,000 25 1,100,000 74 1,470,000 99 1,492,000 - ——-

15 240000 1 330,000 18 1,500,000 81 1,830,000 99 1,854,000 - ——
82 *13.000 2 S %750,000 762,000 2,071,000  *3,733,000

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

sulfur recovered.

187



Table 2 ~ Total recovered dpm core'1 for ‘AV3SS, 3550, Fe3552, and organic sulfur with time for the oligotrophic enclosure experiment.

The percent value (%) refers to the fraction each of the 3 inorganic 355u1fur species represents of the total inorganic 35

) organic total
Time, day  AV3SS (%) 3550 (%) Fe%, (%) Fe3%s, + 3%° (%) av3Ss + Fed%s, + 50 surfur recovered
sulfur
1 15,000 10 46,000 30 90,000 60 136,000 90 151,000 — ———-
3 22,000 9 90,000 36 140,000 55 230,000 91 252,000 — S—
15 40,000 7 190,000 32 370,000 61 560,000 93 600,000 ———- —
62 *27,000 - - *510,000 *537,000 *2,004,000 *2,541,000

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

sulfur recovered.

A
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After 82 days of incubation, 62% of the reduced 358
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 (37%). Organic

35 358 after

sulfur accounted for 80% of the total recovered
82 days of incubation (Table 1), compared to 93% 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
35

inorganic S activity recovered in the oligotrophic site
increased with time (Table 2). In contrast to the
minerotrophic site, there was no decrease in the amount of
inorganic sulfur present (umol S m—z) with time. However,

the total amount of reduced inorganic 35

S activity recovered
at all times was less in the oligotrophic site compared to
the minerotrophic site. For example, aftér 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

35

inorganic S activity recovered in the oligotrophic site

(537,000 dpm ° core _1) was similar to that recovered after
82 days in the minerotrophic site (762,000 dpm ° core _l),
the amount of organic sulfur formation was also similar

(Tables 1 and 2).
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As in the minerotrophic experiment, more than 90% of
the recovered reduced sulfur occurred above 15 cm, and again

less than 1% of the pore water sulfur-35 occurred below 20

35g, 3569, and re3°s. aid

cm. The percentage of label in AV 5

not differ in the first 3 cores from the oligotrophic

35

enclosure (Table 1). After 15 days, AV~ ~S accounted for 7%,

3580 accounted for 32%, and Fe35

35

S. accounted for 61% of

2

reduced inorganic S. The total inorganic S fractions were

6% AVS, 16% S°, and 78% FeS,.
As with the minerotrophic enclosure experiment, FeS2
represented a slightly larger fraction (78%) of total
inorganic sulfur in the cold chemistry ratios than it did in
any of the labelled cores taken during the first 15 days of
incubation (Table 1). The formation of labelled organic
sulfur accounted for 79% of the total recovered sulfur after
62 days of incubation (Table 2). Like the minerotrophic
experiment, the percent labelled organic sulfur (79%) 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
mire, even in environments with H' concentrations greater
than 100 peq 71 (pH < 4) (Tables 1 and 2). Molar rates of

sulfate‘reduction could not be determined for the

minerotrophic or oligotrophic enclosure experiment. However,
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2- pools were

because the specific activities of the SO4
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 site, as
demonstrated from the in situ incubations with sulfur-35
after 1 day (Tables 1 and 2). Also there was a greater
abundance of the inorganic end products of sulfate reduction

(AVS, FeS SO) in the minerotrophic area than in the

2’
oligotrophic area (Figures 5a and 6a). After 3 days of

358 in the

incubation there appeared to be recycling of
minerotrophic enclosure which makes the specific activity
complicated and thus makes it difficult to compare the

relative amounts of reduced 35

S in the two experiments. The
apparent differences in sulfate reduction rates between the
two areas may result from the lower surface and pore water
8042_ concentration in the oligotrophic area (Figures 2 and
3), the higher i concenfration 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 freshwéter environments are
often limited by the SO42— concentration rather than by the
concentration of oxidizable organic matter, in contrast to
marine sediments (Berner 1984). Sulfate reduction rates in

2= Jimited than freshwater lake

the mire were even more SO4
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sediments. Sulfate concentrations in ELA lakes (35 umol
8042_ 1™1; schindler, personal communication) were similar
to the mire in May and June. However, in lakes, the
sediment has a reservoir of SO42~ available in the water
column which constantly diffuses into the sediment and fuels
sulfate reduction (Kelly and Rudd 1984). 1In contrast, the
amount of water in the mire is small compared to sediment

and therefore the 8042_ content is much more seasonally

variable (Figures 2 and 4).

Sulfate reduction rates within the mire are undoubtedly

42— is limited and

2
4 to

the mire from spring snowmelt and rain storms (including

quite variable because the amount of SO

the supply is not constant. Significant inputs of SO

acidifications) increase the SO42_ concentrations of surface
and pore water, and probably increase the rate of sulfate

reduction temporarily. In fact, when 5042‘ in the mire was

2-
4

loss also increased, indicating SO42_ limitation (Chapter

increased due to experimental acidification, rates of SO

3). Increased rates of sulfate reduction also occur in

lakes receiving additional 8042_

(Herlihy and Mills 1985) and experimental acidification

from acid mine drainage

(Cook and Schindler 1983).

Sulfate reducing bacteria are khown to be inhibited by
H+ concentrations greater than 1 peqg L_l (pH < 6) (Postgate
1984), and laboratory experiments with mixed sediments also

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

6 (Kelly and Rudd 1984). Although the H' concentration in
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the minerotrophic area (30 peq L—l) might be expected to
inhibit sulfate reducing bacteria, the H' concentration in
the oligotrophic area (>100 upeqg L—l) 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 355042— reduction
rates in the oligotrophic area (Tables 1 and 2).
Differences in the availability of organic substrates
suitable for sulfate reducing bacteria might also cause the
difference 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).
Many investigators have observed that watersheds
containing freshwater wetlands are net sinks for 8042——8 in
rain and in groundwater on an annual basis (Hemond 1980;

Rippon et al 1980; Brown 1980; Braekke 1980,1981; Wieder and

Lang 1984). The experimental mire is undoubtedly a net sink

2-
4

" annual SO42_—S mass balance (Chapter 3), the in situ

enclosure experiments with sulfur-35 (Tables 1 and 2), and
2..

for SO -8 on an annual basis. This is based on the

the disappearance of SO4 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

2
4

(1981) suggested that observed increases in SO4

of 80,“ -S (Braekke 1981; Wieder and Lang 1984). Braekke

2—-

concentration of groundwater and water discharged from such

systems occurs after the interruption of extended 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 SO 2-

4
sulfur forms has not been previously observed directly

mass balance). The oxidation of

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
358 activity in the minerotrophic enclosure experiment after
82 days of incubation (Table 1); 3) significant increases in
pore water SO42“ 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 exisﬁence of a
removal mechanism (Figures 5b and 6b).

All of the above changes are partly or wholly caused by
water table fluctuations. The water table level 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 FeS2 and AVS are rapidly oxidized

chemically and/or biologically to s° and 5042_ 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 35

S during
the minerotrophic enclosure experiment (Table 1) resulted
from a similar drop in water table level (15 cm). Since >

35

90% of the reduced S formed in the top 15 cm of saturated

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

35 35,0 35

exposure of recently formed AV™"S, S”, and Fe~"S, to air.

2

Sulfide oxidation also occurs in the epilimnetic sediments
of ELA lakes (Kelly personal communication), and is
coincident with increased penetration of O2 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 (1979) observed a
similar seasonality in pyrite production and oxidation in a
New England salt marsh, where pyrite accumulated during
fall, winter, and spring was later nearly completely
reoxidized during the summer months. They hypothesized that

pyrite oxidation resulted from the release of 0, by

metabolizing grass roots in an otherwise anoxic environment.
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The 12 September $0,°”

increase in surface SO42- concentration from the 15 August

profile showed a 10-fold

profile (Figure 4), partly due to 8042_ input via

precipitation, but probably partly from the washing out of

2—
4

during drawdown. A simlar increase occurred in the

so formed from the reoxidation of inorganic sulfide

oligotrophic site profile in 1984 (Appendix II).

358 did not occurr

A decrease in the amount of reduced
during the oligotrophic enclosure experiment (Table 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 2.1 cm
occurred. The anoxic zone probably rose with the water
table.

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 likely

that summer drawdown, reoxidation, resolubilization, and

2
4

formed sulfur from being permanently stored in the anaerobic

export of SO "-8 could prevent a large fraction of recently
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 al (1977), 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 1 and 2) (figure 5a and 6a) is similar to that for
saltwater marsh ecosystems (Howarth and Teal 1979). However,
FeS2 dominance was in contrast to Brown's (1980) results

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

355042- into a peat core, and after an 8 day

S accounted for 60% of the original activity

quantity of

incubation, H2

below 12.5 cm with FeS2 and organic sulfur accounted for

less than 40% of the original activity at all depth. Howarth

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

2
their solubility products, and the effect of 0

concentration on Sz_ activity. The solubility product for

FeS, (2.4 x 10_28) is much less than that for FeS (2.75 x
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18

10718y, and both Fes 2=

2+

and FeS-are dependent on S and Fe™

2
activity. Increasing H' concentration causes a decrease in
82_ activity, resulting in a lower ion activity product.

The lower Ksp for FeS2 vs. FeS makes it possible for FeS2 to
be oversaturated, while FeS is undersaturated and thus Fe82
would be the preferred iron sulfide mineral. The H
concentration (20-100 ueqg L'l) in the mire were similar to
the saltwater marsh sediment where FeS2 is the dominant
inorganic sulfide (Howarth and Giblin 1982). The 0l
concentration in Brown's (1980) bog was significantly lower
(usually < 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 sulfur, primarily FeSz, all but
disappears below 30 cm and therefore organic sulfur accounts

for nearly all of the long term sulfur storage. This may be
a cbnsequence of the refractory nature of the organic sulfur
present, relative to pyrite. If the organic sulfur was less
easily oxidized or degraded compared to the inorganic sulfur
forms, the percent organic sulfur would increase at the
expense of the iﬁorganic forms, as 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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35 2~
SO4

be inappropriate (as discussed earlier), it is interesting
35

with with the percentage of cold organic sulfur may

that the percent of organic ~“sulfur in the in situ
experiments (79-80%) were both less than the percent cold
organic sulfur present in both the minerotrophic and
oligotrophic areas, 93% and 95% 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 (Kelly, 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 orgénic sulfur in eutrophic lake sediments
(King and Klug 1982) and freshwater wetlands (Casagrande and
Siefert 1977). The biological incorporation of SO42_—S into
organic compounds such as sulfate esters occurs in the oxic
layers of soils and is very importaﬁt in terrestrial sulfur

cycling (Swank et al 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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The Effects of Acidification on the Sulfur Dynamics of an

Experimentally Acidified Mire in Northwestern Ontario
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Abstract

A small Sphagnum dominated mire (Experimental Lakes
Area, northwestern Ontario) was divided into an experimental
and contfol 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

2 2 for the

received about 86 mg S m “, compared to 13 mg S m_
control area. Sampling sites were located in the
experimental and control areas of the mire.

2- .
in surface water pools

The concentration of SO4
increased in response to all acidifications and usually
returned to near pre-acidification concentrations within 7

2= Loncentrations occurred in

days. Smaller increases in SO4
the control pools. Increases in pore water SO42_ content in
both the experimental and control areas were smaller and
less consistent than those of the surface water. Hydrogen
sulfide occurred only in the minerotrophic pore water
profiles and always increased after acidification. A large
amount of the added 8042— was "sorbed" by the surface

Sphagnum spp. before reaching the water table. Annual

8042_—5 mass balance budgets for 1981- 1984 demonstrated
that the mire was a sink for 5042_—8 and showed that more
2..

SO4 was retained during the 2 acidification years (73%)
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than during the two previous years (55%). Some of the

sulfur reactions resulting in sulfur retention were enhanced

2
4

by the additional SO,“ -S loading. ... - D

S
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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 Tollan 1980; Schindler 1980;

Schindler et al. 1980; Schindler and Turner, 1982; Kelly et

ST

al 1982). Sulfur cycling and the effects of acidification
on terrestrial ecosystems has also been investigated in
deciduous and coniferous watersheds (Eaton et al 1978;
Johnson and Henderson 1979; Johnson 1984) and in

agricultural soils (Tabatabai 1984).

Investigations of the possible effects of acidic
deposition on North American wetlands are rare, yet many of
these wetlands are adjacent to the oligotrophic lakes that
are located in highly acid vulnerable areas. Gorham et al
(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 802
deposition. Later, Ferguson et al (1978) determined from

. laboratory experiments, that some of the Sphagnum spp. now
absent from the blanket bogs were among the most sensitive
to various sulfur pollutants, thus supporting Tallis'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 8042— concentration for bogs in
the English Lake District. Similary, low pH (3.82), high
ionic conductivity (130 upmho cm~ %), and high 8042_
concentration (364 umol L_l) of 24 moorland pools in Belgain
were suggested to be the result of industrial acidification
(Vangenechten and Vanderborght 1980).

Increased rates of sulfate reduction in lakes receiving
50,°”
has been responsible for the reduction in the efficiency of

from acid mine drainage and experimental acidification

acidification (Herligy and Mills 1985; Kelly et al 1982;
Cook and Schindler 1983; Cook et al 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 SO, 2~

4 and H+ (Wieder and

Lang 1984).

Presently little is known about the biogeochemical
cycling of sulfur in peatlands, or 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 (ELA) 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 of a‘
small basin miré. The major questions addressed were: 1)
42_? 2) was sulfate
reduction stimulated by the additional SO,2~

4
there any differences in the way the added SO

what was the fate of the added SO

input? 3) were
2..
4 was

processed in relation to season and/or location in the mire?

2-

and 4) what was the overall effect of additional SO4

loading on the sulfur budget of the 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 small oval mire
is centrally located within the northeast drainage sub-basin
of Rawson Lake (49O 40' N, 93° 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 1974. 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

(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. fallax
(Klinggr.) Klinggr.. The characteristic understory plants

(eg. Smilacina trifolia (L.) 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 #han 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 the experimental mire in the northeast drainage

sub-basin of Rawson Tlake.
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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
(called the oligotrophic area), characterized by nutrient
poor conditons relative to the minerotrophic lagg area
(Figure 1).

Experimental Design

The mife 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 located on laterals spaced at 14 m intervals
along a 300 m mainline. The control area (0.88 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 control area with a chemical
metering pump, and was applied to 2.66 ha of mire surface.
Only a small area of the mire (4 %) adjacent to the outflow
weir was excluded from the irrigation. For more details on
design and oberation of the irrigation system see Bayley et
al submitted.

To date there have been 9 acidifications: 3 in 1983 (3
August, 31 August, 11 October) and 6 in 1984 one each month,
May - October. Each écidification lasted 4-5 h, followed by

20-30 min rinse with lake water, to mimic a natural rain




.
.
.
.

B A e

64

storm. The 8042‘—5 loading during an irrigation event in

the experimental area was about 86 mg S m_z, compared to 13
mg S m 2 for the control area which received only lake
water.
Methods and Materials

Sampling 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 mire characteristic of more
mineral conditions (called the minerotrophic pool) (Figure
1). Both stations received acidified water during the
experiments. In 1984 two additional surface water stations
were added in the control area of the mire (oligotrophic

control and minerotrophic control) (Figure 1). Surface

2-
4

Pore waters were measured monthly at four sampling

water samples were analyzed for SO and H+ concentration.
sites within the mire. Two of the four sites (sites 1 and 2)
are located in the experimental area of the mire, and thé
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 2
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 were

obtained at 5 cm intervals from the top of the water table
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2-

to a depth of about 35 cm and were analyzed for SO4 r H. S,

2
and H' concentrations.

Pore water samples from the various depths were
obtained by suction using a hollow 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 valve. Pore water was thus obtained by
inserting the stainless steel tube to a known depth below
the water table, and withdrawing a sample 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 valve, taking
care not to let air enter the syringe. Samples for #' and
HZS analyses 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 3 h of
collection using an Orion research meter and a Fisher glass
combination electrode. Hydrogen sulfide samples were

analyzed by the method of Stainton et al (1977). Due to the

small sample size, appropriate changes were made to
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accommodate the 3 mL sample. Reagents were injected through
the 3 way valve to prevent contamination by atmospheric
oxygen. The HZS 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, 12 h
after, 24 h after, and 7 days after the acidification
experiment.

Laboratory Experiments

Two laboratory experiments were conducted to

2

investigate absorption of SO4 " by the three dominant

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

angustifolium. In one experiment I determined the loss of

42_ from the water with time for whole plants. 1In the

SO
second experiment, whole plants of each spp. were divided
into 3 parts: capitulum (0-1 cm), green (2-5 cm), and brown
(5-10 cm), and loss of 8042— was determined for the 3 parts
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

2- -1 1- . -1 1
4

pmol SO L ~, 272 umol NO L ~, and 125 peq gt 7L,

3
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Five mL subsamples from each jar were obtained after 1, 12,
and 20 h. Sulfate samples were filtered and analyzed as
described previously. The dry weight of the samples were
measured after drying at 70°C. Results were expressed as
percent SO42" absorption per gram dry weight of Sphagnum.

Sulfate-S budget

An input/output approach was used to calculate the

annual accumulation rate of SO42 2

Sulfate entered the mire by direct precipitation on the mire

=S m ¢ in the mire.

surface, runoff from the upland, and from acidification in
1983 and 1984. The major loss of 8042-—5 was via the

bedrock controlled outflow. Loss of 8042— due to escape of

HZS to the atmosphere was not measured but believed to be

small (Chapter 2).

Bulk precipitation samples were collected after every

2-

storm to calculate SO4 input from direct precipitation.

Direct runoff into the mire was calculated from the measured

concentration of SO42_ in runoff times the volume of runoff

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

Acidification 8042_—8 was equivalent to the annual SO,2 -S

4
loading plus lake water 8042_—8. The outflow was gauged
with a recording concrete plume and was sampled weekly
during the ice free season to determine SO42_ exported via
outflow. All 8042— 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 minerotrophic lagg area had higher SO 2- concentrations

4
than the central area of the mire throughout the ice free

2~
4

surface pools was usually higher than the corresponding pore

season (Figure 2). In addition, SO concentration in the

water profile for that area of the mire.

2

Typical SO4 " pore water profiles from the experimental

oligotrophic and minerotrophic areas of the mire are shown

2-

4 at

in figure 3. Generally, highest concentrations of SO
the minerotrophic sites were at or near the surface,

decreasing with depth, due to sulfate reduction. Surface
concentrations of SO42— were as high as 50-100 umol 5042-
L—1 shortly after spring snow melt or after a significant

amount of precipitation. Later in the season or after

extended dry periods, 8042_ concentrations fell below 5 umol

Increasing concentrations of H,S with depth were

2
observed only in the minerotrophic lagg sites. Sulfide

concentrations in the minerotrophic sites ranged from

undetectable to 10-15 umol S L™, In general, the highest

concentrations occurred after significant SO 2- inputs to

4
the system (see later). 1In 1984, measurable amounts of HZS
were found in the two central oligotrophic sites only on two
1

occasions (ie. > 1 ymol S L 7).
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Figure 2. Seasonal 5042— concentration in the experimental oligotrophic

and minerotrophic surface water pools during the 1984 ice

free season.
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Sulfate concentration as a function of depth in the experimental
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The H' concentration of the oligotrophic center pool,

which characterizes the oligotrophic area, averaged 92.3 ueq

1 (pH 4.03) in 1983 and 126.6 peq H' L7}

gt n” (pH 3.9) in
1984. The H' concentration of the experimental minerotrophic

1

pool was 14.4 peq H' L™' (pH 4.84) in 1984.

There was also a considerable difference in the H'
concentration in pore water of the oligotrophic and
minerotrophic sites. The oligotrophic sites had
significantly higher ut concentrations than the
minerotrophic lagg sites. The gt concentration was usually

1

in the range of 90-200 ueq L ~ (pH 4.04-3.70) in the central

oligotrophic sites with a rather constant concentration with

depth. The minerotrophic lagg sites had at concentrations

1

ranging from 30-60 ueq H+ L~ (pH 4.52-4.22) at the surface

of the water table, decreasing to 10-30 ueq L—l (pH 5.00-
4.52) with depth.

Effects of Acidification on Mire Water Chemistry
42— concentration for the
oligotrophic and minerotrophic pools in response to

Typical increases in SO

acidifications are shown in figures 4a and 4b. Sulfate
concentrations in surface pools increased rapidly after

addition of sulfuric acid during the 9 acidifications

2
4

greatest for the oligotrophic and minerotrophic pools during

(Figures 4a,b). The increase in SO concentrations were

the July and August acidifications (Figures 4a,b). On 20
June 1984, SO 2- concentration increased about 5X in the

4
oligotrophic pool directly after the acidification (Figure
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4a). Sulfate concentrations decreased throughout the mire
during the summer months (Chapter 2), and therefore the

August acidification resulted in significantly greater

2-
4

pool (Figure 4a), although peak concentrations were similar.

2
4

concentration, but since the initial concentrations were

increases in SO concentration (20X) in the oligotrophic

The minerotrophic pool also increased in SO

higher, the percent increase was significantly less. Like

2-
4

the midsummer acidifications, when pre-acidification

the oligotrophic pool, SO increases were much greater for

2-
4

concentrations decreased rapidily after acidification in the

2-
4

concentration were near pre-acidification levels within 7

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

minerotrophic and oligotrophic pools. Generally, SO

days of the acidification in both the oligotrophic and

minerotrophic pools.

2-
4

control area resulted in much smaller increases in SO

L71) in the

2-
4

concentration in the minerotrophic and oligotrophic control

2—
4

after 1 day, than were the experimental pools (see Appendix

Irrigation with lake water (36 umol SO

pools, and were much closer to pre-irrigation SO levels
IV) L

In contrast to the surface pools, pore water
concentrations of SO42— did not always increase following
acidification in the oligotrophic area. The 3

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

concentration in the

increased pore water 8042—

|
|
i
|
!
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Sulfate concentration in the experimental oligotrophic and

Figure 4.

face water pools in response to 4 1984 acid-

ic sur

troph

minero

ifications (figure 4a and 4b respectively).
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minerotrophic site only. 1In 1984, 4 of the § acidifications
resulted in increases in pore water 8042_ concentration in
the oligotrophic site, while all 6 acidifications caused
increases in the minerotrophic site. 1In the minerotrophic
site, pore water samples collected 15-20 h after
acidification were usually lower in SO42_ than samples
collected directly after acidification (Figure 5). The
autumn acidifications of 1983 and 1984 (September and
October) were notable exceptions: SO42- disappearances after
the autumn acidifications were slower than those for the
spring and summer acidifications of 1984.

Increases in SO concentration in the oligotrophic

2-
4
control pore water profile were very small, when they
occurred, and the same was generally true for the
minerotrophic control pore water profile, when increases did
occur they were usually greatest in the minerotrophic
control profile.

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

| The highest natural concentrations of HZS in the
experimental and control minerotrophic site occurred in May,
June, and July (Chapter 2). The 20 June 1984 acidification

resulted in an increase in HZS directly after acidification

(Figure 6). Usually HZS concentrations 15-20 h after
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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 HZS than the profile obtained directly after
acidification (Figure 7). The pre-acidification HZS
profiles for August, September, and October of 1984 only
contained H,S in 1 or 2 of the depth intervals sampled,

probably because of the low SO concentration during this

72—
4
time (Chapter 2). After the addition of sulfuric acid during
the August, September, and October acidifications, usually
at least 1 or 2 additional depth intervals contained st.
The concentration of HZS 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 oligotrophic site. The increase in HZS from
pre to post irrigation was similar for the control and
experimental minerotrophic sites, even though the increase
in 8042— concentration in the control site was much less
than for the experimental site.

Tﬁe H' increases shown in figures 9a and 9b for the
oligotrophic and minerotrophic pools were typical for the 9
acidifications. Increases in H' concentration were usually
greater in the oligotrophic pool than in the minerotrophic
pool (Figures 9a,b).‘ Frequently, within 1 to 7 days after
the acidification, ut concentrations decreased to
pre-acidification levels (Figures 9a,b), however, this was

not always the case. Minimal changes in the ut concentration

in the control pools occurred following irrigation with lake
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Figure 6. Hydrogen sulfide concentration as a function of depth in the
experimental minerotrophic area (site 2) in response to the

20-June-84 acidification.
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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 acidification.
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Figure 8. Hydrogen sulfide concentration as a function of depth in the
control minerotrophic area (site 4) in response to the

23-May-84 acidification.
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water.

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 H' occurred in the
control surface or pore water sites (see Appendix IV and V).

Laboratory Experiments

Whole plants and plant parts of the 3 Sphagnum spp. all

absorbed significant amounts of SO within 1 h (Table 1).

4
The percent absorption, for whole plants, was highest for S.

angustifolium, followed by S. fuscum and S. magellanicum

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

2
4

parts for each of the respective species. There was little

percent loss of SO than any of the 3 individual plant

difference in percent loss between plant parts for a given
species (Table 1). 1In general, there was at least a 50 %
loss of 80,2~

4
for the 3 species (Table 1). It was not known whether the

within 1 h, for whole plants and plant parts

reduction in 8042— concentration was a result of passive or

active uptake by the plants, although one would expect the

2-
4

through passive uptake and/or adsorption to plant surfaces.

rapid removal of SO (50% loss in 1 h) was primarily

o
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Figure 9. Hydrogen ion concentration in the experimental oligotrophic
and the experimental minerotrophic surface water pools in re-

sponse to 4 1984 acidifications (figure 9a and 9b respectively).
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Figure 10. Percent loss of 5042_ from water containing three Sphagnum

spp. as a function of time.
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Table 1 - Percent loss of SO 2- from water containing %
whole plants and plant parts for Sphagnum angustifolium, |
S. magellanicum, and S. fuscum., as a function of time.

Whole Plants
time, h S. angustifolium S. magellanicum S. fuscum

1 75 55 65
12 85 63 76
20 90 79 82

Capitulum (0-1 cm)

time, h  S. angustifolium  S. magellanicum  S. fuscum

1 66 56 57
12 75 62 70
20 87 73 56

Green part (2-5 cm)
time, h S. angustifolium S. magellanicum S. fuscum

1 78 67 47
12 83 68 64
20 96 73 69

Brown part (5-10 cm)

time, h  S. angustifolium  S. magellanicum  S. fuscum
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Sulfate Mass Balance

2
4

demonstrated the mire was a sink for SO

The annual SO mass balance budget for 1981-1984

2
4

additional SO42_—S input from acidification in 1983 and 1984

-8 (Table 2). The

42_-8 input
to the mire. In addition, the mire retained more 8042_—8 (g

m~2 yr—l) during the two acidification years than in 1981 or

2-
4

acidification years was similar to the two pre-acidification

accounted for 28 and 47% of the total annual SO

1982, even though the total SO =S input during the two

years (Table 2). In addition, the long term sulfur

2

accumulation rate (g S m yrml) within the mire was

calculated by multiplying an estimate of the total sulfur

content of the peat (g S g—l), by the annual net rate of

peat accumulation (g m"'2 yr—l). The total sulfur value used

3

for this calculation (1.96 x 10 ° g S g‘l) 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

2 210

3 cores (251 g m 2 yr 1) was estimated by the Pb dating

method (Methods and Results in Appendix VI). The long term

2 1

sulfur accumulation rate was 0.49 g S m “ yr —, somewhat

less than sulfur accumulation rate based on the 4 years of

SO42“—S mass balance data, (0.64-1.28 g n 2 yr™1, Table 2).
Discussion
This work revealed a number of routes that added 8042_
may follow: 1) 5042“ may be immediately absorbed or adsorbed

by living and dead Sphagnum spp. before reaching the water
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Table 2. 1981-1984 5042" - S budgets for the 239 Mire.

i
]

Acid was added to the mire during half of 1983 and during the entire 1984 ice-free

season,
1981 1982 1983 1984
. 1 L2 . _1 .2 . 1 .2 . 1 _2

g mire g m % of g mire gm % of g mire gm % of g mire gn % of

yr'l yr"l input yr"1 yr‘1 input yr“1 yr‘l input yr‘l yr“1 input
Natural precipitation 13,579 0.37 37 25,690 0.70 45 14,680 0.40 36 15,414 0.42 24
Acid precipitation - - - - - - 11,377 0.31 28 30,094 0.82 47

(incl. Roddy Lake water)

Runoff into mire* 23,488 0.64 63 31,195 0.85 55 14,680 0.40 36 18,350 0.50 28
Total 37,067 1.01 100 56,885 1.55 100 40,737 1.11 100 63,858 1.74 100 |
Qutfiow 13,355 0.36 36 30,995 0.84 54 10,887 0.30 27 16,520 0.45 26
Retention 23,712 0.65 64 25,890 0.71 46 29,850 0.81 73 47,338 1.29 74

*Runoff proportional to: northwest sub-basin

- 1981; east sub-basin - 1982; east sub-basin - 1983; east sub-basin - 1984,

76
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table (partly active uptake by the living plants, but

72—
4

reduced by sulfate reducing bacteria in the anaerobic zone

probably mostly passive uptake) (Figure 10); 2) SO may be

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

various sulfur forms or reoxidized later (Chapter 2); 3)

2—
4

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

may remain in the surface water or pore water without

the outflow (Table 2).

The relatively small and ephemeral increases in surface

and pore water SO42~ concentration following acidification
(500 umol 8042_ L—l) in conjunction with the significant
2

uptake of SO4 " by Sphagnum spp. in laboratory experiments

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

. 2-
the applied SO4 was sorbed by the Sphagnum spp. before

reaching the water table. This is consistent with findings

of Brown and Macqueen (1982), where 78% of 358042~ (in

distilled water), added to peat 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

2
4

present in precipitation are adsorbed (Johnson and Henderson

of terrestrial watersheds, where large amounts of SO

1979) and/or rapidly transformed to non-salt extractable
sulfur, largely organic sulfate esters (Fitzgerald et al

1983; Swank et al 1984).

2-
4

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

Based on the ability of Sphagnum spp. to take up SO

of organic sulfur (Chapter 2), and the dominance of organic
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sulfur in surface peat (20 - 150 umol S g"l dry wt.)

2
4

is transformed to organic sulfur in the aerobic zone of the

(Chapter 2), it is likely that a portion of the added SO

peat profile.

Ferguson et al (1984) observed a similar phenomenon
when five Sphagnum spp. collected from an unpolluted area
were transplanted to two blanket bogs: one located in the
southern Pennines, an area with high bulk sulfur deposition

(9.78 g S n 2 yr 1); and the second bog was a relatively

unpolluted site in North Wales (5.82 g S n~2 yr ). 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 SO42_ leading to increased loss of

2

4 ~ from the water to the plants (Tables 1 and 2).

2—
4

increased the rate of sulfate reduction (Hemond 1980; Wieder

Addition of SO to freshwater ecosystems has

1982; Herling and Mills 1985; Cook and Schindler 1983).
This occurred in the minerotrophic area of the mire as

demonstrated by increases in pore water H,S following

2
acidification (Figures 6 and 7). Although the increases in

pore water H_ S in both experimental and control

2

minerotrophic sites were similar, the higher SO levels in

2-
4
the experimental minerotrophic site may have maintained the

post-acidification H,S levels longer, unfortunately because

2
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no additional pore water samples were collected after the

12-17 h samples I am unable to conclude that this occurred.

Because sulfate reduction in the minerotrophic area is 8042—

limited, especially in midsummer (Chapter 2), even small

increases. in pore water SO content may be expected to

4
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 HZS 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.

35 2-
4

and oligotrophic areas have shown that AV
35

In situ incubation with “7SO in the minerotrophic

35 3SS

S Fe and

2!
s® form rapidly (Chapter 2), and probably the rates of

formation increased due to acidification at least in the

2S concentrations increased
(Figures 6 and 7). The precipitation of §%” as FeS, FeS

minerotrophic area where H

2!
or s° results in alkalinity production and may help offset

acidification of the mire, as long as the reduced sulfur is

2_
4 L d
In an oligotrophic lake experimentally .acidified with

not reoxidized to SO

sulfuric acid, epilimnetic and hypolimnetic sulfate
reduction accounted for 85% of the intefnal alkalinity
production which decreased the efficiency of acidification
by 66-81% (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
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sulfate reduction. However, after a year and a half of
. gs s . . , + .
acidification there has been no increase in H concentration

(Bayley personal communication) and probably increased

sulfate reduction rates are partly responsible.
Although sulfate reduction rates could not be

determined, both the long term sulfur accumulation rate

2 yr—l) and the recent sulfur accumulation rates

2

(0.49 g S m

yr™1) indicate that the mire is an

2-
4

sulfur accumulation are reasonably similar. However, the

(0.64-1.28 g S m

efficient sink for SO ~S. Theses independent estimates of

somewhat higher rates of sulfur accumulation based on the

2
4

evidence that the recent increase in atmospheric SO

1981-1984 SO,“ -S mass balance data may be interpreted as

2-
4

deposition in the ELA (Schindler personal communication) has

-S

resulted in greater rates of sulfur accumulation, even

before the acidification years.

2-

Many investigators have observed autumn peaks in SO4

concentration of ground water and water discharged from
watersheds with and without wetlands (Wieder and Lange 1984;
Braekke 1980; Brown 1980). Braekke (1980) attributed the

increase in ground water S0,° content to accumulation of

2
4
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 wetlands may be detrimental to

aquatic ecosystems downstream. Norwegian literature cited
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by Brdwn (1980) suggested autumn acidification of rivers and
subsequent fish kills 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
40 kg S ha ! of stored sulfide from a small British bog,
this was equivalent to the annual sulfur loading for the
region. In the experimental mire, a comparison of the
inorganic sulfide content of spring vs. autumn cores
(collected after the summer dry period) revealed about a 33%
decrease in the amount of reduced inorganic sulfide present
(Chapter 2). The resolubilization of the oxidized sulfides
would help explain the September and October increases in

pore water SO concentration (Chapter 2), and the autumn

4
42— concentration discharged from the watershed
for 1981-1984 (unpublished data). The apparent increase in

peak in SO

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
may potentially be released due to a given drop in water
level will also increase. This phenomenon may be especially
important in areas where wetlands contribute significantly
to the hydrologic input of downstream aquatic ecosystems.

In summary, acidification with sulfuric acid resulted

in temporary increases in SO concentration in surface and

2-
4

pore water. Much of the SO added to the mire was "sorbed"

2-
4
by the surface Sphagnum spp. before reaching the water
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saturated zone. - 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 elemental sulfur. A similar increase in
the rate of sulfate reduction in.the oligotrophic area
probably also occurred following acidification. The mire
retained more sulfur per unit area during the two
acidification years than during the 2 preceding years, and
for all 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 sulfides
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 sulfur retention by one or more of the mechanisms
listed above, the result would be increased sulfur export

with resultant stream acidification.
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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
1978), as previously discussed. The occurrence and
distribution of sulfur compounds have been reported for the
Everglades and similar wetland ecosytems (Casagrande et al
1977; 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.

2
4

snowmelt with sporadic inputs occurring from rain events

A large amount of SO entered the mire during spring

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

4
margin of minerotrophic area of the mire received more

input resulted from upland runoff, the

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 SO supply. In this mire,

72—
4
the minerctrophic area (lagg) is quite extensive. The ratio
of upland area to mire surface and the slope of upland area
are important factors which determine how much of the mire
is affected by the mineral water runoff.

Because so little 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.

Weekly and monthly SO samples from both surface

2_
4
pools and pore water profiles not only demonstrated the
large difference in 8042— concentrations between the two
areas, with concentrations much lower in the oligotrophic

areas. There was also a pronounced seasonal variability in

8042— concentrations at one location. It was obvious that
5042_ supply to the system was very important, especially
since the procéssvof sulfate reduction must have a source of
8042— to fuel the reaction. In fact, many of the observed

differences between the minerotrophic and oligotrophic area

might be the result of SO supply. Although sulfate

2_
4
reduction occurred throughout the mire, the enclosure
experiments with 358042— apparently showed higher sulfate
reduction rates in the minerotrophic area than in the
oligotrophic area. The inorganic end products of sulfate
reduction in peat cores (AVS, SO, FeSz) were also more

abundant in the minerotrophic area. As discussed in Chapter

2, this difference may partly result from the difference in
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H+ concentration between the two areas. However, one may

42— supply in the minerotrophic area

supports higher sulfate reduction rates which inturn consume

argue that the higher SO

more ut ions, thus enabling the sediment to maintain a lower
H+ concentration. The higher H' concentrations of the
oligotrophic area may be a consequence, rather than a cause

of, lower sulfate reduction rates resulting from a lower

8042_ supply.

The 9 acidifications were a significant source of SO42_

to the mire, accounting for 28% and 47% of the total 8042—-8

input to the mire during 1983 and 1984. This was especially

true during the July and August acidifications, when 8042—

concentrations in pools and pore water were extremely low

due to the lack of precipitation. The increase in st

concentration in the pore water of the minerotrophic area

following each acidification demonstrated that sulfate

2-
4

concentrations in the minerotrophic area were relatively

2—-

limited. Even in May, when SO4

reduction rates were SO

high, pore water HZS concentrations increased. Although H2S

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
8042_disappeared>rapidly.

Although AVS, FeS SO, and organic sulfur were forming

2’
throughout the mire, organic sulfur accounted for the
majority (94%) 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 80% of the total sulfur recovered
-in both the minerotrophic and oligotrophic experimenté after
82 and 62 days of incubation.

Organic sulfur forms from the assimilatory reduction of

2
4

the reaction of H

" by plants and microorganisms, and may also form from
2S with various organic compounds
(Nissenbaum and Kaplan 1976; Casagrande et al 1979). 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 st with
organic matter. A portion of the organic sulfur present is
derived from the remains of dead plants, primarily Sphagnum
Spp., this sulfur probably consists mostly of carbon bonded
sulfur (ie. amino acids and proteins).

The recent and long term sulfur accumulation ratés
based on the 1981-1984 SO 2_—5 mass balance data (0.64-1.28

4
2 210 2 -1

g sm? yrt) and the Pb dated cores (0.49 g S m “ yr )

both indicate that a significant amount of the incoming

2-

SO4 is retained by the mire. Sulfate-S deposition in the




106

ELA has increased in recent years (Schindler personal
communication) and may be reflected by the slightly greater
g 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 10 fold less than than my estimates

2 1

(0.49-1.28 g S m “ yr ). The atmospheric deposition of

2-
4

the ELA mire is not an ombrotrophic system, because it

so is similar for the two areas but unlike their system
receives upland runoff in addition to direct atmospheric
precipitation which helps explain the difference in sulfur
accumulation rate.

2-

When SO is microbially reduced, " ions are

4
consumed, and this is very important in the regulation of
lake acidification (Kelly et al 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 8042—, the summer

drawdown of the water table resulted in the oxidation of up
to 37% of the inorganic sulfide present in the top 20 cm of
peat. Therefore much of the H 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 H,S may be very important in this

2
regard, due to its more resistant nature (Casagrande et al

1979), and its greater abundance. For example, the

formation of SO esters from H,S results in the production

2-
4

2
of only 1 ueq 55042-5—1 of alkalinity compared to 2 peq
55042]_1 when FeS, AVS, or carbon bonded sulfur are

formed, Ester sulfates are considered a geochemical stable
form of sulfur (Casagrande et al 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 recently have scientists become aware of the
potential importance of organic sulfur formation in aquatic
ecosystems. In light of my findings and others, I believe
that future sulfur work in wetlands should foéus on the
identification of the various organic sulfur forms present,
their distribution, and their modé of formation:
specifically, are they primarily the result of bacterial

so 2~

4 reduction or the accumulation of plant material, and




how will changes in bog ecology affect each of these sulfur

retaining processes?
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Appendix [
2= + iy . . .
1983 and 1984 weskly 834 and H concentration for surface water pools in the mire.

n.
1985 _weekly 50 “ﬁ_caggentratian in surface water pools
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1183 weeklylﬂ+ concentration in surface water pocls
H -
|

ueg L
ate Oligotraphic
experisental |

a-Hay 4.9
12-Hay 87.1
19-Hay .
26-Hay 70,
i-Jung 87,
B-June 102.3
15-dune 79.4
21-dune 104.0
29-June 107.1
&-duly 123.0
Hi-July 73.3
20~July 107.1
27-duly 104.7
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10-fugust 33.3
17-August 73.3
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1984 weekly H_ concentration in surface water pools

H -ueg B L
Bate Rinerotrophic - Himerotrophic  Oligotrophic  Oligotrophic
euperinental control experimental cantrol
2-Hay
F-Hay f.1 128.8
1&4-Hay §.4 117.5
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b-dune 16.2 166 117.5 104,7
13-dune 17.4 13.5 144,35 123.0
20~-June 10.3 8.5 100,90 87.1
27-dune 3.2 7.9 114.8 1947
4-July 14.2 1.7 138.0 135.9
Pi~duly 1.7 10.5 131.8 128.8
iB-July 1.2 8.7 138.0 131.8
25-July 13.5 8.1 125.9 131.8
1-fugust 9.3 .4 109.5 107.1
8-fugust 1.4 3.2 102.3 93.3
15-Pugust 4.8 b.4 21.2 125.%7
22-hugust .8 2.1 125.9 117,38
29-Bugust .l 5.0 100.0 HT.5
I-Geplember 3.4 f.3 14,7 138.9
12-September 10.2 10.5 7.5 147.9
19-Beptember 12.0 15.1 126.2 107.1
Z6-September 14,2 8.4 128.8 138.0
F-lctober 1401 22.% 141.2 151.3
10-October  13.2 17.4 134.9 173.8
17-October  38.0 H.a 177.8 173.8
Z4-Bctoher 29,5 21.4 iBa.2 145.9




Appendiz 11

s , Pl . L . . .
1984 monthly 504 y By and H,5 concentration for the 4 pore water profiles in the mire
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Site &

Betph, ca Z3-May-B83  29-June-83  20-July-B3  3l-Pugust-B3  28-September-83  11-October-83
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i 9.2 1.4 15,0 47.5
13 7.3 0.8 3.7 3o 1.9
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a7

Detph, cm  23-Nay-83  20-June-B3  1B-July-83  lh-Bugust-B3  {Z-September-B3  10-October-83

¢ 3.4

3 4.8

19 0.4 1.1

ia 3.3 f.1 0.8

20 0.5 1.1 1.2 2.1 2%.8 g.6 |
25 8.7 2.0 0.7 18,2 6.1 |
30 0.4 il 0.7 4.8 12,0 3.7

33 4.9 1.7 4.3 3l

40 0.8

fite 4
Detph, o 23-Hay-BF  20-June-B3  1B-July-B3  1&-Rugust-83 2-Septenber-B3  10-October-g3

i 25,3 8.1

] 22.3 G4

19 20.7 1.8 13

13 0.0 §.1 1.9 3%.8 0.8
20 6.7 4.8 1.9 b

23 15.9 2.5 1.5 4.8 2514 4,4
30 10.9 2.7 1.3 1.6 18.1 3.2

g 0.8 1.3 4.1 37
44 i5.4

1983 H' profiles for 1963
Ho-ueq B L

§ite |

Detph, cm  25-May-82  29-June-83  4-fugust-83  3i-Bugust-83  28-Septesber-83  1i-October-83

3

3 B1.3 114,48
i 83.1 83.2 131.8 2.3
i3 100.4 89.1 131.8 125.%
20 77.7 93.3 i25.9 117.3
23 F3.3

30 114.9 104.7 i14.8 81.3
33 114.8

4 123.9 112,32 141.2 3.3

1
1
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1984 H' profiles
H - ueg L

Site i

Batph, te  23-May-83  20-June-B3  18-July-83  15-Buqust-83

0 25.0
3 177.8 154,9 169, 4
i 147.9 194.9 102.3 142.2 2951 §457.7
i3 154.9 151.3 27.7 1538.5 131.8 354.8
] 158.5 163.9 57.7 147.9 169.8 251.2
25 162.2 79.4 144.5 1531.3 195.¢
30 1531.3 162.2 10447 144.5 138.3 141.2
35 B5.0 138.0 131.8 1268.8
45 195.0 177.8

Gite 2

Betph, ca 3-Hay-B3  20-June-B3  1B-July-B3  15-Rugust-83 2-Ceptember-83  10-Dctober-83
0 J6.2 32,4
3 36,2 3.7
10 4.6 39.8 0.9
15 5.4 24,0 24.0 4.9
Z 3.4 21.9 21.4 3.2 27.3 36.3
25 27.3 28.8 1.4 271.5 3.4 21.9
3 21.9 7.3 24,0 12,0 7.5 2
33 4.5 i7.4 13.8 8.4 23.4
40

Site 3

fetph, cm  23-Hay-B3  20-June-83  18-July-83 13-hugust-83  12-Bgptember~B3  10-October-83

]
B 230
ih i04.7 123.% 100§
15 i0d.7 117.5 Bi.1
20 104.7 83.2 776 102.3 55,3 1023
23 100.0 LY 8%.1 73.8 33.3
30 192.3 104.7 19%.6 83.1 33,3 87.1
3 7.6 71.4 57.7 7%.4




Gite 4

Getphy ce Z3-May-83  20-June-82  18-July-B3  15-Pugust-B3  12-September-83  i0-Ortober-83

g 43.4 38.4

3 359 32.3 28.2

19 4.7 4.1 20,0

15 33.3 18.2 14,1 1%, 26.8
20 22.9 14.4 15.3 5.8 38.9 20,9
25 17.8 153.4 22.4 9.9 24.3 20.4
3 4.7 2.9 153 20,9 2.9 21,9
33 20.4 12.0 141
46

1984 H,5 profiles _

.8 - tnol H,5-5 L7

Site 1

Detph, ta  23-Hay-83

O 0o
3 0.7 50 G.0
1w - 4.0 4.0 .0 0.0 0.0 0.0
13 4.0 0.0 0.0 .4 6.4 0.0
20 §.0 0.0 0.0 4.0 0.0 0.0
23 0.4 G.0 .0 0.4 0.0
30 4.0 4.0 0.0 4.0 4.9 0.0
35 4.0 (.0 0.0
&0 0.0 0.0

Site 7

Detphy cm 23-May-83  20-dune-83  (B-July-83  15-Pugust-83  {7-September-83  10-Octoher-83

0.0 0.0
G 0.0 0.6
i 3.0 b4 3.6
i3 1.1 8.4 4.4 0.4
20 1.2 1.2 &.8 3.3 10.4 0.4
23 i A 1.8 3.0 3.9 7.8
3 Lb 4.0 2.7 0.0 I8 4.8
33 3.0 3.0 0.4 0.4 0.9

-
Lol




(2
—-
Dl
12}

L4

fetph, tm  23-May-83  20~June-83  1B-July-83 -August-g3 i-September-83  10-October-B3
i
5
10 0.4 0.0
i3 ] 4.0
20 0.4 0.0 0.0 3.0
25 ¢.0 0.0 4.0 8.0
3 .0 4.0 0.9 3.0 4.0
35 0.4 0,0 0.0
40 .0

Bite 4

Detph, co  23-May-BF  20-June-B3 18-Juiy-83  15-fugust-83  12-Beptesber-B3  10-October-83
0 4.0 .5
3 0.0 4.0
14 .4 4.5 0.0
15 0.4 3.2 2.9 3.3 0.4
20 1.& 37 5.5 bl 0.0 4.7
s 4.4 7.4 7.4 7.4 0.0 4.4
34 Loh 6.2 5.9 R 3.0 0.0
35 .4 0.0 4.4 4.9
4
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Appendix 11

. o L . . . .
Concentration of W5, 57, and Fe, as a function of depth for 15 cores from the mire.

umol AVS, SD, and Fel, - § g_l dry weight

fore #1 Core #2
Bate: 31-May-B4 Date: 2-Juna-84
Bite 2 Site 2
0 . ]

Detph,cm AvS 5 Fed, Detph,ca Avs 5 FESZ

0~3 0.0 1.1 3.0 -3 0.0 0.7 .3

3-10 0.0 G035 b2 -0 R 2.0 1,2

10-15 0.3 0.3 i%.4 10-13 0.2 1.4 16,2

15-2¢ 0.1 6,3 134 15-20 0.3 (.9 b, &

20-23 0.1 0.1 8,7 20-23 a4 0.4 1.8 |
25-30 0.0 0.1 1.8 2530 6.1 0.4 (.8 t
30-33 0.0 4.3 1.8 30-33 13 0.2 Z.4

3540 0.0 0.1 2.3 39-40 4.0 3.2 1.%
Lore &3 Core ¥4
Bates 12-June-84 Data: 13-June-B4
Bite 1 Site 1
Detphycn  AUS 8% Fes, Detphycn AV 8 Fef,

4~3 4.0 1.1 0.0 -3 0,2 1.9 3.0

10 0.0 05 0.2 -1 1 4,3 i

10-13 0.1 U.b 1.7 1-15 4.1 4.7 1.7

15-20 0.0 0.8 3.0 15-20 4.1 0.8 37

20-253 4.9 0.7 3.9 202 1N} 1.0 &1

23-30 0.0 1.4 2.4 25-30 0.1 1.7 2.7

30-35 4.0 1.4 1.4 I0-35 it 4.5 2.8

I5-80 0.0 0.6 1.0 35-40 0.1 .6 0.7

i

Lore #5 fore $6 |
Date: Z25-June-B4 Date: 28-June-B4
Bite 4 Bite 3

) o - - a o
Betphyon avs 8 Fed, Datph,cn AVS § Feaz

0-3 4.0 .4 3.7 -5 3.0 1.4 .0

3-10 .2 4.3 230 18 0.0 1.0 1)

19-15 3.2 1.3 12.4 10-13 0,1 4.7 1.4

15-20 .4 0.8 16,5 15-20 0.1 0.3 2.3

20-23 0.3 0.5 i2.% 20-23 0.0 0.3 1.3

25-30 0.2 1.8 5.8 25-30 0.0 .3 o7

30-35 0.0 0.4 24 3033 0.1

35-40 0.1 0.3 i1 340 0.0
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Appendiy IV

ficidification #1
Dates 3-August-83

413

0% 1sg L
5 3 unal 50,
Experimental Contral
Hinerotrophic Oligotrophic Hinerotraphic Gligotrophic
pool pool pool pool
Betore acid. 2.5 1.9
furing : 72.9 244
Directly after 37.2 38.8
i day after 3.2 23.3
7 days atter 3.2
H - 1eg L-1
Experimental Control
Hineratrophic Oligotrophic fiinerotrophic (ligotrophic
pool pool pool pool
Before acid. 8.3 31.2
During 12,3 158,35
Birectly after 13,3 146.0
I day after 1.2 102.3
1 days atter 93,3
fridification #2
Date: 31-Augusi-83
s0,° - unal 50,5 L0
4 T
Experimental Control
Hinerotrophic Oligotraphic finerotrophic Oligofrophic
pool pool pool pool
Before acid, 20.4 2.8
Buring
Directly after £8.8 66,2
i day after 78.1 %4
7 days after 21.4




L
e
o

H+ - ueg L
Experigental Control
Hineratrophic 0ligotrophic Hinerotrophic Oligotrophic
pool pool pool pool
Before acid. 2.3 83.2
Buring 2.9 158.5
Directly after 3.4 190.3
it day afier 3.4 971.7
7 days after 89.1
fcidification 43
Date: 11-October-83
G
, T une 804 L
Experimenial Control
finerotrophic Oligotrophic Hinerotrophic Oligotrophic
pool pool pool pool
Before acid. 139.4 i7.1
luring 173.4 36,8
Directly after 1850 46,2
I day after 185.4 19.8
7 days after 19.8
+ -
H - ueg L !
Esperimental Control
Hinerotrophic Dligotrophic Minerotrophic Oligotrophic
pool pool npol poal
Before acid, 3.9 109,68
During 3.2 151.3
Birectly after 8.7 144,53
i day atter 4.5 97.7
1 days atter 138.0




Acidification #1
Date: Z3-Hay-B4

SDQ ~ umol SD*"; L

]

Experimental Control

Hineraotrophic Gligotrophic Hinerotrophic Dligotrophic
pool pool pool pool

Before acid. 6.3 7.4 3.5 12.5
Buring 70.8 3.3 §1.7 12.3
Directly after 83.4 35.4 41,8 13,5
1 day after 63.4 28,4 40,4 i0.4
7 days after 42,7 10.4 18.58 7.3

Experimenial Contral

flinerotrophic figotrophic Hinerotrophic Oligotrophic
punl pool pool pool

Before acid. 14,8 128.8 13.5 97.7
Buring 23.4 144,53 12,6 100.4
Directly after 17.3 141.2 14,1 109,48
L day after 15.3 147.9 14.4 i12.2
7 days after 12, 123.¢9 13.5 125.9

Acidification 42
Bate: Z0-dune-84

2- - -1
o ~ o
:104 umal _;04 L

Experimental Lontraol

finerotrophic Dligotrophic Hinerotrophic Oligotrophic
pool pool pool poal

Before acid. 35.4 g.3 13.5 G2
Turing 8.3 43,8 2.9 8.2
Birectly after a8.3 38,9 2.9 7.3
{ day atier 45.8 15,6 i9.8 b2
7 days after 5.4 15.4 17.7 32




H+ - ueq L"1
Experimental Lantrel
Hinerotrophic Dligotrophic Hinerotrophic Bligotrophic
pool pool pool pool
Before arid. 10.3 1000 8.3 87.1
Buring 13.2 131.8 6.4 71.4
Directly after 13.2 i28.8 B.3 7.1
i day after 1.7 104.7 7.4 93,3
7 days after 13.2 114.8 3.3 104.7
fcidification $3
Date: 18-duly-84
2- on 27 1
554 umol Dﬂi L
Experimental Lontrol
Hinerptrophic Bligotrophic fineratrophic fligotrophic
pool pool pool pool
Before acid. 15.8 2.1 10,4 L.
Buring 25.0 333 13.6 4.2
Directly after 43,8 26,0 15,6 4,2
I day atter 19.8 10.4 i1.4 I
7 days after 2.9 3.l 11,5 2.1
H - usg b .
Experipental fontrol
Hinerotrophic 0ligotrophic Hinerotrophic Oligotrophic
pool pool pool pool
Before acid, 11,2 138,90 8.7 131.8
Buring 16.2 177.8 10,0 123.0
Directly after 19.3 151.3 10,2 1i4.8
i day after 13.3 128.4 1.7 125.9
7 days after 13.5 125.9 8.1 131.8




A1?

fAcidification #4
Bate: 15-August-84

50 = psg,t
s 1 umol o i
Esperimental Control
Hinergtrophic Oligotrophic Hinerotrophic (ligotrophic
pool pool ponl pool
Before arid. .3 2.1 32.3 4.2
Turing 35.2 333 44.8 3.2
Directly after 118, 4 4,2 72.9 &.2 '
1 day after 1221 3.3 134.5 4.2
7 days after b2.5 13,5 4.9 32
+ -
H -uegl !
Experimental Lontrol
Hinerotrophic Oligotrophic Hinerotrophic Oligotrophic
pool pool pool pool
Before acid. 6.7 97.7 6.4 125.9
Buring 16,0 162.2 7.1 1259
Directly after 151 173.8 8.1 123,0
i day atter 1.0 112.2 8.3 12%.4
7 days after 7.8 125.9 7.1 17.5
Acidification ¥3
Bate: 12-Sepieaber-84
- n s
SD; ~ umol SB; L
Experimental Control
Hinerotrophic Oligotrophic Hinerotrophic Oligotrophic
pool pool pool pool
Before arid. 220.0 12,5 i8.8 12.3
Buring 2487 £9.8 273.1 18,7
Directly after 286.5 88.6 3147 12.9
1 day after 355.2 B2.3 414.8 271
7 days after 249.0 £3.8 363.7 21.9




a2o

H+ - ueq L-2
Experipental Lontral
Hineratrophic Gligotrophic Hinerotrophic Oiigotrophic
pool nool poal pool
Before acid. 0.2 117.3 10,3 147.9
Buring i3.8 163.9 8.7 i38.8
Birectly after 20,9 184.2 3.3 134,97
1 day after 20.9 100,90 17.4 134.9
7 days aftar 12,0 120.2 153.1 107.1
Acidification #6
Bate: 10-Ociober-84
2- 2- -1
SH4 umol 594 L
Euperimental Contral
Hinerotrophic Oligotrophic Hinerotrophic Dligotrophic
pool pool pool pool
Before acid. 135.5 13.3 285.3 24,0
Buring
Directly after
i day after 49,0 48,0 4.8 4,9
7 days after
H+ - ueq L—1
Experimental Control
Hinaratrophic Gligofrophic flinerotrophic Oligotrophic
paol popl pool pool
Before acid. 3.2 134.9 i7.4 173.8
Buring
Directly after 153.8 163.7 3.2 263.0
I day after
7 days after I8.0 i77.8 b 173.8




Acidification §i
Bate: F-August-83

4

Experimental Sites

b
§0," profiles - umol 50

3

2 -1
1 L

Site 1
Directly 17 hours
fiepth, co  Before atter atter
{
3 1.3 i.3 10,5
0] 2.2 1.7 1.3
i3 1.3 0.9 1.7
20 0.4 1.3 1.3
2 0.3 1.2
30 0.6 . 4.8 1.3
46 0.7 4.3 1.7
Site 2
Biractly 17 hours
lepth, ca  Befare atter atter
{t 58.6
3 8.0 25,3 3.0
10 .1 32.3 9.7
i3 4.9 3.3 1.8
24 4.7 4.9 7.2
25 3.0 2 3.2
30 3.2 1.5 0.7
35 2.7 0.0
4D 0.4 1.4

Appendiy ¥




Date: 31-Bugust-83

40 40 0.8

!
|
fcidification 42
50 & profiles - umol 80 & L-1
4 §
Experimental Sifss Lontrol Sites
Site 1 Gite 3
Directly 18 hours Directly 1B hours
Bepth, co  Before atter atisr Bepth, ca  Before atter atter
i {
3 1.4 2.9 3
14 1.4 1.2 2.4 1]
13 L 2.6 3
20 1.7 i1 2.2 20 8.0
25 25 1.0 0.9 1.4
30 ] 2.1 30 0.9 4.8 1.0
35 5] 0.3 0.3
40 0.4 4.5 1y 0.3 0.4 |
_______________________ R ;
Gite £ Site ¢
Birectly 18 hours Birectly 1B hours
Bepth, ca  Before atter atter Depth, ca  Before after attar
i 8.3 0
5 17.4 20,0 3
1 2.7 2.8 3.8 10 40.4 77.3
13 2.3 4.1 3.6 15 3.7 6.2 7.9
20 2.4 32 3.8 i 1.2 4.4
23 2 1.0
30 1.3 30 0.4 2.2
33 35
|
|




Acidification #3
Bate: {1-October-B3

L Fm -
SDQL profiles - umol 804‘ L !
Euperimental Sites Lontrol Sites
Site i Site 3
Directly 1B hours Directly 1B hours
Bepth, ca-  Before atter atter Bepth, co Belore atter atter
{ {
3 3.8 2.5 3
10 1.2 i.6 2.0 10 2.0 20.6 15.3
19 1.6 0.9 7 id 1.8 2.4 2.6
20 1.8 5.9 1.4 20 1.3 1.7 i1
235 25
30 .8 0.7 1.9 30 1.2 1.b 3.9
35 35
40 3.3 4 1.4 2.1 1.8
Site 2 Gite ¢
Directly 1B hours Dirsctly 18 hours
Depth, ca Befars atter atter Bepth, e Befare atter atter
i 87,4 39.4 43.8 0 3.2 4.1
g 1.7 45.7 369 g 32.4 32,9 8.1
14 a1 7.3 b5 10 47.5 46,9 32.9
13 6.3 3.3 Gl i3 11.0 13.2 HJa
20 §.3 3.0 4.5 20 3.9 3.3 3.9
25 25
30 i.8 1.6 30 1,7 1.9 1.4
35




AZ4

Acidification #1
Date: 23-Hay-84

4G 4

- . -1
56, profiles - wmol S50 L
§ 4
Experimental Bites Control Bites
Site § Bite 3
Birectly 14 hours Directly 16 hours
Bepth, cn  Betore atter after Bepth, ta  Betfore atter atter |
l
i 4,8 32.9 32,3 i 3.9 4,7 2.3 |
3 1.2 33.9 80.5 3 0.8 0.7 0.9
1g 1.6 9.2 8.0 1o 0.9 4.7
15 9 1.1 0.9 15 4.3 0.8 0.4
20 7.8 0.8 4.7 20 4.3 0.8 0.4
23 25 G.4
30 4.7 0.5 0.8 30 0.4 0.8 0.4
35 35
44 4.3 0.6 4 0.8
"""" - - |
|
Site 2 Site 4
Birectly 16 hours Birectly 14 hours
Depth, cm  Before atter atter Depth, ca  Before atter atter
{ 30.7 0.9 33.1 i 25.5 25.2 1.9
3 H.E j8.1 33,2 il 22.3 2.8 22,3
14 23.3 §3.9 34,2 14 20,7 8.3 13.9
15 b 14,7 14.5 13 20,0 4,7 &.0
20 1 14,9 7.0 20 &7 2.2 4.7
23 4.4 3.7 6.7 5 13.9 1.8 4,1
30 .3 1.9 k{H 10.9 2.0
35 35




Acidification #2
Bater 20-dune-B4

50, profiles - wol 50, L7
Experimental Sites Lontrol Sites
Site 1 Site 3
Directly 17 hours Birectly 17 howrs

Bepth, e Betore atter atter Bepth, co Betfore atter atter
e e e e e e e e — — — |

] 1.3 2.8 6.8 i

3 .3 2.2 2.4 3 .

10 3ub 1.7 1.2 o .6 f.& i.9

i3 3.5 1.5 2.5 15 1.1 1.7 1.4

20 2.5 4.9 2.8 20 1.1 12,3 1.0

25 2.0 2.3 2 &7 .0 0.8

30 30 1.1 2.1 2.1

35 0.9 0.7 33

in 4
Site 2 Site &

Birectly 17 hours Birectly 17 hours

Bepth, cm  Before atier atter Bepth, ea  Befaore atter atter

{ 14,4 153.9 13.2 { 8.1 ]

3 14.6 22.1 14.2 3 G 7.4 8.0

10 4.5 il.é 0.7 10 i.8 3.0 &4

13 3.0 6.3 10.0 15 4.1 2.8 3.7

20 4.8 b4 9.0 20 4.8 3.8 4,4

25 2.9 b.1 7.2 25 2.3 3 2.8

30 3.3 2.1 1.9 30 2.7 3.4 2.8

35 35 2.4

A 3.0 i 1.8




28

3

Acidification ¥

Date: 18-July-84

i

L

2=

profiles - umol SD%

2

3
[4x]

Control Sites

Experimental Sites

3
&

Site

Gite §

13 hours

Birectly
after

15 hours

Birectly

after

Before atier after Depth, ta  Before

Bepth, ca

0

0
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Aciditication #4
fate: 15-August-B4

2 -1
L

5312- profiles - umel 50
lT

4

Experimental Sites Control Sites

Site 1 fite 3
Birectly 13 hours Directly 15 hours
Bepth, ca  bBefore atter after Depth, ca  Before after after

114,8
14,2
1.8
1.0
8.9
0.7

-
f O U e R |

bt gnn pen s B3 2
- .
b pen

g

Site 4
Directly 13 hours Birectly 15 hours
Before atter atter Bepth, o sfare atter atter
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Azd

Acidification #5
Dates 12-September-£4

- . = -1
" - 78
SBq profiles - umol 404 L
Experimental Sites Control Sites
Site 1 Bite 3
Birectly 13 hours Irectly 13 hours
Depth, cm  Before atter after Bepth, tm  Before atter atter
i i
3 8.7 3
it 33,7 122.0 10
15 3.3 i91.4 2.1 13
20 1.3 3.8 &.1 20 29.4 331 .3
25 3.8 2.9 1.2 23 8.2 6.3 7.3
30 0.9 1.2 0.9 30 12,4 %.3 7.1
35 0.8 i3 4,3 Z.B 1.3
43 45
Site 2 Site 4
Birectly 15 hours Birectly 15 hours
Depth, ca  Betore atter atter Bepth, te  Before atter after

E=3
e

a 3

Hi 19

i3 49,9 139.3 13 377.6 330.7

20 49.3 952 90.0 20 251.4 217.5 244, é
23 10,5 12.3 1.7 25 8.1 8.4 42,8 |
30 b 3.9 2.8 30 4.1 4.1 3.0 |
33 L1 1.1 3.3 3 354 2.8 3.0

40 i

_________________________ m—— [ap—— - o |




A29

Aciditication #&
Bata: 10-October-ps

3

50,5 profiles - umpol SU&‘— Lt

§
Experimental Sites Control Sites
Site 1 Site 3
Directly 1B hours Directly 18 hours
Bepth, ca  Bafore atter after Depth, ta  Before atter after
i 0
3 3
10 73.1 B3.0 1140 14
15 87.2 49,4 79.0 15 43.4
20 89,0 12.9 9.5 20 %8 2.7 13.3
2 3.2 4.4 3.0 3 &, 5| 3
30 &1 1.5 3.5 30 3.7 2.9 1.4
35 1.4 1.3 35 3l 1.2 1.4
30 45
Site 7 - fite 4
Birectly 1B hours Birectly 18 hours
Depth, em  Before atter aiter Depth, ta  Belore atter atter §
0 0
3 3
10 36,0 i 132.0
5] 36,3 46,4 5.3 i3 90,7 1172 74,3
29 28,1 118 13.3 20 .4 9.8 1.2
25 8. 3.5 3.8 25 4.4 3.4 3.3
30 31 3.0 4.4 30 L2 1.8 4.7
35 2.8 1.8 33 3.7 1.3
45 &G




Ariditication $2
Bate: 31-Augusi-B83

H+ profiles - ueq H+ L-1

Experimental Sifss

Control Sites

Bite 1 Site 3
Birectly 1B hours Diractly 18 hours

Depth, c&  Betors atter atier Depth, ca  Before atter atter

{ ]

3 3.2 128.8 3

ig 83,2 97.7 123,90 i

13 8.1 3.2 i09.6 13

20 93.3 89.1 933 20 89.1

2 25 B4 &7.6 B7.1

36 104.7 85.1 128.8 30 72.4 £9.2 87.1

35 35 &9.2 b6.1

44 1122 LYW 143.9 45 93.3 89.1
Site 2 Site &

Birectly 18 hours Birectly 18 hours

Depth, cm  Befaors atter atier Depth, ca  Belore after atter

G 7.3 0

5 .8 93.3 5

i 22.4 17.4 1 9.1 30.2

13 15.5 . 10,2 15 ConT 12.4 4.1

20 16.4 18.4 i7.8 20 4.8 8.3 14.8

23 20,0 1.0 25 5.4 8.3

3 3 3.9 id.1

35 19.5 35 3.0

1 40 13.8

A3l




3
3

Acidification ¥3
Date: Li-October-B3

H+ profiles - useg H+ Lul

Experinental Sites Control Sites |
|
4
Site | Site 3
birectly 18 hours Directly 18 hours
Depth, ce  Before atter atter Depth, ce  Before atter atter |
3 14,8 125.9 3
1i 102,3 126.2 141.2 ] 1538.5 i51.3 147.9 |
i3 175.% 123.0 162.2 15 70.8 9.4 100,40 §
20 1173 126.2 147.9 20 75.8 70.8 8.3 |
25 25
30 a1.3 190.4 144,53 30 97.7 79.4 93,3
35 35
1 75.3 114.8 109,46 40 2.4 LI 75.48
Site 2 Site 4
Directly 18 hours Birectly 18 hours
Bepth, ca Before attar atter Dapth, cm  Before atter atter
4 45,7 104,7 75.8 0 3.1 351 |
5 22,4 52.5 4.8 3 3.4 38.0 33.9 |
14 20,9 28.2 5.4 1] 27.3
13 4.9 21.9 3.4 13 12,9 17.4 17.4
20 20,4 22.9 24,0 20 14,1 13.1 1.8
25 25 .
30 N 23.4 3 17.4 i2.% 3.8
35 35

& 20,4 4n 1.7 12,8 12,6

38.0 40,7
|
|
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Acidification 2
fates 20-juns-84

H1L profiles - usg H+ L_1

Experimental Sites Contrel Bites
Site 1 Site 3
Birectly 17 hours Birectly 17 hours
Bepth, co  Defore atter atter Depth, co  Before atter atter
i 134.9 i
I 154.9 128.8 154.9 3
1 154.% 173.8 141.2 14 123.9 107.1 169.6
13 181.3 138.5 154.9 i3 117.3 93.5 1047
il 163.9 134.9 13t.3 26 812 117.5 104.7
25 1622 16%.8 138, 0 25 1000 12%.0 117.5
3 1622 169.8 151.3 30 1047 114.8
35 35
&4 177.8 145.9 40 112.2
Site 2 . Site 4
Birectly {7 hours Directly 17 hours
Depth, cm  Before atter atter Bepth, c&  Before after atter
i 52.5 &34 32,5 { 38.0 41.7 0.7
3 3%.7 4.9 1.3 g 3.3 28.2 351
i0 37.8 3.9 52,4 14 4.4 5.1 0.9
15 4.0 1.9 3.4 5] 16.2 17.40 6.2
24 21.9 2.4 25,7 20 14.4 8.2 17.40
25 26,8 4.0 8.2 25 i5.8 2.4 20,0
30 7.5 309 30 22.9 5.1 1.3
i3 4.5 .0 35 24.0

40 40 22.4




834

Aridification #3
Date: 1B-duly-8%

+ +o-
H profiles ~ueg H L !

Experimental Sites Lontrol Hites
Bite 1 Site 3
Directly 15 hours Birectly 15 hours
Bepth, o Eefors after after Bepth, cn  Betfors atter atter
K f
3 109,46 123.0 79.4 5
U 1062.3 114.8 §7.1 i 100. ¢ 138.0 117.5
13 77.7 114.8 112.2 15 B3.1 1071 102.3
20 77.7 131.8 i14.8 20 71.4 14,7 107.1
25 79.4 143.5 117.5 25 &7.6 102.3 7.4
30 104.7 134.9 107.1 3 109.4 147.1 93.3
35 B5.1 i5 77.4 71.2
i 4y
Site 2 Site §
Biractly 13 hours Birectly 13 hours
Depth, tm  Before atter atter Depth, em Before atter atter
0 357 i
3 33.7 G6.2 g 22.9
10 30.9 35,5 42.7 14 8.2 4.3 17.8
i3 2.0 24.0 8.2 13 200 2.0 15.1
20 2.4 22.9 23.1 20 141 14.8 14.4
23 1.0 23.4 3.4 25 15,5 17.8 19.3
0 4.0 8.0 5.1 3 2.4 4.4 20.4
35 17.0 11,9 35 13.3 9.9 22.9

4 45




A%3

Date: 13-Bugust-B84

fcidification #4

+ , + -1

H profiles - ueg H L
!
|

Experipental Sites Control Sites
Site 1 Site 3
Birectly 13 hours Birectly 13 hours
Depth, co  Before atter atier Bepth, ca  Before atter atter
0 4
3 208.9 §
it 142.2 138.9 293.1 10
i3 198,53 114.8 138.1 15
2 147.9 141.3 20 120.2 953 33
25 144.5 123.9 134.9 25 §9.1 77.7 97.7
30 144,53 117.5 141.3 30 83.1 104.7 95.3
33 138.0 117.3 33 714 108,90 73.%
ig 44
Site 2 Bite 4
Directly 13 howrs Directly 15 hours
Bepth, ca  Before atter atter Bepth, co Before atter atter |
o o ‘
5 5 |
10 79.4 3.7 14 |
15 30,9 22.9 5 19.0 3.5 14,1 ;
al 3.2 25.1 1.4 20 15.8 17.8 1.4 |
i3] 7.5 5.7 27.3 25 12,4 0.0 it.4
30 19,4 0.2 1.5 30 0.9 22.9 2.9
35 13.8 14.8 13.8 35 20.4 21.9 8.2

Ll 4




H+ profiles - ueg H+ L~1

Experimental Sites

Control Sites

Site 1 §ite 3
Directly 15 howrs Birectly 13 hours
Depth, s Hetore after after Bepth, tm Before atter atier
i ]
3 182.0 3
14 295.1 134.9 436.0 U
3 131.8 1930 09,0 5
24 169.8 162,32 1950 20 95,5 91.2 117.4
25 1313 138,10 1533.¢0 25 75.8 123.9 11540
30 158.3 288.4 151,90 30 353 126.2 103.9
35 13,8 1510 - 35 97.7 102,40
40 40
Site 2 Site 4
Directly 13 hours Directly 13 hours
Bepth, cm  Before atier atter Depth, ce  Befors after atter
i 0
] 3
ig i
15 bl.é 38.9 i3 §3.4 b &
2 27.5 2g.8 30.9 20 3.9 35.3 35.3
25 23.4 2.3 14,2 25 4.5 19.4 25,7
30 21,3 15.5 1.7 i 2.9 5.7 16.2
35 18,4 13.2 138.0 35 12,0 6.2 5.4
45 4
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o]

Acidification #&
Date: 10-October-B4

+ -
H profiles - ueg HJr L !

|
|
i
|
|
Experimental Sites Control Sites
Site 1 §ite 3
Birectiy 18 hours Directly 1B hours
lepth, cn  Before atter atter Depth, em  Befare atier atter
{ i ‘
5 5 |
i §47.7 29,9 314.2 1
15 354.8 184.2 43,5 15 131.8
20 251,12 158.3 193,40 20 102.3 117.5 95,3
25 1950 154.9 141.2 25 73.3 114.8 106.0
30 141.2 1534.9 164,77 30 87.1 1i2.2 102,73
35 128.8 141.2 35 79.4 109.6 1047
44 g
Site 2 Site 4
[ Birectly 1B howrs Directly 18 hours |
Bepth, cm  Before atter after Bepth, c@  Befare atter atter 5
I i _ |
i i f
5 |
i 70.5 1o 56.2 |
i3 34.% i34 7.8 5] 26.8 .6 38,0 ]
20 363 27.5 3.7 20 0.9 2.4 19.9 |
5 21.9 28.8 24.3 23 20.4 24,5 4.0
3 0.2 35.3 23,7 30 21.9 27.3 22.4
5 25,4 331 38,0 33 14.1 20.4 24,0

Lo
&

3
14 L




Acidification #1

Bate: 23-Hay-B4

. . -1

ﬁzb profiles - umol HES~S L

Experimental Sites Control Bites
Site i Site 3
Birectly 16 hours Birectly 14 hours

Depth, ca  Before after after Bepth, ecn Before atter atter
0 0.4 .0 ]
3 0.7 1.4 0.0 3 .2 0.4 4.4
i 4.0 1.7 0.0 i .4 0.0 0.6
13 4.0 1.9 8.7 i3 0.0 G0 0.0
20 0.0 1.9 G.0 20 4.4 0.0 G0
23 25 1.0 0.4
34 0.4 4.0 4.0 30 4.0 0.0 .40
35 ' 35
o Ny 40 0.0

Site 2 Gite &

Birectly 16 hours Birectly 15 hours

Bepth, ca  EBefore atter atter Depth, ta  Before atter atter
0 3.4 0.4 RY 8 .4 4.0 4.0
3 4.0 0.0 0.0 3 0.0 2.4 4.0
i 30 iR 0.0 i 4.0 2.9 il
13 1.1 9.0 16,4 13 0.6 12,6 i6.8
20 0.2 3.7 20,9 20 1.8 9.2 13.8
5 3.0 7.4 2.3 2 b 3.6 3.4
i i.h 2.4 5.6 I8 1.6 8.4
35 3
40 4.0 &
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fridification #2
fate: 20-June-84

H.5 profiles - umol H,5-§ L

Experigental Sites Control Sites
Site | Site 3
Birectly 17 hours Directly 17 hours
Bepth, cn  Befors atter after Depth, tn  Before atter after
] 4.0 {
3 0.0 0.0 0.0 3
1 0.0 I 4.0 i .0 0.0 0.0
: i3 0.0 4.0 0.0 15 4.0 .4 0.0
§ 20 0.0 0.0 6.0 70 0.0 0.0 0.0
% 2 0.0 0.0 0.0 25 8.0 0.0 0.0
§ 30 ] ] o0 3 0.0 4.4 0.0
§ 35 33
45 0.0 4.0 &f
Site 2 Site 4
Directly 17 hours Birectly 17 hours
fepth, ca  Before atter atier Depth, cm  Befors atter after
0 TR 0,4 0.4 0 3.5 3.0 .0
3 0.0 0.4 2.1 3 4.0 0.0 b0
U] b.4 12.3 3.3 i 4,5 3.4 b1
i5 B.4 12,3 10,3 15 7.2 10,0 1.5
20 10.2 13.4 14,3 20 3.7 1.9 1.2
235 3.9 5.4 8.7 25 7.6 7.7 6.8
3 0.0 8.0 2.7 3 6.2 8.4 .4
335 b0 0.4 35

4 0.0 44 0.0
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Acidification #3
Date: 18-July-B4

H,8 profiles - uaol H8-5 L

Experimental Sites Control Sites
fite | Site 3
Directly 15 hours Directly 15 hours

fepth, e Before atter atter depth, Befare after after

5 0.0 0.0 5.9 5 ,Z

i 0.0 4.0 3.0 i 4.0 4.0 4.0

13 0.0 0.0 T i3 4.0 3.0 0.4

0 4.0 0.0 G0 20 3.0 3.0 0.0

25 4.4 0.0 .0 25 4,0 0.0 0.0

3 0.0 IR 4.0 36 0.0 0.0 3.0

35 4.0 K] 0.0 0.0 0.0

& 45
Site Z Bite 4

. Dirsctly 15 howrs Directly 13 hours

Depth, o Before atter after Depth, tn  Before atter atter

i 1.0 0

] 0.0 0.0 3 0.0

i 0.0 3.3 1.5 ig 0.0 IRY 4.0

13 0.0 1.5 b4 i3 2 4.0 2

20 6.9 7.4 7.5 il ] 7.B 6.8

23 7.6 7.2 8.2 25 7.0 B.2 b.3

30 2.7 53 4.3 30 .9 7.3 3.9

35 4.0 35 8,0 7.1

4G 44




Acidification #4
fate: 15-Pugust-84

H.5 profiles - umol H.5-5 L_l
- B |
Experimental Sites fontrol Sites
Site ! Site 3
Directly 135 hours Birectly 13 hours
Depth, cn  Before atter after Depth, ca Before after after
ii g
3 4.0 3
10 &0 .0 0.7 19
15 8.0 4.0 4.0 15
20 1] 0.0 .0 0 0.0 0.0 0.6
2 0.0 4.0 0, 25 0.0 RE 0,0
30 4.0 0.0 4.4 30 0.0 0.0 4.0
35 0.0 35 0.4 0.0 0.0
44 i
Site 2 Site 4
Birectly 13 hours Mrectly 13 hours
Dapth, ta  Before atter atter Depth, co Betfore atter atter
{ i
I 3
0 4.0 b8 i1
15 8.0 &0 15 3.6 4.0 13.0
20 3.3 3.2 .8 20 &1 3.2 i1.2
25 0.4 4.8 6.3 25 7.0 3.4 7.4
30 0.0 2.0 37 30 3.0 3.3 7.9
35 0.4 0.0 35 0.0 0.0 4.4
&6 45
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Acidification $5
fate: 12-Septesber-84

. RS
HZS profiles - H28~5 L

Experimental Sites Control Bites
Bite i §ite 3
Directly 15 hours Directly 15 hours

Depth, ta  Befare atiegr atter Bepth, ca  Befors after after ’

0 ]

g 0.0 3

L R 0 10 14

15 0.0 G0 &0 15

20 4.4 3.0 0.0 20 o0 4.0 0.0

] i 4.0 0.0 ] 0.0 0.0 0.0

3 0.0 0.0 ] 30 1] AT .0

35 L0 g0 i3 0.0 4.0 0.0

i 4
Site 2 Site ¢

Directly 15 hours Directly 15 hours

Depth, co  Before atter atier lepth, ta  EBefors atter atter

0 {

3 3

g 14

15 &0 .0 15 4.0 0.0

20 i0.4 8.4 3.9 20 R 0.0 0.5

25 ] 16,9 4.3 25 1 0.0 1.1

ki 0.0 3.8 G.0 30 .0 4.0

35 4.0 0.0 i5 0.0 0.0

40 4j

|




Acidification %6
Bate: 10-Ocipber-84

~1

7
&

H.5 profiles - umol H.8-5 L

Experimental Sites

Control Sites

e
s
Lod

Sits 1 Bite 3
Birectly 1B hours Birectly 18 hours
Depth, ca  Before atter atter Bepth, ta  Before after atter
i) {
3 g
14 4.0 4.0 1] ih
15 3.0 0.0 4.4 15 0,0
20 4.0 G.0 4.0 20 .0 .0 4.4
25 0.0 8] 4.0 25 0.0 4.0 4.0
34 4.0 4.0 0.4 30 0.4 081 0.0
3 N 0.0 38 0.0 4.0 0.0
40 i
Site Z Site &
Directly 18 hours Birectly 1B hours
Depth, cn Befare atter atter Bepth, ca  Before atter atter
i i
3 3
14 0.0 U] 0.4
13 0.0 4.0 0.8 5] ¢.0 4.0 0,4
20 0.0 7.2 7.3 20 §.7 7.2 13,2
25 3.8 2.9 i1 25 b0 0.0 0.0
36 0.0 4.4 9.2 30 4.0 3.4 3.0
i 0.0 8.0 0.0 35 0.0 0.0 .0
49 &4
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Appendix VI

o 24, . . . , L . L.
Peat cores for Ph deternination were ohtained with a 14 cn diameter stainless steel core tube.

Thres cores were collected from hollows located within the mire. Cores | and 7 were collected on
2i-November-8%, and core 3 was collected on 23-Pugust-B4. Cores 1 and I were collected in the
cligtraphic ares and core 2 was from the minerctrophic area. All cores were sytruded into plastic bags

in the field and returned to the field laboratory within 2 h where they were frozen. Frozen cores were

sectioned at 1 co intervals to a depth of 20 co with a buck saw, below 20 cm, 2 cm intervals were

LY

210 . . . -
Po. The radiochemical methods of

=

drying. Pb was assumed to be in secular eguilibrium with

Wilkinson {1983} were used for all samples. The following is a brief description of the procedures
used. In general, alternate peat sections were analyzed for ZIGFQ activity. 1.0 to 4.0 g peat samples
were digested with concenirated HHBS. Soon atter the digestion began 1.0 ol of EQSPQ (2 By } was added
to each sample as an intarnal yigld tracer. After final digestion with HEIDQ, 30 ol of 10 # HCL was
added to each sample. The presence of Fe was indicated by the formation of a yellow colour (FEEIS).
Iran interferes with the aigration of Po and was extracted with iso-propyl ether before plating.
Iso-propyl ether remaining in the sample after extraction was removed by boiling. Polonium was plated
on silver disks for 10 h at 80 °L. Gamples were counted on a surface barrier alpha spectrometer unfil

10 . ,
Fo uas determined by

X

counting ervors were less than 10% of sample activity. The activity of

3

: . oo . : 208 . 208, , .
comparing the activity of the spiks, Po recavered, to the known amount of © Po added and correciing

2 . . ‘ . - L : . 2 ,
the © Fo activity for this radiochenical yield. Efficiency of recovery of )BPb ranged from 43-90%.

2

- e , W | . ;
The net peat accumulation rate (g m “ yr '} for sach core was obtained by calculating the

-2 . e e 210 i Lovs
}oduring the time it takes for the ™ 'Pb activity to decrease by one-halé

i

mass-depth acrusulated {g o

[ %]
[ane

-3
{22.3 yr}. The mass-depth (g m *) accumulated was divided by the hali-life of “ 'Pb (22.3 yr} which

-3 -
yields g m ~ yr 1. The depth interval used for these calculations was betueen 18 - 39 co.

o

The ‘LUPb activity (Bg g_l) vg, accupulated mass-depth (g ca

-3
4
)

are shown below for each of the 3

cores.  The calculation used to obtain the net peat accusulation is also shown for mach cors, The




AR5

2 -1

average peat accunulation rate for the 3 peat cores was 251 ga " yr .

. C g , . L 210 e ,
The following 3 figures deomonstrate graphically how the ™ 'Ph activity vs. accumulated mass depth

. s 1
was used to calculate the peat accumulation rate {gm " yr '} for a particular depth interval.




Oligotrophic site - Core #1

Bq g-1
.001 .005 .01 .05 1 .5 1
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g cm-2

Minerotrophic site - Core #2

Bg g-1
.001 .005 .01 .05 1 .5 1
L1t bl N NEEE Ly : NN
4
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2

lllll'lllllllllllllLllllllllll

2,45 - 1,90 6 cu™2

= 0.0247 ¢ M2 yr7L
22.3 YR
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g cm-2

gligotrophic site - Core #3

.001 .005 .01

L oo byl

Bg g-1

2,73 - 2,10 6 cm 2
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= 0,0282 & CNF2 YR—l
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