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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

’EIE CHEMISTRY OF SULFUR COMPOUNDS in the environment has taken
on a new significance in recent years due to its involvement in the
formation of atmospheric aerosols and its impact on acid precipitation,
human health, and the radiation balance of the atmosphere. A major
focus of research on the sulfur problem is the natural cycling of
biologically produced sulfur compounds through the environment. An
understanding of the processes involved in this cycle is critical, both to
assess the background levels of sulfur upon which anthropogenic
emissions are superimposed and to develop mechanistic models for the
chemical conversions that biogenic and anthropogenic sulfur undergo
after release into the environment.

The content of the symposium on which this book is based was
unusual in that it involved an extremely wide range of disciplines, from
gas kinetics to biochemistry. The purpose behind this was to help
broaden the perspective of investigators beyond that of their own
disciplines; to encourage interaction and collaboration on multi-
disciplinary aspects of the sulfur cycle; and to promote the transfer of
new analytical techniques across disciplinary boundaries. Normally, the
research papers reported at the symposium would be published in a
diverse array of specialized scientific journals. We felt that publishing
the papers in one volume would give scientists who are interested in
sulfur cycling ready access to current ideas in fields that are outside their
specialties.

Biogenic Sulfur in the Environment is divided into eight sections. The
first two sections, which deal with terrestrial and freshwater systems,
address the emission of volatile reduced sulfur gases into the atmosphere
by soils, plants, and wetlands. This subject has received a lot of attention
recently because of the possibility that, at least locally, the emissions of
natural sulfur compounds may be substantial even compared to
anthropogenic sources of sulfur dioxide. Efforts to quantify fluxes
accurately and to inventory these sources on a regional scale have
required advances in both analytical techniques and the design of flux
experiments. Developing predictive or mechanistic models of such
processes is currently in an early stage because it requires an
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understanding of the diverse factors controlling the natural variability of
complex environments. Two chapters address the question of emissions
of sulfur gases from higher plants, a source about which little is currently
known. ‘

Sulfur cycling in fresh water is also important to understanding the
impact of acid precipitation in these environments. The presence of
hydrogen sulfide results not only from dissimilatory sulfate reduction, as
commonly assumed, but also from putrefaction. Chapter 8 addresses an
entirely different question: the potential reactivity of sulfur species
toward nucleophilic reactions with halogenated organic compounds of
anthropogenic origin. These reactions may be an interesting link

between natural sulfur cycling and pollutant transport in subsurface
environments.

The third, fourth, and fifth sections investigate the distribution and
biological and chemical transformations of reduced sulfur compounds in
the oceans. The third section focuses primarily on dimethyl sulfide,
which is the predominant form of volatile sulfur in the ocean. Research
in the past has concentrated on documenting the distribution of DMS in
various oceanic environments. The factors controlling this distribution
are not well understood. These chapters examine laboratory and field
investigations relating DMS production to productivity and speciation.

The fourth section focuses on marine sediments, stressing the
biological transformations of DMS and other organosulfur compounds.
The fate of sulfur in sediments is interesting because of its role as a
microbial matabolite and because of its ultimate fate as an impurity in
fossil fuels.

Hydrogen sulfide formation through dissimilatory sulfur reduction
has for years been known as a source of environmental sulfur. This
compound has invited recent study because of its possible effect on the
redox chemistry of sea water. Both the lifetime and the oceanic
concentrations of this reactive and highly toxic compound are the focus
of the fifth section.

The sixth, seventh, and eighth sections of this volume deal with the
atmospheric cycling of biogenic sulfur compounds. This aspect of the
sulfur cycle has received a great deal of attention in recent years because
of its obvious relationship to the acid rain problem and the discovery
that natural marine sources constitute a major portion of the total global
atmospheric sulfur burden. The chapters in these sections focus on
three aspects of this cycle: field measurements and techniques used to
establish the distributions and fluxes, experimental studies of reaction
mechanisms and rates, and numerical simulations of the atmospheric
sulfur cycle. Two chapters address the chemical processes involving cloud
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droplets and aerosols. Such multiphase processes are an important
aspect of the atmospheric sulfur cycle, although one which is particularly
difficult to study experimentally.
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Chapter 1

Biogenic Sulfur Emissions

A Review

Viney P. Aneja' and William J. Cooper?

IDepartment of Marine, Earth, and Atmospheric Sciences,
North Carolina State University, Raleigh, NC 27695
Drinking Water Research Center,

Florida International University, Miami, FL 33199

Biogenic sulfur emission rates are reviewed for important
components of the sulfur cycle. A summary of emission estimates
is provided for vegetation, coastal and wetland ecosystems, inland
soils, and oceanic environments. One area which is briefly
reviewed, emissions from plants, may play a significant role in
global sulfur cycling and very little work has been reported
covering this subject. An important trend is that estimates of
biogenic emissions are being lowered for terrestrial and wetlands
areas. This, coupled with decreased wetland acreage, may
significantly decrease local estimates of biogenic sulfur to acid
precipitation.

Sulfur in the atmosphere originates either from natural processes or
anthropogenic activity. The natural biogenic sources are thought to constitute a
large fraction (estimates as high as 50 % have been reported) of the
atmospheric sulfur burden (1-8). As such, these natural sources may have a
substantial impact on global sulfur cycling.

Biogenic sulfur, that is sulfur compounds which result from biological
processes, are only one component of the natural sulfur cycle. The first
measurements of biogenic sulfur fluxes were those of Aneja and co-workers
(9.10). Numerous studies have been published in the last decade which add to
our understanding of the natural sultur emissions (11-29). This research has
provided experimental data, which is helpful in refining the biogenic emission
estimates necessary to refine the global sulfur cycle. This data base, although
sparse for detailed quantitative estimates, is helpful for estimating emissions
from both terrestrial and oceanic environments. .

In the initial attempts at developing global sulfur budgets, biogenic
emissions were usually obtained from the amount of sulfur necessary to balance
the cycle. This resulted in considerable scatter in the biogenic estimates, from
34 Tg S yr-! (4) t0 267 Tg S yr1 (7), where Tg = 1012 g. It is possible with the
existing data to begin to make estimates of biogenic emissions based on direct
measurements. However, additional data are necessary to assess biogenic sulfur
emissions independent of other portions of the global sulfur cycle.

0097—-6156/89/0393—0002$06.00/0
© 1989 American Chemical Society
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1. ANEJA AND COOPER  Biogenic Sulfur Emissions

The objectives of this overview chapter are:

1. To review the extant data base of biogenic sulfur emissions for terrestrial
and oceanic environments and to summarize direct estimates of emissions
where possible.

2. To integrate the other chapters of this section into the discussion.

Biogenic Sulfur Emissions from V ion

It has been recognized for some time that sulfur is essential for ¥1ant growth. It
is used in amino acids, and many other biochemicals. The biological
transformation of sulfur compounds in natural ecosystems is closely coupled to
the formation of living biomass and to the subsequent decomposition and
remineralization of the biomass. Plants contain an average sulfur content of
0.25 % (dry weight basis) (30). Hence sulfur may be released directly from
vegetation or during the process(es) of decomposition of the organic matter.
Data on sulfur released by vegetation is scanty and the mechanism(s) of release
are not known in any detail. A summary of available data is provided below
and a more detailed discussion follows in the next chapter (31).

Sulfur compounds are known to be volatilized from living plant leaves (32),
and from decaying leaves (33). It has been estimated that sulfur emission rates
from decaying leaves are about 10 to 100 times higher than those from living
leaves of the same species (33). Many fungi and bacteria release sulfur
compounds (34) duririg plant decomposition. Some plants are known to emit
H,S (11,29,31,35,36). Emission rates of H,S from several lawns and from a pine
forest on aerobic soils, in France, ran c.‘,d2 from 0.006 to 0.25 g S m2 yr-1 &5).
However, in the Ivory Coast, West Africa, emission rates of H,S from humid
forests ranged between 0.24 and 2.4 g S m2 yr1 (36).

Some plants are also known to emit dimethyl sulfide, DMS, (13,37),
carbonyl sulfide, COS, (29), and carbon disulfide, CS,, (13,37-41), and possibl
ethyl mercaptan (40,41). A study conducted in a tropical rain forest whic
focused on Stryphnodendron excelsum is trteated in more detail in a following
chapter (41). It is quite possible that additional studies as described in Chapter
5 (41) will lead to the iscovery of other terrestrial "hot spots” which may be
important in biogenic sulfur cycling,

Emission rates of sulfur from crops including corn, soybeans, oats, alfalfa,
and miscellaneous vegetables have been measured (27-29). The flux from crops
range from 0.008 to 0.3 g S m-2 yr-1, H,S and DMS are the two primary sul
species being emitted bly crops. Emission rates of sulfur from a variety of plants
are summarized in Table 1.

It is also possible that plants emit volatile sulfur containing compounds
which are not easily analyzed by current gas chromatogre:rhic methods. Thus,
the use of other analytical methods may reveal compounds as yet unidentified
which serve as a source of volatile biogenic sulfur compounds.

Biogeni lfur Emissions from lan

The tidal flats of marine environments are areas of extreme complexity and
biological activity. They serve as both sources and sinks of a wide variety of
compounds and materials. They are in a constant state of mass, energy and
momentum flux with the surrounding environment. In these areas sulfur plays a
major role in biological processes, principally because of the relatively high
concentration of sulfate ion in marine waters.

Sulfate ion is the major electron acceptor for respiration in anoxic marine
sediments and may account for 25 % of the total sediment respiration in near
shore sediments, 0.3 to 3 g C m2 dayl. In salt marsh sediments, where total
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4 BIOGENIC SULFUR IN THE ENVIRONMENT

Table I. Biogenic Emissions of Sulfur From Vegetation

Plant Mean Sample Primary Sulfur Emission Rate Ref.
Temperature Species
) gSm2yr!
Spartina
alterniflora, N.C. 30 DMS 0.66 EI_Z;
S. altemiflora, N.C. 25 CS, 0.20 13
Stryphnodendron
excelsum, Costa Rica NR®* )
4 meters from tree trunk C 1.5
H 0.022
16 meters from tree trunk C 0.15
Hzg not detected
Lawn, France 22 H,S 0.24 23};
Pine Forest, France 10 H,S 0.023 35
Humid Forest,
Ivory Coast 25 H,S 0.88 (36)
Cr(g)s
ats (with soil), IA 354 DMS, H,S 0.016 29
Corn, IA, OH 28.9 DMS, H,S 0.032 29
Soybeans, IA 328 DMS, H,S 0.066 29
Alfalfa, WA 224 DMS, H,S 0.056 29
Trees
Deciduous, IA, OH, NC 29.5 DMS, H,S,
COS 0.007 222;
Coniferous, NC 29.2 Cos 0.005 29
Crops
Soybeans, IA 25.5 0.0018 217
Carrots, OH 22 0.113 21
Onions, OH 22 0.104 27
Grass, 1A 25.5 0.018 21
Crops
Soybeans, 30 DMS 0.037 28
Oats, 30 DMS 0.023 28
Orchard Grass, 30 DMS 0.008 28
Purple Clover, 30 DMS 0.007 28
Corn, 30 DMS 0.273 28

*NR = not reported

In Biogenic Sulfur in the Environment; Saltzman, E., et al.;
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1. ANEJA AND COOPER  Biogenic Sulfur Emissions

respiration rates may be 2.5 to 5 g C m-2 day-1, sulfate ion respiration may
account for up to 90 % of the total (e.g. 19,23). Detailed discussions of the

rocesses and variables affecting H,S emissions may be found in other papers
?e.g. 19,23,26,42-46), and in other chapters of this volume (47-30).

There have been a number of studies of biogenic emissions of sulfur gases
other than H,S reported in the literature. Most of these have been concerned
with high productivity sources, such as salt marshes and tidal areas and are
summarized in Table II.

There are a number of factors which affect the emission rates of biogenic
sulfur from wetlands. In a recent study these have been investigated for
wetlands in Florida, USA, (57-59) and are summarized in a chapter in this
volume (60). These factors are divided into spatial, seasonal, diel and tidal
components. In addition, other variables which affect emissions are
temperature, insolation, and soil inundation. When these factors are taken into
account in estimating emissions, and emission rates are obtained by integratin%
over the appropriate cycle, the emission estimates are up to two orders o
magnitude lower than earlier estimates. However, using these methods results
in large uncertainties in the emission estimates, and considerable additional
data are required to better refine and extend emission estimates to other
environments.

Biogenic Emissions From Land

Sulfur flux measurements from various locations are summarized in Table III
In three inland soils in France the H,S flux data ranged from 0.19 t0 0.24 g S
m-2 yr-1 (35,61). In a broad and diverse inland study area in the U.S. 27 soils
were examined, and total sulfur flux reé)orted from 0.013 to 0.33 g S m2 yr-1,
The prima.rg sulfur species was H,S and the flux ranged from undetectable to
0.16 g S m-2 yr-1. However, several other gases, DMS, CS, and COS were
observed in some locales.

Several recent studies have reported additional data for the emission rates
of biogenic sulfur species. Lamb and co-workers (29) measured emissions rates
in several regions of the U.S. and observed H,S, COS and DMS, during the
summer of 1985. The total flux of the sulfur species can be summarized for two
soils, mollisol and histol, averaging 0.008 and 0.114 g S m-2 yr-1, respectively.

Goldan and co-workers (28) measured sulfur fluxes from bare soils at two
mid-continent sites, also during the summer of 1985. The principal sulfur
species were COS, H,S, DMS, and CS,, all of which were strongly correlated
with air temperature. The emission rate of the sulfur species ranged from 0.003
t0 0.008 g S m2yr-1,

An important trend is becoming evident as additional data is being
published. The trend is that recent terrestrial emission estimates appear to be
%_reater than twenty times lower than reported in earlier studies (lg._lﬁ_ﬂ.ﬂ).

his trend is discussed in more detail in Chapter 2 (64), as are some of the
possible explanations for the differences.

Lower terrestrial and coastal emission estimates combined with the
increasinF loss in wetlands (63-68), although it may not significantly impact the
global sulfur cycle, may be an important consideration in local contributions of
natural emissions to acid precipitation.

Biogenic Emissions for Oceani¢c Environments

This topic is included in order to complete a discussion of biogenic sulfur
emissions. The reader is referred to more comprehensive reviews in this book
and other sources for more details (e.g. 69-73).
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6 BIOGENIC SULFUR IN THE ENVIRONMENT

Table II. Bio(gcnic Emissions of Sulfur Compounds
T

om Coastal Ecosystems
Source Month of Emission Rate (g S m2yr1) Ref.
Year H,S DMS DMDS CH3SH CS, COS

SaltMarshNY  10/11 055 0.15 0018  0.064 - - (9,10
Swamps and tidal

flats, Denmark 0.044 - - - - - an
Coastal area

Denmark ~19 - - - - - (1)
Salt marsh

N. Carolina 7/8/9 05 0.66 - - 0.2 0.03 (12.13.52)
Salt Marshes

N.Carolina  5/7/10 0.033 0538 00005 0.00026 0.035 0012 (1516)

Delaware 8 0.096 048 000053 - 007 0.012

Massachusetts 8 - 0.06 0.006 - 0.028 0.004

Virginia - 1.87 0.04 0.22 138 0.03
Sal{/x_na.rs'h 8 9.5 (83)

irginia . - - - - -

Salt mglrsmh

Virginia 8/9 0.0013 - - - - - (34)
Salt marsh

Massachusetts 1yr. 205 288 042 - 016 03 (35)
Salt marsh

N. Carolina 8 0.5 - - - - - (26)
Salt marsh

N. Carolina 8 033  0.083 000064 - 0.0017 0.052 (29)
Salt marsh

N.Carolina 005 01 - 0.0037 0.0032 0.0042 (28)

Table III. Biogenic Emissions of Sulfur Compounds from Inland Soils
Source Month of Emission Rate (g S m-2yr-1) Ref.
Year H,S DMS DMDS CH3SH CS; COS
Equatorial forest 1/10
Ivory Coast 11/12 007 - - - - - 82;
Lamnll;;%nceu 4/5/6/11/12 0.044 - - - - -

Dryi SO
l?: Carolina 8/ 97/ 10 <001 <001 <005 <0.05 <0.05 <001 (622
Mollisol, Jowa 0.15 00032 - - 0.017 0.017 (1516

Histosol, Ohio 7 0.047 0.0032 - - 0.006 0012 (1516)
Inceptisols, Ohio 7 004 0.002 0.0007 0.001 0.01 0.003 (15.16)
Mollisol, Iowa 7 0.0003 0.0005 - - 0.0003  0.0015 28
Histisol, Ohio 7 0.0024 0.0003 - - 0.0007  0.0036 28
Mollisol, Indiana 7 0.0002 0.0005 - - 0.00023 0.0029 29
Histisol, Ohio 7 0.009 0.0004 - - 0.00004 0.015 29
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1. ANEJA AND COOPER  Biogenic Sulfur Emissions

Oceans and the marine environment are the major source of biogenic
sulfur. The reasons for this are the generally abundant phytoplankton in surface
oceans and the areal extent of these waters. A summary of the emission rates of
DMS, the major biogenic sulfur species in marine environments, is presented in
Table IV. Estimates are included which were determined directly and from
model calculations.

The first regort of DMS in the ocean appeared in 1972 (33&. The authors
suggested that DMS might be more important than H,S as a biogenic sulfur
source for balancing the global sulfur budgets. Preliminary estimates of DMS
sea-to-air flux based on the limited data were made by Liss and Slater (74).

DMS is produced in oceanic waters by benthic and to a greater extent by
planktonic marine algae (78), suggesting that it is ubiquitous in the surface
ocean (;Q,ﬁﬂl.ﬁlﬁ.%ﬂ). Its distribution has been characterized by "hot spots”
with high DMS concentrations suEerimposed on more or less constant level of
agproxmately 1-3 nM. These high concentrations, hot spots, may be the result
of blooms of e.g. Phaeocystis poucheti, which are known to produce DMS. The
most comprehensive survey relating DMS and its precursor DMSP (dimethﬁ'l-

ropionosulfonate) to marine phytoplankton appears in another section of this
ook (81), with over 120 phytoplankton clones having been surveyed.

Estimates of DMS glux rom oceanic environments have resulted from
direct measurement of DMS in surface waters (22) and from model calculations
(76.17). At this time it is not possible to determine which of the numbers, if
any, are correct, however, there is little doubt that the marine environment is
one of the major sources of biogenic sulfur.

There is considerable debate regarding the marine environment and the
possibility of it being a major source of H,S. In a coastal area, integrated over
tidal and diel cycles, a rate of H,S of 0.10 g S m-2 yr-1, has been reported (26).

Table IV. Biogenic Emissions of DMS from Open Oceans
and the Marine Environment

Environment Emission Reference
(gSm2yrl)

Open Ocean® 0.02 74

Ocean 0.075 15

Ocean 0.106 22

Ocean* 0.022 76

Gulf of Mexico* 0.037 17

*Based on model calculations

Emission Flux Measurement Methods

To complete the overview on sulfur emissions, a brief discussion of methods
used to estimate emissions is appropriate. There are primarily two methods
that may be used to measure earth-atmosphere flux ofp gases. In the dynamic
chamber method, an open-bottom chamber is placed over a surface of interest
such as mud, soil, or water, with or without vegetation, to capture the gases
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8 BIOGENIC SULFUR IN THE ENVIRONMENT

emanating from the surface. A carrier gas is introduced into the chamber and
mixed with the natural gases. The carrier gas is usually, but not necessarily free
of the species being detected. The effluent gas from the chamber is sampled
and analyzed for the compounds of interest and the flux is estimated by mass
balance. While this technique is easy to use, there are indications that care
should be taken to minimize the changes which the chamber itself may exert
upon the emitting surface (82).

The second method is the micrometerological method (vertical gradient).
The concentration of the gas of interest is measured at various altitudes above
the source along with the wind speed and direction. To determine the vertical
concentration profile, samples obtained simultaneously at various elevations on
a tower must be analyzed. This requires the ability to determine very precisely
small differences in concentrations (at low ambient concentrations) among the
vertical samples. Estimates of flux are made by applying turbulent diffusion
theory to the concentration profile data. This method, although reasonably
simple in concept, is very crifficult in practice and requires considerable
supporting micrometerological data.

Snmmagy

The goal of developing estimates of biogenic sulfur emissions, to provide data
for use in estimating regional and global fluxes of biogenic sulfur to the
atmosphere, based upon direct measurements is far from being accomplished.
With improved analytical methods and a better understanding of the factors
affecting biogenic emissions improved estimates are being obtained. Biogenic
emissions remain a major area of interest where information is required on
antllilropogenic impacts on ecosystems and for refining models of global sulfur
cycling.

Future studies of biogenic emissions should be designed to include
sufficient data for uncertain?' analyses of flux estimates. It is also important to
conduct intercomparisons of different sampling and measurement methods, as
well as the methods used for estimating emissions, i.e. the dynamic chamber vs
the micrometerological methods. Additional data are required to confirm
emission estimates for those environments which have been characterized, and
to extend the emission estimates to environments which have not been studied.
Studies in ecosystems such as tropical rain forests should include surveys
designed to identify potential terrestrial "hot spots” of volatile sulfur emissions.
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Chapter 2

U.S. National Biogenic Sulfur
Emissions Inventory

A. Guenther, B. Lamb, and H. Westberg

Laboratory for Atmospheric Research, College of Engineering,
Washington State University, Pullman, WA 99164—2730

A U. S. national biogenic sulfur emissions inventory with county
spatial and monthly temporal scales has been developed using
temperature dependent emission algorithms and available
biomass, land use and climatic data. Emissions of dimethyl
sulfide (DMS), carbonyl sulfide (COS), hydrogen sulfide (H,S),
carbon disulfide (CSZ;’ and dimethy disulfige (DMDS) were
estimated for natural sources which include water and soil
surfaces, deciduous and coniferous leaf biomass, and agricultural
crops. The best estimate of 16100 MT of sulfur per year was
predicted with emission algorithms developed from emission rate
data reported by Lamb et al. (1) and is a factor of 22 lower than
an upper bound estimate based on data reported by Adams et al.
(2). The predicted 16100 MT represents 0.13% of the 13 million
MT annual emission of anthropogenic sulfur reported by
Toothman et al. (3).

Recent concern for the role of sulfate in acidic deposition has intensified the
need for a more accurate estimation of natural sulfur emissions in the United
States. The magnitude and the spatial and temporal distribution of natural
sulfur emissions must be quantified in order to be useful in efforts to predict the
effectiveness of various control strategies for acid deposition. The invento
estimates described in this paper predict monthly sulfur emissions from eac
county in the contiguous United States. Improvements in the methodology used
to calculate this natural emissions inventory may be a useful guide in the
calculation of the national emissions inventories of other naturally emitted
compounds which have the potential to make significant contributions to
regional air quality.

One of the major difficulties in estimating a national inventorY is the high
degree of variabilli_;y in local natural sulfur emissions. This can be illustrated by
a comparison of H,S emission rates reported for tidal areas and salt marshes.
Micrometeorological techniques have indicated an H,S flux of 80 ng - m"2 -
min-l over a tidal flat (4). Goldberg et al. (3) useé a similar method to
estimate emissions from a salt marsh that ranged from a minimum of 800 ng S -
m-2 - min-! in December to 3 x 104 ng S - m-2 - min! in July. Other investigators
have used dynamic enclosure methods and have reported a wide range of H,S

0097-6156/89/0393—0014306.00/0
© 1989 American Chemical Society

In Biogenic Sulfur in the Environment; Saltzman, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1989.



2. GUENTHERETAL U.S. National Biogenic Sulfur Emissions Inventory 15

emissions. Seasonal variations in H,S flux in marine intertidal areas of
Denmark have been estimated to range over several orders of magnitude () u
to peak emissions of 6700 ng S - m'2 - min'! (7) and 1700 ng S - m2 - min"! (§
which were attributed to a tidal pumping action. Aneja et al. (9-11), and
Adams et al. (2,12) have measured natural H,S emissions at tidal and salt
marsh sites along the U. S. Atlantic coast that varied from 10to 1x 105ng S -
m2 - min-1. Carroll (13) has reported lower rates of H,S emission €0.6 to 20 ng
S - m2 - min-1) from a marsh. Annual variations in the monthly H,S flux,
measured by Steudler and Peterson (14) in a salt water marsh, varied from
removing 3 x 103 ng S - m2- min-! to emitting 1 x 104 ng S - m2 - min! into the
atmosphere. Hourly fluctuations in H,S ground to atmosphere flux rates for
one day in October varied from an uptake of 2 x 10* ng'S - m-1 - min-1to a
release of 3x 104 ng S - m-2 - min-1 to he atmosphere. H. g emissions variability
of over five orders of magnitude have been observed in Florida salt water
marshes where reported rates range from nearly 1 ng S - m2- min1to 10°ng S -
m2- min-1 (15-17). The large range of H,S emission rate estimates represented
in these various studies demonstrates tﬁe variability of only one compound,
H,S, in one general source category, salt marshes and tidal zones. At the
present time, it is not known whether the variability in reported marshland H,S
emissions is due to environmental conditions or measurement problems, or a
combination of both.

The quantity of natural sulfur emitted to the atmosphere is dependent upon
the availability of sulfur, the level of natural sulfur-reducing activity, and the
environment into which the gases are released. At present, there is a lack of
information on specific mechanisms of biological sulfur release. As a result,
algorithms designed to predict natural sulfur emissions must be empirically
based on analyses of correlations between observed natural sulfur emissions and
environmental parameters. In order to extrapolate the available emission rate
data, emission functions must be based upon parameters which are measurable
and available on an appropriate scale of temporal and spatial resolution.

The development of a natural sulfur emissions inventory for the contiguous
U. S. is a necessary step toward understanding the natural component of acid
deposition on a regional and national scale. A county length scale and a
monthly time scale constitute appropriate levels of resolution for regional
modeling. Emission estimates are based on the emission rate data described by
Lamb et al. (1) which are limited to measurements of natural sulfur emissions in
Ohio, Iowa, North Carolina, Washington and Idaho. The uncertainty associated
with this inventory is carefully considered by analyses of model sensitivity.

Methodology

Over 300 field measurements of natural sulfur emission rates were collected for
use in this inventory. Most of these data were obtained from sites in Iowa,
Ohio, and North Carolina during 1985 and have been described by Lamb et al.
(1). Additional unpublished emissions data collected in Washington and Idaho
have also been used. Bare Mollisol, Histosol, and marshland soils were
sampled in addition to surface areas with row crops (celery, carrots and onions)
or natural vegetation. Above ground emissions from agricultural crops
(soybean, corn, and alfalfa) and forest canopies (ash, oak, maple, hickory, and
pine) were also measured. These data were collected usinﬁ a dynamic
enclosure technique with capillary gas chromatography similar to that described
by Farwell et al. (1979). Sulfur-free sweep air was blown through a
polycarbonate or Teflon enclosure and a portion of the effluent air was cryo-
trapped at -183°C. Individual sulfur compounds were then separated using
fused silica capillary gas chromatography and detected with a sulfur specific
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flame photometric detector. The presence of water vapor in this system greatly
reduces its ability to detect H,S and MeSH. In response to this, H,S
measurements were made using sifver nitrate (A§N03) impregnated filters and
fluorescence quenching as described by Natusch et al. (ﬁ) and Jaeschke and
Herrmann (20).

Emission Rate Algorithms. In order to compile a natural emissions inventory,
emission rate functions must be determined for the sources included in the
inventory. The emission rate for a specific source will vary depending upon
certain environmental conditions. Analyses of sulfur emission measurements
collected by Adams et al. (2) and later studies (21,22) suggest that temperature
plays an important role in determining sulfur flux. ile the mechanisms
controlling the release of natural sulfur emissions are not well understood, field
observations have demonstrated characteristic trends in temperature-flux
patterns. Sulfur emissions tend to increase logarithmically with increasing
temperature for normal ambient temperatures (1(§°C to 35°C).

As temperatures fall below 0°C, sulfur emissions fall below the lower
detection limit of the method which is approximately 1 ng S - m-2 - min-1 for
surface fluxes and 4 x 102 ng S - kg1 - hour-! for vegetative emissions. The low
emission rate below 0°C is not unexpected considering the minimal biological
enzymatic activity which occurs at those temperatures (23). Although biological
enzymatic activity normally reaches a plateau at high temperatures, this
saturation point was not observed in our studies which included numerous
measurements taken at temperatures above 35°C. This is higher than any
ﬁ)%lgr(lz )monthly average temperature reported for the contiguous U. S. during

The emission characteristics observed in measurement studies suggest that
the following form of the Michaelis-Menten equation could be used to
mathematically represent the relationship between ambient temperatures and
natural sulfur emissions:

log(F) = T + ke 1)

where F is the sulfur emission rate (ng S - m-2 - min-1). T is ambient
temperature (°C), k, and ky, are rate constants determined by a non-linear least
squares fit to emission rate data, and k_ is a rate constant set at the lower
detection limit. Equation 1 is used to develop natural sulfur emission
algorithms that predict very low emission near 0°C, increase logarithmically at
intermediate temperatures, and approach a maximum emission rate at some
saturation temperature which appears to be much greater than average ambient
temperatures observed in temperate regions.

Extrapolation to the Contiguous U, S, Rate constants for temperature
dependent emissions functions for COS, CS,, DMDS, DMS and H,S have been
developed for five surface categories which include wetland soils, organic soils,
other soils, water, and agricultural crops (other than corn) and three vegetation
categories which are deciduous and coniferous forest canopies and corn
biomass. Additional natural sulfur compounds (e.g. mercaptans? are typically
released at rates which are small (< 1%) relative to the total sulfur flux. The
three soil cate%ories correspond to the three sites visited by Lamb et al. (1),
Goldan et al. (21), and MacTaggert and Farwell (22) in 1985 and Adams et al.
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(2) during 1977-78. Soil analyses indicate that these sites can be distinguished
on the basis of the soil chemistry characteristics listed in Table I. Emission rate
data collected over wetlands were used to develop algorithms for predictin
emissions from wetland soils which are defined as those soil map units whic
have a pH of less than 6, a cation exchange coefficient that is less than 25 meq -
100 g-1 and are designated as wet in the USDI National Atlas (25). Organic
soils are those soil map units which have more than 8% organic matter and a
cation exchange coefficient that is greater than 35 meq - 100 g-1. Emissions
measured over Histosol soils provide the data for the organic soil emission rate
algorithms and Mollisol emissions data were used to generate functions to
predict emissions from all other soil map units. Using information available in
the Geoecology Data Base (26) and the USDI National Atlas (25), surface
areas for each soil category are determined for all counties in the contiguous
United States. Water and agricultural cropland (other than corn) surface areas
are also determined from the Geoecology Data Base. A lack of extensive
measurements of sulfur emissions from water resulted in the emissions function
for that category being developed from a combination of water and wetland
measurements data. Although corn plants were found to significantly increase
emission rates relative to bare soil or natural vegetation surface emissions,
Lamb et al. (1) and Goldan et al. (21) found that other crops such as soybeans,
alfalfa, oats and row crops produced only a slight increase over bare or naturally
vegetated areas. The amount of additional sulfur resulting from these plants is
estimated by subtracting out emissions dpredicted for nearby bare and naturally
vegetated soils from emissions predicted for the croplands.

Sulfur emissions from biomass are calculated only for the period between
the last spring frost and the first fall frost. Data reported in the Geoecology
Data Base and in the USDI National Atlas were used to make estimates of
mean frost dates. The Geoecology Data Base also contains potential natural
vegetation surface areas which are adjusted for current land-use practices
occurring within counties. Deciduous and coniferous forest surface area
estimates compiled in this data base were converted to leaf biomass estimates
using the relationships listed in Table II. Leaf biomass densities tend to be
uniform throughout a vegetation association and are relatively insensitive to
site-specific variables (27). Corn is assumed to grow or increase biomass
linearly through the growing season with periodic harvests. Estimates of corn
biomass are based on the agricultural yiekf estimates reported on a county basis
in the Geoecology Data Base which are then converted to total plant dry weight
using relationships available in the scientific literature (28-30). The amount of
biomass present during each month increases monthly by a fraction of the total
annual yield. For example, if corn requiring four months to mature is growing
in a county with a seven month growing season from April to October, then
monthly fractions of the total annual yield are assigned as follows:

4 2
Nov to Mar 0; Apr%;May% ;Jun% ;Jul7;Aug% ;Sep7 ;Oct%

In the above example, the growing season is longer than the maturi?:hperiod
which results in simulated harvests occurring in July and in October. The sum
of the fractions assigned to each harvest (4 +g§) is equal to 1 which represents
the total annual crop yield.

Monthly emissions of COS, CS,, DMDS, DMS and H,S are calculated for
each of the 3071 contiguous U. S. counties. In addition to the source factors
described above, mean monthly temperatures compiled in the Geoecology Data
Base provide the inputs required for the estimation of natural sulfur emissions.
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Table I. Soil Characteristics

Soil Sitea CECb pH Organic
Category meq Matter
100 g %
1 (Wetlands) Cedar Island, NC 2.2-153 5.2-6.9 1-6.5
2 Orﬁanic) Celleryville, OH 110 5.4 >8
3 (Other) Ames, A 21-25 7.1-73 3.1-3.6

aSee Lamb et al. (1) for detailed site descriptions.
bCation Exchange Coefficient.

Table II. Conversion Factors: Leaf Biomass Density

Vegetation Type Average Leaf Biomass Density
(kg - hal)
Coniferous Forest 6500
Deciduous Forest 4500
Sclerophyll Scrub 3000
Grasslands 2500
Tundra, Alpine fields 1800
Desert 1000
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Resul iscussion
Inventory Estimates. The inventory estimates described in detail in this section

are based on the emission rate data reported by Lamb et al. (1). In order to
obtain an uncertainty estimate, these inventory results are compared with
estimates based upon data reported by Goldan et al. (21) and Adams et al. (2).
The SURE emissions data (2) referred to in the following text have been
corrected using the results of recovery efficiency studies conducted by S. Farwell

ersonal communication, 1985) using a GC system identical to that used during
the SURE program.

For discussion purposes, the annual national flux of 16100 metric tons of
sulfur (based on the data reported by Lamb et al. (_1_2) is broken down b¥ source,
season, compound and region in Tables III and IV. Seasons are defined as:
spring - March, April, May; summer - June, July, August; autumn - September,
October, November; and winter - December, January, February. Regional
emissions are grouped according to the federal region designation scheme while
sources are combined into eight categories: wetlands, organic soils, other soils,
cro&;land (increase in emissions resulting from bare or naturally vegetated soils),
and water surface areas, as well as corn, deciduous and coniferous biomass.
Area and biomass estimates for the eight sources are listed in Table V.

Above ground biomass is estimated to generate slightly more than one half
of the national annual total flux. Coniferous canopies are the major biomass
emitter with 30% of the total, while soil category 3 (other) is the largest surface
source with 22% of all natural sulfur emissions. Although organic and wetland
soils have higher per area emission rates, they each contribute only 7% of the
total due to their smaller share of the total U. S. land area. Water and non-corn
crops each contribute less than three percent of the total emissions on an
annual basis. H,S is the dominant emission from wetlands, organic soils and
water. Corn emits predominately DMS while forest canopies and non-corn
crops release more COS. A significant portion of the emitted COS may be
raplgIIﬁ recycled into the biosphere by vegetative uptake (21).

e total summer-time flux is predicted to account for 55% of the annual
total while winter-time emissions are estimated to contribute only 4%. This is
not unexpected considering the strong temperature dependence of the emission
functions. In between these two extremes are autumn emissions (24%) and
emissions during spring (18%). The higher autumn emissions are due both to
increased agricultural biomass and higher temperatures. The autumn flux from
agricultural crops is predicted to be more than twice the spring-time flux. The
relatively large seasonal temperature variations in the northern regions (1, 2, 3,
5, 7 and 8) result in about 70% of their annual total being emitted in the
summer and less than 0.5% in the winter while southern regions (4, 6 and 9)
are predicted to have more uniform seasonal emission rates.

e relative contribution that each reduced sulfur compound makes to the
total sulfur flux is often of interest because the various compounds behave
differently once they enter the atmosphere. Terrestrial biogenic sulfur
emissions are dominated by COS (38%), DMS (35%) and H,S (21%).
Emissions of CS, and DMDS together represent about 6% of the total. DMS
emissions dominate during the summer season with 41% of the total.

On a regional basis, two-thirds of the total national flux originates in
regions 4, 5, 6 and 7 which are in the southeastern and midwest portions of the
United States. This encompasses about one-half of the total land area. The
warmer southern regions (4, 6 and 9) generate about 90% of the inter-time
emissions. By comparison, they produce about one-half of the sulfur flux on an
annual basis. The regional average fluxes given in Table VI range from about 2
ng S - m-2 - min-! in region 8 to about 6 ng S - m-! - min-1 in region 4, in
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Table III. Source Summary: Surface and Vegetative Emissions Inventory

Biogenic Flux in Metric Tons of Sulfur

Source Season COS CS, DMDS DMS H,S Total
Sulfur

Soil Category 1 Spring 60 9 3 42 63 180
Wetlands Summer 260 23 6 170 280 740
Autumn 80 11 4 55 85 240

Winter 10 3 2 8 10 33

Annual 410 46 15 270 440 1200

Soil Category 2 Spring 8 2 1 4 190 200
Organic Summer 81 6 4 29 560 680
Autumn 13 2 2 7 260 290

Winter 01 01 01 0.1 0.5 1

Annual 100 10 7 40 1000 1200

Soil Category 3 Spring 150 52 43 260 110 610
Other Summer 530 110 77 930 300 2000
Autumn 190 60 48 340 130 770

Winter 31 18 17 48 28 140

Annual 890 240 190 1600 570 3500

Water Spring 17 3 1 12 18 50
Summer 79 8 2 51 84 220

Autumn 24 3 1 16 25 70

Winter 3 1 1 2 2 9

Annual 120 15 5 81 130 350

Crop Biomass Spring 13 2 1 3 2 20
(non corn) Summer 53 11 4 18 16 100
Autumn 39 5 3 7 7 60

Winter 1 01 01 0.1 0.1 1

Annual 100 18 8 28 25 180

Corn Biomass Spring 1 2 1 200 27 230
Summer 4 9 S 1800 140 1900

Autumn 3 5 3 490 68 570

Winter 01 .01 .01 0.6 0.1 1

Annual 8 16 10 2500 240 2700

Deciduous Spring 300 13 10 58 110 500
Canopy Summer 620 27 19 200 260 1100
Autumn 330 15 11 72 130 560

Winter 20 1 06 3 7 k) |

Annual 1300 56 41 340 510 2200

Coniferous Spring 750 56 34 140 120 1100
Canopy Summer 1300 78 45 480 180 2100
Autumn 850 61 37 180 130 1300

Winter 250 24 16 34 48 370

Annual 3200 220 130 840 480 4800

All Spring 1300 140 96 700 640 2900
Sources Summer 2900 270 160 3600 1800 8800

Autumn 1500 160 110 1200 840 3800
Winter 310 48 36 96 96 590
Annual 6100 620 400 5600 3400 16100
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Table IV. Regional Summary: Surface and Vegetative Emissions Inventory
Biogenic Flux in Metric Tons of Sulfur

Region Season S CS2 DMDS DMS H2S Total
Sulfur

1,2&3 Spring 89 10 7 46 130 280
Summer 260 22 14 300 430 1000

Autumn 120 13 9 93 90 430

Winter 4 1 1 2 2 11

Annual 480 45 31 440 760 1800

4 Spring 310 28 17 180 130 660
Summer 540 44 24 520 300 1400

Autumn 330 29 18 210 150 740

Winter 99 13 9 33 33 190

Annual 1300 110 68 940 620 3000

5 Spring 70 10 7 99 69 260
Summer 240 28 17 850 270 1400

Autumn 100 15 10 240 110 480

Winter 1 0.5 0.5 0.5 1 3

Annual 410 53 35 1200 450 2100

6 Spring 330 33 22 180 120 680
Summer 640 56 32 550 300 1600

Autumn 360 36 23 210 130 760

Winter 110 16 12 34 30 200

Annual 1400 140 88 970 580 3200

7 Spring 61 9 7 88 84 250
Summer 190 23 14 700 220 1200

Autumn 79 12 9 190 110 400

Winter 4 2 1 2 2 11

Annual 340 46 Kk} | 990 420 1800

8 Spring 130 17 13 44 35 230
Summer 420 41 27 350 130 970

Autumn 160 21 15 71 45 320

Winter 1 0.2 0.2 03 0.3 2

Annual 710 79 55 470 210 1500

9 Spring 200 20 14 72 51 360
Summer 390 33 21 270 110 810

Autumn 240 23 15 110 61 440

Winter 78 11 8 20 20 140

Annual 900 87 59 470 240 1800

10 Spring 110 12 9 24 24 180
Summer 260 22 14 110 58 460

Autumn 140 15 10 39 31 230

Winter 22 4 3 4 6 39

Annual 520 52 36 170 120 900

National Spring 1300 140 9 700 640 2900
Summer 2900 270 160 3600 1800 8800
Autumn 1500 160 110 1200 840 33800
Winter 310 48 36 96 96 590
Annual 6100 620 400 5600 3400 16100
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Table V. Emission Sources

Surface Area 103 km2 Leaf Biomass 1012g

Soil Class 1 352 Deciduous 576
(Wetlands) Canopy

Soil Class 2 270 Coniferous 1250
(Organic) Canopy

Soil Class 3 7055 Corn 496

Water 154

Total 7831

Cropland 1281

(Not Corn)

Based on data compiled in the Geoecology Data Base (26).

Table VI. Regional Summary: Area Flux From All Natural Sulfur Sources

Federal Emission Rate
Region ngS - m2 - minl
1,2and 3 54

4 59

5 4.9

6 44

7 4.7

8 1.9

9 35

10 2.8
National 40

Based on emissions data reported by Lamb et al. (1).
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comparison to the national average of 4 ng S - m-1 - min-1, The spatial
distribution of county averaged flux rates is shown in Figure 1. In general, the
highest flux rates are predicted to be in the agriculturally intensive midwestern
corn belt region, in the New England deciduous forests, and over the wetlands
and organic soils along the Atlantic and Gulf Coasts and the Mississippi river
valley. The lowest flux rates are predicted for the Rocky Mountain region.
Annual county average emission rates range over three orders of magnitude
with a predicted minimum flux of 0.52 ng S - m2 - min-! in Denver county,
glolqéado and a maximum flux of 20 ng S - m-2 - min-1 in Monroe county,
orida.

Anthropogenic vs, Biogenic Emission Inventories. The NAPAP 1980
anthropogenic emission inventory has estimated an annual SO, flux of 13
million MT or 3200 ng S - m-2 - min-1 (3). In comparison, terrestrial natural
emissions are predicted to be 16100 MT which corresponds to 0.13% of the
combined natural and anthropogenic total. Table VII contains estimates of
seasonal natural emissions and their contribution to total sulfur emissions,
reported for the base year of 1980, in each state. Anthropogenic SO, emissions
are relatively constant throughout the year while biogenic sulfur emissions
decrease substantially during the winter months. As a result, the national
average contribution of natural emissions ranges from 0.03% in winter to 0.28%
in summer. Natural emissions are estimated to contribute less than 0.05% of
the total annual emissions in Delaware, Indiana, Kentucky, New Jersey, Ohio
and Pennsylvania, while over 1% of the total annual emissions are estimated to
be from natural sources in Nebraska, Oregon, South Dakota and Vermont.
Summer-time natural emissions contribute between 3% and 7% in Nebraska,
Oregon, Idaho, South Dakota and Vermont. Natural sulfur emissions are from
very diffuse sources spread over large areas while anthropogenic sources are
point or concentrated area sources. %‘he diffuse natural emissions are expected
to have a negligible impact on urban sites but they should be included in
regional budgets and may make significant contributions to sulfur
concentrations in remote areas.

Assessment of Uncertainty

Direct evaluation of the accuracy of the emission rate estimates compiled in this
natural sulfur emissions inventory is difficult. Our limited understanding of
natural sulfur release mechanisms and the wide variety of possible
environmental conditions to which the observed data must be extrapolated
require a simplified approach to this complex process. A sensitivity analysis of
the important components of the modeling procedure can be used indirectly to
evaluate the uncertainty which should be associated with the model. The major
components affecting the estimation of natural emissions in this inventory are
source factors, temperature estimates, emission prediction algorithms and
emission rate data.

Source factor estimates are expected to make a relatively minor
contribution to the overall uncertainty (less than 10%). Surface area estimates
of the various land use categories (e.g. water, marsh, urban, agriculture, and
natural ve§etation) compiletf in the Geoecology Data Base were derived from
several difterent data sources (26). The data are reported for different years so
that it is possible to have some inconsistencies due to recent changes in land use
(i.e. urbanization). In counties where the sum of the land use categories was

reater than the reported county area, the amount of overlap was subtracted
rom the natural vegetation surface area.
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Biogenic Flux in Metric Tons of Sulfur

State Spring %*® Summer %® Autumn %3 Winter %?® Annual %?
Alabama 87 0.11 170 017 93 010 22 003 370 0.09
Arizona 130 0.12 290 040 150 0.18 46 004 610 015
Arkansas 77 084 200 1.6 86 091 15 015 380 092
California 170 0.29 340 056 210 033 82 014 800 033
Colorado 47 036 220 15 59 039 0.1 n 320 053
Connecticut 11 0.15 36 0.55 17 022 n n 64 021
Delaware 2 001 10 0.07 4 003 02 n 16 003
Florida 150 0.11 270 017 180 0.14 74 006 670 0.12
Georgia 120 0.13 230 020 120 0.12 28 002 500 0.12
Idaho 44 0.60 150 4.6 66 097 04 n 260 099
Illinois 61 0.04 370 022 120 007 1 n 540 008
Indiana 33 0.02 180 009 64 0.03 07 n 280 003
Iowa 4 011 350 070 110 027 n n 500 028
Kansas 78 033 260 087 100 040 S5 002 450 043
Kentucky 41 0.04 120 009 S3 005 S n 220 004
Louisiana 100 0.16 270 055 120 021 27 003 510 022
Maine 50 030 210 1.7 80 057 n n 340 055
Maryland 12 0.03 48 0.15 18 006 1 n 79 005
Massachusetts 18 0.04 55 013 26 009 0.1 n 99 006
Michigan 42 0.04 200 021 78 009 =n n 320 008
Minnesota 48 0.16 280 1.1 87 032 n n 410 030
Mississippi 82 026 190 053 8 025 20 005 380 028
Missouri 68 0.06 230 0.14 8 007 6 n 390 0.07
Montana 63 024 220 18 81 066 n n 370 049
Nebraska 61 0.63 320 33 110 1.7 n n 480 13
Nevada 64 036 180 1.0 81 050 10 006 340 050
New Hampshire 19 0.15 69 066 28 023 n n 120 023
New Jersey 5 001 20 0.06 8 002 04 n 34 002
New Mexico 95 035 230 075 100 035 21 007 450 039
New York 42 0.05 180 020 72 008 0.1 n 300 007
North Carolina 80 0.12 200 026 93 013 17 003 390 013
North Dakota 12 011 73 063 20 015 n n 110 021
Ohio 27 0.01 140 004 52 0.02 0.7 n 220 002
Oklahoma 75 0.64 180 1.9 86 067 20 017 360 0.78
Oregon 80 13 180 3.0 100 13 25 031 380 1.5
Pennsylvania 33 001 137 006 55 0.02 03 n 230 002
Rhode Island 3 020 9 047 S§ 034 n n 17 026
South Carolina 57 0.16 130 030 62 018 12 002 260 0.17
South Dakota 24 039 140 5.8 4 087 n n 210 116
Tennessee 47 0.04 120 009 54 005 8 n 230 005
Texas 330 022 710 046 370 023 120 0.07 1500 025
Utah 51 036 160 13 59 043 2 n 270 050
Vermont 19 13 70 72 28 3.0 n n 120 25
Virginia 46 0.12 130 030 49 013 7 002 240 014
Washington 54 015 130 039 64 017 13 006 260 0.17
West Virginia 22 0.02 6 017 27 007 2 001 110 0.07
Wisconsin 46 0.05 230 029 79 012 n n 360 012
Wyoming 37 013 150 055 52 018 n n 2400 0.12
National 2900 0.10 8800 028 3800 0.13 590 0.03 16100 0.13

abiogenic contribution to 1980 total sulfur emissions (Toothman 3).

nrepresents negligible emission or contribution.
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Vegetative emission source factors also depend on biomass factors to
convert surface area estimates to biomass estimates. The leaf biomass factors
used in this inventory (Table II) are those suggested by Zimmerman (31). A
comparison of leaf biomass factors reported in the literature provides a simple
illustration of the variability associated with the conversion factors used in tgis
inventory. Monk et al. (32) reported a biomass factor of 8400 kg - ha-1 for trees
with 14 cm diameter trunks in an oak hickory forest. Biomass factors of 5700
kg - ha'1 (30) and 5800 kg - ha-1 331) have been estimated for mixed deciduous
forests. Arnts et al. (ﬁl reported a range of biomass factors between 4400 kg -
ha-1 and 6340 kg - ha-l for a loblolly pine forest. The variability in these
biomass estimates is less than +25%.

The Geoecology Data Base reports arithmetic mean monthly temperatures
for climatic divisions in the United States. This is not an ideal input to the
inventory modeling procedure which assumes that sulfur emissions increase
logarithmically with temperature. Extreme temperatures, which can generate a
disproportionate amount of total emissions, are not well represented by the
mean. The impact of this effect can be demonstrated by comparing a flux
estimate calculated using a mean temperature to an estimate based on a range
of temperatures. A mean temperature flux is based on the average monthly
temperature. An example of a weighted temperature flux is given in Equation 2
where a proportion of five fluxes predicted by five different temperatures are
summed to determine the emission rate:

Fut = 0.1F; + 02F, + 0.4 F; + 0.2F; + 0.1Fs )

where Fy is the flux resulting from the minimum temperature, F, results from
the average of minimum and mean temperatures, F3 is based on mean
temperature, F4 is based on the average of mean and maximum temperatures,
and Fs is based on a maximum temperature.

Equation two has been used to estimate monthly and daily weighted
emissions from monthly and daily weighted maximum, minimum and mean
temgJ ratures for a specific county. The daily temperatures were obtained from
the U. S. Environmental Data Service (24). {'he total January and July monthly
weighted flux estimates were within 4% of estimates predicted with only the
mean monthly temgerature. Daily weighted temperatures predict a July flux
that is within 3% of July mean monthly estimates but the January flux is 25%
greater than that predicted for January by monthly temperature statistics. The
percent difference depends upon the tlatness of the flux vs. temperature curve
over the temperature range of the month. The analysis indicates that the use of
monthly average temperatures in the calculation of this natural emissions
inventory is not likely to overestimate emissions but may underestimate
individual emissions estimates by up to 25%.

A comparison of emissions inventories which use the same emission rate
data base but different modeling procedures can illustrate the sensitivity of the
model to the flux prediction algorithms. Table VIII lists surface emission rates
predicted by three different emission rate algorithms which have been fit to the
corrected SURE data (2) and extrapolated to cover the original SURE area in
the northeastern U. S. The Michaelis-Menten function (Equation 1) generates
estimates that result in an annual average emission rate of 29 ng S - m-2- min-1,
A segmented line emission algorithm (SLEA) has been used to predict an
annual average emission rate of 70 ng S - m2 - min-1 gﬁ) which is a factor of 2.4
greater than that predicted by the Michaelis-Menten function.

The SLEA method fits a logyq least squares line to the emission rate and
temperature data within the range of temperatures sampled in he study. At
lower temperatures, emissions are assumed to increase linearly from the lower
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detection limit at 0°C to the least squares line. At high temperatures the
emission rate is constant at the level predicted for the highest measured
temperature. The annual average estimate is based upon thirty-five SLEA
emission functions which were used to predict the monthly flux of five major
sulfur compounds (H,S, DMS, COS, CS, and DMDS) from seven major sources
(water, Histosols, Mollisols, Alfisols, Inceptisols, Ultisols and marshljands) ona
county scale of resolution.

Table VIII. Model Sensitivity to Emission Algorithm: Annual Average
Natural Sulfur Emission Rate (ng S - m-2 - min-1) for
Soil Surfaces in the Northeastern U. S.

Emission function Emission rate
ng$S - m2 - min!

MMD 29

GMFIAb 15

SLEA¢ 70

aMichaelis-Menten functions based on SURE surface emissions data (2).
bGeometric mean - forced intercept algorithms based on SURE surface
emissions data (2).
CSdegm(eél)ted line emission algorithms (35) based on SURE surface emissions
ata (2).

The third emission function assumes a logarithmic increase in sulfur
emissions from the lower detection limit at 0°C to the geometric mean
measured flux at the arithmetic mean sampling temperature. These geometric
mean - forced intercept (GMFI) functions were developed from the SURE data
and used to predict monthly total sulfur emissions from nine soil groups in U. S.
counties. The total annual average flux rate of 15 ng S - m2 - min-1 predicted
for the SURE region with this method is a factor of 2 lower than the flux
predicted by the Michaelis-Menten functions. This comparison of these three
emission functions suggests that the choice of temperature-flux function can
cause a factor of two variation in emission rate estimates.

In addition to the natural variability in sulfur emissions observed by
individual investi%ators at single sites, there is also variability in emission rates
observed at single sites by different investigators at different times. This
variability could be due to differences in analytical techniques or changes in
environmental conditions over a long period of time or combination of both. A
comgarison of the emission rate data recorded by Lamb et al. (1) and Goldan et
al, (21) at one site demonstrates that the corrected SURE H,S emission rates
(2) were approximately two orders of magnitude higher than comparable data
recorded by Lamb et al. (1) and Goldan et al. (21). The emission rates of other
natural sulglr compounds compiled in the corrected SURE data base are about
an order of magnitude greater than the emissions reported by Lamb et al. (1).
Independent data collected simultaneously by Lamb et al. (ﬁ, Mactaggart and
Farwell (22), and Goldan et al. (21) are within a factor of two. Segmented-line
emission rate functions were developed from soil emission rates compiled in the
Lamb et al. (1), Goldan et al. (21) and corrected Adams et al. (2) data bases
and extrapolated to the national level using the inventory procedures described
in this paper. This analysis of model sensitivity to emission rate data is
summarized in Table IX and demonstrates that the corrected 1978 SURE data
results in emission estimates which are a factor of 22 higher than estimates
derived from the 1985 data bases.
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Table IX. Model Sensitivity to Emission Data: National Annual Natural
Sulfur Emission Rates (MT S) Estimated for all Soil Categories

Data Annual Total Averagf, Flgx
Source (MT) (ng S-m2- min-1)
SURE?2 97200 25

NOAA? 5040 13

WSU¢ 4210 1.1

aCorrected emissions data based on Adams et al. (2).
bErrqssnons data reported by Golden et al. (21).
bEmissions data reported by Lamb et al. (1).

nclusion

Temperature dependent natural sulfur emission algorithms, along with biomass
density data from the literature and land use and climatic data from the
Geoecology Data Base, provide the basis of this national invento of natural
sulfur emission rate estimates. The annual national total of 16100 MT of
naturally-emitted sulfur comprises 0.13% of the combined anthropogenic and
natural sulfur flux. The biogenic contribution is as high as 7% in individual
states during summer. COS is estimated to be the major component of natural
sulfur emissions followed by DMS, H,S, CS,, and DMDS. Vegetative emissions
are estimated to be slightly higher than those from soil surfaces. About 55% of
the annual emission is predicted to occur during the high temperatures and
biomass densities of summer.

Three areas of uncertainty in this present inventory of natural sulfur
emissions which need further work include natural variability in complicated
wetland regions, differences in emission rates in the corrected SURE data and
those reported by Lamb et al. (1) and Goldan et al. (21) for inland soil sites, and
biomass emissions for which only a very limited data base exists. The current
difficulty in determining the sources of variability emphasizes the need to better
understand natural sulfur release mechanisms. At present, it may be useful to
consider the emission rates based on the corrected SURE data as an upger
bound to natural emissions and use the emission rates based on data described
by Lamb et al. (_1? as a more conservative estimate of natural sulfur emissions.

owever, this still leaves a factor of 22 difference between the suggested upper
bound and our best current estimate.

The temperature dependent algorithms used to predict natural sulfur
emissions do not account for all of the variation in observed emissions. Other
important environmental parameters may include, but are not limited to, tidal
flushing, availability of sulfur, soil moisture, soil pH, mineral composition,
ground cover, and solar radiation. A more accurate estimation of the national
sulfur inventory will require a better understanding of the factors which
influence natural emissions and the means to extrapolate any additional
parameters which are determined to be important.
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Chapter 3

Variability in Biogenic Sulfur Emissions
from Florida Wetlands

David J. Cooper!, William J. Cooper?, William Z. de Mello',
Eric S. Saltzman!, and Rod G. Zika!

IRosenstiel School of Marine and Atmospheric Science,
University of Miami, Miami, FL 33149-1098
!Drinking Water Research Center,

Florida International University, Miami, FL 33199

Emissions of biogenic hydrogen sulfide (H,S), dimethylsulfide
(DMS), carbon disulfide (CS,) and dimethyldisulfide (DMDS)
were measured from several wetland ecosystems in Florida. The
factors governing their variability can be divided into spatial,
seasonal, diel and tidal components. These components, in turn,
relate to the effects of temperature, insolation and soil inundation
on both the physicochemical factors controlling sulfur emissions
and the metabolism of bacteria and higher plants. This paper
illustrates these effects and their inter-relationships using data
obtained over several diel periods, repeated several times during
the course of a sir;%le seasonal cycle. Ecosystems studied include
a Spartina alterniflora coastal fringe, a brackish Disticlis spicata
marsh, a freshwater Cladium jamaicense swamp, a Juncus
roemerianus marsh, an Avicennia germinans (Black mangrove)
fringe, coastal seawater surfaces, and intertidal mudflats at
several locations.

Models of the global sulfur cycle include biological sources of volatile sulfur
ﬁases as a significant input to the atmosphere. The magnitude of this input,

owever, remains a major uncertainty involved in such models. Biological
sources of reduced sulfur include both marine and terrestrial components.
Most recent studies suggest a value of 40 + 20 Tg S/yr (1) for the former
component, due to the release of dimethylsulfide (DMS) from the surface
ocean. Estimates of the latter component are highly variable, however,
reflecting the variability and the sparsity of previous dglrect measurements. We
are hampered by our poor understanding of the processes controlling the
release of reduced sulfur gases from the different ecosystems studied, their
spatial and temporal importance, and doubts concerning earlier analytical
methodology (2).

Many of the previous direct flux measurements have focused on two distinct
ecosystems, intertidal mudflats and rtina alterniflora salt marshes. These
coastal systems have the potential for large emissions of volatile reduced sulfur

ases due to the availability of sulfate and organic matter. Intertidal mudflats
%3,&) have a tendency towards anoxia, with concomitant production of H,S via
sulfate reduction. §. alterniflora marshes (4,3) release DMS througix the

0097—-6156/89/0393—0031306.00/0
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32 BIOGENIC SULFUR IN THE ENVIRONMENT

cleavage of dimethylsulphonioproprionate (DMSP), an osmolite found at high
concentration within the plant (Q{ Not surprisingly, flux measurements made
from more representative soil types show signiﬁcant.g' lower emission rates gl).

This paper summarizes the results of emission measurements made from
several wetlands in Florida. The two environments mentioned above were
sampled, in addition to sites with Bredominant plant communities of Cladium
jamaicense, Juncus roemerianus, Disticlis spicata, Avicennia germinans, Batis
maritima, and coastal seawater surfaces. Complete descriptions of the sites are
given in refs. (§-11). These sites were chosen to represent the major wetland
E!ant ci)mmunities of Florida, and their geographic locations are shown in

igure 1.

lin, Analytical Meth

Emissions were measured using a dynamic flow chamber technigue 8). H,S
was collected using a silver nitrate impregnated filter method, and analysed gy
the fluorescence quenching of fluorescein mercuric acetate (8,9,12). DMS, CS,
and DMDS were collected by cryogenic trapping in a packed Teflon loop, using
liquid oxygen, and analysed by gas chromatography with flame photometric
detection (9,10). A 12 foot Chromosil 330 column was used with nitrogen as the
carrier gas at 30 cm3 min-l. The GC oven was temperature programmed from
25-1000C at 25°C min-! with an initial hold of two minutes and a final hold of
eight minutes. The GC method is quantitative for these three compounds. Low
molecular weight thiols and H,S, however, showed losses in our
chromatographic system, and carbonyl sulfide (OCS) could not be quantified
due to co-elution with CO, and/or hydrocarbons. A sample chromatl(_)lgram is
shown in Figure 2. The AgNO; filter method is quantitative for H,S (8).
Measurements were made over several diel periods at most of the sampling
sites, repeated several times during the course of a seasonal cycle.

Deposition of reduced sulfur compounds to enclosed surfaces could also be
measured by adding low loss (5 ng/min, GC Industries) permeation tubes to the
inlet of the chambers. This permeation rate adds an additional sulfur load
which varied typically between 2 and 5 times that already within the enclosure.
These studies were limited to surfaces where large temporal changes in natural
emissions were not occurring, and ultimately became limited by the reliability of
the permeation devices.

Resuyl Di i

Emissions of biogenic sulfur compounds to the atmosphere result from an
imbalance between metabolic formation processes and biological or
physicochemical consumption processes, determined on the spatial scale of the
available methods for measuring emission fluxes. Variability in emissions
patterns reflects the complexity of the factors contributing to these processes.
Our results show that this variability can be described as the net result of the
combined effects of vegetation coverage, temperature, insolation, soil
inundation and seasonal flooding. This gives resultant emissions patterns
showing spatial, seasonal, diel and tidal effects.

Within the §. alterniflora fringe, spatial variability in both the magnitude
and speciation of biogenic sulfur emissions was found to reflect the
inhomogeneity of vegetation coverage. This is vividly demonstrated in the data
shown in Table I, a summary of measurements made within the Spartina fringe.
DMS and H,S measurements were made from the same chambers, and all sites
were within 5 meters of each other. The variations can be explained by the
relative contributions to the total emission from soil bacteria versus plant
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o«

Figure 1. Sampling site locations: 1. Merritt Island (D. spicata); 2. Rookery
Bay (A. germinans, sea surface, mudflat); 3. Old Ingraham highway (C.
jamaicense); 4. Flamingo éﬂ. maritima); 5. St. Marks (8. alterniflora, J.
roemerianus, sea surface, mudflat)

E] DMS

MDS
11. 40

JHIECT 81716786 21386321

L.

A

Figure 2. Sample chromatogram. Chamber over C. jamaicense/water. C
Dﬁs and DMBS uantified, OCS not quantified due to co-elution with HsS,

CO,, and/or HCs. DMS emission rate = 0.11 g S/m2/hr. Unidentified peaks
are marked "U".
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Table I. Variation in Biogenic DMS and H,S Emissions from a
Fringe, St Marks Florida
Units of ug S m-2hr!

Date May, 1985 Oct, 1985 Jan, 1986
Soil Temperature (°C) 22-37 19-36 9-19
Wet sand site - DMS nd. 13-17 05-17
Wet sand site - H,S 3 - 14866 n.d. 0.09 - 8151
Wet Spartina site - DMS 19-59 30-70 17-96
Wet Spartina site - H,S 1.5-118 6n.%.9 0.17-9.6
l - »

Dry Spartina site - DMS 97 - 556 66 - 147" 10 - 188
Dry Spartina site - HpS 13-55 nd. 0.07-19

*Two adjacent chambers with different vegetation coverage (see text).
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metabolic processes. The release of DMS appears to be related to the
metabolism of S. alterniflora, with higher fluxes occurring from vegetated sites,
peaking in the early afternoon and at times of osmotic stress (10).

Within the vegetated sites the magnitude of the DMS emission measured
also reflects the biomass enclosed. Measurements made using two chambers at
agparently identical dry sites, in a re%'on only inundated by extreme high tides
(Table I), showed emission rates to be approximately a factor of two to four
different throughout the day. Later examination of the chamber locations
revealed that the root biomass below the ground was a factor of 2-3 greater at
the hi%her emitting site.

The release of H,S from the Spartina fringe, on the other hand, is
consistent with sulfate reduction in the underlying anoxic sediment, which
occurs at a shallower depth in the unvegetated areas. H,S emissions occurred
in intense pulses as the rising tide reached the sampling sites, forcin%hgreater
than 90% of the integrated emission in just 3% of the tidal cycle (9). This tidal
pumping effect was found to be the major driving force in the release of H,S at
all intertidal mudflat sites sampled; at Rookery Bay, Flamingo and St. Marks,
and also at two estuarine intertidal areas at St. Marks. This observation is in
z(lgic)ement with studies been made by other workers at various coastal locations

Emissions of H,S from the surface of shallow water bodies with underlying
anoxic sediments also appear to be controlled by the movement of the tides.
Figure 3 shows the effect of water depth on the emission rate of H,S from the
sea surface at Rookery Bay, measured over the course of several tidal cycles in
October 1985 and January 1986. It is likely that oxidation of H,S in the water
column acts as a cap to the emission of H,S as it diffuses from the sediment
below. The data of Figure 3 suggest that any emission of H,S from the surface
of water deeper than about one meter is unlikely. No such effect was found in
the emission of DMS from the coastal water surfaces, which is consistent with
fo:'j{nation of this gas by algae in the water column, and not by bacteria in the
sediment.

The emissions from all soil sites other than the S. alterniflora marsh
followed a pattern that was consistent with release of microbial metabolites
from the soil surface. H,S and DMS were the predominant species found, with
emission rates 10-100 times greater than those of CS; and DMDS. Peak
emissions of all compounds were measured in the early afternoon,
corresponding to the maximum soil temperature. No effects were found due to
the extent of vegetation coverage. The difference between these sites and the S.
alterniflora sites provides indirect evidence for the role of DMSP cleavage in
the release of DMS from the tissues of the S. alterniflora. Elevated
concentrations of DMSP have been reported to occur in the leaves of S.
alterniflora, when compared to other American salt-marsh species (6).

The effect of temperature on soil microbial activity is demonstrated in
emission measurements made over two days at the J. roemerianys site, shown in
Figure 4. Data were obtained during the passage of a cold front on January
1986, clearly showing a diel cycle in the release of DMS and H,S, which is
correlated with soil temperature rather than insolation. Figure 5 shows a plot of
DMS and H,S emissions against temperature, combining the data set of Figure
4 with measurements made on two other sampling trips. The different slopes of
the DMS and H,S data sets may reflect different bacterial processes leading to
the formation of2 these gases. The emission of DMS at this site is more strongly
temperature dependent than the emission of H,S.

he brackish Disticlis spicata and Avicennia germinans sites and the
freshwater Cladium jamaicense site experienced seasonal inundation during this
study. During the dry season, temperature-related diurnal variations in both
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Figure 3. Effect of water column depth on the emission of HjS from a coastal
seawater surface, Rookery Bay, Florida, October 1985 and January 1986.
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Figure S. Effect of soil temperature on the emissions of DMS and H,S from a J.
roemerianus marsh, St. Marks, Florida.
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DMS and H,S emissions from the exg)osed soils were found. When inundated
during the wet season, the emission of DMS from the water surfaces exhibited a
similar diurnal cycle, but with a considerably lower emission rate. In contrast,
the emission of H,S from the water surfaces showed a reversed diurnal cycle,
with peak emissions occurring before dawn (Figure 6). A greci itous decrease
of almost three orders of magnitude in the emission of H g after sunrise
suggests that thermal stratification and/or light-related remova.l2 processes in the
water column may be controlling its release during the day.

Although the diel patterns of H,S emission from the water surface and the
soil surface over the%ﬁsﬁgﬁa i are reversed (Figure 6), the overall
(integrated) emission rate is about the same (60 and 56 ug S m-2 hr-1,
respectively). Integrated emission rates of DMS were also similar from the two
different surfaces, 6.8 and 6.2 ug S m-2 hr-1, respectively. Greater than 90% of
the DMS emission from the D. Spi soil surface occurred between the hours
of 09:00 and 20:00.

Possible effects of plant metabolic effects were investigated in a later
experiment over the D. spicata/water surface. Two adjacent chambers were
suspended on the water surface over a highly vegetated site and a sparsel
vegetated site. Again, the H,S emissions peaked before dawn, and DM
emissions peaked in the early afternoon. The ranges of emission rates of DMS
and H,S measured from these sites are shown in Table II. H,S emissions are
higher from the unvegetated site than the vegetated site, whereas DMS
emissions are higher from the vegetated site and almost undetectable from the
unvegetated site. This effect suggests that release of DMS may be a result of
metabolic processes in the D. spicata, while the release of H,S is related to
sediment processes, and is inhibited by the oxic metabolism of the plant
community, in a similar way to S. alterniflora. However, it is interesting that
DMSP, the precursor of D{ds in Spartina species, has not been found in D.
spicata (@). It is possible that other similar compounds may function in the
same role. Further study is necessary.

The general variability found within these study sites, and the different
patterns found in emissions data at the individual sampling locations, clearly
demonstrate the complexity of processes governing the release of biogenic
sulfur gases. It is evident that with our current understanding of these processes
and their spatial extent, it is extremely difficult to estimate the contribution of
biogenic sulfur to the atmosphere. It is clear from the data %resented here,
however, that the emissions patterns observed in wetlands can be explained by
considering the effects of tide, insolation and temperature on the metabolisms
of both soil bacteria and macrophytes.

Even in the simplest cases, comprehensive emission measurements are
necessary if a meaningful flux calculation is to be made. This can only be
achieved by integrating the measurements over the relevant cycle, i.e. tidal (in
the case of H,S from coastal environments), diel (in the case of DMS, CS; and
DMDS from all locations and H,S from non-tidal locations), and seasonal
(temperature effects and water coverage effects). In addition, the effect of
spatial variability, i.e. the effects of changing vegetation coverage and/or soil
inundation need also be considered within some ecosystems. For these reasons,
we do not attempt to attempt to average our emissions data, and for the
gut‘p(()g’e2 )of flux extrapolation, use only the sites that have sufficient emissions

ata .

Most of the emissions data available in the literature was obtained within S.
alterniflora marshes, and hence reflect the complexity of this ecosystem. Our
data set extends the available emissions data to less complex systems, and at the
same time lowers our estimation of the biogenic contribution to atmospheric
sulfur loading. Even our highest estimate of biogenic emissions, that of
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reference 9, from sand within $. alterniflora (total 96 ug S m2 hr! gives a flux of
onlgy 5x 10 g S yr'1 when extrapolated to Florida’s saline wetland coverage (6 x
109 m2, ref. 13), which is most likely an overestimate due to the much lower
emission rates measured from the other ecosystems (11). This flux is two orders
of magnitude lower than the anthropogenic SO, emissions from Florida (_1_42.
Extrapolating further to the total area of salt marshes in the world (3.8 x 10
m2) gives a annual flux of only 0.32 Tg S to the atmosphere, two orders of
magnitude less than the flux of DMS calculated from the surface oceans (1).

The results of deposition studies using H,S are summarized in Table III
The sparsity of the data reflects the problems of conducting this type of
experiment. The emission rates shown are the values measured immediately
before and after making deposition measurements, and are used to calculate the
deposition rate. It is clear in the case of the seawater surface that changes in
natural emissions complicate the study to such an extent that interpretation is
impossible. Furthermore, it should be noted that the nature of enclosure
designs provides elevated concentrations of emitted gaseous species, and it is
likely that the measured emission rates already include a depositional
component. The concentration of sulfur species added to the chamber in these
studies is comparable to that already present, and the actual deposition rates
would probably be higher at ambient reduced sulfur levels.

Table II. Variation in Biogenic DMS and H,S Emissions from a
Disticlis spicata Marsh, Merritt Island, Florida, Jan 30 - Feb 1, 1986

Units of pg S m-2hr-1
H,S Emission DMS Emission
Highly vegetated site 0.39-21 2.1-5.1
Sparsely vegetated site 1.2-125 <0.01-0.19

Table III. De%zsition of H,S to Various Substrates.

The Number of Measurements is Shown in Parentheses
Site Emission Rate Loss to Surface

(g Sm2hrtl) (%)

Dry Inland Lawn 0.15(Q2 100 (2)

Pool in C. jamaicense 1.32(2 75 5 1;

Soil in C. jamaicense 0.70 (2 66 (2

Sea Surface (Flamingo 1.20 (2 28,45 & -16

Mudflat (Rookery Bay 1.66 (2 56 (1

Soil in A. germinans 1.80 (2 58 (2

Soil in J. roemerianus® 0.87 (4 S8 (4

Soil in J. roemerianus** 0933 59 (4

* April, 1985

** May, 1985
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All of the surfaces where this study was possible showed uptake of H,S.
Complete loss of added H,S was foung' at an inland sandy lawn, and greater
than 50% loss was measured at all wetland sites. Complete recovery of both
H,S and DMS was obtained when the experiment was repeated on a Teflon
sheet, ruling out losses to the chamber walls. H,S deposition velocities
calculated from this data range from 0.004 to greater than 0.021 cm s-1 (8), in
agreement with earlier laboratory studies (15). Similar results were found for
DMS deposition, although greater natural variability at all sites makes the
measurements largely unquantifiable. These results suggest that wetland soils,
while emitting relatively low levels of reduced sulfur compounds, also have the
potential to remove the same reduced sulfur compounds from the atmosphere
at times of elevated concentration,

Summa; Yy

Patterns of biogenic sulfur emissions show components due to tidal, diel, spatial,
and seasonal effects. Emissions of DMS and H,S show different temtporal
patterns, reflecting these various components, and also reflecting the different
metabolic effects leading to their formation. DMS and H,S emissions are 2-3
orders of magnitude greater than those of CS; and DMDS.

Production of H,S appears to occur in anoxic sediments, with the majority
of the emission relating to the effects of tidal coverage on either the flushing of
porewater or the depth of coverage. Production of DMS appears to be related
to the metabolism of either macrophytes or planktonic algae. Emissions of
DMS are related to the diel nature of the production processes in the former
case.

Calculation of a time-averaged flux clearly requires comprehensive
emission measurements over an extended time period, a%owing integration over
the relevant (tidal, diel or annual) cycles.

The low emission rates measured in this study indicate that salt marshes are
a minor source of sulfur to the global atmosphere. Furthermore, our
measurement of deposition rates show the potential for losses to the same soil
surfaces at times of elevated atmospheric concentration.
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Chapter 4

Synthesis and Emission of Hydrogen
Sulfide by Higher Plants
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Hydrogen sulfide is emitted by higher plants in response to the
uptake of sulfate, sulfur dioxide, L- and D-cysteine. For each of
these sulfur sources a different pathway of synthesis of hydrogen
sulfide has been established. Apparently, these pathways are part
of an intracellular sulfur cycle Lgat may operate to maintain the
cysteine concentration in plant cells at the observed low level
when sulfur is present in excess. Hydrogen sulfide emission by
higher plants is not a laboratory artefact but is also observed in
the field. Though a proper quantification of the volatile sulfur
emitted on a global scale can not be obtained from the data
presently available, hydrogen sulfide emission by higher plants
sefemls ﬁ:o be a significant contribution to the biogeochemical cycle
of sulfur,

Hydrogen sulfide emission by higher plants was first observed by DeCormis in
1968 (1-2). He showed that leaves fumigated with injurious dosages of sulfur
dioxide release lgldrogen sulfide into the atmosphere. Emission of hydrogen
sulfide was found to be a light-dependent process with the sulfur originating
from the sulfur dioxide used for the fumigation of the plants. Since these
observations of DeCormis, numerous reports from laboratory experiments have
been published showing that plant cells are capable of emitting hydrogen sulfide
when they are supplied with an excess of sulfur in the form of sulfur dioxide,
sulfate or gysteine. Recently, these laboratory studies have partially been
verified b¥1 eld experiments. The aim of the present report is to summarize the
state of the art on the synthesis and emission of hydrogen sulfide by higher
plants and to introduce a hypothesis on the physiological role of this process in
the regulation of sulfur nutrition.

I r 1 issi P

substrates for the emission of volati Is (Table I). It has
previously been claimed that volatile sulfur is only released l}y plant cells in
response to sulfur dioxide, sulfate, or the L-stereoisomere of cysteine. The
volatile sulfur compound emitted in response to these substrates was found to
be exclusively hydrogen sulfide (cf. 3.4). Recent investigations have shown that

0097—-6156/89/0393-0044506.00/0
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Table I. Potential Substrates for Volatile Sulfur Emissions
from Leaves of Cucurbit Plants

Sulfur Compound Emitted
Substrate Hydrogen Sulfide Methyl Mercaptan

Sulfur Dioxide
Sulfate

L-cysteine
D-cysteine

L-cystine

D-cystine
O-methyl-L-cysteine
Cysteamine
3-mercaptoproprionic acid
L-homocysteine
D/L-cysteic acid
Taurine
L-methionine
D-methionine
S-methyl-L-cysteine
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hydrogen sulfide is also emitted in response to D-cysteine (5.6). In addition it
has been observed that methyl mercaptan is released by plant cells or cell
homogenates in response to L-methionine, D-methionine, or S-methyl-L-
cysteine (7). Carbonylsulfide is metabolized in plants and, therefore, is a
otential substrate for hydrogen sulfide emission as well (8). However, only
ydrogen sulfide emission in response to sulfur dioxide, sulfate, or cysteine has
been studied in detail.

Sulfur Dioxide. Hydrogen sulfide is emitted in response to sulfur dioxide or
sulfite in a light dependent process at rates varying between 0.8 and 8 nmol h-1
cm2 leaf area (Mf). The actual amount of hydrogen sulfide emitted from leaf
cells exposed to this sulfur source is positively correlated with the rate of influx
of sulfur dioxide into the leaves; for the induction of measurable hydrogen
sulfide emissions a threshold dosage of 0.08 pmol sulfur dioxide per cell over 15
min has been found (11). Mass-ﬁalance calculations of sulfur dioxide fluxes
reveal that reduction to, and emission of hydrogen sulfide represents 7 to 15 %
of the sulfur dioxide taken up (11). Apparently, the bulk of the sulfur dioxide
absorbed is not reduced to hydrogen sufﬁde, but oxidized to sulfate inside the
leaves. In cucurbit plants, young leaves were found to be much more resistant
to sulfur dioxide than mature leaves (13). The absorption of sulfur dioxide was,
however, higher in young than in mature leaves and both, young and mature
leaves, oxidize about 60% of the absorbed sulfur dioxide to sulfate (10).
Therefore, neither differences in oxidation nor in absorption of sulfur dioxide
can account for the differences in sulfur dioxide sensitivity of cucurbit leaves.
The only striking difference between the fates of sulfur dioxide in the leaf types
is an up to 100-fold higher rate of emission of hydrogen sulfide in young, sulfur-
dioxide resistant leaves. Young, but not mature leaves convert about 10% of
the sulfur dioxide absorbed to the reduced product, hydrogen sulfide (10).
From these observations it may be assumed that hydrogen sulfide emission is a
biochemical mechanism of developmentally regulated resistance in cucurbit
plants. One may argue that this explanation is unlikely as it implies that the
reduction of 10% of the sulfur dioxide absorbed accomplishes resistance,
whereas the oxidation of more than 40% of it does not. A possible solution for
this contradiction is that a cellular compartment is the predominant site of
injury in which reduction to hydrogen sulfide rather than oxidation to sulfate
takes place. For several reasons the chloroplast is likely to be this
compartment: It is frequently thought that inhibition of photosynthesis is one of
the initial metabolic effects of sulfur dioxide on plants; consequently, the
chloroplast is regarded to be the first site of injury caused by sulfur dioxide or its
products (14-16). When isolated spinach chloroplasts were exposed to
radioactively labeled sulfur dioxide, labeled sulfide was found inside the
chloroplast (17); apparently, reduction of sulfur dioxide to sulfide can take place
inside the chloroplast.

Sulfate. Hydrogen sulfide emission has also been observed, when whole plants,
detached leaves, or leaf discs are fed sulfate (3,12.13—24‘). The rate of hydrogen
sulfide emission in response to this sulfur source was found to be in the same
order of magnitude as the emission from sulfur dioxide/sulfite. As also
observed with sulfur dioxide/sulfite, the actual amount of hydrogen sulfide
emitted from sulfate is highly dependent on the sulfate concentration fed and
on light intensity (12). In experiments with leaf discs or detached leaves,
emission of hydrogen sulfide was usually much higher than if sulfate was fed to
the roots of whole plants (3,12,18-20,22). However, when the roots of the plants
were injured, attached leaves emitted hydrogen sulfide in amounts comparable
to the emission of detached leaves (12). Apparently, the uptake of sulfate via
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the root system is a barrier Freventing the immediate emission of hydrogen
sulfide from sulfate in the soil. The extent to which hydrogen sulfide is emitted
from the leaves of plants with intact roots upon prolonged exposure to high
concentrations of sulfate in the soil remains to be elucidated.

Hydrogen sulfide emission in response to sulfate is under developmental
control (20). In this context one has to distinguish between the development of
an individual organ and the development of the entire plant: Higher plants
develop new organs, e.g. new leaves, during almost all stages of development.
At the same time the entire plant is continually developing. Therefore, the
actual developmental stage of a leaf can be determined %}; both the
development of the leaf itself and the development of the plant. The potential
to emit hydrogen sulfide in response to sulfate is low in leaves of young cucurbit
plants, but high in leaves of 3-4 weeks old cucurbit plants (20). This difference
was found to be determined by the age of the plant and to be independent of
the age, i.e. the developmental stage, of the leaves.

Cysteine. Emission of hydrogen sulfide by plant cells can also occur in response
to L-cysteine (M.&Z_l;iﬁ_g). Recently, also the D-stereoisomere of cysteine

was found to cause hydrogen sulfide emission from leaf discs of cucurbit plants
or cultured tobacco cells (6). The amount of hydrogen sulfide emitted in
response to D-cysteine was considerably smaller than the amount of hydrogen
sulfide emitted from L-cysteine. Apparently, this difference in the emission of
hydrogen sulfide can be explained by differences in the rate of influx between
the two stereoisomeres of cysteine é). Both, hydrogen sulfide emission from
L-cysteine (28) and from D-cysteine (Rennenberg, unpublished results) are
light-independent processes. The hydrogen sulfide emitted in response to L-

steine is derived directly from the L-cysteine added (28). As observed with
the hydrogen sulfide emission from sulfate, the potential for hydrogen sulfide
emission in response to L-cysteine is under developmental control (;5). Leaves
from young cucurbit plants possess a higher potential for the emission of
hydrogen sulfide from L-cysteine than leaves from plants 3-4 weeks old.
Independent of the developmental stage of the plant, the potential for hydrogen
sulfide emission in response to L-cysteine decreased with increasing age of the
individual leaf. Therefore, the potential for hydrogen sulfide emission in
res?onse to L-cysteine is determined by the development of both the individual
leaf and the entire plant.

rogen Sulfi is in Higher Pl

For each of the three precursors of hydrogen sulfide, i.e. sulfur dioxide/sulfite,
sulfate, and cysteine, a different biosynthetic pathway has been established.
Figure 1 gives an overall view of these three pathways; a suggestion for a path of
synthesis of hydrogen sulfide from carbonyl sulfide is included.

Sulfur DiQxiggdzsmfigg. At least three {)ossible pathways for the synthesis of
hydrogen sulfide from sulfur dioxide/sulfite have to be considered (Figure 1).

wo observations suggest that light-dependent reduction of sulfate to sulfide
may be involved in this pathway: First, the major part of the sulfur
dioxide/sulfite absorbed by leaf cells is oxidized to sulfate §LQ); second,
hydrogen sulfide emission in response to sulfur dioxide/sulfite is a light
dependent process (12). The reduction of sulfate may be followed by the
release of sulfide from carrier-bound sulfide; alternatively, the sulfide moiety of
carrier-bound sulfide may be incorporated into cysteine that is subsequently
degraded to ammonium, pyruvate, and hydrogen sulfide. However, experiments
with 35S-sulfur dioxide and 35S-sulfate show that conversion of sulfite to sulfate
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is not involved in the synthesis of hydrogen sulfide from sulfur dioxide/sulfite
(1_%: When cucurbit plants were exposed to unlabeled sulfate and fumigated
with 35S-sulfur diaxide, the specific radioactivity of the lzgrogen sulfide emitted
was comparable to the specific radioactivity of the sulfur dioxide used for the
fumigation of the leaves; exposure of cucurbit plants to 35S-sulfate and
fumigation with unlabeled sulfur dioxide leads to the emission of almost
unlabeled hydrogen sulfide. Therefore, another pathway of hydrogen sulfide
Broduction rom sulfur dioxide/sulfite is much more plausible, i.e. the direct,
ght-dependent reduction of sulfite to sulfide (see Figure 1, pathway 3).

Sulfate. As for the production of hydrogen sulfide from sulfur dioxide/sulfite at
least three possible pathways for the light-dependent synthesis of hydrogen
sulfide in response to sulfate can be assumed, i.e. first the light-dependent
reduction of sulfate to carrier-bound sulfide followed by a release of the sulfide
moiety from its carrier; second the light-dependent reduction of sulfate to
carrier-bound sulfide followed by an incorporation of the sulfide moiety into
cysteine and subsequent degradation of cysteine; third the release of sulfite
gpm ca;r)rier—bound sulfite followed by reduction of free sulfite to sulfide (see
igure 1).

Experiments on the hydrogen sulfide emission in response to cysteine
suggest that free sulfite is not an intermediate in the path of hydrogen sulfide
production from sulfate (28-29). Upon feeding of leat tissue with L-cysteine a
sulfite pool sufficiently large to cause injury to the cells is generated (12.22,29).
If the pathway of hydrogen sulfide production from sulfate was to proceed via
free sulfite, a sulfite pool should be developed causing ir_xlitﬁry to the leaf tissue
in a way reminiscent to the injury caused by L-cysteine. The lack of symptoms
of injury when hydr?gen sulfide 1s emitted in response to sulfate (12) makes it
unlikely that free sulfite is an intermediate in the synthesis of hydrogen sulfide
from sulfate.

Apparently, L-cysteine also is not an intermediate in the conversion of
sulfate to hydrogen sulfide. Cysteine synthase and cysteine desulfhydrase are
thou%ht to be pyridoxal phosphate-dependent enzymes (30.31) and may
therefore be inhibited by aminooxy acetic acid (32). Light-de{)endent hydrogen
sulfide emission in response to sulfate is, however, stimulated rather than
inhibited bf' this compound (3). Inhibition of glutathione szynthesis, a major
path of sulfate assimilation into organic compounds (22), keeps sulfate
reduction unaffected and reduces the incorporation of labeled sulfur into
cysteine; emission of hydrogen sulfide in response to sulfate is, however,
stimulated by up to 80% (19). These observations indicate that the excess
sulfate reduced in the presence of inhibitors of glutathione or cysteine synthesis
may be released into the atmosphere in the form of hydrogen sulfide without
being incorporated into cysteine.

en cucurbit cells are fed O-acetylserine or its metabolic precursors the
rate of hydrogen sulfide emission in response to sulfate declines, and the
incorporation of labeled sulfur from 35S-sulfate into cysteine increases (18).
Inhibition of the synthesis of the O-acetylserine precursor acetyl coenzyme A by
3-fluoropyruvate (33) enhances hydrogen sulfide emission, but inhibits cysteine
synthesis (18). These observations indicate that the availability of O-
acetylserine is the rate limiting factor in cysteine synthesis. Hydrogen sulfide
may be emitted to the extent the amount of sulfate reduced exceeds the
synthesis of O-acetylserine. Therefore, direct release of sulfide from carrier-
bound sulfide appears to be responsible for the emission of hydrogen sulfide in
response to sulfate (Figure 1, pathway 1).
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L-/D-cysteine. Hydrogen sulfide is produced from L-cysteine in a light-
independent process that can be inhibited in vivo and in vitro by aminooxy
acetic acid, an inhibitor of pyridoxal phosphate-dependent enzymes; the
hydrogen sulfide emitted in response to L-cysteine is directly derived from the
L-cysteine fed (6,28). Therefore, hydrogen sulfide appears to be produced from
L-cysteine by a gyridoxal 1phosphate-gependent, ~cysteine specific cysteine
desulfhydrase. This conclusion is supported by the finding that in cucurbit
lants the developmental changes in the potentia.{ for hydrogen sulfide emission
rom L-gystcine, as observed in experiments with leat discs in vivo, are
?zéf.llele by changes in the extractable L-cysteine desulfhydrase activity in vitro
The recent finding of hydrogen sulfide emission in response to D-cysteine
reveals, however, that degradation of cysteine in plant cells may be much more
complicated (§). Whereas emission of hydrogen sulfide in response to
D-cysteine by leaf discs of cucurbit plants or cultured tobacco cells was
considerably smaller than in response to L-cysteine, D-cysteine desulfhydrase
activity as measured in crude homogenates in vitro was more than one order of
magnitude higher than L~cysteine desulfhydrase activity. From this observation
one might assume that desulfhydration of D-cysteine is an activity of a stereo-
unspecific cysteine desulfhydrase without any physiological significance for the
intact cell. This idea is su%ported by the partial purification of a cystine lyase
from cabbage which degraded cystine, cysteine, g-acetylserine, and several S-
substituted cysteines by an alpha, beta elimination reaction (34). Several pieces
of evidence indicate, however, that desulfhydration of L- and D-cysteine is
catalyzed by different enza:nes localized in different compartments of the cell:
L- and D-cysteine desulfhydrase activity in spinach leaves can partially be
urified and separated from each other by column chromatography (35). Both,
- and D-cysteine desulfhydrase activity in homogenates of cucurbit and
tobacco cells are inhibited by the reaction products pyruvate and ammonium,
but the patterns of inhibition of the activities are entirely different (6).
Differential centrifugation of tobacco cell homogenates reveals that L-cysteine
desulfhydrase is a soluble enzyme predominantly localized in chloroplasts and
mitochondria, whereas D-cysteine desulfhydrase is a soluble enzyme
predominantly localized in the cytoplasm (6). Investigations with purified,
1solated organells have proven that L-cysteine desulfhydrase is present in
chloroplasts of tobacco cells, but also showed that L-cysteine desulfhydrase
activity in the mitochondrial fraction is the consequence of an unspecific
adsorption of the e e to the organell during the homogenization procedure
(Rennenberg, unpublished results). These data suggest that in cucurbit,
tobacco, and spinach cells desulfhydration of L- and D-cysteine is catalyzed by
different enzymes. As C-S lyases from other Brassica species exhibited a higher
substrate specificity and did not degrade cysteine, the presence of an unspecific
C-S lyase may be restricted to ca%bage (36). The physiological role of the
cytoplasmic D-cysteine desulfhydrase in plants remains obscure, as the origin of
its substrate, D-cysteine, is unknown. The D-enantiomer of cysteine may,
however, be produced by a cysteine racemase in a similar way D-alanine is
synthesized from L-alanine in pea seedlings (37). Such a racemase may be an
additional regulatory device to control the fluxes of L-cysteine into biosynthetic
pathways, i.e. protein-, glutathione-, or methionine-synthesis, or into its
degradative path, when L-cysteine is present in the cytoplasm in excess.
L-Cysteine desulfhydrase in leaves of cucurbit plants is a constitutive
enzyme whose activity can be enhanced by preincubation of leaf discs with
L-cysteine, D-cysteine, or structural analogs of L-cysteine at millimolar
concentrations; preincubation with cystine does not affect the activity of the
enzyme (20,26). Although the stimulation of L-cysteine desulfhydrase activity is
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already half-maximal within 15 min of preincubation with L- or D-cysteine, the
enhanced activity is not the consequence of an activator formed in the leaf discs
during preincubation or an inhibitor present in cells not preincubated (26).
Stimulation of L-cysteine desulfhydrase in leaf discs is by itself light-
independent; the preexposure of the entire plant with light or dark, however,
determines the extent to which stimulation can occur. Darkness reduces, and
exposure to light after a period of dark restores the potential for stimulation of
L-cysteine desulfhydrase activity (26). From these observations it can be
concluded that desulfhydration of L-cysteine is controlled by a compound not
synthesized, but metabolized in the leaves. The chemical nature of this
compound remains to be elucidated.

Ifide. Recent investigations suggest that vegetation may be the
major sink for biogenic carbonyl sulfide emitted from soils (38-42). When
stomata are open, mesophyll- rather than stomatal resistance seems to
determine the deposition velocity of this compound in plants (39). This finding
suggests that carbonyl sulfide is” metabolized in plants. Experiments with 35S-
carbonyl sulfide showed that, as a consequence oFabsorption of this compound
by the leaves, its sulfur is incorporated into sulfate, methionine, cysteine and
g{utathione inside the leaves; in addition, a significant part of the radioactivity
absorbed by the leaves is translocated to the roots (8). Though the chemical
nature of the sulfur translocated has not been analyzed in the experiments, the
finding of reduced glutathione (GSH) being the predominant long-distance
transport form of reduced sulfur in higher plants (43.:;}) suggests that
radioactively labeled GSH produced from the 35S-carbonyl sulfide in the leaves
is translocated to the roots. When ryegrass (Lolium Fgrgnng is used in the
experiments, about 17% of the radioactivity absorbed is lost from the plants
within 24 hr (8); as exudation by the roots does not appear to be responsible for
this loss, it might be assumed that part of the carbonyl sulfide absorbed is
re-emitted by the plants. These observations can be explained by the hydrolysis
of carbonyl sulfide to hydrogen sulfide and carbon dioxide, and the partial
incorporation of hydrogen suFﬁde into endogenous, organic sulfur compounds,
its partial oxidation to sulfate, and its partial emission into the atmosphere.
This conclusion is consistent with our present knowledge on sulfur metabolism
in J)lants as summarized in Figure 1. A carbonic anhydrase catalyzing the
hydrolysis of carbonyl sulfide to hydrogen sulfide and carbon dioxide remains to
be demonstrated in plant cells. éxperiments showing that hydrogen sulfide is
emitted by plants upon deposition of carbonyl sulfide are needed to test these
assumptions.

The Physiological R f Hydrogen Sulfide Emission

Why is hydrogen sulfide produced and emitted by higher plants? What are the
benefits for a plant cell of being able to release hydrogen sulfide into the
atmosphere? A first indication for the physiological role(s) of the emission of
hydrogen sulfide comes from pulse-chase experiments with I.rlﬁlsteine (29). In
these experiments the emission of radioactively labeled and unlabeled cysteine
as well as the labelling pattern of intracellular sulfur compounds was analyzed
in leaf discs of cucurbit Flants. Upon feeding of 35S-L-cysteine, radioactivity
enters the sulfide pool of the cells thereby causing the emission of a first wave
of radioactively labeled hydrogen sulfide. However, part of labeled sulfide
originating from the desulfhydration of L-cysteine passes through the sulfite and
sulfate pool of the cells, is then reduced, and incorporated into the cells’ sulfide
pool again, thereby giving rise to the emission of labeled hydrogen sulfide in a
second wave. Two observations indicate that the second wave of emission of
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labeled hydrogen sulfide is the consequence of a reaction different from
desulﬂ:’ydration, i.e. the process responsible for the first wave of emission of
labeled hydrogen sulfide. First, the radioactivity is not reincorporated into
cysteine. Second, the second wave of emission of labeled hydrogen sulfide can
be prevented by inhibitors of photosynthetic electron transport or by turmnf off
the light (29). These data suggest the existence of an intracellular sulfur cycle in
leaf cells of cucurbit plants (Figure 1). Apparently, the cysteine fed is degraded
to sulfide, but only part of it is emitted into the atmosphere in the form of
hydrogen sulfide. The balance seems to be oxidized to sulfite, and subsequently
to sultate. The sulfate synthetized this way can then be reduced by the process
of light-dependent sulfate assimilation. In the presence of excess exogenous
cysteine further synthesis of cysteine may be blocked by the expansion of the
intracellular cysteine pool. Under these conditions sulfide may be split off
carrier-bound sulfide and may be emitted as hydrogen sulfide (Figure 1).

A possible function of this intracellular sulfur cycle is to buffer, i.e. to
homeostatically regulate, the cysteine concentration of the cells. Irrespective of
whether sulfate, cysteine, or sulfur dioxide is available as sulfur source, the
intracellular sulfur cycle would allow a plant cell to use as much of these
comrout_lds as necessary for growth and development. At the same time, it
would give a plant cell the possibility to maintain the cysteine pool at an
appropriate concentration by emitting excess sulfur into the atmosphere. Thus,
emission of hydrogen sulfide may take place when the influx of sulfur in the
form of sulfate, cysteine, or sulfur dioxide exceeds the conversion of these sulfur
sources into protein, glutathione, methionine, and other sulfur-containing
components of the cell.

aintaining cysteine at the observed low concentration in plant cells
(30,45.46) may not only be necessary in the presence of excess sulfur. Changes
in light intensity, e.ﬁ., will cause tremendous changes in the rate of sulfate
reduction. Similar tluctuations in the thiol content of plant cells can not be
tolerated, as essential metabolic processes such as protein synthesis (47),
glycolysis (cf. 48), etc. are extremely sensitive to even minor changes in the
thiol/disulfide status. Obviously, hydrogen sulfide emission out of an
intracellular sulfur cycle can prevent such fluctuations. Apﬂarently, also
ualitative changes in sulfur nutrition can result in hydrogen sulfide emission.
ltured tobacco cells emit hydrogen sulfide when they are transferred from
one sulfur source to another or when a sulfur source is added after a period of
sulfur starvation (21). Hydrogen sulfide is, however, only emitted during the
first 12 to 16 h after addition of sulfur. From these experiments it can be
concluded that a transient hydrogen sulfide emission occurs when the sulfur
metabolism of plant cells is adjusted to a new sulfur source or to the availability
of sulfur after a period of sulfur starvation. Hydrogen sulfide emission may be
necessary under these conditions to prevent the accumulation of toxic amounts
of sulfur, e.g. of cysteine, when the uptake of sulfur exceeds its metabolism
inside the cells.

It is obvious that getting rid of excess sulfur taken uglupon fumigation of
plants with sulfur dioxide may be beneficial for plants. However, in rural or
remote environments the sulfate available to a plant in the soil is its
predominant source of sulfur. One may therefore assume that regulatory
processes at the level of the uptake of sulfate by the root sﬁtem will be
sufficient to control the influx of sulfate into plants. Our present knowledge on
the regulation of sulfate uptake by plants (cf. 4) suggests that there is still a need
for an additional regulatory device whose requirements can be fulfilled by
hydrogen sulfide emission from the leaves. en excess sulfate becomes
available to the roots of a plant (Figure 2), e.g. by fertilization with sulfur,
sulfate is initially taken up in amounts exceeding the plants requirements for
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sulfur. As a consequence, excess sulfate is translocated to the leaves with the
transpiration stream, thereby leading to an increase in the sulfate content of the
leaf tissue (cf. 4) and to an expansion of the glutathione pool(s) of the cells
(49). The latter observation indicates that the presence of E.l concentrations
of sulfate in the leaves results in a reduction of sulfate to sulfide that exceeds
the plants needs for reduced sulfur. Under these conditions glutathione, the
predominant long distance transport form of reduced sulfur (43,44), may be
translocated from the leaves to the roots at an extent exceeding the needs of the
roots for reduced sulfur in protein synthesis. As a consequence, glutathione
may accumulate in the roots. Recent experiments with cultured tobacco cells
gRennenberg, unpublished results) show that the sulfate carrier in chloroplast

ee cells is inhibited by glutathione at physiological concentrations, whereas the
sulfate carrier of green cells is not affected. é}utathione, accumulating in the
roots, may therefore eventually block further uptake of sulfate by the roots.
However, the involvement of two long-distance transport processes will cause a
siinificant delay between the availability of excess sulfate in the soil and the
inhibition of sulfate uptake of root cells by glutathione (Figure 2). In the
meantime, transient hydrogen sulfide emission by the leaves may be an
important process in plants to prevent the accumulation of toxic amounts of
gedutched'sulfur. Clearly, further experiments are necessary to test this

ypothesis.

Sulfur metabolism in plants goes through changes during ontogenesis.
These changes also effect the avaifabili of cysteine in a way that emission of
hydrogen sulfide may be assumed. When sulfur-poor storage proteins are
synthesized from sulfur-rich leaf proteins during seed-ripening of cereals (30),
when sulfur-rich storage proteins of oil-seed are mobilized upon germination
(31), when glutathione 1s degraded in spruce needles in spring (52), the

eneration of excess cysteine and its degradation to ammonium, pyruvate, and

ydrogen sulfide is very likely to occur. gowever, none of these developmental
processes has been sufficiently studied for the emission of hydrogen sultide into
the atmosphere.

rogen Sulfide Emission in the Fiel

Investigations by several authors have shown that the emission of hydrogen
sulfide 1s not a laboratory artifact, but also occurs in nature (3,9,53). Emission
of volatile sulfur under field conditions was first observed with crops growing
without addition of sulfur containing fertilizers and without sifmficant gas
mixing ratios of sulfur compounds in the atmosphere (3). In the light,
substantial amounts of volatile sulfur were found to be released by all species
tested, whereas only minute amounts were emitted in the dark. Even the
amount of volatile sulfur emitted in the light was still too small to be analyzed
by the gas chromatographic system availagle to the authors (3). Thus it is not
known whether hydrogen sulfide or/and other volatile sulfur compounds were
emitted by the plants in these studies.

The first investigations demonstrating that hydrogen sulfide is emitted by
plants under field conditions were reported by Hillgren and Fredriksson (9). In
these experiments pine trees were exposed in the field to low concentrations of
sulfur dioxide. Under these conditions hydrogen sulfide emission was observed
to proceed at a maximum rate of 14-20 nmol per mg chlorophyll and hour and
was found to continue for several hours after termination of prolonged exposure
to sulfur dioxide. Recently, experiments with 35S-sulfate in the field revealed
that volatilization is also a strategy of deciduous trees to deal with excess sulfur
in their environment (53). The few field data available have been used for an
extrapolation of hydrogen sulfide emission from leaves to all species in all
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CYS—=PROTEIN

Figure 2. Fluxes of sulfur in higher plants. Open arrows: fluxes of sulfate;
closed arrows: synthesis and translocation of reduced sulfur compound. CYS,
cysteine; MET, methionine, GSH, reduced glutathione; X-SH, carrier-bound
sulfide.
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climates (3). From this calculation it appears that sulfur emission by higher
plants may account for 7.4 million metric tons of sulfur per year, or
apgroximately 7% of the total biogenic sulfur emitted into the atmosphere. In
other studies it was estimated that the amount of hydrogen sulfide produced
from photosynthetic reduction of sulfate on a global scale constitutes 50% of
the biogenic sulfur in the atmosphere (24). However, these calculations were
based on experiments with soybean plants exposed to physiological
concentrations of sulfate in growth cabinets under conditions where the roots of
the plants are trimmed. As hydrogen sulfide emission can be stimulated
considerably when roots are injured (]2), these experiments do not seem to be
appropriate to calculate the impact of hydrogen sulfide emission by plants in the
groba biogeochemical cycle of sulfur. The finding that the rates of hydrogen
sulfide emission were 1000-fold higher in the laboratory than the spontaneous
emissions in the field suggests, on the other hand, that higher plants are
capable of contributing much more sulfur to the atmosphere than indicated by
the data so far obtained in the field. Although the data presently available
indicate that hydrogen sulfide emission by higher plants is a significant
contribution to the biogeochemical cycle of sulfur, further field measurements
and experiments are urgently needed for a proper quantification of this process
on a global scale.
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Chapter 5

Sulfur Emissions from Roots
of the Rain Forest Tree
Stryphnodendron excelsum

Ecosystem, Community, and Physiological Implications

Bruce Haines!, Marilyn Black? and Charlene Bayer?

!Botany Department, University of Georgia, Athens, GA 30602
?Analytical and Instrumentation Branch, Georgia Tech Research Institute,
Georgia Institute of Technology, Atlanta, GA 30332

Roots of Stryphnodendron excelsum trees in a lowland rain forest
in eastern Costa Rica emit sulfur gases. Extrapolated annual
estimates of emissions, based on S. excelsum tree density, are on
the order of 0.29 kg S.ha-Lyr-1. At the ecosystem level, this flux is
too small to account for the 11 kg S.ha-lyr1 SO4-S input-output
discrepancy and acid rain reported earlier. At the physiological
level, emission of CS, is stimulated by disturbance to the roots of
§. excelsum. Considering the known toxicity of CS, to nematodes,
root rot fungi, insects, and nitrifying bacteria we suggest that CS,
emission may, at the community level, be a defensive mechanism
against root predators, and pathogens and a nitrogen conserving
mechanism.

Sulfur gas flux from living vascular plants to the atmosphere is a little studied
part of the ﬁlobal sulfur cycle. Sulfur fluxes from other parts of the biosphere to
the atmosphere are more studied. For example, sulfur gas emissions are known
from marine systems (1-6), from coastal estuarine and marsh systems (7-16),
from fresh water ﬂoodé)lam lakes (17), from temperate soils (18-20), and from
tropical forests (20-22). Laboratory studies have demonstrated sulfur gas
emissions from soils (23-26), from intact higher plants (27-30), and plant parts
(see review by Rennenberg 31). An inventory o? reduced sulfur gas emissions
from soil, crops, and trees in the United States has been started (32,33,34).
General reviews of the sulfur cycle are provided by Smil (33) and by Ivanov and
Freney (36). From these studies, the geographic distribution of biogenic sulfur
gas source strengths on a %lobal basis and the phylogenetic distribution of sulfur
gas emissions within the plant kingdom are still relatively unknown. .

During a survey of sulfur gas emissions from a central American rainforest
(LZ‘), Stryphnodendron excelsum Harms (Mimosaceae) was found to be a
sufficiently strong sulfur emitter that its location in the forest could be detected
by odor. The present study attempted to quantify sulfur emissions from §.
excelsum to the atmosphere.

0097-6156/89/0393—0058506.00/0
© 1989 American Chemical Society
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Study Site and Methods

Sampling was performed at the La Selva Biological Station of the Organization
for Tropical Studies, Puerto Viejo de Sarapiqui, Provincia Heredia, Costa Rica,
10°24-26 °N lat, 84° 00-02 'W long. Three S. excelsum trees ranging from 0.87 to
0.96 m dia and from 22 to 32 m in height were selected within 100 m of the
laboratory to facilitate rapid processing of gas samples.

Preliminary sampling suggested that roots of one of the trees extended
more than 16 m from the trunk. Later sampling was performed at 4 m intervals
on transects on each of the compass quadrants centered on two trees. For one
tree near a forest edge, one transect line was run toward the forest interior for
16 m. At each sampling point on each transect a 25 x 25 cm template was used
to cut leaf litter and roots. Litter was removed to a 250 m] Nalgene
polypropylene wide mouth centrifuge jar (Na.l%e Co. Rochester, NY). Soil and
associated roots were excavated to a depth of 10 cm and removed to the lab
where they were separated by 4 mm sieves without addition of water. Dry
sieving avoided the possibility of flooding and anaerobism changing the quality
and amount of reduced sulfur gas emission. The total root mass was sorted by
odor into sulfur emitting roots and non-emitting roots. Sulfur emitting roots
were placed in 250 ml polypropylene centrifuge jars and incubated at ambient
rainforest temperature. "ﬁe time course of sulfur gas accumulation in the
centrifuge jars was quantified by use of a Perkin-Elmer Sigma 4B gas
chromatograph (Perkin-Elmer, Norwalk, CT) fitted with a sulfur specific flame
photometric detector, a 2 mm internal dia. 9 m teflon column packed with 5%
polyghenyl ether + 0.5% H3P0,4 on 40/60 teflon, at 90C, with 99 mls N, carrier
min-1, Reference hydrogen sulfide, carbon disulfide, dimethyl sulfide, and ethyl
mercaptan were supplied from permeation tubes (VICI Metronics, Santa Clara,
CA) inserted into a Tracor Model 432 Tri-Perm Permeation Calibration system
§Tracor, Inc., Austin, TX). Standards and unknown samples were pulled either
rom sample incubation bottles or from the permeation system to the gas
chromatograph through multiposition zero dead volume sampling valves and a 2
ml teflon sample loop using a 10 ml syringe. Sample loop, valves, and
colr;lrlxecting teflon lines were heated to 65°C to minimize surface adsorption of
sulfur gases.

Veg?ii'ication of CS, as the principal sulfur gas from the roots of each of the
three trees sampled in this study was performed with a Finnigan OWA 3B gas
chromatograph-mass spectrograph (Finnigan Corp., Sunnyvale, CA).

Three incubation regimes were used for sulfur emitting roots.

1) Field moist roots. All root samples were physically pulled from field
collected soil and incubated at existing moisture conditions.

2) Vigorously washed roots. Following incubations of field moist roots,they
were removed from the bottles and squeezed repeatedly under running water to
dislodge adhering soil particles in preparation for dry weight determinations.
When the odor of increased sulfur emissions was noted during washing, one
subset of samples was re-incubated and reanalyzed by gas chromatography to
determine the magnitude of change in emission rate.

3) Gently rinsed roots. For another set of 12 root samples, following
incubation at field moist conditions, the roots were kept in the incubation _h]ars
and the gas was displaced by 3 changes of water in immediate succession. This
was done to determine if wetting alone or both wetting and squeezing were
required to stimulate sulfur gas emissions.

Following the various incubation regimes, all roots were washed free of soil
and dried to constant weight at 65°C. Dry roots were sorted into diameter
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classes of 0-1.9, 2.0-4.9, 5.0-9.9 and greater than 10 mm. Means, standard
deviations, and correlations were computed with the Statistical Analysis System

(38).
Results

Field Moist Samples. Emissions of the sulfur gases hydrogen sulfide, carbon
disulfide, dimethyl sulfide + ethyl mercaptan from forest floor litter, roots, and
soil calculated from the initial slopes og) time course incubations are given in
Table I. Rates are given for distances of 4, 8, 12, and 16 m from trunks of S.
excelsum trees as g S. m2min-1. Summing outward from the tree trunk, the
annual extrapolated emission rate multiplied by the areas of each successive
circle sFigure 1), estimated an overall emission of 100 g S. tree-Lyear1 from a
200 m# area. The fractional contribution of S. excelsum trees to the stem cross
sectional area (basal area) of the forest is 0.06 (39). From the extrapolated
annual emission rate and the proportional contribution of S. excelsum to the
cross sectional area, an annual emission of 0.29 kg S. ha-1 .yr-1 was calculated.
This assumes constant emission rates instead of possible diurnal and seasonal
cycling of rates.

Vigorously Washed Roots. The time courses of CS, at field moist conditions
and after two vigorous washings are given in Figure 2a. Results from each of
the two washings are replotted in Figures 2b and 2¢ synchronizing the
beginnings of the re-incubations in order to facilitate comparisons of initial
slopes. For this particular set of roots, CS, was detectable in S incubations of
field moist roots, but detectable in 7 incubations after the first wash and in 8
after the second wash. Following rapid initial accumulation of CS,,
concentrations either increased more slowly, remained the same or decreased.

Gently Rinsed Roots. The field moist incubations showed rapid CS,
accumulation followed by declining concentration. CS, production was not
continuous. The initial slopes for the CS, time courses were greater for the
field moist incubations (Figure 3a) than for post-rinse incubations (Figure 3b).
CS, was detectable in 7 of the field moist incubations but continued in only 5 of
them following rinsing.

R i nd S Emission it R ight. Dry weights of non-sulfur
emitting and of sulfur emitting roots (Table II) show about the same total
amount of roots but decreasing amounts of sulfur emitting roots with increasing
distance away from S. excelsum trunks. The dry weights of 0-1.9 mm dia. non-
sulfur emitting roots were negatively correlated (r -0.3, P<0.049, n=36) with the
dry weights ot 2-4.9 mm diameter sulfur emitting roots. We do not inteTret this
as evidence for allelopathy. Emission rates first calculated as g.m2 forest in
Table I are recalculated using individual sample root weights to give sulfur
emission rates per gram root dry weight in Table III to facilitate comparison of
data with data from future studies.

Di ion
Results of this study have implications for ecosystem ecology, community
ecology, and for physiological-evolutionary ecology.

Ecosystem Level. This studf' was designed to estimate the potential
grogortional contribution of sulfur gas emissions from S. excelsum to the 11
g.

-1yr-1 SO4-S input-output discrepancy of the rainforest (40). A gas
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Table I. Potential Sulfur Emission, Mean (Standard Deviation)
g S x10-9 m2.min-! from Roots, Litter and Soil at 4 Distances from
S. excelsum Trees. Sample Size = 9 at Each Distance

Source Distance, m
Sulfur Compound 4 8 12 16
Roots
CS,-S 295922010) 1663(1417) 104921242) 281&416)
L H2§-S 41.6(83.2) 3.5(10.7) 0(0) 0(0)
tter
(CH;),S-S 0.006(0.22) 0.23(0.62) 0.18(0.49) 0.17(0.38)
+
C,Hs5SH-S
Soil 0(0) 0(0) 0(0) 0(0)
Total 3000(1981) 1666(1420) 1049(1242) 281(410)
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Stryphnodendron La Selva 1985-'86

Y.57¢g-m2x 12.5m2 = 19.7¢g
Sremmeen 087 g-m-2x 37.7m2 = 3309

Sy

------------- 035¢g-m~2x62.8m2 3469
eeccoceememn e 0.149:m2x87.9m = 12.9¢
201m? 10039
0.29kg _ ( 1kg no,oomnt)( loo.gg)
ha (008 BA)5a05/\ " he 20im?

0.29kgw il kg SO,-S Discreponcy

Figure 1. Estimation scheme for sulfur emission from an average
Stryphnodendron tree where emissions from roots, leaf litter, and spi] were
sampled at 4 m intervals on transects radiating out from trunk. Emissions at
each distance éTable I) were multiplied by the area of circular sampling band
between that distance and the previous distance, and the emissions summed
through the circular bands for the whole tree.
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Figure 2. Time course of CS,-S concentrations in incubations of S. excelsum
roots. A) time course for individual incubations (identified by numbers)
starting as field moist roots and later subjected to two episodes of vigorous
washing (W). B) time courses following the first washing replotted
schh]rsonizlng the starting times of re-incubation. C) replot for the second wash
asinB.
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Figure 3. Time course of CS,-S gas concentrations incubations of S. excelsum
roots. A) time courses for individual incubations starting as field moist roots
then gases displaced by 3 gentle rinsings with water (W). B) time courses after
washing re-drawn with starting times synchronized.
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emission of 11 kg S. ha-Lyr-! to the atmosphere its subsequent oxidation to S042
and dilution in rain, might explain the acid rain (41) reported for this forest
(40). A literal interpretation of emissions estimates calculated from roots
incubated at field moist conditions and extrapolated to annual estimates,then
adjusted for the proportion of S. excelsum trunk cross sectional area of the
forest indicates annual emission rates of 0.29 kg S.ha-Lyr-l. Emissions from S.
excelsum may be incorrectly estimated for three reasons.

First, maximum emission rates may have been missed. Emission rates were
rapid at first, then declined. For individual samples, between 15 and 25 min
were needed to carry the soil from the forest to the laboratory, to extract sulfur
emitting roots from the soil, and to place the roots in the incubation bottles.
Incubations for determining rates were usually between 5 and 10 min duration.

Second, the decrease in concentration of CS, in the headspace of the
incubation jars, Figure 2, suggests that two reactions namely CS,, production
and CS; consumption were simultaneously in progress. As long as production
was greater than consumption, the concentration of CS,, appeared to increase.
When consumption exceeds production, the concentrations appears to decrease.
With both reactions in progress, the gross gas production would be the sum of
the two rates. Whether CS, was simply adsorbed to the surface of the
incubation vessel or was oxiéized to SO, and SO42 is unknown, thus the
magnitude of the consumption rate is unknown. Potential CS, emission rates
may thus have been underestimated in these incubations.

Third, the stimulation of gas emission from roots by washing raises the
question about the effect of the passage of wetting fronts through the rainforest
soil with each of the numerous rain showers.

Future ?uantiﬁcation of sulfur gas emissions from S. excelsum roots should
avoid possible mechanical damage to roots caused by their excavation from soils
as in the present study. Instead, plants need to be grown in soil in containers to
which simulated rainfall additions are made while sampling for sulfur gases
above the soil surface. Once the relations of sulfur gas emission rates to the
frequency and amounts of soil wetting are determined, these data can be
coupled with a rainfall frequency and quantity model to simulate potential
sulfur gas emission for S. excelsum on an annual basis.

Perhaps more important than the exact quantities of these emissions with
the three sources of uncertainty, are the qualities of the sulfur emissions.
Qualitatively, CS, emissions have community and physiological implications.

Community Level. Sulfur gas emissions from S. excelsum roots may influence
the species composition of biological communities through actions as anti-
bacterial, anti-fungal, anti-nematode, anti-herbivore, anti-plant (allelopathy)
agents. Anti-bactenal properties of CS, can inhibit nitrification, the oxidation of
ammonia to nitrate (42-44). The anti-fungal Froperties of CS, have been used
to control root rot fungi in agriculture and in forestry (45-47). It is a registered
fungicide and nematicide (48). Its anti-nematode properties have been used in
soil fumigation in agriculture (49). Its anti-herbivore properties have been used
to kill insects in stored grains (50). The anti-plant or allelopathic effects have
not been investigated as far we know.

Physiological and Evolutionary Level. In field and pot studies Acacia pulchella
roots suppressed the soil fungus Phytophthora cinnamomi and promoted the
survival of Eucalyptus marginata trees. 'ﬁxis fungus is an important pathogen for
Eucalyptus. Investigating the Acacia-Phytophthora-Eucalyptus interaction,
Whitfield et al. (31) found CS, to be a major constituent of the Acacia root
volatile compounds.
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Carbon disulfide emissions are known from only five plant species: minced
leaves of Brassica oleraceae (32), intact leaves of Medicago sativum L., Zea mays,
L., Quercus lobata Nee (27) and steam distilled roots of Acacia pulchella (51).
Continuation of surveys of plant species for sulfur gas emission will expand our
understanding of the phylogenetic and biogeographic distribution of the sulfur
emission phenomenon.

The physiological controls of CS, emission from plants apparently are
unknown. We offer two interrelated suggestions about controls to CS,
emission. Removal of CS; from around the roots either by extracting roots
from soil (Fifures 2 & 3) or by vigorous washing (Figure 2) or by gentle rinsing
(Figure 3) leads to rapid CS, emission followed by relatively stead
concentration (Figures 2 & 3). This suggests a feedback mechanism in whic:
lgwered CS; concentration at the root surface leads to rapid CS, release from
the root.

A related control of CS, release from S. excelsum roots is disturbance. In
the present stud thidgentle disturbance of rinsinF with water stimulated CS,
release (Figure 3). More vigorous washing stimulated higher rates of release
(Figure 2). In the field, the odor of CS, became stronger during the beginning
of a rain storm. Given the toxicity of CS,, to nematodes and insects and the
stimulation of CS, release by disturbance, we suggest that disturbance to S.
excelsum roots by root-eating nematodes and insects stimulates CS, production
as a defense mechanism.

The emission of CS, from these leﬁumes may also be a mechanism
removing excess SO472 from the rhizosphere where SO4-2 might otherwise
inhibit the uptake of the Mo required for nitrogen fixation. Rennenberg 83_1)
argues that H,S emission from plants is a mechanism against excess sulfur
accumulation in plants. While Rennenberg’s study (31) dealt with H,S,
emission of CS, and other sulfur gases could have similar roles. Cole et al 553)
showed that SO4°2 can inhibit Mo uptake by algae and bacteria. Sulfur
emissions from these trees may have muitiple selective advantages.
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Chapter 6

Origin of Hydrogen Sulfide
in Freshwater Sediments

D. A. Dunnette

Portland State University, Portland, Oregon 97207

Hydrogen sulfide originating from putrefaction of sedimentary
protein ranged from 0.02 to 1.51 mg S L-1d-1 in 10°C laboratory
incubations of sediment samples form two small eutrophic
freshwater lakes with an average of approximately 0.4 mg S L"1d-1
while sulfate reduction ranged from 0.85 t0 3.2 mg S L-1d-1 with a
mean of approximately 1.5. Although hydrogen sulfide
production via putrefaction correlated strongly with numbers of
proteolytic bacteria (r=0.9), associations with protein or organic
carbon were weak (r=0.1-0.3).
Putrefaction contributions to total hydrogen sulfide
roduction averaged 23% with a range of 5-57% for the two small
akes investigated. It is estimated that over a six month primary
roduction period, putrefaction contributes 5-50% to total
ydrogen sulfide production in freshwater systems similar to the
ones described in this study.

Hydrogen sulfide is a chemically and biochemicall ve?l' active component of
the sulfur cycle and an important determinant of the Eh and pH limits of the
natural environment. Dissimilative sulfate reduction by Desulfovibrio,,
Desulfobacter, Desulfobulbus and other genera of bacteria has generally been
accepted as the only significant source of hydrogen sulfide in the aquatic
environment. It is common knowledge, however, that the terminal sulfhydryl
amino acid cysteine may undergo microbially mediated anaerobic
decomposition or putrefaction to also produce hydrogen sulfide. Putrefaction
has largely been ignored because most of the earlier work performed to
quantify hydrogen sulfide production was conducted on high mineral content
systems in which sulfate reduction would predominate. For example it has been
estimated that 97 to 99.5 percent of hydrogen sulfide produced in marine
systems oriFinates from sulfate reduction (1.2). Another reason is that there are
no generally accepted methods for evaluating the importance of proteinaceous
sulfur in hydrogen sulfide production as there are with sulfate reduction where
the use of labeled sulfate has been widely used for 30 years using planchet (3) or
scintillation (4) techniques.

Investigations suggesting the importance of putrefaction as a route of
hydrogen sulfide formation in aquatic systems are sparse but significant and
include evidence related to mass balance anomalies (5-7,9,10), bacterial
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6. DUNNETTE  Origin of Hydrogen Sulfide in Freshwater Sediments 73

enumeration anomalies (Z.8), and 35S studies utilizin§I labeled cysteine or
methionine (11,12). In neither of the latter two cases, however, were actual
rates of hydrogen sulfide production via putrefaction determined. This paper
describes work undertaken to evaluate the magnitude and relative importance
of putrefaction and sulfate reduction in two small monomictic lakes and the
factors which may influence these routes of hydrogen sulfide production.
Experimental

Samples were taken from 2 lakes, Third Sister, a moderately eutrorhic glacially
formed lake of 4 hectares with sediment consisting of approximately 40 percent
silt and 45 percent clay and Frains, an 8 hectare lake containing a%proxlmatel
65 percent silt and 20 percent clay. Frains Lake is a more eutrophic lake wit
massive algal blooms occurring in early summer. No significant quantities of
anthropogenic contaminants are known to enter the lakes.

The procedures and analytical methods used in this study are described
elsewhere (3). Briefly, freshly acquired S0 mL samples of sediment protected
from the atmosphere were inoculated with labeled substrate, homogenized, and
incubated in the laboratory for 1.5 to 2 hours at 10 °C. 355 labeled sodium
sulfate and cysteine were used to estimate sulfate reduction and putrefaction
respectively. One mL aliquots of sample were taken at 30 min intervals and
added to measured volumes of cadmium acetate which fixed all hydrogen
sulfide produced in the form of CdS. The CdS was then acid distilled under a
nitrogen purge, reprecipitated as CdS and deposited on planchets for counting,
All operations prior to fixing were conductexs) anaerobically. Enumerations of
proteolytic and sulfate reducing bacteria were conducted using the anaerobic
culture method of Hungate (13). Analyses for sulfate and cysteine were
determined by chemical reduction of sulfate and column chromatography
respectively as described elsewhere (3). Combined reproducibility for
incubation and distillation was 11% for homogenized sediment samples (z). If
sediment samples are not homogenized, reproducibility is onlg' 80% (9_4,,).
Reproducibility for cysteine and sulfate determinations was 16% and 9%
respectively.

Results

Sediment chemical data including values for o_liganic carbon, protein, free amino
acids, cysteine and sulfate are summarized in Table I. The range of variation of
principal chemical constituents for hypolimnetic waters of the sampling sites
were 2.7-4.7 mg S L-1 for sulfate, 3.5-4.6 mg S L-1 for protein (as leucine
equivalents), 2.5-5.5 mg L-1 for organic carbon and cysteine 0.8-3.6 mg S L-1.
Oxidation-reduction potentials during the sampling period varied from -150 to
-250 mv vs Ag/AgC1 0.1 KC1. Oxygen concentration in the hypolimnion
decreased to 0.0 at both stations by June. Three sets of results are presented to
describe the temporal and spatial variation of sulfide production from
putrefaction and sulfate reduction: 1) experiments to assess seasonal variation
at two different sampling points of varying depth in a single lake, 2) a
comparison of sulfide producing characteristics ofp sediment at different lake

g) a study in which h drOﬁen sulfide production

depths in each of two lakes and
e sediment core at a

rates were measured at distinct depth horizons within t
single station.

Seasonal Variation. Twenty two samples were collected from Third Sister Lake
over the period Agril-September at 2 stations of depths 15 mand 10 m. A
summary of data obtained from these studies is presented in Tables II, III and
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74 BIOGENIC SULFUR IN THE ENVIRONMENT

Table I. Sedimentary Chemical Data, Third Sister and Frains Lakes (3)

Third Sister Frains
mgL-1

Organic carbon 0.45 u filtered) mean 6-12 --
Organic carbon pH 10 extract) mean 190 -
Protein H 12 extract) mean 120 -
Free ammino acids (pH 12 extract) mean 45 46
Cysteinne H 12 extract) mean 2.1 11
Sulfate centrifuged only) mean 23 22
Sulfate pH 12 extract) mean 10.5 -

Table II. Hydrogen Sulfide Production Via Sulfate Reduction

ird Sister and Frains Lakes
mgSL1d1l@10°C .
West(15m) East(10m) Frains(10m)
Number of determinations 10 10 3
Maximum 32 2.5 -
Minimum 0.7 0.7 -
Mean 1.72 1.72 1.04
Standard deviation 0.84 0.59 0.58
Table ITI. Hydrogen Sulfide Production Via Putrefaction
Third Sister and Frains Lakes
mgSL1d1@10°C_
West(15m) East(10m) Frains(10m)
Number of determinations 10 12 3
Maximum 1.51 0.90 -
Minimum 0.25 0.15 -
Mean 0.65 0.37 0.13
Standard deviation 041 0.18 0.03

Table IV. Percent of Hydrogen Sulfide Production Attributable to
Putrefaction, Third Sister and Frains Lakes

Percent

West East Frains
Number of determinations 10 10 3
Maximum 49.2 53.0 -
Minimum 1.5 5.1 -
Mean 27.6 183 11.1
Standard deviation 13.8 13.1 -
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6. DUNNETTE Origin of Hydrogen Sulfide in Freshwater Sediments 75

IV. Table II summarizes sulfate reduction rate data at both Third Sister and
Frains Lakes and indicates a range of 0.7 to 3.2 mg S L-1 d-1 and a mean of 1.7
at both stations for 23 determinations. Table III includes data from putrefactive
hydrogen sulfide production at the two lakes showing that rates varied from 0.13
at Frains Lake to 1.51 mg S L-1 d-1 at Third Sister with a mean of approximately
0.4 mg S L1 d-1, Hydrogen sulfide contributions from putrefaction, summarized
in Table IV, were found to range from 5.1 to 53.0 percent with means of 27.6,
18.3 and 11.1 percent for Third Sister West, East and Frains sites resgectively.
Although the sulfate reduction values are similar to those obtained by others
(0.01-13 mg S L-1 d-1:14), there are no other putrefactive data with which to
compare the values of Table IIl. Microbial enumeration data averaged 5 x 102
and 2 x 104 cells mL-1 for sulfate reducers and proteolytic bacteria respectively.
These values are similar to those obtained by others é_lﬁ).

Large seasonal fluctuations were observed for sulfate reduction and
putrefaction at both sampling stations of Third Sister Lake. Proteolytic bacteria
were strongly correlated with putrefaction rate at both the 15 m and 10 m
stations of Third Sister (r=0.86, 0.94 respectivelg) and inversely associated with
sulfate reducing bacteria at both sites (r=0.69, 0.32). No other correlation
coefficients (Pearson product moment) associating enumeration results, sulfide
Eroduction rates or chemical constituents exceeded 0.6. Associations of

ydrogen sulfide production via putrefaction and protein or carbon content of
hypolimnetic or core waters were not significant. The fact that correlations
were not more significant is common in microbial studies which are similar to
the study described here (1.7,12,14) and is confirmation of the complexity of the
environmental factors controlling biogenic sulfur transformations.

Variations Between Lakes. Results of a stud{,to evaluate sulfide production
variation with water depth is given in Table V. In this experiment, samples
were taken from five different sediment depths over a two-day period at each
lake in early October. At both lakes sulfate reduction exceeded putrefaction b
a factor of approximately 2 with overall mean rates of 0.55 and 0.29 mg S L-1g-
respectively. Sulfate reduction exceeded cysteine decomposition in all samples
except one collected from Third Sister Lake at 17 m. Results of this study show
a good correlation at Third Sister Lake between fpercent hydrogen sulfide
production attributable to putrefaction and depth of sampling station (r=0.94)
and oxidation-reduction potential (r=0.98). This correlation was not observed
at Frains Lake. A possible factor in differences observed may be the physical
nature of the sediment at Frains which was less dense and more flocculent than
that of Third Sister. .

The mean contributions to hydrogen sulfide production due to putrefaction
were 30.1% for Frains and 30.6% for Third Sister for the two-day lake
evaluation. Total mean hydrogen sulfide production was 1.02 mg S L-1d-1 for
Third Sister and 0.67 mg S L"1d-! for Frains Lake. The range of hydrogen
sulfide production attributable to putrefaction was 5-57%. The greater
contribution from putrefaction during this study period (October 7-8) as
compared to the seasonal studies of April-September was due to a decrease in
sulfate reductive activity while putretaction was relatively unchanged. The
mean numbers of sulfate reducers and proteolytic bacteria at the lakes during
this period were 1.8 x 102 and 1.6 x 104 respectively.

Variation with Sediment Depth. This investigation was undertaken to
determine the variation of hydrogen sulfide production and associated
microorganisms within the upper 8 ¢cm of sediment from East station. Five
fractions were examined representing depths of 0-1, 1-2, 3-4, 5-6 and 8-9 cm.
Results are summarized in Table VI. Maximum values for both sulfate
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reduction and putrefaction were obtained at a depth of 1-2 cm. Activity
dropped off quickly below 2 cm so that at 5-6 cm, rates of hydrogen sulfide
production decreased to approximately 10% of the maximum observed for both
processes. The average rate of hycf;ogen sulfide production measured for
putrefaction (0.31 mg S L-1 d-1) was approximately 40% of that for sulfate
reduction (0.75 mg S L1 d-1). Total hytﬁ-ogen sulfide production averaged 1.1
mg S L-1d-1 for the five depths.

Sulfate reducing bacteria decreased exponentially from the sediment-water
interface while proteolytic bacteria were most numerous at 3-4 cm with minima
at 0-1 cm and 7-8 cm. Proteolytic bacteria ranged from 0.5 to 4.1 x 103 cells
mL-! while sulfate reducers varied from 0.2 to 1.7 x 103 cells mL-1. Results of
this study show that more than 80 percent of the hydrogen sulfide produced
ori§inates in the vertical horizon between 0 and 4 cm. Maximum numbers of
sulfate reducers occurred between 0 and 1 cm and decreased sharp1¥,so that 90
Bercent of the sulfate reducers were found in the upper 2 cm. Proteolytic

acteria occurred in greatest numbers between 3 and 4 cm, dropping off steeply
to 1 and 7 cm at 15-25% of their peak values. Maximum sulfate reduction
gblservcd was 1.8 mg S L1 d-1 while the putrefaction maximum was 0.7 mg S L1

The distribution of these data are the result of many chemical, physical and
biological factors including pH, Eh, organic carbon, trace substances, possible
toxic effects of HS- and competition for nutrients in the upper 3 cm. Since Eh
decreases with decreasing depth, this parameter does not limit distribution of
sulfate reducing organisms since they occur in highest numbers near the
sediment water interface. The controlling factors may include nutrient, sulfate
and carbon availability which would be expected to decrease with increasing
depth due to microbial activity and proximity to overlying sources. The factors
which affect distribution of putrefactive bacteria appear equally complex
possibly including Eh and toxic effects from sulfate reduction near 1.5 ¢cm and
competition for nutrients above 3 cm.

Summary/Discussi

Hydrogen sulfide production via putrefaction of endogenous protein at 10 °C
ranged from 0.02 to 1.51 mg S L1 d-! in laboratory incubations of sediment
from two small eutrophic freshwater lakes with an average of approximately 0.4
mg S L1 d-1 whereas sulfate reduction ranged from 0.05 to 3.2 mg S L-1 d-1 with
a mean of approximately 1.5. Sulfate reduction rates are similar to those from
other freshwater sites with a range of 0.02 to 15 mg S L-1 d-1 (2,3.14). No
putrefactive data are available with which to compare the results of this
investigation. For a larger lake, however, Nriagu (5) estimated the amount of
organic sulfur which should be present in sediment based on sulfur content of
aquatic macrophytes and microorganisms. Since considerably less was actually
found in the sediment, it was suggested that the difference (45%) might
represent that fraction of hydrogen sulfide formed from putrefactive processes.
Although hydrogen suflfide production via putrefaction correlated strongly
with numbers of proteolytic bacteria (r=0.94, 0.86), none was found for protein
(r=0.16) or organic carbon (r=0.34) in Third Sister Lake. The significance of
this is not known due to the many associated uncertainties, but it seems
reasonable to assume that protein input would result in enhanced hydrogen
sulfide production via putrefaction. Results of experiments to test this in
laboratory bioreactor studies indicated that protein (egg albumin) added at the
rate of approximately 20 ppm d-1 increased the population of putrefying
bacteria by 90 percent and the rate of sulfide production via putrefaction by
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approximately 100 percent over a period of 30 days in laboratory incubations at
room temperature with an established retention time of 45 days. .

A study of the variation of sulfate reduction and putrefaction with sediment
degth of 0-8 cm indicated maximum putrefactive and sulfate reducing activity at
a depth of 1-2 cm. The data also suggest that oxidation-reduction potential
plays an important part in determining the role of putrefaction. However, the
significance of this association must be tempered with the understanding that
redox equilibrium is never reached in the aquatic environment and that Eh
measurements are of value empirically but not thermodynamically. .

This study demonstrated that, contrary to popular perceptions, putrefactive
contributions to total hydrogen sulfide production can be significant, averagmg
23 percent with a range of 5-57% for the two small lakes investigated. Base
upon results from these investigations it is estimated that in monomictic
freshwater lake systems similar to the ones described in this investigation,
putrefaction contributes 5 - 50% to total hydrogen sulfide production in the
upper 5 cm of sediment over a six month primary production period, which in
this investigation, extended from April through early October. Efforts to assess
sulfide production and transformations in such lakes should include a
consideration of putrefaction as a sulfide production route.
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Chapter 7

Sulfur Cycling in an Experimentally
Acidified Seepage Lake

L. A. Baker, N. R, Urban, P. L. Brezonik, and L. A. Sherman

Department of Civil and Mineral Engineering,
University of Minnesota, Minneapolis, MN 55455

Recent interest in sulfur biogeochemistry of softwater lakes has
been generated by the need to understand lake acidification
processes. This study examines sulfur biogeochemistry in an
experimentally acidified seepage lake in northern Wisconsin. For
the pre-acidified lake, direct atmospheric deposition to the lake
surface accounted for 93% of total input; seepage inflows and leaf
litter accounted for the remaining 7%. Half of the input sulfur
was retained by in-lake processes, and seston deposition was the
dominant sulfate sink. Even though 70-80% of sediment trap
sulfur was recycled, seston-derived sulfur accounts for 70% of
sulfur accumulation in cores. Dissimilatory reduction in surficial
sediments accounted for 30% of net S retention in the pre-
acidified lake and reduction rates appear to be increasing in the
acidified basin. Laboratory experiments with 35-S show that
sulfur diagenesis is more complex than shown by the conventional
model and that organic-inorganic transformations of sulfur in
sediments are important diagenetic processes.

Until recently, most investigators studying lake acidification believed that
sulfate was conservative in dilute aquatic systems. Attempts to model lake
acidification were focused on developing an understanding of terrestrial
biogeochemical processes, particularly mineral weathering. Over the past five
years, however, there has been a growing awareness that in-lake processes,
particularly those involving transformations of sulfate, are important in
regulating alkalinity in many softwater lakes.

Hongve (1) first postu{ated that sediment proceseses may be involved in
acid neutralization in softwater lakes. Greater interest in in-lake neutralization
grocesses was generated by the whole-lake acidification experiment of Lake

23. In this experiment, 66-81% of the H,SO,4 added over a 7-year Een'od was
neutralized by in-lake processes and sulfate retention accountec?l for 85% of the
internal alkalinity pro‘fuction. Approximately 30% of the sulfate input was lost
by reduction in the anoxic hyglghmnion and 70% was lost by reduction within
epilimnetic sediments (2). The latter finding was particularly important,
because many of the small, oligotrophic lakes that are sensitive to acidification
do not have anoxic hypolimnia, and many investigators had discounted the
potential role of sulfate reduction in alkalinity regulation of softwater lakes in
the belief that reduction would occur only in anoxic hypolimnia.
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80 BIOGENIC SULFUR IN TIIE ENVIRONMENT

Several whole-lake ion budgets have shown that internal alkalinity
generation (IAG) is important in regulating the alkalinity of groundwater
recharge lakes and that sulfate retention processes are the dominant source of
IAG (iﬁ)); and synoptic studies (6-9) have shown that sulfate reduction occurs
in sediments from a wide variety of softwater lakes. Baker et al. (10) showed
that net sulfate retention in lakes can be modeled as a first-order process with
respect to sulfate concentration and several "whole ecosystem" models of lake
acidification recently have been modified to include in-lake processes (11).

The dominant role of sulfate reduction in neutralizing acid inputs within
lakes has generated considerable interest in developing a better understanding
of sulfur biogeochemistry in dilute lakes. Recent studies have been directed
toward identifying endproducts of sulfate reduction and determining recycling
rates (12-15), determining seasonal patterns of sulfate reduction (15,16), and
determining the relative importance of seston deposition versus dissimilatory
reduction in removing sulfate from the water column (17-19).

This paper describes the sulfur cycle for Little Rock Lake, Wisconsin, with
particular emphasis on processes that remove sulfate from the water column
and on subsequent diagenesis and regeneration. Our work and other recent
studies in this area show that the classical paradigm of sulfur cycling (20) in
lakes is incorrect, or at least incomplete.

ite. Little Rock Lake is an 18 hectare seepage lake in northern
Wisconsin. The lake is dilute (specific conductance = 11 4S/cm @ 25°C)
because 99% of its water input comes from direct precipitation to the lake
surface and only 1% comes from groundwater. Water leaves the lake by
groundwater recharge and evaporation, and the lake has an outflow-based
water residence time of approximately 10 years. Littoral sediments, which
comprise 42% of the lake area, are sandy with < 20% organic matter. The
E:;ptral 516)3% of the basin is gyttja (< 10% dry weight; organic content > 40%)

igure 1).

Little Rock Lake is currently the subject of a split-basin experimental
acidification study. In 1984, the lake was divided into two basins with a
reinforced polyvinyl curtain: the north basin is being experimentally acidified
and the south basin serves as a control. The pre-acidified lake had a pH of 6.1
and an alkalinity of 25 ueq/L. H,SO4 was added to the north basin to lower the
pH to 5.5 in 1985 and 1986, and to pH 5.0 in 1987. The north basin will be
maintained at pH 5.0 in 1988 and will be acidified to pH 4.5 in 1989 and 1990.
Details of experimental design and hypotheses are presented in Brezonik et al.

(2.
Ifate Mass Balan

Inputs and outputs to the lake have been measured to calculate net retention
for the pre-acidified lake. Precipitation inputs of sulfate were based on data
from wet collectors (1980-1983) compiled by the National Atmospheric
Degosition Program (NADP). SO, inputs were calculated from regional
ambient air concentrations (22) using a deposition velocity of 0.5 cm/sec.
Aerosol sulfate was estimated from NADP dry bucket measurements and from
dry bucket and snow core measurements made in this study (23). Groundwater
inputs occur largely at the southeast corner of the lake and were calculated
from modeled inseepage (24) and measured sulfate concentrations in a well
located in the major inseepage area. Sulfate output was estimated from mean
lakewater sulfate concentration and modeled outflows.

Internal cycling was examined by measuring rates of accumulation in
sediment cores, seston deposition rates, and diffusive fluxes to the sediments.
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Total sulfur, carbon, and sulfur species were measured in four 210Pb-dated
cores. Lakewide sulfur accumulation was calculated from the depositional area
(determined from sediment mapping) and area-weighted sulfur accumulation
represented by the cores. Cores were taken at depths of 5, 7, and 9 m in the
north basin (NB-5, NB-7, and NB-9, respectively), and at a depth of 5 m in the
south basin (SB-5) (Figure 1). Three of the cores (NB-5, NB-7, and SB-5) were
collected in epilimnetic, depositional areas and one (NB-9) was collected from
the hypolimnion (the south basin does not exhibit seasonal stratification).
Sedimentation rates were measured by sediment traps, and diffusive fluxes to
the sediments were estimated from Fick’s Law calculations using 7 pairs of
?ieasured porewater gradients. Methodological details are presented elswhere

For the pre-acidified lake, atmospheric inputs (19.3 mmole/mZ2-yr)
accounted for 93% of total sulfur input. Wet deposition accounted for 76% of
the atmospheric inputs and dry inputs (SO, + SO42- aerosol) accounted for the
remaining 24%. Groundwater contributed 1.2 mmole/m2-yr (5.8% of the total),
and leaf inputs (26) provided an additional 0.3 mmole S/m2-yr to the lake.
Fluxes shown in Figure 2 are expressed per unit lake area.

Net sulfur retention was 10.2 mmole/m2-yr, representing 49% of total input
(Figure 2). The high proportion of total sulfur inputs represented by
atmospheric inputs and the high net retention of sulfur reflect the
Freponderance of precipitation in the water budget for Little Rock Lake and its

ong water residence time. Sulfur accumulation rates in the top 6 cm of

sediment were very similar among the three epilimnetic cores (18-19
mmole/m2-yr) and somewhat higher in the hypolimnetic core (28 mmole/
mz-yrg. Our lake-wide estimate o% net sediment S accumulation 311.6 mmole/
m2-yr) agrees well with the sink of 10.2 mmole/m?2-yr calculated from inputs
minus outputs (Figure 2). The close agreement between sulfur sinks calculated
by two independent methods suggests that we have accounted for all major
inputs and outputs in our mass bafance. In particular, we conclude that there is
little emission of volatile sulfur compounds from the lake surface.

Net sulfate retention in Little Rock Lake is comparable with sulfate
retention rates observed in other seepage lakes. Net sulfate retention (as a
fraction of total input) was 43-46% in acidic McCloud Lake, Florida (4), 75%
and 82%, res;;fctivel , in Lowery and Magnolia lakes (3), and 40% in nearby
Vandercook Lake, Wisconsin r(y5_). These ion budgets, together with ion
enrichment calculations for lakes in Florida and the Upper Midwest (27.28)
show that sulfate retention occurs in nearly all seepage lakes. By contrast,
although sulfate reduction occurs in lakes with short residence times (6), net
retention generally is low (< 10% of input; see 10).

Mechani Removal from Water Column

Mass balance calculations clearly show that sulfate is removed from the water
column by in-lake processes. Three processes are potentially important: 1)
diffusion of sulfate into sediments and subsequent reduction, 2) sedimentation
of seston, and 3) dissimilatory sulfate reduction in the hypolimnion.

Dissimilatory Reduction in Surficial Sediments. Porewater profiles from a
number of sites throughout Little Rock Lake show that sulfate is always
depleted below the sediment-water interface (Figure 3). Sulfate depletion in
porewaters occurs not only in the soft gyttja but also in sandy, littoral sites with
organic contents < 10%. z'l'he observed depletion of sulfate and the occurrence
of H,S indicate that the sediments are anoxic immediately below the sediment-
water interface and that sulfate reduction occurs in surficial sediments.
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DRY WEIGHT OF
LITTLE ROCK LAKE
SEDIMENTS

0-10%

Figure 1. Sediment map of Little Rock Lake. Sediment characteristics were
determined from 10-cm cores obtained at 5-m intervals along 28 transects
extending from the shoreline towards the center of the lake, plus several
samples from deep stations. Individual cores were extruded on site and samples
were analyzed for wet weight, dry weight, and loss on iénition. This information

was augmented by sonar mapping by Bill Rose (U.S. Geological Survey,

Madison, WI).

In Biogenic Sulfur in the Environment; Saltzman, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1989.



7. BAKERETAL.  Sulfur Cycling in an Acidified Seepage Lake

Atmospheric Inputs
Leaf Input Wet Aerosol Gas H2S Diffusion
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Sedimentation
Regeneration

Long-Term Accumulation
Inputs-Outputs=10.2

Pre-Acidification Sulfur Budget for Little Rock Lake.

83

Figure 2. Sulfur balance for Little Rock Lake prior to experimental
acidification. All fluxes are in mmole/m2-yr. Details for construction of the

sulfur balance are presented elsewhere (References 16,18,25)
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Figure 3. Porewater sulfate profiles at 5-meter sites in the north (acidified) and
south (control) basins of Little Rock Lake during September, 1986, and
January, 1987. Profiles were determined by porewater equilibrators placed in
the lake for three weeks. Both sites are gyttja with > 90% water content.
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Numerous laboratory studies involving 355042- additions to mixed sediments
and intact sediment-water cores from all areas of the lake support the
conclusion that sulfate reduction is an important process in Little Rock Lake
sediments.

In most of the 30 porewater profiles examined between 1984 and 1987,
sulfate concentrations decreased to < 20 peq/L within 5 cm of the sediment-
water interface and remained relatively constant below this depth. These data
indicate that sulfate reduction occurs primarily in the upper 5 ¢m, a contention
which is supported by results from laboratory studies in which 355042- was
added to intact sediment-water cores. We generally observed steeper sulfate
gradients in summer than in winter, and hypothesize that winter gradients are
not as steep because microbial activity is reduced. So far, however, we have not
flound a statistically significant relationship between temperature and sulfate

ux.

Sediment sulfate reduction rates appear to be higher in the North Basin
than in the South Basin. Porewater sulfate profiles from 1986 (north basin
acidified to pH 5.5) show that water column sulfate concentrations were higher
in the north basin than in the south (control) basin but reach similar values
within § cm of the interface (Figure 3). A similar result was obtained during
experimental acidification of sediment-water mesocosms (29). We anticipate
that sulfate fluxes will increase with increasing acidification for two reasons.
First, microbial activity of sulfate reducers near the sediment-water interface is
likely to increase because lakewater sulfate concentrations are similar to half-
saturation values for sulfate reduction. We determined half-saturation values of
26 sM and 70 M in two separate laboratory studies; these values are similar to
values determined by several other investigators (30-32). Second, as sulfate
concentrations increase, the rate-limiting step should shift from microbial
reduction to diffusion. Several studies show that sulfate fluxes to sediments are
first-order with respect to sulfate concentration (8,18.29.33,34). Porewater data
for Little Rock Lake support this hypothesis. During the first two years of
acidification (to pH 5.5), the mean diffusive flux (calculated from seven

orewater grofiles in each basin) was higher at the north basin 5-meter site

NB-5)(11.4 + 5.6 mmole/m?2-yr) than at the comparable south basin 5-meter
site (SB-5)(5.5 + 2.7 mmole/m2-yr), but a paired difference t-test of fluxes at
these sites showed that the differences were not significantly different at the p =
0.05 level. The lack of statistically significant di%&lrence probably reflects the
fact that sulfate concentrations in the north basin during this phase of
acidification were only 20% higher than in the control basin; we expect that
divergence in sulfate fluxes between the two basins will increase as the
acidification experiment progresses.

Seston Deposition. Sulfur is a minor but essential nutrient for algal production,
accounting for 0.15-1.96% of dry wei%ht (35). Sulfur is present as proteins,
sulfolipids, ester sulfates, and free sulfate (18,19,36-38) that occur in varying
proportions depending upon species and environmental conditions.
Sulfate assimilated gy plankton is subsequently removed from the water
column by sedimentation. Sediment trap data show that this is an important
rocess in Little Rock Lake (Table I). The mean sulfur content of seston was
.9-1.0%, comparable with values reported by other investigators (Table I).
Annual seston deposition, extrapolated to a whole-lake basis using a
depositional area of 58% of total lake area (area of gyttja), was 121 g/m?-yr
(dry weight basis), and sulfur deposition was 36 mmole/mk-yr. Thus, gross
seston deposition (before considering recycling) is a larger flux than diffusion to
surficial sediments.
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Table I. Sedimentation Rates of Carbon and Sulfur in Little Rock Lake

Site % %C C/S Sedimentation S deposition,
(wt/wt)  g/m2-yr mmole/m2-yr
Little Rock Lakel
SB-5 092 36 37 194 59
NB-9 085 46 54 277 74
South Lake2 08 39 45 n 19
Wintergreen Lake3 0.83 24 29 1,030 266

Sudbury Lakes* 0.8-14 1126 9-23 - -

1Little Rock Lake sediment trap measurement period was 7/85-12/86. Since
two summer periods but only one winter were included, deposition rates are
seasonally weighted to represent the best estimate of annual deposition.
2Reference (19). Data are for 15.5 m (deepest) trap.
3Reference (18).
4fgom Table 7 in (13). Data are for four acid-polluted lakes near Sudbury,
ntario.
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Hypolimnetic Sulf ion. Little Rock Lake exhibits dimictic circulation,
but the volume of the hypolimnion is only about 3% of the total lake volume.
Oxygen depletion occurs in late summer, and a buildup of H,S and Fe2+ is
observed following the development of anoxia. Sulfate depletion is observed
(Figure 4), but hypolimnetic reguction is a minor sulfate sink for the whole lake
because the hypolimnion is small and because much of the hypolimnetic H,S
entrained in the water column during turnover probzlﬁy is reoxidized. Using an
oxidation- diffusion model we estimate that about half of the hypolimnetic H,S
entrained in the water column during turnover is oxidized and the other half is
lost by diffusion to the atmosphere; no more than 5% of annual S input leaves
by emission of H,S produced within the hypolimnion.

Recycling of Sulfur lving Water

Seston Sulfur. Much of the sulfur that is immobilized by assimilatory uptake or
dissimilatory reduction is oxidized and reenters the water column as sulfate.
We have approached the question of seston-S recycling by comparing
carbon/sulfur (C/S) ratios in seston and sediment and by following the fate of
35S in labeled algae added to laboratory sediment-water microcosms.

The first approach is based on the hypothesis that C{S ratios in pre-
cultural sediments represent thoroughly decomposed seston. If this is true, one
can partition sediment sulfur into a "seston” component and an "excess"
component representing sulfur incorporated by dissimilatory reduction:

XS; = TS; - Gi/(C/S)pe (1)

where X§S; = excess S at depth i,
TS; = total sulfur at depth i,
C; = total carbon at depth i, and
C/Spc = pre-cultural C/S ratio.

This approach invokes three assumptions. The first assumption is that modern
seston has a similar C/S ratio to precultural seston. This assumption cannot be
validated directly, but there is no evidence to show that the carbon or sulfur
content of algae is any different now than it was in precultural times. The
second assumption is that there have been no major changes in the
decomposition process that would cause C/S ratios of decomposed seston to
change. The absence of abrupt changes in 1ghysical characteristics or
concentrations of major elements in sediment profiles supports this assumption.
Finally, it is assumed that dissimilatory reduction rates in the precultur lake
were minor compared to seston deposition rates. This assumption is supported
by the following line of reasoning. First, it is likely that the sulfate
concentration of precultural precipitation was 10-20 ueq/L. (28), compared with
a current precipitation sulfate concentration of 34 seq/L at the Trout Lake
NADP station. If one assumes a proportional decrease in lakewater [SO4%],
precultural concentrations were probably between 15 and 30 yeq/L. Data from
a dozen lakes in the Upper Midwest show that the average minimum porewater
[SO4*] is about 25 peq/?.. implying that sulfate reduction (or at least net sulfate
reduction), does not occur when sulfate concentrations are below this level (34).
If these conclusions are valid, it is reasonable to assume that there was little or
no dissimilatory reduction in sediments of the precultural lake.

Equation 1 can be used to segregate total sediment S into seston-S and
excess-S, and recycling can be calculated by subtracting seston-S accumulation
rates from seston-S sedimentation rates. In the south basin 5-m core (SB-5),
the mean C/S ratio in the precultural lake was 80:1; C/S ratios decrease to 56:1
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in the upper 6 cm (Figure 5). Precultural C/S ratios were similar in two other
cores from sites with oxic overlying water, but somewhat lower from one site in
the anaerobic hypolimnion. Equation 1 was used to apportion total sulfur at
SB-S into seston S (71% of total S, or 13.3 mmole/mz-fyr) and excess S (29% of
total S, or 5.5 mmole/m2-yr). Calculated recycling of seston (sediment trap S
deposition minus seston-S accumulation) shows that 80% of seston S is recycled
(Figure 6a); similar recycling rates occur at NB-5 and NB-9 (Table II). These
recycling rates compare favorably with the 50% recycling rate obtained in
experiments in which 35S-labeled algae were added to sediment-water
microcosms from Little Rock Lake. Calculated carbon recycling at SB-5 was
61% (Figure 6b), so it ap?ears that recycling of seston sulfur is somewhat more
efficient than recyclin§ of seston carbon. Previous investigators have reported
lower recycling rates for seston S (Table II). The discrepancy occurs in part
because earlier investigators have assumed that all organic S originates from
seston. Since H,S produced by dissimilatory reduction also can be sequestered
as organic S, earlier investigators may have underestimated seston S recycling.

e recycling rate for ester-S, calculated from ester-S deposition minus
ester-S accumulation, is much lower (< 30% at SB-5) than reported by King
and Klug (18) or David and Mitchell (19), but calculated ester-S recycling rates
are predicated on the assumption that ester-S is not formed by diagenetic

rocesses. However, laboratory experiments by Landers and Mitchell (39) and
ieder et al. (40) indicate that diagenetic formation of ester-S may occcur, so
recycling of seston ester-S is probably higher than our calculated value.

Diagenesis of Microbially Reduced Sulfur. Postdepositional transformations
play an important role in controlling the extent of recycling of microbially
reduced S. Pore water profiles from many freshwater systems clearly show that
H,S is a short-lived intermediate in sulfate reduction which does not
accumulate in sediments (14,16,41-43). However, the conventional paradi
for sulfur diagenesis, in which H,S is initially immobilized by iron monosulfides
that later are diagenetically altered to pyrite and elemental (e.ﬁ., 20), does not
apply to all freshwater systems. Instead, organic S and CRS (chromium
reducible S, which is believed to represent pyrite + S° after preliminary acid
disatillqtion to remove AVS), are important initial endproducts of dissimilatory
reduction.

The importance of iron monosulfides (measured as acid-volatile sulfide, or
AVS) varies as a function of the iron content of the sediments. Sediments high
in iron (> 20 mg/g) typically have a large fraction of the reduced S bound in
iron monosulfides that diagenically alter with time to greigite and/or pyrite
(43-45). However, even in lakes with significant sedimentary iron, and to a
much greater extent in lakes with low sedimentary iron content, organically
bound S and CRS are dominant initial endproducts of sulfate reduction. In
short-term incubations of sediments from eight softwater lakes, Rudd et al. (14)
found that 2-90% of the 35S0,42- reduced within the first 24 hours jn situ in lake
sediments was organically bound, 2-83% was AVS, and 9-46% was CRS.

Little Rock Lake sediments have relatively low iron content (~10 m%)/é)
As a result, even in short (1-3 hr) incubations of pelagic sediments with 35504,
20-30% of the reduced S-35 cannot be recovered by acid distillation. After a
24-hour incubation with north basin gyttja, 32% of reduced S-35 was recovered
as AVS, 7% as CRS, and 58% as organic-S. In the same experiment, addition
of Fe2+ (as FeCl,) or lowering the pH of the sediments (with HCI) resulted in a
dramatic increase in the fraction of reduced S bound by Fe (Table III). .

The nature of the solid phase S species initially formed by reaction with
microbially produced H,S determines subsequent transformations and the
extent of recycling, since different solid S species vary in susceptibility to
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Figure 4. North basin vertical profiles for temperature, D. O., and SO4* on
September 19, 1986.
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Figure 5. Carbon: sulfur ratios (wt/wt) in three cores from the north basin of
Little Rock Lake. Carbon and sulfur concentrations were determined by
LECCO analyzers. Cores were collected at 5 m (NB-5), 7 m (NB-7), and 9 m
(NB-9). The two shallow cores are from epilimnetic sites at which the overlying
water remains oxic throughout the year.

late summer.
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Figure 6. Recycling of seston sulfur and carbon at SB-5. Recycling rates were

culated from the difference between measured sediment trap deposition and
measured sediment accumulation of seston-S. See text for approach used to
calculate seston-S accumulation in sediments.

Table IL. Sulfur recycling in Little Rock Lake

% recycled
Site Reference Total S Ester S
SB-5 This study 77 27
NB-5 This study 76 -
NB9 This study 82 -
South Lake 19 26 43
Wintergreen Lake 18 46 42
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Table III. Endproducts of Sulfate Reduction in Little Rock Lake Gyttja in
Short-Term Lab Incubations With 355042- Under Various Conditions

% of added label
Treatment! SOz AVS2 CRS3 Organic S$*
None 29 322 6.9 58.0
pHS.0 23 57.5 9.0 312
H 4.5 2.6 574 15.8 242
uM Fe2+ 27 54.7 44.0 0.0

1Sediments were acidified with 1 N HC], and sediment pH was measured at the
end of 24-hour incubations. Reduced iron was added as FeCl,.
2?{‘% determined by one-hour acid distillation with HCL (pH < 1) into 0.17 M
aOH.
3CRS determined by chromium reduction method (63).
4Organic 35S determined by difference.
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oxidation. In in sity chamber incubations of sediments in Lake 302 with
355042, Rudd et al. SM) measured endproducts of sulfate reduction after 19
days and again after 9 months. Organic S was more efficiently retained than
inorganic S (57% versus 37% net retention). Greater losses of inorganic S
probably occurred because of greater susceptibility of the inorFanic S pool to
oxidagiosn and because some inorganic S may have been slowly converted to
organic S.

Laboratory microcosms with Little Rock Lake sediments inoculated with
358042 also show a gradual increase in orgjanically bound 35S (< 1% to > 30%
of reduced S over three months) and 35CRS (20% to > 50%) whether
incubated anaerobically or under oxic water columns. Sediments incubated
under oxic water columns showed increasing incorporation of 35S into fulvic and
humic acids after a one-month delay (up to 30% of reduced S). Whether
incorporation into fulvic and humic acids followed partial oxidation to
golysulﬁdes or elemental S (cf. 46-49) is not known. However, AVS accounted
or < 10% of reduced 35S in our microcosms. Recent marine studies have also
shown that H,S (50-32) can be directly incorgorated into acrylate, a breakdown
product of g-dimethylsulphoniopropionate (DMSP), but the significance of this
reaction in freshwater sediments has not been examined.

Overall recycling rates of sediment sulfur in sediment-water microcosms
were comparable when 35S was added as SO42- (to promote dissimilatory
reduction) or as labeled algae. Of the 35S incorporated by microbial reduction
into sediments maintained under oxic water columns nearly 50% was reoxidized
within three months.

f Sulfur Diagenesis. The diverse pathways involved in sulfur
diagenesis in Little Rock Lake are conceptualized in Figure 7. The emerging
?icture of sulfur diagenesis resulting from our study and other recent studies is

ar more complex than previously envisioned. Our awareness of
transformations between the organic and inorganic S pools is recent, and we
have an incomplete understanding of environmental factors that regulate these
transformations and the efficiency by which various species are recycled.
Developing a better understanding of sulfur diagenesis in acid-sensitive lakes is
essential to fully understand alkalinity regulation in these systems.

Relative Importance of Seston Deposition and Dissimilatory Reduction as
In-Lake Sulfate Sinks

In Little Rock Lake, seston deposition appears to be a more important sulfate
sink than does dissimilatory reduction. Several previous studies (2,4) have
concluded that dissimilatory reduction is the major mechanism for sulfate
retention, and Cook et al. a) concluded that seston deposition was a minor
sulfate sink in exgerimentally acidified Lake 223. The C/S ratio calculations
discussed above show that approximately 29% of the total S in recent sediments
at SB-5 is excess-S derived from dissimilyatory reduction and the remaining 71%
originated from seston deposition.

The rate of net sulfate reduction calculated by this approach (5.5
mmole/m2-yr) is in excellent agreement with the average sulfate flux calculated
from porewater profiles at this site (5.4 mmole/m2-yr). This suggests that
sulfate fluxes calculated from porewater gradients approximate net fluxes, i.e.,
the integration of gross sulfate reduction and reoxidation of reduced
endproducts. We are currently conductir¥ experiments to measure gross annual
sulfate reduction with short-term 358042 incubations of intact cores at in situ
temperatures throughout the year.
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Figure 7. Sulfur transformations of seston-S and microbially reduced S in
sediments of Little Rock Lake. This diagram is based on information collected
from the lake (cores and sediment traps) and from laboratory sediment-water
microcosms to which 35S was added as labeled algae or as 355042~ Sizes of
circles and arrows are roughly r&)ortional to magnitudes of pools and fluxes,
respectively. ROSO5- = ester-S; MeS = metal sulfide, C-S = carbon-bonded S.
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Seston-S deposition probably is a more important process than dissimilatory
reduction in lakes with low [SO42-]. As lakewater sulfate concentrations
increase, seston deposition reaches a plateau limited by the overall primary
production rate and the maximum algal S content, but ditfusive fluxes continue
to increase in direct proportion to [8542']. Thus, in highly acidic lakes (pH < 5;
[SO4%] > 100 ueq/L), such as McCloud Lake, Florida and Lake 223, ntario,
dissimilatory sulfate reduction probably is the major sulfate sink. Nriagu and
Soon (13) concluded that endproducts of dissimilatory reduction and elevated
sediment S content would not be observed below 5 mg/L (240 ueq/L), but we
see clear evidence of dissimilatory reduction in Little Rock Lake at
concentrations of agfrmdmately 50 peq/L.

These results also suggest that the sulfate model of Baker et al. (10.53),
which uses a single, lake-wide retention coefficient should be refined to reflect
two mechanisms of sulfate retention with different controls.

The observation that seston deposition is an important sulfate sink in some
lakes brings up the subject of how removal of sulfate from the water column by
algae alters lakewater alkalinity. Although it is clear that assimilatory reduction
consumes two moles H* /mole sulfate consumed, it has frequently been stated
that formation and retention of ester-sulfate (thought to originate primarily in
algae) generate only half as much alkalinity as do formation and retention of
reduced sulfur compounds (14,39,54). This statement is not strictly correct, and
we believe it has caused confusion with regard to in-lake alkalinity regulation.
Rudd (14) described the formation of ester sulfate as follows (Equation 4 in
Reference 14):

ROH + 2H* + SO4% --—--- > ROSO5- + H* + HO 2

Any reaction to represent assimilation must be written such that
electroneutrality is maintained both within the cell and in the external medium.
For ester sulfate formation, this can be accomplished in two ways: First, the
ester sulfate group could be protonated, in which case two moles of H* are
consumed (i.e., two moles of alkalinity generated). This fate is unlikely, since
the sulfated polysaccharides formed by algae (e.g., 55.56) as well as smaller
sulfate esters likely have pKa values < 2 ( ) and act as exchange sites in
algal cell walls. Thus, a more likely situation is that the ester sulfate groups are
dissociated, and charge balance would be achieved by cation exchange.
Equations 3 and 4 show the two-reaction sequence using Ca2+ as the base
cation:

[2ROH | + 4H* + 250> > | 2[ROSO5]-2H | + 2H;0 ©)
(RGO + 00 o [HOHTGL 200 @
Net reaction:

where the boxes represent algal cells.
Although the net reaction (Equation 5) consumes only one mole of
alkalinity/mole sulfate utilized, it is important to recognize that two distinct
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reactions are involved: 1) the formation of the ester sulfate group, which
consumes two moles alkalinity/mole sulfate %Equation 3), and 2) the
subsequent dissociation/ion exchange reaction (Equation 4), in which two
moles of H* are generated by the exchange reaction with one mole of Ca2+.
Thus, while the net reaction shows one mole of H+ lost/mole SO42- lost, the
reaction must be written with a concomittent loss of cations from solution in
order to maintain electroneutrality (Equation 5).

imitati ]f; jon i

Sulfate retention in softwater lakes atpg)ears to increase in proportion to sulfate
loadings (10). This raises the issue of factors that limit the magnitude of sulfate
retention. At least three potential conditions might limit sulfate reduction
rates: 1) supé)ly of Fe2* to sequester reduced S, 2) supply of carbon to support
microbial reduction, and 3) inhibition of sulfate reduction by acidification.

In seepage lakes, external iron supply may not be sufficient to sequester all
of the S that accumulates in sediments. For example, at Little Rock Lake, most
of the iron probably enters by atmospheric deposition. Based on measurements
of ambient air aerosol concentrations and wet deposition of iron for a number
of Midwestern sites (59-61), we estimate that iron input to Little Rock Lake is
on the order of 2-6 mmole/m2-yr. Our estimate of lake-wide Fe accumulation
in sediments (12 mmole/m2-yr) is somewhat higher, and the current Fe:S ratio
in sediments is about 1:1 (molar). These data show that the current iron supply
is potentially sufficient to sequester all of the S retained in sediments as pyrite
or other iron sulfide minerals with higher FeS ratios, but in reality, only an
unknown fraction of the total sedimentary iron is available for sequestering
reduced S, as illustrated by the effect of soluble Fe2+ addition on endproduct
formation (above). Factors that determine whether H,S is sequestered by Fe2+
or by organic compounds are not understood. Nevertheless, at much higher
sulfate input rates characteristic of the northeast United States, gross iron
supply may place an absolute limit on formation of Fe-S endproducts. This
conclusion is opposite the conclusion of Rudd et al. (14), who reported that
extractable iron concentrations far exceeded total S in cores. The probable
reason for this discrepancy is that Rudd et al. were looking at drainage lakes,
which presumably receive iron-rich soil material from their watersheds. B
contrast, Little Rock Lake and other seepage lakes receive very little soil
material (hence little iron input) from the surrounding basin.

A second potential limitation is carbon supply for microbial reduction.
Carbon budget calculations for Little Rock Lake show that sulfate reduction
uses a small fraction of available carbon. Carbon re(c:ycling, estimated as the
difference between sediment trap C and sediment C accumulation, is 3310
mmole/m2-yr at SB-5. Our estimate of diffusive flux (i.e., net sulfate flux) at
this site (5.4 mmole/m2-yr). If the recycling rate is 80% (similar to the observed
recycling of seston-S), lake-wide gross sulfate reduction would be < 30
mmole/m2-yr. Assuming a 1:1 stoichiometry between sulfate reduction and
carbon utilization, we conclude that sulfate reduction uses < 1% of total
re?cled carbon. Thus, on the basis of gross carbon availability, there appears
to be plenty of carbon to support sulfate reduction. A more difficult question,
and one we have not f'et answered, is whether sufficient carbon is supé) iedina
form available for sulfate reduction. Kelly and Rudd (33) concluded that the
occurrence of methane production below the zone of sulfate reduction indicates
adequate carbon supply for sulfate reduction. Their conclusion is based on the
assumptions that methane production would occur only after all carbon
requirements for sulfate reduction are met and that similar substrates are used
by methanogens and sulfate reducers.
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Finally, there is a potential for inhibition of sulfate reduction by sediment
acidification in highly impacted sites. In the first two years of experimental
acidification of Little Rock Lake there is no evidence of decreased <FH in
porewater 1 ¢cm below the interface. It is not clear, however, whether sediment
acidification will occur with further increases in acid loadings to the lake. Rudd
et al. (6) showed that porewaters from lakes Hovattn and Little Hovattn were
acidic at fall turnover and postulated that this may occur by oxidation of
reduced sulfur compounds. Although sediments from 223 showed no evidence
of acidification after 10 years of experimental lake acidification, the pH of
porewater from Lake 114 declined by > 0.5 units after just three years of
experimental acidification ().

In addition to limitations on sulfate reduction, seston deposition of S is
limited by algal-S content and primary productivity. The relationship between
primary productivity and lake acidification is unclear (62), but limited evidence
sugglests that primary productivity is not particularly sensitive to moderate lake
acidification. Further, there is little evidence to indicate that the S content of
seston changes much with acidification (Table III). Hence, within a given lake,
the loss of sulfate from the water column from seston deposition probably
changes little during the acidification process.

inally, changes in recycling rates would alter net sulfate retention.
Specifically, if acidification resulted in decreased decomposition, one would
expect recycling of sulfate to the water column to decrease, and net sulfate
retention to increase, during the acidification process. However, the evidence
for reduced decomposition is mixed (62), and there are no specific data to
evaluate the hypothesis that acidification alters recycling of sulfur.

Congclusions

In-lake processes remove approximately half of the sulfate inputs from the
water column of Little Rock Lake. Two processes, seston de%osition and
dissimilatory reduction, are responsible for sulfate retention. For the pre-
acidified lake, seston deposition probably is the dominant sink, accounting for
70% of net retention. Preliminary data and theoretical considerations suggest
that the diffusive flux of sulfate to sediments will increase during experimental
acidification, and we believe that dissimilatory reduction is the dominant sulfate
sink in lakes with elevated sulfate concentrations.

Although both processes result in an equivalent ratio of alkalinity
production: net sulfate loss, the factors regulating gross removal from the water
column and subsequent diagenesis and recycling are very different for the two
processes. Studies in our [ab and elsewhere show that sediment diagenetic
processes are far more complex than envisioned by earlier investigators; in
particular, we now recognize that organic compounds are important in the
sequestering of H,S produced by dissimilatory reduction, but the exact
mechanisms remain largely unknown. These mechanisms must be unraveled in
order to completely understand factors regulating dissimilatory reduction and
recycling of sulfur.
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Chapter 8

Reactivity of Sulfur Nucleophiles
Toward Halogenated Organic Compounds
in Natural Waters

Jack E. Barbash and Martin Reinhard

Environmental Engineering and Science, Department of Civil Engineering,
Stanford University, Stanford, CA 94305

Data from the literature have been assembled to examine the
extent to which different sulfur nucleophiles may be responsible
for the abiotic dehalogenation of haloaliphatic compounds in
natural waters (either pristine or contaminated) or in
biodegradation experiments which employ sulfide salts to
scavenge molecular oxygen. Information on the abundance of
sulfur nucleophiles in hypoxic (i.e., oxygen-deficient) natural
waters have been combined with experimental data on both the
Sn2 and E2 reactivity of various haloaliphatic substrates toward
sulfur nucleophiles and H,O. From the compiled data, it appears
that these reactions are most likely to be significant for the
degradation of primary bromoaliphatic compounds, particularly at
elevated pH or in the presence of organic cosolvents. Reactions
involving chloroaliphatic substrates, though slower, may yield
products which are of concern to public health.

The detection of significant levels of halogenated aliphatic contaminants in
groundwater resources in the United States (1.2) has spurred a considerable
effort to understand the rates and pathways for the various chemical
mechanisms by which these compounds may be transformed in natural waters.
The dehalogenation mechanisms which are generally believed to be of greatest
environmental significance for haloaliphatic compounds in surface and
groundwaters include nucleophilic substitution (termed hydrolysis when the
nucleophile is HyO or OH-), dehydrohalogenation, reductive dehalogenation,
and photolysis. Among these, hydrolysis has received the most extensive
attention (3). Recent work by a number of investigators, however, has
demonstrated that the displacement of halide from bromoaliphatic compounds
(4-7), as well as from chloroaliphatic compounds (3) by sulfur nucleophiles may
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102 BIOGENIC SULFUR IN THE ENVIRONMENT

take place at rates which exceed those of hydrolysis under conditions which are
common in reducing environments.

In this discussion, we will examine the potential importance of different
sulfur nucleophiles as agents for the dehalogenation of haloaliphatic
compounds in natural waters. This assessment will be made by combining
experimental data on the reactivity of sulfur nucleophiles toward halogenated
organic compounds with information from field studies on the occurrence and
abundance of sulfur nucleophiles in natural waters. For the purposes of our
discussion, a "sulfur nucleophile" is not only a nucleophile which contains sulfur,
but one in which the atom that donates electrons to form a bond with the
electrophile is a sulfur atom (8). The natural occurrence or nucleophilic
reactivity of sulfate will therefore not be examined. The term "halogenated
aliphatic substrate" will be used to denote any organic compound in which a
halogen atom is bound to an aliphatic carbon, regardless of whether the
molecule also contains an aromatic moiety (e.g., benzyl chloride or DDT).
Finally, by "natural waters," we will be referring to all ground-, interstitial, and
surface water environments, regardless of whether an anthropogenic component
is evident ("contaminated") or absent ("pristine").

RRENCE AND AB A L 1 IN
NA L WATE

Environmental Setting

The most common sulfur nucleophiles encountered in natural waters are the
following species: H,S, HS-, SZ,, thiolate anions (RS-), polysulfides (S,2-, where
n>1) $,03%, $4042, and SO32". Unlike sulfate, all of these nucleophiles are
thermodynamically unstable in the presence of O,. Hence, they are most
commonly found in hypoxic environments (i.e., natural waters containing very
low or undetectable levels of dissolved O,), usually in the presence of high
concentrations of reduced organic matter. Environments of this type include
marine, estuarine, and marsh porewaters, groundwaters containing high
concentrations of leachate derived from domestic refuse (e.g., beneath
landfills), and hydrogeologic zones located far down-gradient from their
recharge areas.

The speciation of sulfur among its various forms in a particular
environment arises from a balance among several simultaneous chemical and
biochemical processes, including oxidation and reduction (usually with
microbiological mediation), hydrolysis, dissolution, and precipitation. The
bacterial reduction of sulfate yields hydrogen sulfide (9), and hence HS- and SZ,
as well (hereafter referred to collectively as H,S[aq]). Species which are
partially reduced (i.e., forms in which sulfur exhibits an oxidation state between
those of SO42- [+ VI] and H,S(aq) [-11]), such as S,2-, S;032, $4062, and SOz
may be produced by the oxidation of H,S(aq) and sulfide minerals, the
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reductive dissolution of goethite by HS-, the hydrolysis of polysulfides, and
microbial processes (9-12). Thiols may be produced biologically as a result of
sulfate reduction, biodegradation of organic matter or lithotrophic oxidation
(i.e., the biological oxidation of inorganic compounds to obtain energy (13)); or
abiotically through the reactions of dissolved organic matter with H,S(aq) or
elemental sulfur (11,14).

The concurrent operation of several of these processes in a particular
environment may give rise to a complex assemblage of sulfur nucleophiles. For
example, Bouleague et al. (11) detected HS(aq), Sg, S;032, SO3Z, SpZ-, SO4%,
thiols, and organic polysulfides in the porewaters of a salt marsh along the
Delaware estuary. They attributed the observed sulfur speciation to a steady-
state interaction between the various reduced sulfur species diffusing upward
from the hypoxic sediments (chiefly H,S[aq], thiols, and organic polysulfides)
and O, diffusing downward from the sediment-water interface.

Abundance of Sulfur Nucleophiles in 1

Tables L, II, and Il summarize data from several studies on the distribution and
abundance of reduced sulfur species in natural waters. The tables give only the
maximum concentration (in M) for each species observed. The data provided
in the literature on this subject do not appear to be very extensive (12,15).
Table I summarizes data obtained from studies which examined the
concentrations of a broad range of chemical parameters, including "total
sulfide," which may have included S,;2- as well. For the studies listed in Table II,
however, the analytical techniques employed were specifically designed to
differentiate among the various sulfur species encountered. Nevertheless, some
difficulties still remain with regard to the specific structures of the species
whose concentrations are given in Table IL

One such difficulty is that, while it appears that =[S,2] levels may be as high
as 400 sM in some hypoxic environments, the precise number (n) of sulfur
atoms in these polysulfide species, or even the range of n, is uncertain.
Bouleague (16) discusses some of the thermodynamic equilibrium calculations
which may be used to estimate the distribution of Z[S,2-] among the various
polysulfide species. Another difficulty with these data is that the structures of
the thiols (RSH) detected are not well known. Mopper and Taylor (14)
identified 13 different thiols in slurries of intertidal sediments from Biscayne
Bay (FL), and found at least 20 more thiols whose structures could not be
determined. Their observations (Table III) indicate that thiols encountered in
natural waters will probably exhibit a broad variety of structures in any one
location, but that a relatively small number of compounds may dominate the
mixture.
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Table I. Occurrence of H,S(aq)? in Groundwaters

Environment pH H,S(a@Q)max®  Reference
(sM)
Pristine
groundwater up-gradient 5.0 0.2 (33
from a waste disposal
site
limestone aquifer 8.4 6 (33)
sandy aquifer 78 2 (33
sandy aquifer beneath 78 34 (34)
a swamp
Contaminated
groundwater beneath a 78 468 (35
municipal landfill
groundwater beneath a 74 593 33
waste disposal site
groundwater beneath a 6.2 36 (34)
municipal landfill
groundwater beneath an 1.7 53 (20)
industrial /municipal
landfill
groundwater beneath a 8 20 @
chemical plant

aSum of [H,S], [HS"] and [S?] concentrations. Tabulated data represent the
maximum concentrations observed during each study.
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Table II. Occurrence of Reduced Sulfur Species in Groundwaters and
Porewaters. Maximum Observed Concentrations (sM) Given

Environment pH  HyS(ag)2 RSH $,03> SO =[S,27]b Ref.
(m)
Groundwaters (discharge areas)
limestone 7.4 775 250 355 (16)
aquifer (3-6)
black marl 6.9 2021¢ d (56)
Porewaters
salt marsh 2700 6D
salt marsh 6.27¢ 700¢ 32 d 12)
(Great Sippe-  6.90¢  3630f <10 624 15
wissett, MA)
salt marsh 6.83 3360f 2411 104 (15)
(Great 7.17 5060 1658 530 177 400b 1)
Marsh, DE)
subtidal 7.766  2500¢ 26 d (12)
porewater
(Orleans, MA)
intertidal 7.4i 4240k 100m 7 (14)
sediment

(slurryi; Biscayne Bay, FL)

aSum of [H,S), [HS] and [SZ"].

bSum of all polysulfide sulfur species concentrations; n = number of sulfur atoms
per polysulfide molecule.

<Sum of [H,S(aq)] and =[S 2].

dIncluded in [H,S(aq)]. See note c.

eSulfur species concentrations obtained at different sites. pH value given was
that measured at the location where [H,S(aq)] value was measured.

f[HS-] in pH 10 buffer.

g=([RSH]+[RS,H]).

bComputed from the published data, using the equation:

 [S2]~ 38T - [HyS(aq)).

iSlurries prepared using two parts sediment to one part deaerated seawater
(v/v). Thus, sulfur species concentrations are probably underestimates of
aqueous levels. '

iMeasured in porewater directly (?).

k[HS"] in slurry.

mSee Table III for specific thiols identified in slurries.
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Table III. Thiols Identified in Slurries of Marine Sediments (from 14)

Major Thiols (0.5 - 20 xM)2

3-mercaptopropionate (dominant)
methanethiol (dominant)

ethanethiol

3-mercapto-1,2-propanediol (monothioglycerol)
2-mercaptoethanol

2-mercaptopyruvate

Minor Thiols (<0.5 uM)a

mercaptoacetate (thioglycollate)
glutathione

2-mercaptoethanesulfonate (Coenzyme M)
l-propanethiol

2-propanethiol

N-acetylcysteine

2-mercaptopropionate

Unknowns

At least 20 unknown thiols, including 4 or 5 which are major.

aSlurries prepared using two parts sediment to one part deaerated seawater
(v/v). Thus, sulfur species concentrations are probably underestimates of
concentrations in original porewaters.
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REA F ILES IN MODEL SYSTEM
Prediction of Nucleophilic Reactivity

f lation ion

Limited success has been achieved in predicting absolute rates of reaction
between electrophiles and nucleophiles through the correlation of nucleophilic
reactivity with the pK, (17) and the electrode potential of the nucleophile
(18,19), or solvent activity coefficients (20). A summary and critical analysis of
the correlation equations which have been devised for this purpose has been
provided by Duboc (21).

Two different correlation equations were used to estimate some of the
kinetic data summarized here. One was the two-parameter expression
introduced by Swain and Scott (22):

log(ks/kn20)sn = sen (1)
where
kg = second-order rate constant for the nucleophilic substitution

reaction between a particular substrate (RX) and the
nucleophile of interest (in the present case, a sulfur
nucleophile);

kgoo = second-order rate constant for the nucleophilic substitution
reaction between RX and H,O; and
s,n = empirical constants characteristic of the substrate and the

nucleophile, respectively.

The second equation used for the data compiled here was proposed by Edwards

(18):

log(ks/kp20)sN = oEp + gH 2
where
E, = electron donor constant for the nucleophile;
H = basicity of the nucleophile of interest toward a proton (relative
to H,0); and

a,p = substrate constants.

In those instances in which an equation was used, the equation is given in a
footnote in the appropriate table.
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Th n i AB

The various equations proposed for the prediction of nucleophilic reactivity
have been found to hold only among similar nucleophiles or similar substrates.
Their generality is limited by the fact that even the relative order of reactivity
among nucleophiles toward a substrate may be dependent upon substrate
structure (23), solvent composition (20), solvent dielectric constant (24), pH,
and leaving group (25). Most of these apparent inconsistencies, however, may
be explained through an approach which has its origins in the work of Pearson
(26), who proposed the "hard and soft acids and bases" (HSAB) model. This
model has been criticized for being insufficiently quantitative (27.28). However,
Klopman (24) has shown that the predictions made by the HSAB model with
respect to relative reactivities among different nucleophiles and different
substrates are consistent with the results from frontier orbital energy
calculations.

Model Definition. The HSAB model classifies Lewis acids (electrophiles)
and bases (nucleophiles) as either "hard" or "soft." Hard acids and bases are
relatively small, and exhibit low polarizability and a comparatively low tendency
to form covalent bonds. Soft acids and bases have the opposite characteristics
(24). Stated simply, the model postulates that hard acids react most readily with
hard bases, and soft acids react most readily with soft bases (26).

Using the HSAB terminology, the bimolecular elimination of hydrogen
halide from a halogenated alkane with two or more carbon atoms is the result
of an attack on a hard electrophilic center (a proton vicinal to the leaving
halide). Conversely, using the same substrate, the nucleophilic displacement of
halide arises from the attack on a soft electrophilic center (saturated carbon).
The HSAB model therefore predicts that in the reaction between a halogenated
aliphatic moiety and a hard base, dehydrohalogenation would be the dominant
pathway, while for the reaction with a soft base, nucleophilic displacement
would dominate, assuming that steric hindrance to attack at carbon is not

significant.

Theoretical Basis. Klopman (24) placed Pearson’s HSAB model into a
more fundamental and quantitative perspective by introducing the concept of
"charge- vs. frontier-controlled reactions." Klopman demonstrated that changes
in the order of relative reactivities among nucleophiles toward different
electrophilic centers (peroxide oxygen, saturated carbon, and carbonyl carbon)
could be accurately predicted from differences between the energies of the
frontier orbitals of the nucleophile ("donor”) and the electrophile ("acceptor”).
In the terminology used by Fleming (29), these orbitals correspond to the
"highest occupied molecular orbital" (HOMO) of the nucleophile and the
"lowest unoccupied molecular orbital" (LUMO) of the electrophile. These
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energies are, in turn, calculated from fundamental properties of the interacting
species, such as ionization potentials (IP), electron affinities (EA), electrostatic
charges, desolvation energies, and solvent dielectric constants (24).

Parr and Pearson (30) defined a parameter », which they called "absolute
hardness" (n = %[IP-EA]), and calculated » for a variety of neutral and ionic
Lewis acids and bases possessing from one to four atoms. These authors
showed that the qualitative predictions of the HSAB model regarding the
relative reactivities of these species toward one another may be obtained using
the results from simple calculations of stabilization energies using » and
electronegativity values.

At present, these theoretical calculations are either too demanding with
regard to their data requirements (24) or too simplistic (30) to be used to
predict absolute rates of reaction between sulfur nucleophiles and haloaliphatic
substrates in natural waters. However, they provide a solid theoretical
justification for using Pearson’s HSAB model to explain trends in reactivity
among different nucleophiles toward haloaliphatic substrates.

Reactivity of Sul hil

The predictive value of the HSAB model may be demonstrated using the
example of the relative reactivities of HS- and its oxygen analogue (OH")
toward a haloaliphatic compound. Sulfur lies directly below oxygen in the
periodic table, indicating that HS- is more polarizable and has a HOMO which
is higher in energy than its oxygen counterpart. HS- is thus a "softer”
nucleophile than OH-, and consequently would be expected to show the greater
reactivity with respect to nucleophilic displacement at a saturated carbon.
Conversely, OH- would be expected to show a stronger affinity toward hard
electrophiles and hence a higher rate of dehydrohalogenation of haloaliphatic
compounds than its sulfur analogue. These predictions are consistent with
experimental data on the reactivities of HS- and OH- toward 1,2-dichloroethane
in aqueous solution (§,31).

pH

Among the various sulfur nucleophiles which are encountered in natural
waters, most are Bronsted acids or bases, i.e., they can accept or lose a proton.
The sulfhydryl functional group is a monoprotic Bronsted acid, while H,S and
H,S0; are diprotic Bronsted acids. The rate of displacement of halide from a
given substrate in aqueous solution containing a nucleophilic Bronsted acid
depends upon the relative concentrations among the different protonated forms
of the acid (of which there are two for a monoprotic acid, three for a diprotic
acid), as well as the respective rates of reaction of the different protonated
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forms with the substrate. Equation 3, derived using an approach identical to
that employed to calculate ionization fractions for a diprotic acid (9), depicts
the influence of [H*] on kpy gn, the overall pseudo-first-order rate constant for
the nucleophilic attack of a reactive substrate by the three forms of a diprotic
acid (NuH,) in solution. This approach assumes that all activity coefficients are
unity.

KNuH2
kpisn = [ENu(aq)]

1+ K,/[H*] + K{K,/[H*]2

knuH kNuw2
+ + 3
1+ [H*]/K; + Ky/[H*] 1+ [H*])/K; + [H*]?/KK,

where
[ENu(aq)] = [NuH,] + [NuH-] + [Nu2];
K4, K, = first and second dissociation constants for NuH,, respectively,

and

kNul2 knup- and kyyo- = second-order rate constants for reaction with
NuH,, NuH-, and Nu?-, respectively.

For a monoprotic acid, the third term on the right-hand side is not present, and
the third term in the denominator of the first two vanishes, because K, = 0.

As the tabulated data on the SN2 reactivity of sulfur species demonstrate
(see - Influence of Nucleophile Structure on Reactivity), the second-order rate
constant for a nucleophile which is a Bronsted base will always be several orders
of magnitude (for these data, from 2.7 to 4.6 log units) larger than that for its
conjugate acid. Consequently, as pH increases, a plot of log (kp; sn/[ZNu(aq)])
versus pH exhibits a smooth, sigmoid step increase for each Bronsted acid-base
pair of nucleophiles (two such inflections for a diprotic acid, one for a
monoprotic acid). The inflection point for each of these steps corresponds to
the pK, of the conjugate acid of the pair. Although very little data have been
published on the pH-dependence of substitution reactions involving sulfur
nucleophiles, Haag and Mill () demonstrated that the reaction between n-hexyl
bromide and H,S(aq) exhibits this type of pH-dependence.
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ncentrations of ni -Solven

Many bimolecular reactions are accelerated by decreasing the solvent
polarity, as well as by changing from a protic to a dipolar aprotic solvent.
(According to Parker (20), a protic solvent is defined as one in which hydrogen
is bonded to oxygen or nitrogen, rather than to carbon. Parker defines a dipolar
solvent as one with a dielectric constant greater than 15.) These phenomena
arise largely from the influence of the reaction medium on the relative
stabilities of ionic reactants, intermediates, and transition states. As the
reaction medium becomes more polar, ionic species are stabilized to a greater
extent than neutral ones. Similarly, species possessing a highly concentrated
charge are more extensively stabilized than those with a more dispersed charge
when the solvent polarity is increased. Protic solvents influence the rates of
bimolecular reactions primarily (though not exclusively) through their ability to
form hydrogen bonds. Dipolar aprotic solvents, which form only very weak
hydrogen bonds, are considerably less effective than protic ones at stabilizing
ionic species in solution, but are better able to stabilize neutral species (20,28).

The reactions of principal interest for the present discussion involve the
attack of either an anionic (4) or a neutral species (5) on a neutral substrate.

Y- + RX -—--> [YRXJt ----> products of substitution
or elimination )

Y + RX > [YRXJt ----> products of substitution
or elimination 5)

Accounting for the solvent effects described above (20,28), one would expect
that a decrease in solvent polarity or a change from a protic to a dipolar aprotic
solvent would accelerate Reactions 4, but might have the opposite effect on
Reactions 5.

Data assembled by Parker (20) demonstrate these effects for bimolecular
reactions involving sulfur nucleophiles and haloaliphatic substrates. As an
illustration for the case of Reactions 4, the SN2 displacement of iodide from
CHj3l by SCN- at 25°C is accelerated relative to its rate in water by 0.2 log units
in methanol, by 1.1 log units in 10% aqueous dimethyl sulfoxide (v/v), and by
approximately 2.4 log units in dimethyl formamide (DMF). Furthermore, the
rates of bimolecular elimination and substitution of cyclohexyl bromide in the
presence of thiophenolate at 25°C both increase by 2.7 log units when the
solvent is changed from ethanol to dimethylformamide (20).

With respect to Reactions 5, a change from a protic to a dipolar aprotic
solvent appears to influence molecule-molecule reactions to a relatively minor
degree: The S\2 reaction between dimethyl sulfide and CH3Br at 250C is
accelerated by 0.5 log units when the reaction medium is changed from
methanol to dimethylacetamide (20). Additional examples of the effects of
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solvent change on the reactivity of sulfur nucleophiles are provided by the data
assembled in Tables IV through VII, as described below in the section entitled
Solvent Composition.

Nucleophilic Catalysis. The presence of other ions in solution can influence
the rates of substitution and elimination reactions in two principal ways. First,
various anions may increase the rates of substitution reactions in proportion to
their respective nucleophilicities (22,32), an effect referred to here as
"nucleophilic catalysis.” This phenomenon has been documented in a number of
laboratory studies of nucleophilic substitution and dehydrohalogenation
reactions which employed a phosphate buffer to maintain constant pH in
solution (3,33). Using the hydrolysis of a halo-organic compound by HPO42- as
an example, this mechanism may be portrayed as follows (3,34):

RX + HPOgZ --> ROPO;H" + X-
ROPO;H- + H,0 -—> ROH + H,PO;

Although this mechanism appears to be plausible, neither Mabey and Mill (3)
nor Jungclaus and Cohen (34) provide any experimental evidence for it.
Nevertheless, Perdue and Wolfe (35) have devised a mathematical model for
estimating the maximum extent to which several different nucleophilic anions
(i.e., those used in common buffer salts) might be expected to enhance the rates
of pollutant hydrolysis in aqueous solution.

Salt Effects. Dissolved salts may also affect the rates of nucleophilic
substitution and elimination in aqueous solution through their influence on the
relative stabilities of the reactants, transition states, and other reactive
intermediates. The nonspecific effects of increasing ionic strength are therefore
analogous to those arising from increasing solvent polarity (28), and are
sometimes referred to as "salt effects."

Influence on Rates of Bimolecular Substitution. Increases in ionic
strength have been shown to retard a variety of substitution reactions involving
sulfur nucleophiles and haloaliphatic substrates (36-38). In one of these studies,
Crowell and Hammett (37) found that the apparent second-order rate constant
for the displacement of bromide ion from isopropyl bromide by thiosulfate
diminished with increasing ionic strength. This effect was even more
pronounced when n-propyl bromide was used as the substrate (37). Parker (20)
has noted that a change from a dipolar aprotic solvent to a protic one is likely to
have a greater retarding effect on substitution reactions involving primary
substrates than on those involving displacement at a secondary carbon. The
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effect described by Parker arises from the greater stabilization in the transition
state of the positive charge at a secondary a-carbon (the carbon atom from
which the leaving group departs) than at a primary a-carbon. Rates of
substitution at a primary carbon should therefore also be more susceptible to
retardation by increases in ionic strength than those at a secondary carbon. The
observations by Crowell and Hammett (37) support this conclusion.

Influence on Rates of Bimolecular Elimination. One of the few studies
to examine the influence of ionic strength on the rates of bimolecular
elimination involving sulfur nucleophiles and haloaliphatic substrates yielded
results which are not easily interpreted in terms of the simple stabilization
effects discussed above. Bunnett and Eck (39) found that the reaction of 2-
chloro-2,3,3-trimethylbutane in methanol, which yielded both a solvolysis and an
elimination product (2,3,3-trimethy1-2-butyl methyl ether and 2,3,3-trimethyl-1-
butene, respectively), was accelerated by NaClOg to a greater extent than by
NaSC,Hs. Furthermore, the proportion of alkene among the products from the
reaction with ethanethiolate was seen to diminish as the concentration of ClO4
was raised. According to Bunnett and Eck, these results suggest that the
reaction of 2-chloro-2,3,3-trimethylbutane with ethanethiolate in the presence
of ClO4 in methanol possesses a substantial E2 component, in addition to the
El and Sy1 pathways (39).

nd Limitation Tabul

Tables IV through IX summarize the data that are currently available on
the rates of bimolecular substitution and dehydrohalogenation reactions
between sulfur nucleophiles and halogenated aliphatic substrates in aqueous
solution (i.e., either measured in water or extrapolated to water from a non-
aqueous or partially aqueous solvent). The sulfur nucleophiles considered in
these tables are HS-, S2-, S42-, S5 (Table IV), S;032- (Tables V and VIII),
$O42-, HSO;3" (Table VI), thiolate anions (Tables VII, VIII, and IX), thiols,
thioethers, and thioacids (Table VII).

In Tables IV through VII, for each substrate considered, the logarithm of
the second-order rate constant for the substitution reaction with the sulfur
nucleophile of interest (log[kg sn]) is tabulated along with the corresponding
value for the reaction with H,0 (log[kg2o sn]) and the logarithm of the ratio
between the two rate constants (log[kg/kuz0lsn)- Tables VIII and IX
summarize kinetic data for reactions in which both nucleophilic substitution and
dehydrohalogenation may occur, and hence include rate constants for both
pathways. Also included in Tables IV through IX are some of the experimental
conditions under which these rate constants were measured, the solvents
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Table IV. Second-order Rate Constants (M-1s-1) for Nucleophilic
Substitution of Halogenated Substrates by HS-, $2-, $42-, and

Ss% (ks sn), Compared to kyap sN-
(T =250C, Unless Otherwise Indicated)

Substrate Solventa log log log  T(°C) Refs.b
(v/v) (ks,sN) (kp20,5N)(ks/KH20)sN
Nucleophile: HS-
Mel MeOH -1.9¢ -8.88d 7e (433)
MeBr f 51  0oh)f (22
BrCH,CH,Br H,0 35 -10 6.5 (&)
BI'CH2CH2BI' H20 -3.4 -10 6.6 (6.52)
BTCH2CH2BI' Hzo -3.78 9.2 5.5 (1.5_8)
CICH,CH,Cl H,0 52 -1 5.8 )
H;CCCly H,0 <-6h -9.5i =4 (6.39)
i-PrBr H,0 -3.7 -72 35 (6.59)
(c-H,COCH)CH,Clj -6.04 4.7 (223)
n-HexBr H,0 3 -85 6 (€Y
n-HexBr H,0 28 8.5 5.7 (6.4)
mustard cation ~ H,O/EtOH(19:1) 4.8k (42)
C¢HsCH,Cl H,0/diox(39:61) 44 500 (22)
Nucleophile: S2-
MeBr -0.3¢ -8.13d 7.8m (183)
(c-H,COCH)CH,Cl j -6.04 8.1m (18.3)
mustard cation 8.6m 18)
CsHsCH,Cl 24¢ -6.64d 9.0m (183)
Nucleophile: S;2-
n-HexBr HO 0971 -85 7.5 (64)
Nucleophile: S52-
n-HexBr H,0 0955 -85 15 (64)

3Solvents shown were those used for the determination of kg gn; kn20,sN
determined in H,O, unless otherwise specified. Numbers in parentheses are
the volumetric proportions for solvent mixtures. Abbreviations are as follows:
MeOH = methanol; ace = acetone; diox s dioxane; EtOH s ethanol;
DMF = dimethylformamide; DMSO = dimethyl sulfoxide. Solvent not specified
when value of log(ks/kg20)sn Was estimated solely from a correlation
equation (e.g., those provided in (18) and (22)).
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Table IV footnotes—Continued

bReferences separated by a comma denote the two references from which the
ks sn (or log[ks/kyaolsn) and the koo gn data were obtained, respectively.
Both rate constants obtained from the same reference if only one citation
given.

“Log(ks sN) value calculated from the log(kg20,sN) and log(ks/ki20)sn data.

dLog(kmo sN) obtained from Mabey and Mill (3), and included for purposes of
comparison, but not used in calculation of log(ks/ky20)sN-

¢Estimated by Pearson et al. (43) from data of Swain and Scott (22). Adjusted
to H,O as solvent using the following formula (19):

log(ks/kp120)H20 = log(ks/kp20)MeOH - 14

fLog(kg/kp20) calculated by Swain and Scott (22), using data for attack of
mustard cation by HS- (42) in 95% aqueous ethanol at 25°C, in conjunction
with their own correlations for reactions involving MeBr. Value of ky2o
measured by Swain and Scott at 0°C in 99% aqueous acetone.

gValue of kg gy displayed was that obtained using a sulfide concentration
(0.7mM) closest to those used in the other two studies (5.6) of the reaction
between HS- and 1,2-dibromoethane.

bComputed by Haag and Mill (6) using data from Klecka and Gonsior (60).

iAssumes 80% conversion to substitution product (CH3COOH) during reaction
with H,O (59).

i1-chloro-2,3-epoxypropane

kValue obtained by multiplying the competition factor, F, of Ogston et al.
(42; Fakg sn/ku20,sN[H20]) by 55.508 M ([H20(aq)]) and taking the log of
the result.

mCalculated using the Edwards equation (18):

lOg(ks/ kHZO)SN = aEn + gH

where E,, = donor constant for nucleophile; H = relative basicity of nucleophile
(here, the sulfur nucleophile) toward a proton; and o and g are substrate
constants.
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Table V. Second-order Rate Constants (M-1s1) for Nucleophilic
Substitution of Halogenated Substrates by S;03% (ks sN)s
Compared to ko sy (T=25°C, Unless Otherwise Indicated)

Substrate Solvent(s)a log log log T(°C)® Refs.
(\7A)) (kssn) (ke2osN)  (ks/
kH20)SN
Mel H,0 .15  -88 74 (413)
Mel H,0 281 -1126 8454 (o (32
Mel MeOH -0.943 7.6¢ 43)
MeBr H,0 142 813 671 (613)
MeBr H,0 15 813 66 (413)
MeBr H,O/ace (99:1)f 6.36 500,00 (22)
MeBr H,O/EtOH (1:1) -1.058 813 7.09 (62.3)
MeCl H,0 -3.1 936 62 (413)
MeClO4 H,O -0.8082 -6.041b 523d (o (32)
Etl H,O -2.78 -853 575 (413)
EtBr H,O/EtOH (1:1) -3.02 833 531 (313)
EtBr H,0 299 833 534 (413)
BrCH,CH,Br H,0 402 -100 598 (6.59)
BrCH,CH,Br H,0 36 102 66 (63)
CICH,CH,Cl H,0 52§ 113 61 (63)
H,CCCly H,0 <7 % <2 (6.59)
n-PrBr H,O/EtOH (1:1) 332 -826 4.94 (313)
i-PrBr H,O -4.17 -7.16 299 (6.39)
i-PrBr H,O/EtOH 453 -71.16 263 (3L3)
(c¢-H,COCH)CH,CIm 78 59 (223)
i-BuBr H,O/EtOH (1:1) 469  -9.05p 436 (62.3)
n-PéntBr H,O/EtOH (1:1)9 -332 855 52 (38.4)
n-PentBr H,O/EtOH (39:61)¢ -334r 855 52 (38.4)
n-HexBr H,0 303 85 55 (64)
mustard cation H,O/EtOH (19:1) 6.2t 42)
CeHsCH,Cl  H,0/diox (39:61) 55 S0 ()

aSee Table IV, note a.

bTemperatures separated by a semicolon denote the two temperatures at which
the kg gn and the kyzo sn data were obtained, respectively. Both rate
constants obtained at the same temperature if only one value given.

¢See Table IV, note b.
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Table V footnotes—Continued

dLog(ks/ky20)sN calculated from original data at 0°C, rather than from
correlation equation given in reference (32).

eAdjusted to HyO as solvent using the following formula (19):

log (ks/kp120)H20 = log (ks/p20)MeOH - 1.4

f999% aqueous acetone used for reactions of MeBr with both $,042 and H,0.

gkg N obtained by extrapolation of data obtained by Dunbar and Hammett (62)
at 20°C to 25°C, using E, = 15.5 kcal/mole (62).

hSubstitution reactions involving methyl perchlorate in water may have a
substantial Sy1 component (32).

iRate constant extrapolated to 25°C from 37°C. In the absence of any
Arrhenius data for the reaction between S,032- and BrCH,CH,Br, an
activation energy of 20 kcal/mole, obtained for the reaction between S,03%
and isobutyl bromide over the temperature range of 12.5°-37.5°C (62), was
used for this calculation.

iRate constant extrapolated to 25°C from 37°C. In the absence of any
Arrhenius data for the reaction between S,032- and CICH,CH,Cl, an
activation energy of 20.6 kcal/mole, obtained for the reaction between S;03*
and CH;Cl over the temperature range of 15°-350C (41), was used for this
calculation.

kAssumes 800 conversion to substitution product (CH;COOH) during reaction
with H,O (39).

m]-chloro-2,3-epoxypropane.

2Log(ky20,sN) (3) included for purposes of comparison only; not included in
calculation of log(ks/kg20)sN-

PObtained by extrapolation from 80°C, using Arrhenius data from Mabey and
Mill (3).

qSolvent proportions given on a mass basis (w/w) in original reference (38).
Converted to volumetric basis (v/v) using 0.789 g/cm3 for the density of
ethanol (¢4).

rRate constants estimated from graphs in (38).

sRate constant for n-hexyl bromide (4) used as a surrogate. Rationale for this
approach comes from the observation that kg, sn for MeBr, EtBr, n-PrBr
and n-HexBr all agree within a factor of two at 25°C.

tSee Table IV, note k.
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Table VI. Second-order Rate Constants (M-1s-1) for Nucleophilic
Substitution of Halogenated Substrates by SO32-and HSO5" (kg sn)s
Compared to kypo, sy (T=25°C, Unless Otherwise Indicated)

Substrate Solvent(s)® log log log T(°C)bRefs.c
v/v)  (kssn) (kmosn) (ks/
kr20)sN
Nucleophile: SO32-
Mel MeOH  -1.6de -8.88¢ 7.1f (433)
MeBr -3.08 -8.13¢ 5.1k (223)
MeClO4 H,O -1.304 -6.041 474 (o (32)
BrCH,CH,Br H,0 36 -100 64 (6.59)
(c¢-H,COCH)CH,Cl 4.7 22)
n-HexBr H,0 2.7 -85 5.8 (64)
mustard cation 48 22)
CsHsCH,Cl 44 (22)
Nucleophile: HSO3"
MeCIO, H,0 4.1 6041 <19 00 (32)
aSee Table IV, note a.
bSee Table V, note b.

¢See Table IV, note b.
dCorrected for transfer from methanol to H,O using
log(kHZO/ koOH)SN =-02
derived from the reaction between Mel and SCN- (20).
¢Not used for the calculation of log (kg/kp20)sn- Included for purposes of
comparison only.
fAdjusted to HyO as solvent using the following formula (19):
log(ks/kez20)H20 = log(ks/kyizo)MEOH - 14
gCalculated from log(kppo sn) and log(ks/ky20)sn data.
hMethods used by Swain and Scott (22) to calculate log(ks/ki20)sn for SO
were identical to those described in Table IV (note f) for HS-.
iSee Table V, notes d and h.
il-chioro-2,3-epoxypropane
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Table VIL Second-order Rate Constants (M-1s1) for Nucleophilic Substitution of
Halogenated Substrates by Thiols, Thiolate Anions, Thioacids and Thioethers (ks sN):
Compared to kyao,sn (T=25°C, Unless Otherwise Indicated)
Nucleophile Substrate Solvent2 log log log Refs.b
(v/v)  (kssN) (kpzo,sN)(ks/ku20)sN
Thiols
HSCH,CH,SH mustard H,0/EtOH 4,7¢ 42)
cation (19:1)
HOCH,CH- mustard H,0/EtOH 4.6¢ 42)
(SH)CH,SH cation (19:1)
HOOCCH- mustard H,0/EtOH 4.8¢ 42)
(NH,)CH,SH  cation (19:1)
(cysteine)
C¢HsSH Mel MeOH 4.2 -8.88d 43¢ (43.3)
Thiolates
n-Pr$- Mel MeOH 8.6¢ 19)
i-PrS- DMIHf DMF -5.92h -8.541 26  (40.65.66)
H;COOCCH,S* n-BuCl DMSO  -L7 84k 67 (17.6566)
n-Bu$S- n-BuBr EtOH -1.7m 827a 6.6 (363)
n-BuS- n-BuBr MeOH 26bm  82m 57 (363)
n-Bu$: n-BuCl DMSO 069 -84k 77 (1165.66)
t-BuS- n-BuCl DMSO -0.81i -84k 76 (171.65.66)
n-Hex$- n-HexBr H,0 -1 -8 7 €3]
CgHsS- Mel MeOH 0.0294 8834  85¢ 433)
CeH;sS- EtBr MeOH -2.4hp 833 59 (62.3)
CgHsS- BrCH,CH,Br MeOH -32bkp 92 6.0 (62.58)
CeHiS o-PrBr MeOH  -26%p 827 57 (61.3)
CeHsS- i-PrBr MeOH  4.0h 717 32 (203)
CeHsS n-BuBr MeOH  -26hp 8278 57 (61.3)
CeHsS- n-BuBr MeOH 2.5hm 8270 58 (363)
CgHsS- n-BuBr EtOH -19m 827 64 (363)
Thioacids
H;CCSS- mustard H,0O/EtOH(19:1) 5.5¢ 42)
cation
BuCSS- mustard H,0/EtOH(19:1) 54¢ (42)
cation
Thioethers
(CH;),S Mel MeOH 4.3 4.1¢ 43)
(CH3,S MeBr MeOH 4.8h -8.13 33 (203)
(CH;CH,),S Mel MeOH 45 3.9¢ 43)
(CsHsCH,),S Mel MeOH -5 34¢ 43)
c-(CHy)4S4 Mel MeOH 42 43¢ 43)
c-(CH,)sS* Mel MeOH 45 400 43)
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Table VII footnotes—Continued

aSee Table IV, note a.

bPairs of references denote the two sources from which the kg g (or log{ks/ki20]sN) and
the kyyo sN data were obtained, respectively. Both rate constants obtained from the same
reference if only one citation given. If three references are given, the second and third
citations are those from which rate constants and Arrhenius data were obtained,
respectively, for the hydrolysis reaction.

¢See Table IV, note k.

dNot used for the calculation of log(ks/kpz0)sn- Included for purposes of comparison only.

eAdjusted to HyO as solvent using the following formula (19):

log(ks/kp120)H20 = log(ks/ke20)MeOH - 1.4

12,2-dimethyl-1-iodo-5-hexene

gMeasurements made at "room temperature.” kg g for the reaction in DMF estimated from
the data given by Ashby et al. (40), using the methods described by Moore and Pearson
(68) for the second-order reaction between equal concentrations of reagents. Data from
Parker (20) then used to obtain a rough estimate of log(ks sn) for this reaction in
methanol. Parker (20) provides values of log(kS/kM), where ki = SN2 rate constant for a
specific reaction in solvent i at 25°C, $ = solvent of interest and M = methanol. For the
present purposes, the most appropriate value provided by Parker (20) for log(kDMF/kM)
was the one determined for the reaction between n-Bul and SCN-. Using this value
yielded:  log(kssN) = log(ks sNPMF) - log(kPMF/kM) = (-3.8) - (1.9) = 5.7
The result (-5.7) was then further corrected to account for the transfer from methanol to
H,0, according to note h.

bCorrected for transfer from methanol to H,O using log(kH20/kMcOH) = 0.2, derived from
the reaction between Mel and SCN- (20).

iSecond-order rate constant for hydrolysis of ethyl iodide by H,O (65.66) used as a surrogate
for kg gn for DMIH. Rationale for this approach comes from an analogy with the
hydrolysis of n-alkyl bromides, since kyzo sy for MeBr, EtBr, n-PrBr and n-HexBr all
agree within a factor of two at 25°C (see Table V).

iData from Parker (20) used to estimate rate constants in H,O in a manner similar to that
described in note g above. Datum used was the value of log(kPMSO/H20 /kH20), where
"DMSO/H,0" denotes 10% aqueous DMSO, and the reference reaction was that between
Mel and SCN-. Thus,

log(ksH20) = log(ksPMSO) - log(kDMSO/H20 /kH20)

(-0.600) - (1.1) = -1.7 (for S = H;COOCCH,S");

(0.412) - (1.1) = -0.69 (for S = n-BuS-); and

(0.290) - (1.1) = -0.81 (for S= t-BuS-).

kSecond-order rate constant for hydrolysis of ethyl chloride (65,66) used as a surrogate for
ke20,sN for n-butyl chloride, for reasons analogous to those described in note i.

mUJnits for rate constants apparently not given by Quayle and Royals (36), but assumed to be
M-1s-1,

nSecond-order rate constant for hydrolysis of n-propyl bromide used as a surrogate for
kipo,sn for n-BuBr, for reasons described in note i.

Plnterpolated to 25°C using Arrhenius data from Hine and Brader (67).

qTetrahydrothiophene.

ITetrahydrothiopyran.

U I

A
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employed and the temperatures at which the reactions were conducted. All rate
constants are expressed in units of M-1s-1,

Although benzenethiolate has not yet been observed in natural waters, this
nucleophile was included in the tables in order to extend the range of substrates
examined. This inclusion was justified on the basis of the similarity in reactivity
between benzenethiolate and n-butanethiolate in their nucleophilic attack on n-
butyl bromide (Table VII), as well as that between benzenethiolate and
ethanethiolate in their dehydrohalogenation of DDT at 25°C (Table VIII).

jons for Solven fer

Nearly all kg0 values in the tables were measured in aqueous solution in
the absence of organic co-solvents. The majority of kg data, however, were
measured in alcohols or mixed-solvent systems. (Non-aqueous solvents are used
in these experiments to increase the solubility of the reactants, to increase
reaction rates through reduced solvation of ionic reactants, or to influence
product distributions). Wherever possible, rate constants measured in organic
solvents or water-solvent mixtures were adjusted to estimate their
corresponding values in water. Each adjustment was made either on log(ks sN)
if this value was used to calculate log(ks/kp20)sN» O on log(ks/kyzo)sn itself,
if the latter was taken directly from the original reference or calculated using a
correlation equation (e.g., Equations 1 or 2). Because experimental data
regarding the effect of solvent changes on the reactivity of sulfur nucleophiles
are scarce, not all of the solvent systems encountered could be corrected in this
manner.

Parker (20) tabulated values of log(ks1/ks2) for a large number of different
reactions, where ksl and ks2 are the rate constants at 25°C for the reaction of
interest in two different solvents (or solvent systems). Three different
log(ks1/ks2) values were used in adjusting the log(kgs sn) data (20):

log(kMeOH /kDMF) =-19

log(kH20 /kMeOH) 0.2

log(kDMSO/HZO /kH20) = +1.1

where DMF, MeOH, and DMSO/H,0 denote dimethylformamide, methanol,
and 10% aqueous dimethyl sulfoxide, respectively. All three solvent transfer
values were derived from the Sp2 reaction between SCN- and methyl iodide.
This was the reaction among those examined by Parker (20) which was most
closely related to the substitution reactions of interest here.

The following example illustrates the manner in which Parker’s (20) data
were used to correct for solvent transfer. The rate constant for the nucleophilic
displacement of iodide from 2,2-dimethyl-l-iodo-5-hexene by 2-propanethiolate
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Table VIII. Competition Between Dehydrohalogenation and Substitution Pathways
for Reactions Between Halogenated Aliphatic Substrates and Sulfur Nucleophiles
(Rate Constants Expressed in Units of M-1s-1)

Nucleophile Substrate Solvent log(kg) logksn) kg T(°C) Refs.a

kg+ksn
$;,0s#  BrCH,CHBr H,0 NDb ¢ 0 2127 (69)
$503> CH3CHBrCH,Br HyO ND - 0 2127 (69)
$,09> CH,CHBrCHBICH; H,0 - - 008 100 (689
$;0s* (CH3),CBrCH;Br H;0 - - 0192 100 (69
$,05% (CHs),CBrCHBICH; H,0 - - 0324 100 (69)
EtS- Me;Buld MeOH - ND 1 69.9 (39
EtS- Me;BuBrd MeOH - ND 1 699 (39
EtS- Me;BuCd  MeOH (29  ND 1 699  (39)
EtS- Me,BuBrf MeOH 4.54 5-6.5 :0.99 69.9 (20)
EtS- Me,BuBr MeOH -4.88 -4.98 0.54 70.0 an
EtS- i-PrBr MeOH 539 -2.07 0.015 69.9 (20)
EtS  CgH{C(CH3),Cl MeOH 28 ND 1 158 @
EtS- DDTh MeOH 469 negligiblet 1 45 @)
Ets- DDT EtOH 4.5 negligblei 1 s (B
EtS- DDT EtOH 527 negligiblei 1 25i (3)

CeHsS- ¢-CgHy;Br EtOH 350 -359 0550 55 (44)
CHsS- -CgHy;Br EOH 252 270 060 75 (1)
CHsS- c-CeHyBr DMF (E1OH) (4.9)k  (-S.1)» (0.60) 25  (74)
CeHsS- c-CgH,C1 EtOH 565  -552 0427 55 (44

CgH;sS- 1,1-c-C¢HjgBr,  EtOH 328 ND 1 55 (44)

CeHsS- 1,1-c-C¢H3oCl,  EtOH -4.96 ND 1 55 (44)

CeHsS- DDT MeOH 6.0 negligible 1 25 )

CeHsS- DDT EtOH -59  negligible 1 28 (13)

aReferences.

bExpected products (alkenes for dehydrohalogenation, thioethers for substitution) not
detected.

<" indicates that a rate constant could not be obtained from the original reference.

42-(1,Br,C1)-2,3,3-trimethylbutane.

¢kg calculated from Bunnett and Eck’s data (39), even though strict second-order kinetics
not observed. kg estimated from their data by subtracting the methanolysis rate (4.8 x
104 5°1) from their observed pseudo-first-order rate constant, dividing the result by
0.368M ([NaSC,Hs]) and multiplying by 0.818 to account for the 81.8% yield of the
elimination product (2,3,3-trimethylbutene). Only other product observed was the
methanolysis product (2=methoxy-2,3,3-trimethylbutane). This estimate of kg, though
not strictly valid, was included only for the purpose of comparison with other values in the
table.

f2-bromo-3,3-dimethylbutane.

gSecond-order rate constants estimated from data of Paradisi et al. (71) by dividing pseudo-
first-order rate constant by 0.756M ([NaSC,Hjs]) and multiplying by product yields (0.46
for the substitution product, 0.54 for the sum of all elimination products). Not corrected
for methanolysis rate, which appeared to be less than 10% of the overall rate in the
presence of EtS-.

h1,1,1-trichloro-2,2-di-(p-chlorophenyi) ethane.

iProduct analyses not performed but, by analogy with results from benzenethiolate (which
yielded 96% elimination product, DDE (Z3)), no substitution products expected.

iRate constant extrapolated to 25°C using Arrhenius parameters provided in original
reference (13).

kCorrected for transfer from DMF to ethanol, using log (kDMF/KEtOH)p =27, derived from
the reaction between c-C¢H;1Br and CgHsS- (20).

mCorrected for transfer from DMF to ethanol, using log(kPMF/kEtOH)¢\ =27, derived
from the reaction between c-CgHjyBr and CgHsS- (20).
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in DMF (40) was used to estimate the corresponding rate constant in HyO in
the following manner:

log(ks,sNH20) ~ log (s syDMF) + log(kMeOH/KDMF) + log(kH20/kM<OH)

(-3.8) + (-1.9) + (-0.2)

= -59

Other instances in which Parker’s log(ks!/ks2) data (20) were used for solvent
transfer corrections are listed in Tables VII and IX. Log(ks/ki20)sN values
obtained for methanol were corrected for transfer to H,O using the following
relationship, given by Pearson (19):

log(ksH20 /kyy,0H20) = log(ksMeOH /kg1poMeOH) - 1.4

Data to which this correction was applied have been marked by footnotes in the
tables.

The principal focus of our examination of the experimental data in Tables
IV through IX will be the dependence of the quantity log(ks/kg20)y On the
structures of both the sulfur nucleophile and the haloaliphatic substrate.
Log(ks/kp20); (referred to here as the "substrate selectivity” for reaction r) is a
measure of the selectivity of a particular substrate between each of the sulfur
nucleophiles and H,O with respect to halogen displacement via substitution (if r
= Sy) or dehydrohalogenation (if r = E). The use of log(ks/ku20); for this
purpose serves two functions: It "normalizes" sulfur nucleophile reactivity data
to a common point of reference, and it gives an indication of the importance of
each sulfur nucleophile in reactions with the substrate of interest, relative to the
most abundant nucleophile in natural waters, H,O.

Sources of Uncertainty in Reactivity Data. The experimental conditions
employed to obtain the data assembled in Tables IV through IX varied

considerably among, and sometimes within the individual studies. Most notable
among the parameters whose values showed substantial variability were solvent
composition and temperature. Additional uncertainty is introduced when
correlation equations are used to estimate log(ks/kuz0) values for those
reactions where actual laboratory data are lacking (18,22).

Solvent Composition. The use of reactivity data obtained from systems
containing non-aqueous solvents is probably the major source of uncertainty in
individual rate constants, and hence in the tabulated values of log(ks/kx20)-
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Table IX. Second-order Rate Constants (M-1s-1) for Dehydrohalogenation
and Substitution Reactions of Halogenated Aliphatic Substrates with Sulfur
Nucleophiles (kg g and kg gn, Respectively), Compared to the Corresponding
Rate Constants for HyO (kpp0 g and kpo s> Respectively)

Nu- Substa  Solv.(kg)b log(kg/ log(ks/ T(°C)  Refs.c
ko) kmeo)sn  (S/H)  (kmzo)

EtS  MesBuCl MeOH 31e (ks=0)ff 69.9/70 (65.66)
EtSS  MeBuBr MeOH (kyo<0)¢ s0.3Bi  69.9/70  (65.66)i
EtSS  MeBuBr MeOH  (kgo=0) 13Bi  70.0/70  (65.66)

EtS- i-PrBr MeOH  (kypo=0) 251  69.9/70 (75.66)
EtS- DDT MeOH 25m (kg=0) 45/ (26)
EtS- DDT EtOH 26m (kg=0) 45/ (26)
EtS- DDT EtOH 25m (kg=0) 25/ (26)
C¢HsS ¢-CgHyBr  EtOH  (kppo=0) 1.96 55/55 P
C¢HsS- ¢-CgHyBr EtOH  (kygpo~0) 1.88 75/75 P
C¢HsS:  DDT MeOH 24m (kg=0) 25/ (26)
C¢HsS  DDT EtOH 24m (kg=0) 25/ (26)

aHaloaliphatic substrate. Compound abbreviations identical to those used for
Table VIII.

bSolvents used for determining rate constants for sulfur nucleophile (kg g and
ks, SN)-

¢References for data on reactions with H,O only; references for data on
reactions with sulfur nucleophiles are the same as those given in Table VIIL
References separated by commas are those from which rate constants and
Arrhenius data were obtained, respectively.

dTemperature used to measure kg/temperature used to measure kypyo-

®kp20,sN for hydrolysis of 2-chloropropane used as a surrogate.

fRate of substitution by sulfur nucleophile deemed negligible (see Table VIII).

8Rate of dehydrohalogenation by H,O deemed negligible (Z8).

hkmo s for hydrolysis of 2-bromobutane used as a surrogate.

ikg sN corrected for transfer from methanol to HyO using log(kH20 /kMeOH)qyy
= -0.2, derived from the reaction between Mel and SCN- (20)..

iReference for kg data: (Z0).

kReference for kg data: (71).

mAssumes ;5 = 3 yr for DDT in H,0 ((Z6), cited in (71)), and that this occurs
solely via elimination to DDE. This is probably a substantial underestimate of
t1/2 for the abiotic dehydrohalogenation of this compound in natural soils.

o1Temperature unknown. Data obtained in natural soils.

PR.E. Robertson, unpublished data, cited in (78).
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Due to the limitations on the available data for estimating the effects of solvent
transfer (19,20), many of the data listed in Tables IV through IX are reported
for reaction in pure ethanol, aqueous ethanol, or 39% aqueous dioxane, and
have not been adjusted for transfer to pure water. Some indications of the
differences between the rates of reaction in ethanol (or aqueous ethanol), and
those in pure water are demonstrated by the following examples (all at 25°C,
unless otherwise indicated).

(a) The rate of reaction between S,032", and methyl iodide at 15°C
increases threefold (0.5 log units) when the solvent is changed from pure HO
to a 2.5:1 (v/v) ethanol/H,O mixture (41).

(b) When the reaction medium is changed from pure H,O to 1:1
H,0/ethanol, log(kg sN) for the attack by $,032- increases by 0.5 for methyl
bromide, but decreases by 0.03 and 0.36 for ethyl bromide and isopropyl
bromide, respectively (Table V).

(c) Changing the reaction medium from methanol to ethanol increases

log(kg sn) for the attack of CgHsS- on n-butyl bromide by +0.6, and increases
log(kg sn) for the attack of n-butanethiolate on the same substrate by +0.9
(Table VII). (For the purpose of relating these data to pure water, it is noted
that log[kH20/kMeOH] = .0.2 for the reaction between SCN- and methyl iodide
(20).)
It is therefore expected that the use of kg gN data from experiments employing
pure ethanol or aqueous ethanol as the reaction medium may introduce an
error in log(kg gN) values of one log unit or less, relative to the value anticipated
for pure H)O.

The kinetic data for the reactions of benzyl chloride with HS- and
$,042- were obtained in 39% aqueous dioxane (22). These data were not
adjusted for transfer to pure water, due to the apparent absence of any
correction parameters for solvent transfer from dioxane (or aqueous dioxane) in
the published literature.

Temperature. The majority of the data in Tables IV through IX were
obtained at 25°C. For several of the studies, however, the experiments were
conducted at other temperatures. In those instances where Arrhenius data were
available for the reactions of interest, rate constants (k[T]) obtained at other
temperatures were adjusted to 25°C using the Arrhenius equation:

In(k[T]) = In A - (E,/RT)

where A, E,, and R denote the pre-exponential factor, activation energy, and
universal gas constant, respectively, and temperature (T) is expressed in degrees
Kelvin, Each of these adjustments has been noted in the table footnotes.

Use of Correlation Equations. Many of the log(ks/ky20)sN data listed
in the tables were obtained through the use of semi-empirical equations relating
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log(ks/H20)sN to various physical and empirical constants (e.g., Equations 1
and 2). Although the magnitudes of the deviations between measured and
predicted values of log(kg/ky20)sN depend to a large extent upon the
structures of the nucleophile and substrate, Swain and Scott (22) found that
their two-parameter correlation (Equation 1) predicted log(ks/kn20)sN t0
within +0.6 for most of the 47 substitution reactions which they examined. The
four-parameter Edwards equation (Equation 2) was able to predict
log(ks/kpp20)sN to within 0.3 for the 13 reactions examined (18).

From the above discussion, it appears that the tabulated values of
log(kg/k20)sN are reliable to within roughly one log unit, and hence that
differences among log(ks/kp20)sn values which exceed two log units (i.e., a
difference of two orders of magnitude between the actual ratios) probably
reflect genuine differences in reactivity.

jvity. The substrate selectivity
of the primary n-alkyl bromides toward the various sulfur nucleophiles listed in
Tables IV through VII shows little if any dependence on the length of the alkyl
chain (see below). Thus, the data in Tables IV through VII may be used to
construct the following approximate order of reactivity of sulfur nucleophiles
with respect to the displacement of halide from a primary n-alkyl bromide in
HzO:

S¢2- = S42- ~ n-HexS- > n-BuS- = CgHsS™ > HS*
~SO32 2 5,042 > RSR’ >> H,0

Similar trends have been published elsewhere for the nucleophilic attack at
saturated carbon (22.23,32,42.43) and have, in fact, provided most of the data
upon which the above trend was based. The main area where these trends
disagree is in whether thiosulfate or sulfite is the more reactive nucleophile,
probably because the reactivities of these two species are so similar. The
remainder of the above trend is consistent among different studies, and thus
provides some indication (in conjunction with other data from Tables IV
through VII) of the structural features which influence the reactivity of these
nucleophiles.

Length of Alkyl Chain. The reactivity of an aliphatic thiolate appears to
increase with increasing length of the alkyl chain. In keeping with this trend,
the nucleophile with no carbon atoms, HS, is the least reactive. At least two
factors may be responsible for this trend: The increase in polarizability and the
decrease in the degree of solvation with increasing alkyl chain length.
Furthermore, from the three most reactive nucleophiles listed in the trend
above, it seems to make little difference in reactivity whether the terminal sulfur
(-S) is attached to a chain of sulfur atoms or a chain of methylene groups
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(-CHy). By contrast with the aliphatic thiolates, the length of the alkyl chain
appears to exert little influence on the nucleophilicity of a thioacid. This is
indicated by the fact that the substrate selectivities of mustard cation
(8-chloroethylethylenesulfonium ion) are virtually identical for the attack by
CH;3CSS- and C4HyCSS- (Table VII).

o- versus =-Electron Systems. 1-Hexanethiolate is a stronger nucleophile
than benzenethiolate. This is what one would expect if there were a higher
electron density on the terminal sulfur atom in the former species. A difference
of this nature is quite possible for at least two reasons: o systems are better
electron donors than = systems, and a benzene ring is better able to delocalize
the negative charge on the sulfur atom, via resonance stabilization, than an n-

alkyl group.

Protonation. The protonation of a sulfur nucleophile causes a
substantial reduction in its nucleophilicity. This effect is in accordance with the
general theory of nucleophilic substitution reactions (28.29). Pairs of
nucleophiles (and their associated substrates) which demonstrate the effect of
protonation on nucleophilicity are $2-/HS- (RX = methyl bromide, 1-chloro-
2,3-epoxypropane, mustard cation, and benzyl chloride), SO42-/HSO3" (RX =
methyl perchlorate) and CgHsS-/CgHsSH (RX = methyl iodide). Among the
reactions examined here, the influence of protonation is most pronounced for
the reaction between benzyl chloride and either $2- or HS-, for which the
difference between log(ks(2.)/ki20)sn and log(kys.-/ku20)sN is 4.6. By
contrast, the influence of protonation is least pronounced for the reactions
between methyl bromide and the same pair of nucleophiles, for which the
corresponding difference is only 2.7.

Alkylation. The reactivity of an anionic sulfur nucleophile is also
greatly diminished when a second alkyl (or arylalkyl) group is attached to the
terminal sulfur atom. Although the data in Table VII do not afford
comparisons among precisely equivalent nucleophiles, we see that
log(ks/ky20)sN diminishes by 4.7 for the attack on methyl iodide when the
nucleophile is changed from n-propanethiolate to diethyl sulfide. Similarly,
log(ks/kp20)sN is reduced by 5.1 when the attacking nucleophile is changed
from benzenethiolate to dibenzyl sulfide for the same substrate. This effect is
probably a result of both the neutralization of the negative charge (thereby
reducing the electron density) and an increase in crowding at the sulfur atom of
the nucleophile. Some evidence of the latter effect is provided by the relative
reactivities of the thioethers toward methyl iodide (43):

C-(CH2)4S > (CH3)25 > C-(CHz)ss > (CH3CH2)25 > (C6H5CH2)28
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This series suggests that the nucleophilicity of a thioether toward a haloaliphatic
substrate increases both as the size of the attached substituents decreases and as
the structure becomes more rigid via cyclization. It should be noted, however,
that the differences among the log(ks/ky20)sn values used to deduce the above
trend are quite small. Thus, these structural effects on the nucleophilicity of
thioethers, if they exist at all, are quite subtle.

Branching at the a-Carbon. The values of log(ks/kyao)sn for the
reactions of n-butyl thiolate and t-butyl thiolate with I-chlorobutane are nearly
identical (Table VII). This indicates that any reduction in nucleophilic
reactivity which might arise from the increased crowding near the sulfur atom in
t-butyl thiolate is more than compensated for by the increased electron density
on sulfur in this species (due to the presence of three methyl groups, rather than
one propyl group, on the a-carbon), relative to its straight-chain analogue.
Crowding near the sulfur atom also appears to exert a relatively minor influence
on the relative E2 reactivities of benzenethiolate and ethanethiolate toward
DDT (Table IX). Despite the presence of the bulky phenyl ring attached to
sulfur, benzenethiolate causes dehydrohalogenation of this hindered substrate
at only a slightly lower rate than does the comparatively unencumbered
ethanethiolate.

Influence of re on Reactivity. Length of n-Alkyl Chain.
From the tabulated data, it appears that substrate selectivity shows little if any

dependence upon the length of the carbon chain in primary, n-alkyl bromides.
Log(ks/ki20)sN values for $,042- (the sulfur nucleophile for which these data
are most extensive) in its reactions with ethyl, n-propyl, n-pentyl, and n-hexyl
bromides all lie within the relatively narrow range of 4.74-5.9, with no obvious
dependence on chain length. The reaction of S;042- with methyl bromide yields
a log(ks/kn20)sN value which lies slightly, but probably not significantly above
this range (6.36). Similarly, in the reactions involving HS-, log(ks/kp0)sn for
the reaction with methyl bromide (5.1) is not appreciably different from the two
values observed for the reactions with n-hexyl bromide (5.5 and 5.7).

Branching at the Electrophilic Center. The data indicate that branching
at the a-carbon on the substrate tends to reduce differences in reactivity
between sulfur nucleophiles and H,O. This conclusion is based upon the
following trends among the tabulated data.

(i) Values of log(kg/ky20)sN for the reactions of HS-, S,032-, and
CgH;S- with alkyl bromides all show a marked decrease of two to three log units
when the substrate is changed from a primary to a secondary bromide. By
comparison with the range of 4.74-5.9 mentioned above for the primary n-alkyl
bromides, the range of log(ks/kp20)sn for these three nucleophiles reacting
with either isopropyl bromide or bromocyclohexane is 1.96-3.4.
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(ii) The substrate selectivity drops by 6.0 log units for the displacement
of iodide by propanethiolate anions when the substrate is changed from methyl
iodide to the secondary substrate 2,2-dimethyl-l-iodo-5-hexene. (This
comparison involves two different structural isomers of the nucleophile, but n-
propyl thiolate and isopropyl thiolate should exhibit similar reactivity, based on
our examination of structural effects on nucleophilicity.)

(iii) The sulfur nucleophiles are essentially unreactive with respect to
the displacement of halide from any of the tertiary halides examined (Tables
VIII and IX), as would be generally expected for Sy2 reactions.

Leaving Group. The data summarized in Tables IV through VIII
suggest that log(ks/kya0), decreases in the following order for most of the sets
of reactions between a given sulfur nucleophile and a series of alkyl halides
RX):

RI > RBr > RCl

Examples of this behavior include the reactions of HS- with MeX or
XCH,CH,X (Sn2), SO3%- with MeX (Sn2), and CgHsS- with either c-CgH;3 X or
Ll-c-CgH0X3 (E2, with EtO-, rather than H,O as the competing oxygen
nucleophile (44)). Furthermore, in his study of the competition between E2 and
SN2 pathways in the reactions between C¢HsS- and halocyclohexanes in ethanol,
McLennan (44) found that the proportion of olefin among the reaction products
was larger for the brominated substrates than for the corresponding chlorinated
ones (Table VIII). The substrate selectivity trend noted above is not supported
by all of the tabulated data, however. It appears that many of the difficulties in
drawing conclusions regarding the influence of leaving group on
log(ks/kn20)sN arise from trying to compare results obtained under
substantially different experimental conditions.

Selectivity versus Reactivity. The "reactivity-selectivity principle" (RSP)
states that "in a set of similar reactions, the less reactive the reagent, the more
selective it is in its attack" (45). This principle is widely held, but its generality
has recently been questioned (28,46-48). The reactivity data assembled in
Tables IV through VIII appear to provide an opportunity to examine the
validity of the RSP, using log(ka/kg)sN as a measure of the selectivity of a
haloaliphatic compound between nucleophiles A and B.

In general, the various reactivity trends discussed in the previous sections
are in direct opposition to the RSP: The data in Tables IV through VIII
indicate an jncrease in selectivity with increasing reactivity. Two examples of
these apparent violations of the RSP (restated from earlier sections) are given
below.

(i) Benzyl chloride is more reactive than methyl bromide toward H,O, HS-
or Sz (Table IV), yet log(kg(2.)/kys.)sN for the former substrate (4.6) is also
larger than that for methyl bromide (2.7).
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(ii) Among primary haloaliphatics in their reactions with HS-, SO32-, S;042
and CgHsS-, both reactivity and substrate selectivity (log[ks/kgaolsn) decrease
in the following order:

RI > RBr > RCl

Koskikallio (49) observed this trend for values of log(ks/ky20)sN in the attack
of Mel, MeBr and MeCl by a variety of species, including the sulfur
nucleophiles $,032- and SO32-. The data assembled here extend this
observation to HS- and C4HsS-, as well as to several additional primary
haloaliphatic substrates.

IMPLICATIONS FOR NATURAL WATERS
Reaction Products

The products arising from the displacement of halogens fr