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ABSTRACT

A detailed description of previous work in sulphur
vapour geochemistry using sulphur dioxide and hydrogen sulphide
as indicators of concealed sulphide mineralizations is given,
followed by a presentatioh of general geochemical data on
sulphur and its abundanca in the 1ithosphere; biosphere, hydru-
sphere, atmosphere and the anthroposphere.

Based on literature information that sulphur dioxide
and hydrogen sulphide could suécessfu]]y be used in mineral
exploration, an investigation of sensitive analytical methods
for these two compounds was carried out. Two specific, manual
wet chemical, colorimetric methods were finally selected. A
presentation of the development of procedures making the methods
acceptable for field-use is given followed by a description of
fier sampling techniques and a discussion of the. results obtained.

The discouraging results obtained using sulphur dioxide
and hydrogen sulphide as pathfinders for oxidizing sulphide
deposits led to an investigation of other possible sulphur gases.
Gas chromatography together with a flame photometric detector
fitted with a filter, specific for sulphur, was found to be the
most promising analytical sysfem available.

" Due to the diversity and high reactivity of sulphur
gases, separation of sulphur dioxide from hydrogen sulphide
carbonyl sulphide from hydrogen sulphide and carbon disulphide
from dimethy] sulphide has been extremely difficult to obtain
using one gas chromatograph column; when the components are

present in sub-ppm concentrations. A description is given of
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‘a procedure, giving the desired perfbrmance with well differen-
tiated peaks in a reasonable time for each ana1ysis. Using
this procedure, six organic and inorganic sﬁ]phur compounds
including carbonyl sulphide, hydrogen sulphide, sulphur dioxide,
carbon disulphide, dimethyl sulphide and dimethyl disulphide

can be separated from each other, several of which were found

to be liberated from oxidizing sulphides under laboratory
conditions.

Techniques for the collection and transport of samples
for subsequent analysis in the laboratory on the gas chromato-
graph are described, followed by a discussion of the results
obtained. |

Finally, conc]usioﬁs are drawn concerning the use of

sulphur vapours in mineral exploration.
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INVESTIGATION OF SULPHUR VAPOUR TECHNIQUES

IN EXPLORATION GEOCHEWMISTRY

Introduction

One of the more difficult problems in mineral explo-
ration is locating ore deposits ronczaled beneath, exotic
overburden or barren cap-rocks under conditions where conven-
tional geocHemica] survey techniques fail to yield a surface
expression of the mineralization.

In recent years some attention has been given to the
possibility of‘using the inherent mobility of vapours derived
from mineral deposits to pass upwards through rock and over-.
burden and to methods of detecting these vapours at or near the
surface as a prospecting technique.

The presént research forms part of a broad-based
investigation of vapour geochemistry in mineral exb]oration
funded by the Mineral Industry Research Organisation'(MIRO)
and is cohcerned primarily with the investigation of sulphur
gases emanating from concealed metalliferous sulphide deposits.
Other aspects of this overall programme inciude studies of the
halogens, mercury, oxygen/carbon dioxide ratios, radon etc.
which are being studied By other members of the research team
at Imperial College. | |

The writer's research was divided into three sections:
(1) a review of previous literature concerning the application
of sulphur gases in mineral exploration and a comprehensive
study of the literature bearing én sulphur gases in the natural

environment, {(2) the development of appropriate field techniques
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for the.detection of sulphur gases and (3) the testing of
these techniques over shown sulphide deposits in the field.

It is necessary at this stage to state that the
research has demonstrated that the previous work, which indi-
cated that Su]pﬁur dioxide and hydrogen sulphide could be used
as indicator gases appears to have 1ittle general application
in exploration. Although negative in this respect the results
nonetheless have a positive value in disproving this concept;
secondly, towards the end of the project, pre]iminary experi-
mental work using gas chromatography indicated that dther
sulphur gases, notably carbonyl sulphide, carbon disulphide
and dimethyl disulphide could have far greater potential.

These preliminary experiments have laid the foundation for
-further fesearch on these gases as part of the overall MIRO
project.

Before outlining the relevant factors 6f sulphur
vapour geochemistry in Chapter 2, it is necessary to outline
in some detail the previous work on sulphur geochemical tech-
niques applied to mineral explioration which formed the starting

point for the present investigations.

CHAPTER 1

PREVIOUS WORK ON SULPHUR VAPOUR GEOCHEMISTRY

APPLIED TO MINERAL EXPLORATION

In the Soviet Union, vapour geochemistry was introduced
in 1932 by Sokolov, who suggestéd the use of gases in exploration

for petroleum (Elinson, 1970). -~ Thirty years later, A. Kahma

A



started his eXperiments using dogs in the search for weathering
sulphide boulders (A. Kahma et al, 1975). In the 1ést 10 - 15
years, a number of papers have been published in vapour geo-
chemistry, giving information on a variety of gases such as
mercury, carbontdioxide, oxygen, helium, radon, halogens,
‘hydrocarbons, noble gases and sulphur gases and the usefulness
of these gases in mineral exploration.

The basic idea of the vapour geochemical exploration
technique is to examine the composition of the soil atmosphere
or the free atmospheke above ore deposits, fracture zones etc.
and to compare this with background. It is generally beiieved
that the former contains an altered gas composition due to
chemical processes and bacteriological activities. Elinson

(1970) illustrates this in Fig. 1.1,

% %

09{ FAR g

0'5 ! . ) ’ ",»’ y ‘.l‘.“ 05 - ' . -\“\ /,‘ /\...\‘ ‘

of o} SR

i Content of Cu
I  Contentof Mo
iy Ore zones

(=1 Drilt holes

LEGEND

Fig. 1.1 Distribution of su]phur'gases in relation to
copper-molybdenum deposits in skarns and epidosites.

(Elinson, 1970)



| Shipulin and his co-workers have been active in
southern Russia, where they have been investigating the relation-
ship between copper-molybdenum sulphide deposits and generated
gases. A correlation as illustrated in Fig. 1.2 was found
to exist between hydrogen sulphide and molybdenum, whiTe no
correlation between sulphur gases and pyrite could be proved
(Shipulin et al, 1973). The same investigators state that
under certaih'conditions pyrite and sulphur gases do not have
any relationship. Elinson (1970) has been working in the
same part of Russia and he suggests that hydrogen sulphide
and sulphdr dioxide can be associated with copper-molybdenum

deposits containing pyrite, chalcopyrite and molybdenum.

H2S% : ' H25%
1.0 - i Lo 10

PEE S Vo
105 o5 -
I\ SN

Ore body
[3]1 Gas survey holes

A

Fig. 1.2 HZS content over copper-molybdenum ore bodies in

skarns and epidosites. (Shipulin et al, 1973)

Shipulin et al (1973) state that pyrite is more easily oxidized
than chalcopyrite and molybdenite. According to Elinson (1970)
there are complications of a survey in slowly oxidizing $u1phides

such as those containing mo]ybdenﬁm.



Shipu]in et al (1973) show the composition of the
subsoil atmosphere down to 1.5 - 2.5 m over a copper-molybdenum

deposit in their investigation area (Table 1.1).

Table 1.1 Composition of the subsoil atmosphere

over a sulphide core deposit.

GAS ' %
Oxygen 12 - 21
Nitrogen 75 - 80
Carbon diokide 0 - 4
Hydrogen sulphide 0 - 0.8
Sulphur dioxide 0 - 0.1
Carbonyl sulphide 0 - 0.5
Hydrogen 0 - 0.5
Methane "0 - 0.5

The figures for the sulphur gases appear suspect since the back-
ground values for these in soils are expected to be in the lower
ppb range. Bristow and Jonasson (1972) state that.su1phur
dioxide anomalies can be detécted if the sulphur dioxide con-
centratipn exceeds the background by 2 - 6 times. Rouse and -
Stevens (1971) detected concentrations of about 50 ppb sulphur
dioxide over sulphides and Peters (1973) recorded detectable |
levels of sulphur dioxide in soil over su]bhide—bearing deposits.
As comparea with the composition of the atmosphere of depths,
there are differences because of bacterial, chemical and meteo-
rological factors in the oxidatian zonel No sulphur gases

were detected by Rouse and Stevens (1971) in the background
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areas, suggesting that these gases are derivation products of
oxidation processes on sulphide deposits.

The oxidation of sulphides is described more in detail
elsewhere in this thesis. However, as all work concerning
su]phur vapours in mineral exploration is related in one way
or another to this process, it is necessary to say a féw words
about this phenomenon at this stage.

Sﬁlphides'ére oxidized, chemically or by bacteria,
resulting in the formation of sulphates and if water is present,
sulphuric acid. The oxygen in the close vicinity of the
deposit is consumed and bound to the su]bhates and squhuric
écid, causing a decrease in the concentration of oxygen. The
sy1phuric acjd attacks sulphides, sulphates and carbonates
(if present) forming hydrogen sulphide and carbon dioxide.

~ Shipulin et al (1973) claim that only sulphates of
Cu and Mo are bacterially reduced, while gypsum and iron-sulphates
remain intact. The same investigators further suggest that the
activity of reducing bacteria is decreased if Na, K, Ca, Mg
and Fe are present, while Cu, Mo, Ni, Zn and Pb do not affect the
production of hydrogen sulphide. Kadota and Ishida (1972) have
shown that this gas 1is produced by microbes. Banwart and Bremner
(1975) could not, however, detect~hydrogen sulphide formed by
microbiological activities. | They say that the‘microbes may
produce hydrogen sulphide, but that it might be sorbed by soils
resulting in its absence in the free atmosphere. Hydrogen
sulphide, besides being formed from sulphates, can also be a
disintegration product from organic sulphur compounds in e.g.

vegetaticn, making it less suitable to use sulphur gases in



areas with an abundant flora (Shipulin et al, 1973; Kadota
and Ishida, 1972). Naturally occurring sulphur dioxide is
an oxidation product of hydrogen sulphide (Rasmussen, 1974).

Many other workers as, e.g. Glebovskaya and
Glebovskii (1960) mention that the overburden above sulphide
mineralization may be enriched with hydrogen sulphide and
sulphur dioxide due to the oxidation of sulphides. Rouse and
Stevens (1971) claim to have detected sulphur dioxide over
porphyry copper deposits in North America. Bristow and
_Jonasson (1972) q1aim.that any sulphide deposit can generate
sulphur dioxide only if it is oxidized. OQchinnikov (1972)
mentions hydrogen sulphide and sulphur dioxide to be products
from oxidation processes and Peters (1973) claims to have shown
the presence of sulphur dioxide over sulphide mineralizations
in Newfoundland.

The use of dogs for prospecting for weathering sulphide
boulders is closely related to sulphides in the oxidation zone.
This new prospecting method will be briefly described below.

| In glacial terrain, as found in the Scandinévian
countries, boulder tracing is an important prospecting tool in
the search for mineral deposits. Mostly an overburdep of till,
‘glaciofluvial material, soil and vegetation covers the boulders.
Weathering éulphides evolve sulphur gases which can be smelt by
human beings. It was suggested by A. Kahma in Finland (1962)
that dogs with their finer sense could sme1l sulphide-rich
boulders or mineralizations through the overburden (J.S. Brock,
1972; A. Kahma et al, 1975); " It has been shown in a Tlater

work by Kahma, that the major .compound released from the weather-



ing boulders, was sulphur dioxide and that the othef gases

were hydrogen sulphide and carbonyl sulphide. A fourth un;
known gas was also detected (A. Kahma et al, 1975). Successful
results using dogs for pfospecting have also been reported from
Sweden (G. WNilsson, 1971) and Canada (J.S. Brock, 1972). In
the former country a dog was able to find a boulder in scree

1T m below the surface, and the Finns report one case, when a

dog detected sulphides at a depth of 3 m (J.S. Brock, 1972).

Besides the use of gases in detecting mineral deposits,
it has been shown by Ovchinnikov (1972), Bristow and Jonasson
(1972), Shipulin et al (1973), Kulikova (1960), Ernst (1968)
and Headlee (1962) that gases might be useful in the application
for the discovery of fractures, faults and joints, concealed
by overburden,since gases such as helium, radon and mercury
vapour generated at depth tend to migrate to systems of fractures
and to zones of intensive tectonics. Ovchinnikov illustrates
the presence of deep-origin gases (He) close to fractures in
Fig. 1.3. | '

Many papers reveal that sulphur gases are generated
from weathering sulphides, on or below the surface, where they
can in many cases, be &etected with sensitive vapour sensing
. techniques, dogs or other methods. Peters (1973) and Meyer
(1973) report thatvmicrowave—induced argon plasma emissibn.
analysis may be used in mineral exploration to detect sulphur
related to oxidizing sulphide deposits. Problems with the
analysis of sulphur gases have ﬂeen reported by G]ebovskayé
and Glebovskii (1960), who fai]éd to use hydrogen su1bhide and .
sulphur diokide in‘exp]oration,-ﬁespite the fact that they could

N
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smell these compounds.  Rouse and Stevens (1971) have not
published any paper déscribing the method used in their explo-
ration work in Arizona (Coobe, 1973). Difficulties with the
analysis and interpretation of anomalies are the main negative
aspects of this new aid in prospecting. A sﬁmmary of unfavor-
“able conditions for using sulphur gases in exploration, suggésted

in the literature, are listed below:

(i) Low intensity of oxidation

(2) Mineralization is below the ground-
vater Tevel

(3) Mineralization is situated at a too
great a depth m

(4) High moisture content in the overburden

kS) Abundant vegefation and organic matter

in soil or overburden.

On basis of .the positive information given in the
literature using sulphur dioxide and hydrogen sulphide in ex-
ploration for concealed oxidizing sulphide-bearing minerali-
zations, an extensive study on the geochemistry of sulphur was
carried out, followed by practical work with reference to these

two gases and their role in exploration geochemistry.

CHAPTER 2

SULPHUR GEQCHEMISTRY

During the course of the preliminary literature review

over 300papers relating to sulphur and sulphur gases were
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extracted (see Appendix). Only those which are relevant to
the present investigation are given in this section and are

listed in the references.

- 2.1 Introduction

Sulphur (atomic number 16) is in group VIA of the
periodic table together with oxygen, se]enﬁum, tellurium and
polonium. Somé of its properties are: atomic weight (32,064),
density (2.07), hardness (1.5-2.5), colour (yellow), melting
point(113°C) and boiling point (445°C). Sulphur is orthorombic

below 96°C"and monoclinic above. Four stable isotopes 32

S,
335,-345 and 3°5 exist. Their abundanciés are 95.018%, 0.75%,
4.215% and 0.0i7 respectively (Wedepohl, 1971). In addition,
another six unstable (radioactive) isotopes are reported in the
Titerature. Sulphur is a polyvalent non—méta111c element which
reacts with almost all elements (exceptions are iodine, nitro-
gen and the noble gaseé) owing to its many valence states.

Thé most common sulphur compounds and their valences are:
‘su1phate (+6), sulphite (+4), thiosulphate (+6{ -2), é]ementa]
sulphur (0), disulphide (-1) and sulphide (-2).

| Most characteristic of sulphur gases are their lack
of colour and their disagreeable odour, revealing their presence
even in low concentrations. Most of them are very poisonous.
Hydrogen sulphide is more dangerous than sulphur dioxide and
carbonyl sulphide has been claimed to be even more poisonous
than hydrogen sulphide. It has been found that the odour of
hydrogen sulphide is noticeable at 10-25 ppb, unp]easaﬁt at

3-5 ppm and hard to stand at 20-30 ppm. The smell of hydrogen
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sulphide is less intensive at about 200 ppm owing to the fact
thaant high concentrations it deadens the sense of smell
(Hampel, 1968 and many others). Irritation of sulphur dioXide
is noticed at 6-20 ppm. Plants are damaged at 2-7 ppm levels
(Smith et al, 1961; Hampel, 1968 and many others). Sulphur
dioxide in combination with dust or fog leads to formation of

sulphur trioxide, which is a danger to all 1iving matter.

2.2 Geoéhemica] Distribution of Sulphur

2.2.1 Introduction

Sulphur is one of the few elements found in the Earth's
crust in elemental form. It is widely distributed and is
present in all geochemical spheres. The average sulphur
Eontent of the crust is 520 ppm, which places it among the
most common elements in the lithosphere (Mason, 1958). In
igneous rocks, sulphur is the fourteenth or fifteenth most
abundant element, while in the Universe it is estimated to be
the ninth. Over the EartH it is present in the lithosphere,

pedosphere, hydrosphere and atmosphere.

2.2.2 The lithosphere

The abundance of sulphur in igneous and sedimentary
rocks are given by many workers. _The main sources for_the
figures below are Rankama and Sahama (1950) and Krauskopf (1967).

In the 1ithosphere, sulphur occurs as elemental
sulphur, sulphides and sulphates." Many times these.compounds.
are found in high concentratibns.; A more extensive description

of these deposits in which sulphur is.involved is presented



-
(93

Table 2.1 Abundance of sulphur in rocks.

- Concentration (ppm)

Ignegus Rocks 260
mafic - 300
intermediate , | 200
acidic 300

Sedimentary Rocks 300
sandstone 240
shale 270

below. Naturally occurring sulphur gases are sometimes asso-
ciated with weathering sulphides, putting this group 6f minerals -
in priority when working with sulphur vapbur geochemistry in

mineral exploration_(Shipulin et al, 1973 among others). The

percentage sulphur in some common sulphides and sulphates are
shown in Table 2.2.

Table 2.2  Common sulphur-bearing minerals

showing composition and sulphur

content.
Sulphides

Mineral Composition S(%)
Pyrite | Fes, »'5314
Molybdenite MoS2 40.1
Pentlandite (Fe,Nj)gs8 36.0
Chalcopyrite »CuFesz 35.0
Covellite Cus 33.6
Sphaleri te ZnS 33.0
Bornite CugFes, 35.5
Chalcocite CUZS' 20.2
Arsenopyrite » -FeAsS - 19.7
Galena PbS 13.4
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Table 2.2 (continued)

Sulphates
Mineral Composition CS(%)
Anhydrite CaS0, 23.5
Gypsum CaS0, X 2H,0 18.6
Alunite . KA5L3(SO4)2(OH)6 15.4
Barite BaSO4 13.7
Anglesite PbSO4 10.6

2.2.2.1 Mineral deposits in which sulphur is associated

In the lithosphere, sulphur may occasionally accumulate

and form deposits of economical importance. Sulphur may occur

as elemental sulphur, various sulphides and various sulphates.

In addition sulphur compounds are found in coal, petroleum and

natural gas.

Elemental sulphur is found in many different environ-

ments and deposits:

1.

A

Volcanic

In recent volcanic regions elemental sulphur is
formed in various ways: (1) as a sublimation
product from volcanic gases and (2) as a product

from chemical reactions such as:
HZS + 2502 > H2504 + 28
ZHZS + 02 > 2H20 + 2§
3SO2 + 2H20.+ H2504 + S
In districts with}recentfor ancient thermal springs.

Origin and genesis of sulphur may be contributed to:
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(1) the oxidation of hydrogen sulphide,
(2) bacterial activity and (3) the re-
action between suspended CaCO3 and HZS’

resulting in Ca(SH)Z.

2. Sedimentary

A In sedimentary strata of Tertiary age, elemental

sulphur is associatéd with gypsum and limestone.

B Normally in porous gypsum or calcite units in
the cap-rocks of salt domes (this sulphur may
A

be the result of the reducing influence of

bacteria on sulphates).

C In sediments, where microbiological activities
produce sulphur from acid sulphur gases derived

from the decomposition of organic matter.

The su]phidés, including the sulphosalts consist of
sulphur and either a metal or non-metallic element or elements
such as Fe, Ni, As, Cu Pb, Zn, Mo and Hg. More than one hun-
dred elements are known and most of them fbrm sulphides or poly-
suaphides with sulphur. Exceptions are nitrogen, the noble
gases and iodine as mentioned elsewhere. The bonding between
the elements in the sulphides may be ionic, covalent or partial
metallic.

In sulphide deposits, the sulphide minerals may occur
as concentrated accumulations in a host rock, igneous of sedi-
mentary, as impregnations in rocks or as minerals in veins.

Most of the sulphide minerals are primary, though some always



—4
N

occur as secondary compounds. Copper sulphide minerais ére
often found as secondary enrichments; chalcopyrite for instance
may appear either as a primary or a secondary mineral owing

to chemical alteration subsequent to the formation of the
deposits themselves.

Sulphate minerals are found in many different deposits
such as: evaporites (as secondary minerals), veins (as primary
minerals) and in the oxidatidn zone of ore bodies (as secondary
minerals). Evaporation, a sedimentary process,proceeds rapidly
in warm and arid environments. The most important minerals
fouﬁd in this type of deposit are: gypsum, anhydrite kca1cium
sulphates), kieserite (magnesium sulphate) and sodium and potaﬁsium
sulphates. Gypsum and anhydrite are the most important |
economically and most abundant. A common sulphate mineral in
veins is barite, which also occurs in replacement and residual
deposits. | In the oxidized zone of lead-bearing ore deposits,

anglesite may occur,

2.2.3 The pedosphere

Rocks and sulphide minerals are the main sources of
sulphur in soils. In the pedosphere, sulphur is present in
rather small amounts, existing in both organic and inorganic
forms. The former is more abundant. Freney (1967) reports
that less than 1% of the total sulphur in.surface soils from
Australia occurs as reduced inorganic sulphur. Su]phaté
accounts for the major part of the-inorganic sulphur in most
soils. Under anaerobic conditions, sulphides are the dominat-
ing group, while in an aerobic environment, sulphates are more

abundant. Elemental su]phur and organic sulphur compounds



exist in some natural environments and éan be found 1in
peat and coal. It is pointed out in another section of this
thesis that sulphur undergoes many transformations owing to
chemical and microbio1ogica1 processes. These transformations
of sulphur depend on soil type and soil conditions and affect
soil colour, soil reaction and availability of plant nutrienf
elements and.are thhs very important in agriculture,

| Different soil types contain various amounts of sulphur
compounds and of total sulphur. In podzol and chernozem, most
of the sulphur is organic. Chao et al (1962) found that some
of the sulphur is absorbed by hydrous A%-Fe oxides in the mineral-
rich part. Peters (1973) reported from his investigation of
organic and peaty soils of podzolic type in Newfoundland 500-
2000 ppm sulphur in_fhe background and 50-500 ppm in the mineral-
rich part. '

It has been knbwn for a long time that sulphur is an
important component in the nutrition of plants. In most plants,
the amino-acids, methionine and cysteine, account for 90 percent
of total sulphur. It has been shown by chromatographic aha]ysis
of acid hydrolysates of soils that sulphur-containing amino-acids
exist in.-soils, bonded to soil parti¢1es etc. Tabatabai and
Bremner (1972) say that thére ekists no clear evidence that
organic sulphur occurs in the form of organic sulphates, since
attempts to separate ester sulphates from soils have been
unsuccessful. It is hbwevér believed, that organic su]phur'
not bonded to carbon, exists in tbe form of ester sulphates
(as e.g. polysaccharides).

Tabatabai and Bremner (1972) examined soils ﬁp Iowa,

U.S.A., and found that the existing inorganic sulphur occurred
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entirely as su]phate, They found neither sulphides nor in-
organic non-sulphate sulphur. 1 - 5 percent of the total
sulphur consisted of sulphates. The rest was found to be
organic sulphur. |

Other important sources of sulphur are: (1) weather-
ing sulphide deposits, (2) precipitation of atmospheric sulphur
- compounds anq direct adsorption of these by grass and soil,
(3) decomposition of biological material and (4) fertilizers.

In the improvements of agriculture, fertilizers in
the form of sulphates and elemental sulphur, directly available
to plants, are added to soils. On a global scale, these are
insignificant in the sulphur cycle, since their contribution
of sulphur is rather small.

A11 the other sources and their products are considered
in other sections of this thesis. For vapour geochemistry and
its utilization jn mineral exp]oration these are important,
since emitted compounds are volatile in many cases, resuiting
in difficulties when interpreting origin of sulphur compounds
detected in the soil atmosphere.

| A list of possible sulphur compounds in soil is

finally presented.

Table 2.3  Sulphur compounds in soil.

A Solid

Sulphides _
Sulphates ' o
Elemental su]phu}

Organic sulphur compounds
amino-acids ‘

proteins

0O T o Bow N -

enzymes



Table 2.3 (continued)

B Liquid

1  Sulphuric acid

C Gas

Hycrogen sulphide
Methyl mercaptan
Dimethyl sulphide
Dimethyl disulphide
Carbonyl sulphide
Sulphur dioxide
Carbon disulphide

N OO B Ww N

2.2.4 The hydrosphere

The hydrosphere includes all water - fresh, salt and
solid - on the surface of the Earth. In the Tithosphere sulphur
occurs mainly as sulphides. These may be oxidised to sulphates
which are available to plants and microorganisms. The more-
soluble sulphates are carried away by groundwater, resulting,
in more or less high concentrations in rivers, lakes and oceans.

In seawater, sulphur is one of the major dissolved
constituents being exceeded in abundance only by oxygen, hydrogen,
chlorine and sodium. The principal constituents are shown by

Mason (1958) and Krauskopf (1967):
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Table 2.4 Principal constituents of dis-

~solved substances in sea water

Substance Concentration (ppm)

e’ . 18980
Na* | 10556
2_

50, 2649
g2+ 1272
cal? | 400
HCO 140

The average'abundance of sulphur in seawater and river water is
885 ppm and 112 ppm respectively (Mason, 1958; Krauskopf, 1967).
The sources of the sulphates in the oceans are mainly:

(1) direct derivation from volcanic activity, (2) oxidation of
sulphides and (3) oxidation of volcanic gasebus sulphur compounds.
In freshwater, the sources of the sulphates are: (1) oxidation
of sulphides and (2) precipitation from the atmosphere.: Sul-
phates in the oceans may be removed in fwo ways: (1) it can
escape to the'atmosphere, and gradually be transported to the

1éand and (2) it can be reduced to sulphides.

It has been observed that the concentration of hydrogen
sulphide-increases whereas the concenfration of sulphate decreases
going from surface to the bottom of oceans. -

Hydrogen sulphide and sulphur dioxide are soluble
gases. One volume of water at 20°C dissolves 2.6 volumes of
the former gas and 36 volumes of the latter. Table 2.5 shows

the concentration of gases in seawater.
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Table 2.5 Dissolved gases in seawater

(Mason, 1958)

Compound | _ Concentration (m&/%)
Oxygen | 0.9 ’
Hydrogen sulphide C-22 or more
Nitrogen 8.4-14.5
Total carbon dioxide 34-56

The sulphates may accumulate in brines and form considerable
deposits of evaporites, which reducing sulphur bacteria may
affect resu]tfng in production of sulphur gases, which may be
used as potential pathfinders for the deposits.

For the geochemist, the sulphates in freshwater might
Be useful in exploration for oxidizing sulphides (Hoag and
Webber, 1976). The sulphate concentration is a good indication
of the extend of oxidation of sulphides, provided that sulphide
minerals are the primary source of sulphur. As we have seen,
sulphates may also be precipitated from the atmosphere. In
 fresh natural waters, the sulphate content.might be useful when
estimating the degree of the oxidation of su1phides,bprovided
that the‘atmospﬁeric precipitation isklow. If the sulphate
~content is less than 28 ppm, the rate of oxidation is none or
very 1ow,'if it is between 28 - 160 ppm, some oxidation is

taking place and if the sulphate content exceeds 160 ppm, the

. oxidation is extensive.

Finally, snow has been proved to be a useful medium
for vapour geochemistry. Jonasson and Allan (1972) and

~Jonasson (1973) discuss the migration of trace metals in snow
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and their usefu1néss in mineral exploration. It has been
suggested that gases, derived from concealed ore deposits,
migrate through the snow on their way to the atmosphere - hence
making it possible to do‘vapour investigations over frozen
groJﬁd, bogs and lakes etc. dﬁring winter (Beck and Gingrich.

1976).

2.2.5 The biosphere

Sulphur is essential to 1ife and is concerned with
the metabolism of all classes of organisms. It is a component
in dmino-acids, proteins, fats etc.. Bacteria take part in
the decomposition of organic mattgr, in which process sulphur
gases may be evolved. In geochemistry, éhe role of bacteria
Sin oxidation - reduction processes of sulphide/sulphate deposits
is important.

In the 1ithosphere as well as in the pedosphere,
primary sulphide minerals are converted by bacteria to sulphates.
Organic sulphur compounds undergo further transformations before
becoming available to plants. Microorganisms, plants andH
animals changé this sulphate to many and varied compounds of
which sulphur gases maj interfere with the volatile sulphur
compounds emanating from oxidizing sulphides, and therefore
are of vital importance in sulphur vapour geochemistry (Headlee,
1962; Starkey, 1966; Lewis and Papawizas, 1970; Banwart and
Bremner, 1975). Organic sulphur compounds may produce hydrogen
,Su]phide as.a decomposition product (Freney and Stevenson, 1966).

It has been believed that hydrogen sulphide is the
major sulphur vapour, released through (1) reduction of sulphate

and (2).desulphydration of organic sulphur compounds, from wet
{ .
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 soils, swamps,'muddy bottoms of lakes, coastal wet 1$nds and
estuaries and from the decomposition bf living matter (Kadofa
and Ishida, 1972; Eriksson, 1963; Freney and Stevenson, 1966;
Georgii, 19705 Junge, 1960; Robinson and Robbins, 1970).

The measurements of hydrogen sulphide in Nature are few, owing
to difficulties since no reliable available technique measuring
lTow concentrations exists yet. Lewis and Papawizas (1970) énd
Banwart and Bremner (1975) could not detect hydrogen su1phide.
from decomposing organic matter in soils. As thé biogenic
production of gaseous sﬁTphur compounds is of considerable
importance in the sulphur cycle, much interest in these gases
has been shown. Rasmussen (1974) suggests that dimethyl
disulphide and related compounds dominate over hydrogen sulphide
in the production of acid gases from wet areas. Other con-
firmations that organic sulphur emissions are more extensive
than hydrogen sulphide are reported in the Titerature. Kadota
- and Ishida (1972), Lewis and Papawizas (1970), Banwart and
Bremner (1975) and Lovelock and Maggs (1972) have found
.dimethyl sulphide, methyl mercaptan and dimethyl disulphide
gnd, in one case, carbon disulphide among the volatiles derived
‘frbm decéying organic materia.

‘ | The reasons why hydrogen suiphide Was not detected

. by more than one of the workers just mentioned (Kadota and
Ishida, 1972) might indicate that hydrogen sulphide is oxidized
rapidly or adsorbed by soil particles. Smith et al (1973)
mention the adsorption of su]phuwfdiox%de, hydrogen sulphide
and methyl mercaptan in soils (Fig. 2.1). Bremner and Banwart

(1976) found that both wet and dry soils are able to adsorb

A
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Fig. 2.1 Sorption of 502, HZS and CHBSH by soil from air
~initially containing 100 ppm (v/v) of these gases.
(After Smith, Bremner and Tabatabai, 1973)"

dimethyl disulphide, dimethyl sulphide, carbonyl sulphide and

carbon disulphide. ‘It was found in moist soils that carbonyl

sulphide is more easily sorbed than carbon disulphide and the
alkyl sulphides and that the sorptidn of hydrogen sulphide,

sulphur dioxide and methyl mercaptan is more intensive than

for the others. Terraglio and Manganelli (1966) claim that

an increasing soil moisture content result in an increasing

gas adsorption. The sorption of gases is treated in a later

section of this thesis. The microbia] transformation of

sh]phur may be grouped into four categories: (1) oxidation of
sulphur and inorganic sulphur compounds, (2) reduction of
sulphate, (3) assimilation of sulphur and (4) decomposition of
organic sulphur compounds. |

In addition to the biogenic emission of sulphur gases,
these volatiles are released intofthe afmosphere from volcanoes,

natural gas deposits, springs etc.. The weathering qf sulphide



mineralizations and dolomites and limestones contribute as well.
These sources as we]] as their products will be deécribéd in
a later section.
Many économfcaT]y imbdrtant deposits of derivafes

from the biosphere are toAbe found all oVer the Earth. The
content of sulphur and sulphur gases are sometimes significaﬁt
in some of them. Well-known examples are gas and petroleum.
Hydrogen su]ﬁhide might be a useful pathfinder locating con-

cealed accumulations of these deposits.

2.2.6 The atmosphere

The permanent degéssing of the Earth contributes
with a constant flow of sulphur-bearing gases and vapours to
the atmosphere. The sources of the volatile sulphur compounds,
escaping from the Earth to the atmosphere are: (1) volcanic
activities, (2) natural gas deposité, (3) occlusions in rocks,
(4) biochemical and non-biological processes on rocks and
minerals and (5) industrial activities.

| Sulphur géses form trace components which are always

found in the atmosphere, even 1nvremote areas (Ba Cuong et al,
1971, wgiss et al, 1971). The most common sulphur compounds -
in the atmosphere are: (1) sulphate aeroso1§ and, (2) hydrogen
" sulphide, sulphur dioxide, sulphur trioxide, sulphuric acid
and organic sulphur compounds. '

In addition to gases and vapours, dust particTes of
vérying origin are present. These héve been collected,
. analysed and related to the underiying éeo]ogy and geochemistry

by Weiss (1971). Dust particles . may act as catalysts in the
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Table 2.6 Sulphur bacteria (Starkey, 1966; Postgate, 1968)

Oxidizing

I Colourless

A  Thiobacillus

1 Thiobacillus thioparus
2 “ thioxidans
3 ‘! ferrooxidans
4 " novellus

5 " neapolitanus
6 " thermophlica
B Thiospirillum

C Thiovﬁ]um

D Thiothrix

E Beggiatoa

F Thioploca

II  Green to purple coloured

(photoautothrophs and
Tithoautotrophs)
Chromatium
Thiopedia
"Rhodothiospirillum

Thiodendron

m (=} () [on) >

Thiodyction

Chlorobium

[<p .|

Chloropseudomonas

- Reducing

Desulphovibrio
desulphuricans
vulgaris
'sa1exigens
gigas

africanus

Desulphotomaculum
nigrificans
ruminis

orientis




28

oxidation of su]ﬁhur dioxide andvtherefore are of fundamental
importance in vapour geochemistry. Another application of

the atmosphere in geochemistry is the vapour sampling of the
soil atmosphere or the lower free atmosphere. A relationship
between sulphur gases and concea1éd, weathering sulphide
deposits has been reported (Rouse and Stevens, 1971); Shipulin
et al, 1973 and many others).' A more detailed description

of sulphur fbrhs in the atmosphere is presented in a later

section of this thesis.

2.2.7 The anthroposphere

The concept of the anthroposphere was introducedAby'
Pavliov owing to the fact that man becomes more and more
imporiant in his environment, causing changes in all geospheres
-énd in the geochemical cycles of the elements (Rankama and
Sahama, 1950). A worldwide contamination of the environment
and pb]]ution of the atmosphere is going on resulting in
serious problems to living matter and property.

For the environmental geochemist problems appear
when interpreting data from industrially affected regions.
Gaseous sulphur compounds such as sulphur dioxide, methyl
mercaptah etcy products from industria] activities are pro-
duced in large quantities. Not only mankind, but all living
matter including vegetation are threatened.: Sulphur dioxide
.may be further oxidized to sulphur trioxide and finally to |
sulphuric acid. The latter compound is precipitated together

with rain, causing a decrease in pH levels.
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Reference to anthropogenic sulphur vapours in the

atmosphere is made elsewhere in this thesis.

2.2.8 The sulphur cycle with particular reference to

sulphur vapours

2.72.8.7 Introduction

The sulphur cycle is very complex and not fu11y
understood. It is\impossible to study the sulphur cycle in
its natural state owing to the anthropogenic contribution of
sulphur gases.

The sulphur cycle in Nature is linked with volcanic
“activity, weathering of suiphides and dolomites/limestones and
the removal of the sulphur from‘the oceans. The role of
sulphur bacteria is considerable. A short description of
microorganisms and-their role in the transformation of sulphur
follows below. Sulphur emissions, owing to industrial activi-
ties become more and more important in the sulphur cycle. It
is generally believed that anthropogenic sulphur entering the
atmosphere is half of the total (Weiss et al, 1971). The

circulation of sulphur in Nature is shown by Fig. 2.2.

2.2.8.2 Microorganisms and their role in the trans-

~formation of sulphur

In theAtransformations of sulphur, the sulphur re-
ducing and oxidizing bacteria are essential as we11 as other
microorganisms. Chemical reactions without the aid of bac-
teria also take place. The roTe of bacteria in the production
of sulphur gases of interest iniexp]oration has been 1ittle inves-

tigated. Table 2.6 shows the'most‘important genera and species.
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Iron bacteria and certain yeasts which can deposit
sulphur in their cytoplasm resemble sulphur-oxidizing bacteria.

One bacterium belonging to this group is Ferrobacillus, which

uses sulphur in its metabolic functions. Bloomfield (1972)

suggests Ferrobacillus ferrooxidans to be a possible variant

of Thiobacillus ferrooxidans.

. Organic sulphur compounds reach the soil as residues
of 1iving mafter and as products of microbial activity. Micro-
organisms are responsible mainly for the oxidation of organic
sulphur compounds existing in soils (Freney, 1967). Products
such as hydrogen sulphide and dimethyl disulphide, among other
compounds may be formed by‘the decomposition of amino-acids

and protein by various fungi such as Schizophyllum commune and

Chlostridium tethamorphum (Frederick et al, 1957), which may

interfere with gasés. evolved from oxidizing sulphides. Post-
gate (1968) claims that hydrogen suiphide, methylethiol and
dimethyl sulphide are produced by bacteria] activity on cystine
under anaerobic cond{tions.

A description of the oxidation of sulphides, with

and without the aid of bacterja is presented in Section 2.2.9.1.

2.2.8.3 Anthropogenic emission of sulphur-bearing air

pollutants

The industrially produced sulphur gases are important
to consider in vapour geochemistry, due to the fact that these
are. deposited sooner or later, over the land surfaces and may
interfere with the naturally evolved sd]phur produ;ts.

It has been mentioned eisewhere, that the apthropogenic

2

emission of sulphur gases becomes more and more important owing
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to their 1rf1uence on the environment. The circulation of
sulphur in Nature, in and between the geospheres, is comp1i—
cated and extensive. There is a continuous transport to and
from the different reservoirs and it is therefore of fundamental
importance to find out the influence of man-made contribution

of sulphur, mainly in the form of sulphur dioxide pollutant.

A possible way to.track the origin of sulphur compodnds is with
the aid of isotopes. It has been reported thaﬁ sulphur dioxide
is mainly of anthropogenic origin, while hydrogen sulphide

(if measqrab]e) seems to be a natural product (Junge, 1960).
Hales et al (1974) mention hydrogen su]phide and methyl mercaptan
to be of natural origin. ‘The oxidation of hydrogen sulphide
and methyl mercaptan takes place rapidly, resulting %n the

formation of sulphur dioxide:

HZS + 03 -+ 502 + HZO

Georgii (1970) reported that sulphur dioxide produced by indus-
trial activities dominates in the lower part of the atmosphere
but decreased considérab]y with increasing a1titude.' Robinson
and Robbins (1970) claim that one third of all sulphur reaching
the atmosphere, originates from industrial activities and occurs
mainly as sulphur dioxide. 93 percent of po]]ﬂtant emissions
occur north of the equator. In'the world, more than two-thirds
of the volume of natural and pollutant sulphur emissions occur
in the northern hemisphere. |
Sulphur dioxide and other sulphur-containing pollutants

may be removed from the atmosphere in three ways: (1) by preci-

pitation, (2) by oxidation resulting in particulate matter such
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as aitken nuclei (10—7 - 10-5 cm), Targer sulphate particles
and H2 SO4 - containing particlies and (3) by direct interaction
of the gas molecules with the lower boundary of the atmosphare
(dry deposition). .

In the presence of sunlight, sulphur dioxide can be
oxidized to sulphur trioxide, which is subsequently converted
to sulphuric acid if watér is present. The first reaction is
photochemical and the other is catalytic. The relative im-
portance of these two processes in the atmosphere is difficult
to determine. It is 1{ke1y‘that photochemical oxidation pre-
dominates in dry areas, while the c¢atalytic oxidation pre-
dominates in areas with sufficient clouds, fog and rain formation.
In alkaline or neutral water vapour, sulphur dioxide is oxidized
to sulphate which is adsorbed by particles and rain water in
the atmosphere. The dispersion of sulphur in the atmosphere
is difficult to estimate. Georgii (1970) claims that sulphur
dioxide is not transported far from its sources, owing tonshort
residence time af sulphur dioxide, while Smith and Jeffrey .
(1975) repdrt that $u1phur dioxide can move considerable distances
in the atmosphere before deposition. They mention that Scan-
dinavian areas may be a%fected of sulphur dioxide, originating
from Great Britain. Close to industrial areas, the concen-
tration of sulphur dioxide may increase and become several
times higher than the average background concentration
(Barringer, 1966). Bremner and Banwart (1976) have reported .
alkyl sulphides, carbonyl sulphide and carbon disulphide as

pollutants in the atmosphere.
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2.2.8.4 Sulphur forms in the atmosphere

‘In the extens1ve circulation of sulphur, from one
form to another in the sulphur cycle, the atmosphere is a
widely important and necessary medium. Present results on
forms and concentrations of su]phur compounds in this reservoir
are questiorable, owing to the Tack of measurements in un-
polluted regions but a few and sensitive and reliable analytical
methods. |

The atmosphere is a mixture reservoir of natural and
anthropogenic sulphur emissions. In Section 2.2.9, all natural
sources of sulphur vapours are described as well as the products.
Sulphur dioxide is the main pollutant. Hydrogen sulphide,
alkyl sulphides, carbon disulphide and carbonyl sulphide have
been reported to be air pollutants in some areas by Robinson and
Robbins (1970) and Bremnerrand Banwart (1976). It has been
found that the concentration of hydrogen sulphide in the atmosphere
is somewhat constant and unaffected by the origin and history
of the air masses, while the concentration df sulphur dioxide
differs owing to meteorological and environmental factors. In
polluted regions, concentrétions of'su1phur dioxide in the range
0.2 - 2 ppm have been reported by Smith et al (1961) and Barringer
(1966). Eriksson (1970) feports‘an average atmospheric con-
centration of 0.1 ppb of sulphur dioxide, which is about the
same concentration as Robinson and Robbins (1970) found for the
troposphere. Estimations of atmospheric hydrogen sulphide are
few. Robinson and Robbins (1970) claim that the avérage tropo-
spheric concentration is 0.2'ppb.; This compound is believed

to be rapidly oxidized to sulphur.dioxide by ozone. No
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information has been found concerning the atmospheric concen-
trations of organic sulphur gases. Lovelock and Maggs (1972).
Hales et al (1974), Kadota and Ishida (1972) and Rasmussen
(1974) suggest that a]ky]ksu1phides and methyl mercaptan are
released from decaying living matter. Volcanoes, springs etc.
also deliver sulphur gases such as hydrogen sulphide and sulphur

dioxide to the atmosphere.

2.2.9 Important natural sources of sulphur vapours

In‘Seétion 2.2.6 the essential sources of volatile
sulphur compounds were given. The anthropogenic contribution
has been treated in Section 2.2.8.3. In the following pages
oxidation, bacterial and volcanic activities and their products

will be considered.

2.2.9.1 Oxidation

It has been reported in the literature that sulphur
dioxide and other volatile sulphur compounds are derived from
oxidising sulphide depbsits (Shipulin et 31"1973; Kahma et ai,
1975; Glebovskaya, 1969; Rouse and Stevens, 1971). As all
initial work of the present research was based on these results
it is necessary to take a c]osef look Qh the processes involved.

Igneous rocks, formed in primary environments are not
stable under supergene conditions owing to new physical-meteoro-
logica1 conditions. The weathering of rocks may be divided
into fﬁree types: (1) physical wgathéring, (2) chemical weather-
ing and (3) biological weafheringf The rate of weathering is
controlled by factors such as climate, topography, re]ie% and

resistance of rock-forming minerals to alteration. The

A



oxidation of sulphide ore deposits depends on pressure and
temperature, pH énd Eh and the position of the grouhd—wéter
table. Besides, the presence of a population of oxidizing
mitroorganisms is important in the oxidation processes taking
place on the surface of the Earth.

Ginzburg (1960) says that the oxidation of su]phides-
is most develcped in regions with warm and humid‘c1imate.
Areas with alternating dai]y or seaéona], wet énd,dry periods
or where the ground-water table fluctuates are frequently
subjected to intensive and deep ‘rates of.oxidation. The
acidity of the environment plays an important role in its
influence on the microorganisms taking part in the oxidation
processes. It has been shown that bacteria are most active
under conditions of a low pH, a temperature of about 309C and
the necessary pkesence of oxygen, su]phur iron and nutrients.
The depth of oxidation in tectonicé]]y stable areas extends to
the water level. In arid regions, where the water level is
most likely to be deep, the oxidation zone may‘extend several:
hundred meters below the surface, while in humid areas the
oxidation zone normally extends just to no more than a few
meters. The oxidation of suiphides may be divided into sub-
surface oxidation and surface oxidation. The former is mostly
chemical and occurs in an environment, which is not in contact
with the atmosphere. The latter, on the other hand, occurs
under conditions when the atmosphere is in intimitate contact
with the deposit and can be both ¢hemical and microbiological.
The non-biological surface reactidns are insignificant as

compared with those carried out by_bacteria. Starkey (1966)
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mentioned that the surface oxidation is mainly due to micro-

organisms of the genera Thiobacillus and Ferrobacillus.

When sulphides oxidize, sulphate and sulphuric acid
are formed. The latter attacks sulphides and hydfogen sulphide
is formed. Some of the sulphate is metabolized by micro-
organisms and plants, while the rest is leached away in humid
regions. In areas of arid and'semi-arid climate, the sulphates
precipitate in form of gypsum and other minerals. As pyrite
is the most common su1phidé mineral in a wide r&nge of deposits,
soils and environments some reactions of this compound is
presenfed below. The formation of pyrite in soils may be
caused by hydrogen sulphide (possible derivation-product from
the decomposition of organic matter) and iron hydraté or by
hydrogen sulphide and iron sulphide.

The.following reactions are taken from Harmsen (1954)

and Starkey (1966).

0

2Fe(OH)4 + 3H,S > FeS + S + 6H,

FeS + 5 » FeS,
or

2FeS + ZH,5 + 0, » 2Fe52 + 2H,0

g ¥ H2504

S0, > Fe,(S0,)

FeS, + Hy0 + 7/,0, + FeS0

2FeS0, + 1/202 + H + H

3 0

2 2

Fe2(504)3 + FeS, > 3FeS0, + 2S
Sulphur formed in the last reaction may be oxidized to sulphur
dioxide.

In the literature, info}mation has been presenfed about

the possible emission of hydrogen!su]bhide, sulphur dioxide and
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carbonyl sulphide from oxidizing sulphur deposits.  The
origin of these volatiles hés not been explained. It is
possible that bacterial or chemical processés on sulphides
cause the formation, but it is also posSib]e that the derived
products are caused by microbiological decomposition of organic
matter in soil.

In the following section the bacteriogenic formation

of sulphur vapours will be considered.

2.2.9.2 Bacteriogenic origin

Microorganisms, except bacteria, such as fungi and
algae also take part in the transformation of sulphur, but are
of a minor importance as compared with the bacteria. -

. The role of bacteria in the oxidation of ore deposits
was briefly considered in a previous section. |

Bactgria are very important in oxidation-reduction
processes of sulphur and its compounds, transforming sulphur
from one form to another (Starkey, 1966). In vapour geo-
chemistry, it is of interest that volatile sulphur compounds
are formed in these processes. In other sections of this
thesis, descriptions of products from decaying matter have beeﬁ
presented. The main constituents reported are hydrogen sulphide,
dimethyl sulphide, dimethyl disulphide, methyl mercaptan,
carbonyT sulphide and carbon disulphide. Few suggesticons have
been‘presented about bacterially derived volatile su]bhur com-
pounds from sulphide ores. Shipulin et al (1973) mention
hydrogen sulphide, which subsequently is oxidized to'su1phur

dioxide.

il
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Rasmussen (1974) analysed the headspace* over non-
organic sulphur media (MgSO4) and found that dimethyl di-
sulphide was produced by microbes and that dimethyl disulphide
and dimethy] éulphide and other unidentified sulphur gases
were produced by bacteria grown on organic material.

The sulphate-reducing bacteria are found in a wide
variety of envjronments. They exist in soil and waters, in
muds, in sulphur springs and in oil pools. Their presence
is revealed by a dark colour of the soil and a smell of sulphide.
If they ac;umu1ate in large numbers, precipitation of metal
. sulphides may take place. The soil changes to yellow, red or

orange when oxidized.

2.2.9.3. Volcanic emanations

Neériy all volcanoes give off hydrogen su]phide..
Often sulphur dioxide, sulphur trioxide and carbonyl sulphide
are emitted. The first two gases can be oxidation products
of hydrogen sulphide and carbonyl sulphide can have been formed
by a reacfion between carbon dioxide and a su1phur gas.

Almost all data on the composition of volcanic gases
comes from fumaroles. A world-wide similarity of the emissions
from fuméro]es exists. It éeems thaf water vapour is the most |
dominant gas, followed by carbon gases (C02,29§ etc.) and sulphur

gases on the third place.

2.2.9.4 Other sources

Hydrogen sulphide and its oxidation products have

*Headspace is defined as the gaseous atmosphere over a sample
in a closed system. .
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also been found in springs, salt deposits,boi1 and gas pools
etc.. Many times, hydrogen sulphide is escaping from seeps
close to these formations, suggesting another possibility for

the use of sulphur vapour geochemistry in exploration.

2.2.10 Factors concerned with form, dispersion and con-

centration of sulphur vapours in soil

Oxidation of sulphides and putrefaction of organic
matter may cause an emission of various volatile sulphur com-
pounds. For the exploration geologist, the former is of
particular interest. Many factors are of importance when
considering form, dispersion and concentration of these com-
pounds.

The form of compounds evolved depends on parameters
such as: (1) environment {aerobic or anaerobic), (2) geology
(type of rock and ﬁinera]ization, (3)}chemica1 or microbiological
activities and (4) meteorological factors (temperature and
temperature changes, Barometric pressure, wind velocity and |
precipitation). Rouse and Stevens (1971) and Shipulin et al
(1973) have found that different rocks and sulphide minerali-
zations emit a various amount of sulphur vapours. It is also
believed that the emission may vary during the day and night,
being most intensive during daytime, when the deposits are sub-
jected directly to the action of sunlight. Fluctuation of
temperature, groundwater level etc., owing to seasonal or
periodical changes, also affects the production of gases.

Type of mineralization and populetion of microorganisms deter-

mine the formation of sulphur gaees. Sulphates e.g. are reduced



by bacteria under formation of hydrogen Su]phide, while sulphides
are oxidized, during which process sulphur dioxide and carbonyl
gu]phide may be evolved. The dispersion of the volatiles is
affected by factors such és (1) structural geo]bgy, (2) per-
meability of overburden, (3) soil moisture content, (4) micro-
organisms and plants and (5) further tfansformations of the
sulphur compounds in the cycle of sulphur,

Ovchinnikov et al (1972), Ernst (1968) and Headlee
(1962) report that fractures and cracks act as pathways for
gases derived from subsurféce environments on their wéy to the
atmosphere. Terraglio and Manganelli (1966) ‘have examined
the influence of soil moisfﬁre on adsorption of sulphur dioxide
in soils. They found that an increasing moisture content
results in an increasing adsorption capability of the soil.
Other parameters such as the pH of the soil, soil strucﬁure,
minerai or orgahic content, porosity and ion exchénge capacity
may also be-of importance in the dispersion, since fhese factors
affect microorganisms and piants.

The concentration of su]phur vapours in soil depends
mainly on the following factors: (1) type of rock, (2) adsorp-
tion capability of the séi], (3) meteoro]ogicaT factors and (4)
distance from the ore deposit. Under near-surface conditions
the concentration of gases are affected by meteorological
variables such as precipitation, which causes dilution or con-
centration of sulphur gases in soj] moisture and changes in
barometric pressure, which affects the direction of the gas-
flow in the surface layer. The éoi] will either be degassed

or enriched by gases entering the-soil from the atmosphere.

AN



2.2.10.1 Geochemical haloes

‘As the surficial pattern formed by sulphur gases,
generated from concealed, oxidizing sulphide-bearing deposits
and the relationship between gaseous sulphur compounds and
sulphide minerals are not known, geochemical haloes in general
are briefly described below.

Geochemical haloes are often formed above or beside
ore deposits. There are two types: (1) primary (syngenetic)
which are associated with endogeneous and exogeneous minerali-
zations and (2) secondary, which have developed under exogeneous
conditions depending on subsurface chemical reactions and
degassing of the Earth. These can be further subdivided into
the following types: mechanical, saline, biogeochemical, water
and gas. Primary and secondary haloes vary widely in their
natural appearance.  Haloes in the supergene zone are probably
of mixed primary and secondary origin. Above gas and oil
deposits, there are so called intrusion haloes, which consist
of hydrocarbons. ?actors affecting the morphology and dimenéions
of geochemical haloes, associated with ore deposits, are 1isted

below:

(1) .Structure (including tectonic features such as
faults, fractures and contact zones between
ore and host rock),

(2) Litho]ogica]Fpetro1ogica1 composition of the
ore deposit and host rock,

(3) Minera]ogica]—chgmic&] composition of the ore
deposit and host rock,

(4) The genesis of ore fgfmation,
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(5) Porosity and permeability of the host rock

and overburden.

Primary haloes réiated to exogeneous mineralizations
are also affected by facies changes. Endogeneous haloes are
often irregular and spread upwards, seldom in tHe lateral
dikection. Bakhtin (1972) describes the magnitude of certain
aureoles in Russia and suggests that above pyrite deposits with
a steep dip, there are endogeneous haloes with a vertical
extent of 500 - 2000 m. He further states that the width of
endogeneous haloes above polymetallic deposits in Caucasus may
be 30 - 50 times greater than the thickness of the ore bodies.
Secondary haloes generally have a larger areal extent than
primary haloes. Secondary haloes are affected by erosion.

E]ements with an affinity for sulphur form larger
dispersion aureoles than those with an affinity for oxygen
(Kreiter, 1968). |

Horizontal and vertical zonation in hajoes exist.
The former type is signified of a decrease in concentration
with an ihcreasing distance from the ore body. Vertical
zonation is affected by structure and temperature conditions.
Intreasing distance from the mineralization leads to a lower
concentration.

It is 1mpbrtant in understanding the dispersion and
kind of gases connected with ore deposits to know the possible
sources of 'the origin of the gases. Elinson et al (1970)

summarize following origin for gases:

(1) Residual gases which were originally present

in rocks,



(2) Gases introduced with the hydrothermal
solutions,

(3) Gases formed during metamorphic and
metasomatic alterations,

(4) Gases from great depths,

(5) Gases derived from oxidizing ore bodies.

Gas ‘haloes above ore deposits are formed in the zone
of endogeneous haloes and near the surface. Mobile gaseous
aureoles can be grouped into different types according to their
genesis qs:' (1) those of polygenetic origin, formed at great
depths and related to tectonic zones and (2) those derived

from oxidizing ores.

2.2.10.2 The migration of gases

Generated gases migrate upwards, either directly or
in steps, owing to dissolution and évaporation processes.
Because of pressure and concentration gradients, lateral
movement exists. Stegena (1961) and Headlee (1962) mention
‘the vertical movement tb be the most significant.

There are two mechanisms responsible for the migration
of gases or for the exchange of gases between the soil and
atmosphere. They afe massf1ow (effusion), which depends on
di fferences in total pressure and diffusion, which depends on
differences in concentrafion. |

In any transport, three variables, a flux F, a con-
ductivity K and a potentia]_grad{ent G,.measured in the

direction of flow, are related according to Fick's Taw by the

equation (Currie, 1970)
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Thé.exchange of gases between the soil and atmosphere
is affected mainly by diffusion (follows Fick's law above)
and meteorological factors such as changes in temperature and
atmospheric pressure, wind and pregipitation. Kohnke (1968)
and Currie (1970) also mention massflow as a mechanism, acting
in a ro]e.of the removal of soil air. Blake and Page (1948)
~state that diffusion is the most important of the two mechanisms
as well as the two authors previously mentionedi Gaseous
~diffusion in a soil is controlled by soil structure and soil
moisture. The rate of diffusion through soils is mainly
determined by the total volume and not the size of the pores.
Diffusicn takes p1ace'¢Qnt{nubusTy until the components of any
gas-filled space are mixed and in a state of chemical and
physical equilibrium.

Changes 1n barometric pressure and temperature, wind
and soil moisture content will affect the massflow of soil
gases. The alterations in soil air, depending on massflow are
very small, Since the résu]t of action of the determining
factors are insignificant.

Groundwater is another medium in which gas trans-
portation may occur. Hydrogen sulphide and sulphur dioxide
are very soluble. When the pressure declines, the dissolved
gases may be released from the wafer by evaporation.' The
influence of groundwater on sulphur Qéées is significant in
those cases when the mineralization is below the groundwater

table.
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2.2.10.3 Sorption of sulphur gases by soils

Little information has been found in the literature
about sorptibn.of sulphur gases by soils. Most papers re-
viewed deal with the sorption of su1phuf air pollutants, of
which sulphur dioxide is the most important, by the lower
boundary of the atmosphere. This is important in sulphur
vapour geochemistry, since the fate of sulphur pollutants in
the atmosphere is little known. Su]phur gases, removed from
the atmosphere by soil and water surfaces, undergo further
transformations, chemical and microbial, and becbme more and
more important in the su1phur cycle. It is unknown if the
deposited gases remain in the top Tayer of the soil or if they
penetrate the soils to a considerable debth on account of their
solubility in water and hence transport with this medium. In
sulphur vapour geochemical exploration for concealed sulphide
ore deposits, the soil atmosphere is often sampled at a depth
of 30 - 100 cm and might be affected by the atmospheric sulphur-
containing gaseous constituents. The fate of atmospheric
sulphur-bearing pollutants and the sorption of sulphur Qases
by wet and dry soils are briefly discussed be]qw.

Sulphur gases.such as sulphur dioxide may be removed
from the atmosphere in rain, by oxidation to particulate
"material or by direct interaction of the gas molecules with
the land and water surfaces. Many parameters affect the
deposition. The most important are meteoro]ogiéa] factors
such as wind velocity, physiocheéjca] properties like pH, type
of vegetation? moisture content aﬁd effective surface area for

land surfaces (Payrissat and Beilke, 1975; Terraglio and

A
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Manganelli, 1966; Garland et al, 1974). Few workers have
contributed wiﬁh information on sorption of sulphur gases,
except sulphur dioxide, by soils. Smith et al (1973) describe
sorption of sulphur dioxide, hydrogen sulphide and methyl
mercaptan. They found that the moisture content is important
for the removal of particularly éu]phur dioxide and that dry
soils sorb hydrogen sulphide and methyl mercaptan more rapidly
fhan wet (Fig. 2.1). ‘Bremner and Banwart (1976) have investi-
gated evolution and sorption of sulphur gases such és carbon
disulphide, carbonyl sulphide, hydrogen sulphide, sulphur
dioxide, methyl mercaptan, sulphur hexaf]uoride,'dimethy1
sulphide and dimethyl disulphide. Sulphur hexafluoride was
included on account of its inert propertfes and its suitability
as a tracer gas for air pollution. They found that aif—dry
and moist soils havg the capacity to sorb dimethyl sulphide,
dimethyl disulphide, carbonyl sulphide and carbon disulphide
but not sulphur hexafluoride. Dimethyl disulphide, dimethyl
sulphide, carbonyl sulphide and carbon-disu]phidé were sorbed
in larger amounts by wet soils. Hydrogen sulphide, sulphur
dioxide and methyl mercaptan are sorbed more rapidly than all
the 6thers. Carbonyl sulphide is more easily adsorbed by wet
soils than alkyl sulphides and carbon disulphide. Smith et al
(1973) found that sulphur dioxide‘is more rapidly sorbed than
hydrogen su]phide;and methyl mercaptan by wet and dry soils.
Bremner and Banwart (1976) found that the microbacterial
population of a wet soil is the main factor for the sorption

of alkyl sulphides, carbony]-su1pﬁide and carbon disulphide.

Sorption of the gases investigated by Bremner and Banwart



47

(1976) is illustrated in Fig. 2.3.
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Fig. 2.3 Sorption of different sulphur gases by air-dry soil

from air initially containing 100 ppm (v/v) of these

gases. (Bremner and Banwart, 1976)

CHAPTER 3

SPECIFIC NON-INSTRUMENTAL ANALYTICAL METHODS

FOR SULPHUR DIOXIDE AND HYDROGEN SULPHIDE IN SOIL GAS

3.1 Introduction

Based on the positivé claims by previous workers
(Chap. 1) that sulphur dioxide and hydrogen sulphide in soil
gas'tou]d be used in exploration for detecting sulphide-bearing

mineralization, an extensive literature review on techniques



48

used in the detection of these two compounds was canriéd out.

Until recently, mainly wet-chemical methods have Been
used in the analysis of sulphur dioxide and hydrogen sulphide.
Latterly, the need for more rapid and sensitive techniques has
become necessary because of the extremely low concentrations
and environmental contamination.

Fon the analysis of sulphur dioxide in the parts per
billion (ppb) concentration range, Peters (1973) used a method,
developed by West and Gaeke (1956), and could detect sulphur
dioxide in soil gas above concealed sulphides in Canada. of
the numerous analytical methods available for sulphur dioxide,
the West-Gaeke colorimetric method was selected for the present
research, in sulphur vapour geochemistry owing to its high
sensitivity, simplicity and low cost.

Many methods are available for the detection of
hydrogen sulphide. Two methods, one colorimetric and the other
using a.sulphide-ion selective electrode, were tested for their
proclaimed high sensitivities. -

| In the following sections a‘presentation’of the
selected analytical methods is given, followed by experimental

work utilizing the methods selected and the results obtained.

3.2 Previous WYWork

3.2.1 Application of the West-Gaeke method in the analysis

of sulphur dioxide

-

West and Gaeke (1956) developed a wet-chemical method
- for the analysis of sulphur dioxide, that came to be widely

used in air pollution control. Many modifications have there-

AY



after been made in attemptsyfo minimize errors and Tack of
reproducibitlity.

The detection 1imit of the original method was
claimed to be 5 ppb for a 38.2 & sample (West and Gaeke, 19563
Trieff et al, 1968). The procedure of the original method

was:

An absorbing solution of 0.1 M sodium tetrachloro-
mercurate (II) (NazHgCQ4) traps sulphur dioxide

as dichlorosulphitomercurate (II) (Hg(SO3)2022)

When acid-bleached pararosaniline dye and formal-
dehyde are added, the red-purple-violet pararosaniline
methyl sulphonic acid compliex is formed. The

optical density of the coloured solution is deter-
mined spectrophotometrically at a wavelength of

5600 R. ~The intensity of the colour is directly

proportional to the concentration of sulphur dioxide.

Scaringelli et al (1967) investigated the relationship between
the concentration of the tetrachloromercurate solution (TCM)
and the absorbance of sulphur dioxide. They found that con-
centrations higher than 0.04 M resfrain colour formation of thé
disulphito-mercurate (II) complex and claim that the TCM
solution may be diluted 10 - 100 times without any Toss in
absorbing efficiency (Fig. 3.1).

West and Gaeke (1956) carried out a test comprising
the oxidation of sulphur dioxide absorbed in TCM. They found
that the su1hhur dioxide was veryistab]e and 'that nvoxidation-
~ took place (Fig. 3.2). Reiszﬁer ahd wesf (1973) claim that not

even permanganate oxidizes the diéh]orqsu]phitomercurate complex



BBy o
o T Rer T e
< °4cw___;\o.672
§ ‘ .
5 03
L,
9 |
& 027 0338 -
(Vp]
@ 0t -

! 1 | 1
-0 02 0 06 Q@8
TCM, MOLARITY

Fig. 3.1 Absorbance at various concentrations of tetrachloro-
mercurate (TCM) for three concentrations of sulphur

dioxide (ug/mg). (Scaringelli et a1,-1967)

(I1). The stability of the complex with time and Tight was
investigated by Scaringelli et al (1967). Their tests showed.
that a significant loss of sulphur dioxide took place in
solutions éxposed to intensive light. Reiszner and West (1973)
report a rapid decay of dichlorosulphitomercurate in folutions
exposed to the sun. The complex was found to be stable for
a long time at low temperatures, while a Joss of sulphur dioxide
could be observed at higher temperatures (Fig. 3.3).

| The pararosaniline dye*has been found to contain

impurities by many users and Scaringelli et al (1967) recommended

thorough cleaning before use.
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Fig. 3.2 Rate of oxidation of sulphur dioxide absorbed in

sodium tetrachloromercurate (TCM). (West and Gaeke,

(1956) ‘.



T\ ’ 25°c"

-_J\

€ %

o ®, B: SE TR - —iena_ _ “

i’ 18- “2‘:‘3‘-‘5! IR R R T -

T S

%g 12} -

5 R

o ® ;’lﬂm_ﬁ_“ SR Hr's SESE PR T IOR »SOC

:?: 24 '1..: ] ~ OOLM

) <1

v - 18- .g- _ 0_.:- _.‘_-C'_‘-‘o-:_Othj
R o [

0 L 6 12 16 20 2L 28
TIME: DAYS

Fig. 3.3 Stability of dichlorosulphitomercurate solutions
with time. (Scaringelli et al, 1967) '

Compiete colour development is achieved after 20 - 30
minutes according to West and Gaeke (1956). Trieff et al
(1968) report a tendency of variability of the colour develop-
ment from sample to sample. Scaringelli et al (1967) investi-
gated relations between temperatures and colour variations.
Fig. 3.4 shows that the féding of the colour is most intense
at high temperatures. . | |

The most serious interferences reported are nitrogen

dioxide and heavy metals. The former can be eliminated by
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the addition of sulphamic acid directly after the sampling -

(Scaringelli

et al, 1967).

The influence of heavy metals

may be eliminated by the addition of EDTA or phosphoric acid.
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Fig. 3.4

Absorbances versus time at specified temperatures.

(Scaringelli et al, 1967)

3.2.2 Application of the méthylene-blue method in the

analysis of hydrogen sulphide

For the détection and estimation of hydrogen sulphide

in ambient air, Jacobs (1957, 1959) recommends the methylene-
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blue colorimetric method. The original procedure df the

methylene-blue method is as follows:

An alkaline so]ution of cadmium hydroxide acts
as an absorbent of hydrogen sulphide. The
‘gas is trapped as cadmium sulphide and pre-v
cipitates. The hydrogen sulphide is released
by acidffication with p-aminodimethylaniline
(Fig. 3.5). Ferric ch]oride,\hydrogen sul-
phide and p-aminodimethylaniline produce _
methylene blue (Fig. 3.6). The absorbance of
the colour is measured spectrophotometrically
at 6700 A. The intensity of the colour is
directly proportiona] to the amount of cadmium
sulphide and hence of the concentration of hy-
drogen sulphide.

o * Na2504

‘_\CdSO4 + 2Na OH - Cd(O0H)
' (alkaline)

Cd(OH), + HpS = CdS + 2H,0

CdS + H,S0, > CdSO, + H,S

2
(The amin-acid stock solution is made of 12 g
p-aminodimethylaniline, 50 m1 concentrated

sulphuric acid and 30 ml distilled water).

Jacobs et al (1957) and Jacobs (1959) describe problems
with the oxidation of hydrogen su]phide. Bamesberger and Adams
(1969) compared concentrations reéovered in the aTka]ine |
cadmium hydroxide absorbing solution with known generatéd

concentrations. During a two-hour sampling perijod, up to



N,N-—dlmethyl p-phenylenediamine
{p-aminodimethylaniline)

Fig. 3.5 p-aminodimethylaniline
(Jacobs, 1959)
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H C“ f" CH3
. CH CH
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methyiene blue

-~

Formation of methylene blue (Fe Ctgy acts as an

oxidant in the reaction). (Jacobs, 1959)
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80% of the hydrogen sulphide was Tlost. An investigation of
factors such as pH, oxygen, aspiration and 1ight showed that
the major loss was caused by exposure to light (Fig. 3.7).

The photodecomposition of the cadmium sulphide precipitate
could be inhibited by the addition of an antioxidant, arabino-
galactan, and hence improve the recovery of hydrogen sulphide.

The effects of aspiration and pH are shown in Fig. 3.8.

% RECOVERY

[ 1 X 1 1 1 I [ 1 1 () i L
2 4 6 & 0 12 K 16 18 20 22 24

STORAGE TIME (hours)

| e

Fig. 3.7 Effect of light on cadmium sulphide in a cadmium
| hydroxide suspension. (Bamesbergef and Adams, 1969)
| LEGEND
« Anti-oxidant, dark
o Anti-oxidant, light

o No additive, dark

o

No additive, light
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Fig. 3.8 Effect on pH on loss of sulphide from a cadmium
hydroxide solution in the dark. (Bamesberger and
' Adams, 1969)
In Table 3.1, the effects of oxygen and nitrogen are compared

with the role of photodecomposition of cadmium su]phidé.

Table 3.1 Oxidation versus photodecomposition for hydrogen.

sulphide

DiTution gas .Light exposure ug HZS/sample HZS recovered

(hour;) (%)

N, 0 11,78 81.8
0, 0 11.52 80.0
Air 0 11.43 79.4
" 2 , 8.96 62.2

24 . 0.42 2.9
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Jacobs et al (1957) carried out a test comparing thé
efficiéncy of the absorbing solution by connecting three
scrublers with cadmium hydroxide and a hydrogen sulphide
generator in series. The first waéhér trapped the atmospheric
hydrogen sulphide. Thereafter, the purified airstream passed
through the hydrogen sulphide-generating container, conﬁinufng
into the two remaining two washers. The first of these was

found to absorb at least 90% of the hydrogen sulphide generated.

3.2.3 Analysis of hydrogen sulphide with a sulphide-ion

selective electrode

In recent years a range of electrodes capable of
responding to a particular ion has been developed. They are

2-, K+, Na+

very selective for a particular ion such as F , S
éfc.

The application of a suiﬁhide—ion selective electrode
in the analysis of hydrogen sulphide has become common owing
to (1) simplicity, (2) freedom of interferences (3) high
sensitivity and selectivity and (4) direct determination of
the sulphide concentration or activity in solution. The |
application of fhis method makes possible the measurement of
hydrogen'squhide below the ppb level in solution. The total
su1phide-ion activity in a solution can be measured és.we11 as
the free hydrogen sulphide. Depending on pH, sulphur of

27y, hydro-

‘oxidation number two can be present as sulphide (S
sulphide (HS_) or hydrogen sulphide (HZS) in a solution. An

2-) is observed with rising pH.

increase of sulphide (S
The specific sulphide-ion electrode consists of a

solid homogeneous high-purity silver sulphide membrane -separating
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a dilute silver nitrate inferna] reference solution and a silver
wire (Fig. 3.9). The metallic silver cannot come into con-
tact with the sample. The possibility of measuring oxidation-
reduction potentials is thus eliminated, leading to improved
specificity and performance. The membrane is used as.a

connector that allows only silver ions to pass between the

Internal filling
- Solution

Silver sulphide membrane

-

Fig. 3.9 Silver sulphide membrane electrode

sample solution and the reference solution which.is kept at a
constant’si1ver ion concehtration. Electrical conductivity

is formed between the sample solution and the iﬁterna] reference
solution, which depends on fhe activity of the silver ion in

the sample solution (Hseu and Rechnitz, 1968). As the sulphide-
ion membrane electrode exhibits Nernstian behaviour, the

activity of the silver ion can be'expreésed by Nernst's equation

as below (Muller et al, 1969):



60

E=K+z.3x-}-§-I

X Tog AAg+

E 1is the measured potential of the system

K is the constant for the electrodes and
solutions used

is the universaT gas constant

is the absolute temperature

is the Faraday constant

> M - =

Agt is the activity of the silver ion in the

sample

For samples which contain no silver ions, a very few
are produced by very low solubility of the silver sulphide
membrane (Hseu and Rechnitz, 1968). The silver ion activity
depends on the sulphide ion activity in the sample solution
and can be calculated from the solubility product (KSP) of

silver sulphide:

S2-

(The solubility product of silver sulphide at 25°9C is 1.48 +

-51

0.1 x 10 according to Hseu and Rechnitz, 1968.)

Nernst's equation above can be rewritten as:

E = constant - 2.3 x %l 1og-A52_

The constant is the same as in the previous Nernst equation
except that it now contains an additional factor involving

the solubility product of silver sulphide.



The electrode system measures the activity of
sulphide ion. The concentration may be calculated if the
jonic strength of the sample solution is known. The con-

centration is related to the activity by the following equation:
Cgz- = (Ysz-) X (Asz_)

where Ysz_ is the sulphide ionic activity coefficient. As
mentioned abbve the concentration of sulphide ion in any
aqueous solution is re]ated to the concentrations of hydro-
sulphide and hydrogen sulphide and is function of pH of the
sample solution and is determined by the equilibrium constants

of the reaction:

+ -
HZS = H + HS

Hs™ = Ht + s2-

2
C,+ x Cea-
H S = K

H,S

C 2

H,S

2

If the pH of a solution is known and the concentration of §2-
is determined, then the concentration of hydrogen sulphide |

may be calculated as be]qw:

log CHZS = log Csz_ - log KHZS - 2pH

A reference electrode, with or without a saltbridge,
is used together with the indicator electrode and the potential
developed is measured. In Fig. '3.10 a typical sulphide

titration curve is given.
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ml10"'M AgNO,

_Fig. 3.10 Sulphide titration curve

(after Pungor et al, 1968)
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Allam et al (1972) used a sulphide-ion selective
electrode determining hydrogen sulphide concentrations in
submerged soils. vThey found hydrogen sﬁ]phide concentratfons
in the range 0.05 - 641.28 ppb and that the two main factors
controlling hydrogen sulphide concentration in Soi] were soil
pH and oxidizable carbon. Morie (1977) employed a specific
sulphide-ion electrode in the determination of hydrogen
sulphide in éigarette smoke, Other workers such as Bock
and Puff (1968) report successful results using the sulphide-
ion selective electrode in sulphide determinations as well.

Table 3.2 shows important characteristics of the

sulphide-ion selective electrode.

Table 3.2 Characteristics of the silver-sulphide membrane

electrode (Allam et al, 1972)

Concentration range 107%-10"7 total silver or sulphide
10791072 free silver or sulphide

Temperature range ' 0 - 100°C

pH range 0 - 14 ‘

Slope at 25°¢ 29.6 mV/sulphide/decade

59.2 mV/silver/decade
Transienf response time - ‘ Bm sec - 2 min
Interferences sulphide ion: none

silver jon: Hgt

Temperature coefficient + 0.05 mv/°C in 0.1M NaZS or in
1.0M NaS$S
- 0.40 mV/°C in 0.1M AgNO4

Resistance 0.5 - 1 megohm
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CHAPTER 4

ANALYTICAL RESEARCH AND DEVELOPMENT

4.1 Introduction

Analytical work has been cérried out, testing and
modifying the sensitive wet-chemical colorimetric methods for
sulphur dioxide and hydrogen sulphide described in Chapter 3.
The methods were modified in attempts to improve the sensitivity
for use in ambient air and soil atmosphere measurements and
to simplify the procedures for application in the fieid. |
The determination of sulphur gases in the lower ppb concen-
tration range is not simple from an analytical point of view
and progress was necessarily slow. Erratic and spurious
.resu1ts may be caused by factors such as photodecomposition,
oxidation and adsorptidn in the sdmp]ing system. Efforts to
eliminate or to reduce the effects of these parameters were

made.,

4.2 Experimental Work

4.2.1 Sampling ahparatus and procedure

Air was drawn'into a sampling system with the aid
of a Capex Mark 2 reciprocating 12 volt suction pump, pdwered
by a car battery. The air-stream was drawn through poly-
vinyl chloride (PVC) and glass tubes into the bubblers,
containing potassium tetrachloromercurate absorbing solution
~for su]phur dioxide and cadmium hydroxide absorbing solution

- for hydrogen sulphide. The f]ow-rate was controlled by an

AN
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adjustable airmeter, connected to the sampling system outlet,
thus avoiding contact between adsorptive surfaces and the air-

stream. The sampling system is illustrated in Fig. 4.1.

Adjustabl le flow- meter

~

Gaswasher

~Pump

Fig. 4.1 Sampling apparatus for atmospheric gases.

Three different types of bubblers were ﬁsed. In all of thém,
air was drawn through a tube immersed in the absofbihg solution.
“Sulphur dioxidé and hydrogen sulphide in thevair—stream_were.
subsequently trapped in the tetrach]ordméfEUrétéxénﬁﬁcadmiUm
hydroxide-absorbing sb]utions. For greatést efficiency in.
absorption, capillary tubing producing small bubb]és was ﬁsed
in all types of gas washers. The volume of the final solutions
were reduced to 5 ml, which will be described below, and |
graduated 5 ml V-shaped centrifugé,tubes<were'USed.gsVSCrhbbers;
When Targer volumes of final so]utioné were occasionally.used,

a Gelman test tube or a midget bubbler was employed.

w



(&)}
()}

4.2.2 Analysis of sulphur dioxide

4.2.2.1 Introduction

As previously stated, because of its high sensitivity,
simplicity and presuméd applicability to mineral exploration
vapour geochcmistry, the West-Gaeke colorimetric method was
selected. | |

The original method was modified in an attempt to
increase the sensitivity and to simplify the working procedure,
making the method applicable to field operations. AT11 reagent
‘concentrations have been standardized to allow an addition of
1 ml. The principle procedure of the modified method follows

the routine as for the original.

4.2.2.2 Procedure and tests carried dut with the West-

~

Gaeke . method

A total volume of 5 ml was used instead of 25 ml as
prescribed in the original method to improve sensitivity.

An. air-stream was drawn intce the sampling system
with the aid of a suction pump at a rate of 0.5 1/min and
bubbled through 2 ml of a 0.04M.potassium tetrachloromercurate
solution (TCM), contained in a 5 ml graduated, V-shaped centri-
fuge tube. After sampling, 1 ml of 0.12% sulphamic acid was
added and mixed. Thereafter, the solution was allowed to
stand for 10 minutes to ensure comb]ete destruction of inter-
fering nitrites. Thereafter, 1 ml of 0.016% hydrochloric-
bleached pafarosan11ine hydroch1oﬁ1de (PRA) was added, followed
by the addition of 1 ml 0.08%‘f0rma1dehyde solution. About

30 minutes were allowed for reachfng an optimal colour develop-.
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ment. The absorbance of the pararosaniline methyl'gu]phamic
acid complex was finally measured spectrophotometrica]ly at.
5480 X. Scaringelli et al (1967) recommended this wavelength
instead of the one suggested by West and Gaeke (1956) for .
solutions containing pararosan111ne hydroch10r1de

Initially an SP 600 Spectrophctometer was used, but
was later replaced by the more rapid Gilford Spectrophotometer.
The former instrument was, however, always used in the measure-

ments of the soil-air samples collected in the fieldwork,
because of its portab111ty in a f1e1d lTaboratory.

The pararosan1]1ne dye was recrystallized from
aqueous methanol prior to use to remove impurities in the base
as reported by other researchers. The cleaning procedure is
described below.

Pararosani]ine'hydr¢ch]or1de Was dissolved in
250 m1 of 2.5N hydrochloric acid for the removal
of impuritieé. After about 2 hours the bleached
solution was filtered. Weakly, yellow-coloured -
and shiny plates prebipitated. - A slight excess
of 2.5N sodium hydroxide solution to the filtrate
resulted in a removal of the yellow colour. The"
bése was then carefully rinsed with deionized water
and finally recrystallized in 70 m1 of boiling
methanol to which 300 ml of deionized water was
“added at 80°cC. The solution was cooled at room
‘temperature. .

Sfandard su]phite solutions for.calibration were

prepared~dai1y owing to the rapid. decomposition of the sulphite
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with time. The procedure has been described by Scaringelli
et al (1967). 0.400g of sodium sulphite was dissolved in
250 ml of freshly boiled and cooled deionized water. The
concentration of the sulphite solution was determined iodo-
- metrically and back-titrated with 0.IN sodium thiosulphate
which had been standardized against a potassium iodate
solution of known concentration.

The sulphite solution was stabilized by dilution
with tetrachloromercurate (TCM) directly after the aha]ysis,
following the procedure below.

2 ml of the standard solution were diluted to 100 ml
with TCM. Aliquots of 0,51, 2, 3, 4 and 5 ml were transferred
to 25 volumetric flasks, followed by the addition of 5 m1 0.12%
sulphamic acid. After 10 minutes, 5 ml each of 0.08% formal-
dehyde solution and 0.016% pararosaniline were added. After
the addftion of TCM to the 25 ml mark, 30 minutes were allowed
for maximum colour development. The intensity of the co]oﬁr
~ was measured spectrophotometrica]]& at 5480 R. A typical
standard curve is illustrated in Fig. 4.2, showing absorbéncés
versus concentration.

The same batch of the purified dye was used in all
calibrations and tests. ~Owing to the instability of the
sulphite- and formaldehyde solutions, new calibration curves
had to be prepared daijly. A11 the other réagents have been
claimed to be stable for months. Analytical grade chemicals
were always used. |

In order to investigatehthe efficasy and reproduc-

ibility of the TCM absorbing solution and the method respective-
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ly permeation tubes containing liquid sulphur dioxide were
prepared. A fluorinated ethylene (*PTFE Teflon)

tube of about 10mm Tength with an inner diameter of 1.5mm
was sealed at one end with two glass beads. The tube was
filled with sulphur dioxide, obtained from a 250 ml cylinder
and cooled td.liquidity at -10°C with solid carbon dioxide.
After filling, the sulphur dioxide was enclosed in the tube

- by sealing the remaining openvend with two glass balls.

After sealing, diffusion takes place throdgh the‘permeab1e
walls. The diffusion rate is constant as long as liquid

and gas are in equilibrium. The concentratién evolved may
be varied by changing the length or wall thickness of the
~tube and temperature or the flow of the sweeping carrier gas.
Diffusion or permeation rates were found to change from tube
to tube. In general, the 1ife~length of a tube was one or
two days when stored at room temperature. The 1ife was
prolonged, if the tubes were kept in a refrigerator. In

the tests, sulphur dioxide free-air was used as a carrief gas.

The figures below illustrate the sampling apparatus
in use as well as a permeation tube (Figs. 4.3 - 4.4).

Air was drawn into the sampling system with the aid
of a small suction pump. Sulphur dioxide, present in the
atmosphere, was trapped immediately in a solution of TCM,
contained in a conical flask. The clean air-stream was
swept fhrough a vessel containinq'the sulphur dioxide permeation
tube. The evolved sulphur dioxide was subsequently absorbed
in a 5 ml v-shaped scrubber containing TCM. The inlet %1ow-

rate was controlled by an adjuétab]e'flow-meter as well as the

A\

x
PTFE = polytetrafluor ethylene
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SOp-trap Permeation- cunm-pump

tube \

Fig. 4.3 Sampling device for SO2

Glass-balls

"Fig. 4.4 S0, permeation tube
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outlet flow-rate. A vacuum pump was used for di]ut%on
purposes., A constant flow-rate through the bubbler was
maintained, while the sampled volume varied. Numerous
permeation tubes were consumed in the investigation.
Spurious results of sulphur dioxide concentrations were
received for one and the same permeation tube, probably
owing to an {rregular emission of the volatile compound‘
and also by adsorption of the gas on the PVC tube. The
variance of the concentrations recovered is shown in Table
4.1.

In calculating the concentration, the following

formula was applied from Scaringelli et al (1967):

n

1g SOz/m] 0.88 x (Sample absorbance-Blank absorbance)

= a
g S0, in 5 ml =5 x a

b = 5 x a x 0.382 x 1000
PP volume of sampled gas (in ®)

0.88 is the calibration factor (reciprocal of the
slope of the calibration curve). This value may
be used in calculations provided there are no

changes in pH and temperature.

0.382 is the volume (u%) of 1 ug sulphur dioxide at
25°C, 760mm Hg.

-~

In the following tests, all permeation tubes were
weighed on a Stanton Microbalance B.A.5 before and after sdmp1ing.-

Flow-rates presentedeith tables are the flow-rates of the air-

A



stream through the gas washer.

The theoretical sulphur dioxide concentration in
the gas stream may be calculated according to tHe formula
below. | |

The fo]]oWing equation permits‘ca1cu1ating ppm -

permeand as a function of air flow-rate over the tube.

C{ppm) = % X 2%43 X 7;§ X 1%9
C = ppm (v/v) of permeand transferred to a
carrier gas flowing over the tube
= permeation rate
= Gas flow-rate
= Molar gas volume at S.T.Pt

R
F
4
M = Molecular weight of gas compound in tube
T = Temperature at which F is measured

P

= Pressure at which F is measured

At 25°C and 760mm Hg, the equation may be simplified
to the following:

C(ppm) = % X K

K = a constant that amounts to a value of 0.382 for
sulphur dioxide. 0.382 is the volume (ug)

of 1 ng sulphur dioxide at 25°C, 760mm Hg.

C(ppb) = +# x K x 1000

o

An in]et flow-rate of 5.0 2/min was maintained, giving

a dilution of 1:10 of the air-stream passing through the bubbkler,
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Table 4.1 Measurements of SO2 concentrations emitted from
a permeation tube using a constant flow-rate

(0.5 &/min) and different volumes

Time Volume Concentration

Number (min) (2) (ppb) % Recovered
Deionized water 0
1 30 15 141.2 90.1
2 10 5 228.6 100.0
3 20 10 181.2 100.0
4 10 5 144.6 92.2
5 30 15 91.3 58.2
6 20 10 25.9 16.5
7 10 5 82.0 52.3
8 10 5 67.9 43.3
9 20 10 74.8 47.7
10 30 15 76.6  48.9

since the flow-rate through the bubbler was 0.5 &£/min. The
air-stream was found to contain 1568 ppb sulphur dioxide, of
which one tenth was supposed to enter the gas washer (the loss
of sulphur dioxide was estimated by direct weighing to 390 ug
during the total time of sampling).

" When a constant flow-rate as well as a constant
volume were used, the poncentrations of sulphur dioxide‘were
found to be more homogeneous. A difference of about 40% was
observed between the highest and the lowest concentration

recovered (Table 4.3).
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Further tests were carriéd out weighing the per-
meation tubes on a LM-500 Micro Balance instead of the Stanton
instrument. The latter had been shown to give unrepeatable
va]ués when weighing a 1g weight several times. A maximal
difference of 260 pg was observed, making the instrument less
than suitable 7or regular weighings to determine the loss of
sulphur dioxide per minute. |

Successive weighings of a 0.500g steel plate, using
the LM-500 balance, gave the same results each tfme. The
graph below (Fig. 4.5) illustrates the loss of sulphur dioxide
versus the time of a typfca] permeation tube containing liquid

sulphur dioxide.

Table 4.2 Sulphur dioxide permeation rate from a fluorinated

ethylene (PTFE Teflon) permeation tube

Time Weight - Loss Loss/Time-unit Incremental Toss
(min) (9) (ng) (ng/min) (ng/min)

0 0.938920 -0 0 0

55 0.938570 350 6.36 6.36

80 0.938400 520 6.41 6.80
100 0.938280 640 6.40 6.00

"The final permeation tube investigations were ﬁade
under more controlled conditions as compared with the initial
tests. Before discussing the results of this work, a short
‘presentation is given describing the different steps taken.
Calculations used, when estimating the concentration of sulphur

dioxide evolving from a permeation tube has been described on
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Fig, 4,5 Loss of sulphur dioxide versus time
(Measufements carried out on a LM-500

Micro Balance)
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p.73. Ihitia]]y a calibration curve was prepared in the usual

manner, A permeation tube was thereaftervmiymd and the loss
per time-unit calculated. In the following tests, the trap
for the atmospheric'sulphur dioxide was replaced with a
graduated, 5 ml1 V-shaped centrifuge tube. The permeation-

. tube container was immersed in a cold-water bath. The
permeation-rate of the tube was calculated to 2.9 ug/min and
the flow-rate sweeping the sulphur dioxide was 5 &/min.
Sampling was 0.5 2/min. The equation beiew givés the concen-

tration evolved in ppm:

2.9 )
C = 5% x 0.382 = 2.22

Table 4.3 shows the sulphur dioxide recovered in the
TCM absorbing $o1ution. A volume of 5 2 was maintained for

all samples.

Table 4.3 Percent SO2 recovered of a known emission from a
permeation tube using a constant flow-rate (0.5

2/min) and sample volume (5 &)

Number Concentration (ppb) % Recovered
1 123.4 55.5
2 130.8 58.9
3 119.7 53.9
4 126.7 57.1
5 99.8 45,0
6 150.3 67.7
7 187.5 84.5
8 136.5 61.5
9 105.2 . 47.4
10 142.2 64.1
Air 7.5 -

[ —




The concentration of sulphur dioxide in air is cal-
culated on basis of a volume of 50 litres, sampled at é rate
of 0.5 &/min. Fig. 4.6 illustrates the dispersion of sulphur
dioxide using a constant flow-rate and sample volume.

The same permeation tube was weighed after 18 hours
and after another 8 hours. . The permeation-rate was found
to be constqnt. In the following test, a flow-rate of 0.5
2/min was maintained, while the samplie volume varied from 2.5
litres to 20 litres. The inlet flow-rate was 5 &/min giVing
a dilution of 1:10 of the sulphur dioxide passing on to the
TCM absorbing solution. Fig. 4.7A illustrates the sulphur
dioxide concentrations. recovered versus sample volume,

The recovery of sulphur dioxide in the TCM absorbing
solution of a known amount of gas evolved from a cooled per-
~meation tube was observed to be in_the range 38 - 39 percent.
Low sampling volumes gave the highest recovery (Fig. 4.7B).
Some part of the loss is probably due to photodecomposition
and adsorption in the sampling system. Other reasons may
be errors in the weighings of the‘permeation tubes; poor mixing
of the gases (sulphur dioxide and air-stream), oxidation may
play a part and therefore it is not necessary that large
volumes give lower detecfion Timits. Nevertheless, the
method would find an application in the detection of sulphur
dioxide in the soil atmosphere and in pollution control.

A11 work using permeation tubes has taken place
aftef all fieldwork. f

One parameter for defining performance is the limit

of detection. Thompson and Howarth (1976) define the detection



230
220

210 |

200

190 |

180

170 |

160
150

140 |

130
120

10
100

Fig.

CONCENTRATION(PPb)

L .
Sulphur_dioxide concentrationin gir-stream
L
¥
1 3 4 5 7 8 9 10
SAMPLE NUMBER
4.6 Sulphur dioxide concentrations recovered from a

known amount evolved from a permeation tube when

using a constant flow-rate and sample volume.



CONCENTRATION(ppb!

220 |Sulphur dioxide concentration. in_air-stream. _ __ _
200 | .

180 / | . A
160 S \ | |
140 | . \

120 | \ | \ |
100 | | —
80 . L L

1 2 3 & 5 6 7 8 9 10 1
SAMPLE NUMBER

Fig. 4.7A SO2 concentrations recovered from a known amount
using a constant flow-rate but different sample volumes

S0, RECOVERED(% |
100

90
80
70|
60 | .

50| e
40|
30

5 10 15 20 VOLUME (itre)

Fig. 4.7B Percentage 502 recovered versus sample volume.



(o0}
i

Timit as 2 x the standard deviation near zero concentration,

In order to determine this value, a series of tests was

carried out measuring low sulphur dioxide concentrations

using a permeation tube immersed in a cool bath. The
‘measured concentrations that have been used in the calculations
are presented in Table 4.4. A flow-rate 6f 0.5 &/min with

a volume of 5 2 was used.

Table 4.4 Low SO2 concentrations measured in
a gas stream sweeping over a pef—

meation tube.

Number Concentration (ppb)

—

3.03
1.01
1.01
2.02
4.71
4.37
1.01
3.70

W 00 ~N OO0 o Boow N

2.02

The standard deviation, calculated on basis of the
‘conceptration values in Table 4.4, is 1.48 giving the limit

of detection to 3 ppb for a 5 2 sample following the definition
by Thompson and Howarth (1976).
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4.2.3 Analysis of hydrogen sulphide

4.2.3.1 Introduction

In the ﬁnalysis of hydrogen sulphide, two methods
have been tested. A detailed description of the laboratory
work carriea out using the methylene blue colorimetric method
and the sulphide-ion selective electrode is presented below.
The former was found to have applicabjlity in the field

operations cwing to its simplicity and low cost.

4.2.3.2 Procedure and tests carried out with the methylene-

blue colorimetric method

In order to simplify the method for application in
the field and to improve sensitivity, it was found convenient
to reduce the final solution to 5 ml from 25 ml as suggested
in the original procedure. A1l chemicals, except ferric
chloride, were standardized to 1 ml aliquots. Initially,
one drop of ferric chloride was used, but was later replaced
with a precise amount of 30 ul, added with the aid of an
Eppendorf micropipett to improve reproducibility.

Ana]jtica] grade chemicals were used and diluted in
freshly boiled nitrite-free deionized water. A1l solutions
were stored in a refrigerator when not in use. The deionized
water was made nitrite-free by adding sulphamic acid (50 mg/2).
This solution as well as the unstable sulphide solution for
calibration purposes were prepared daily.

In the separation of hydrogen sulphide from air, the
following procedure was app]iéd. One ml each of sodium

hydroxide (0.6 g/2) and cadmium sd]phate (8.6 g/2) were added



to a graduated, 5 ml V-shaped centrifuge‘tube. Thereafter,
the air-stream to be sampled was bubbled through the absorbing
solution ¢f cadmium hydroxide. Hydrogen sulphide, if present
in the air, was subsequently trapped and a precipitate of
cadmium sulphide was formed. When 1 ml amintest solution
(3.45¢g p—aminodimethy]aniliné in 1 & of 1:1 sulphuric acid)
was added, hydrogen sulphide was released. 30 ul ferric
chloride (1g/m1) were then added and methylene blue was formed.
The volume was made up to 5 ml with nitrite-free deionized
water. About 30 minutes were allowed for colour development,
after which the optical density was measured at 6700 2 on a
spectrophiotometer,. -

In the preparation of standard curves, a three-step
procedure was applied as follows below. A sodium sulphide
solution containing about 1 ug sulphide per ml was preparéd,
followed by the addition of aliquots of 0, 1, 2, 3, 4 and 5 ml
of the sulphide solution to the absorbent. Thereafter, the
amintest solution, ferric chloride and deionized water were
added.

The sodium sulphide solution was prepared by di]utjng
a solution containing about 0.1 mg hydrogen sulphide equi-
valent per ml, which in turn had been prepared by dissolving
0.353 g sodium sulphide in 500 ml nitrite-free deionized water.
The strength of the sodium sulphide solution was determined
by titfation of a 25 ml sodium sulphide solution, to which
had been added 50 ml 0.01N iodine and 10 m1 0.5M hydrochloric
acid, with 0.01N sodium thiosulphate. After calculating the

concentration of the sulphide solution, the ca]ibration curves

.
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were prepared as follows:

The reagents were added with either a 1 ml pipette
or with a 250 m1 Oxford laboratories dispensor. The latter
was, however, observed to give varying amounts of solution
resulting in a wide absorbance variation and therefore was
subsequenf1y replaced entirely by the pipette. The absorbance
was measured spectrophotometrically on an SP600 spectrophoto-
meter and a Gilford microsampling spectrophotometer. As the
lTatter instrument is more rapid, it was used in most experi-
ments. The former instrument was, however, used in all
determinations of samples collected in the field. The
variation of the performance on the two instruments is shown
in Fig. 4.8.

It was found that sulphide was rapidly oxidized in
the alkaline absorbent of cadmium hydroxide during samp]fng.
After passing air at a raté of 1 &/min for 30 minutes only
about 38% of a known concentration of sulphide remained
(curve 1 on Figs. 4.9 - 4.,10). The oxidation of the sulphide
was reduced, but not eliminated, by the addition of 1% of the
antioxidant arabino-galactan. Curve 2 on Figs. 4.9 - 4.10
illustrates this improvement. Further modifications included
the bubbler being kept in darkness, giving a recovery of 52%
after 30 -minutes bubbling at a rate of 1 &/min (curve 4 on
Figs. 4.9 - 4.10). The oxidation was further reduced by
using an absorbing solution to which 2% arabino?ga1actan had
"been added and the bubbler was kept in an ice-bath (curve 5
on Figs. 4.9 - 4.10). After 30 minutes bubbling at a. rate

of 1 &/min about 69% of the sulphide remained. In the
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following tests, theﬁwashers wereiétored in darkness and
immersed in an ice-bath. Antioxidants such as 2% glucodine
~and 0.2M ascorbic acid were tested, but were found to be use-
less or to interfere with}the methylene blue formation.

‘The increase in sulphide concentration after 30
minutes bubbling as 1i1ustrated by the curves on Figs. 4.9 -
4.10 might be explained as below. |

~ In the tests, bubbling times of 5 - 30 minutes were
used, beginning with the lowest. After bubbling, the samples
were stored at room temperature until analysis with the result
that the firét sample stood for about 100 minutes before
analysis. The last samp]é stood only a few minutes. It is
possible that a further decomposition, although slow, takes
place in the sémp]es after bubbling and that the brief time
~before the analysis of the last sample does not allow this
decomposition to take place.

A description is presented below of ca]cu]ations_
used in estimating the atmospheric sulphide concentration.

The concentration of hydrogen sulphide in the
laboratory air was estimated in a volume of 45 1itres, sampled
at a rate of 0.5 z/min.- A 2 ml cadmium hydroxide absorbing
so]ution was used to which 2% arabino-galactan had been added.
The gas washer was kept in darkness and immersed in an icé-
bath when sampling took place. The optical density was
measured 30 minutes after addition of thé reagents. An
absorbance of 0.025 was measured”giving a concentration of
about 0.2 ug hydrogen sulphide (Fig. 4.11). The following
vca]cu]ations were used:

A
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. CdSO4x8H20+N§OH

2, CdSO4x8H20+NaOH+1% Arabino-Galactan

3. CdSO4x8H20+NaOH+1% Arabino-Galactan
.ABK§BANCE : + Dark Bubbler
-4, CdSO4x8H20+NaOH+1% Arabino-Galacian

+ Ice-Bath ,

i 5. CdSO4x8H20+NaOH+2% Arabino-Galactan
+ Ice~Bath
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Fig. 4.9 Determination of the oxidation-rate in samples

(5 ml) containing 0.2 ug/ml of H,S
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1. CdSO4x8H20+NaOH
2. CdS0,x8H,0+NaOH+1% Arabino-Galactan

3. CdSO4x8H20+NaOH+1% Arabino-Galactan

+ Dark Bubbler

Arabino-Galactan

o S 4, CdSO,xBH,0+NaOH+1%
‘ | + Ice-Bath
0200 | 5. CdSO,x8H,0+Na0H+2% Arabino-Galactan
+ Ice-Bath
1 \\
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\\\
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0100 /////////
0.050 . . . . . . ,
5 10 B 20 25 30
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Fig. 4.10 Determination of the concentration-rate in samples

(5 m1) containing 0.2 nug/ml of H,S
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At 25°C and 760mm Hg, there is

22 .4 -6 .
-7 X 1000 x 0.2 x 10 ml HZS
= 13 x 107° ml Hy$

The concentration of hydrogen sulphide in 45

1itres of air is

13 x 102

3 3 ppb = 2.9 ppb
10 x 45 x 10

It has not been possible in the present research to
determine the true detection limit of hydrogen sulphide using.
the methylene-blue colorimetric method owing to practical
difficulties. The rapid oxfdation of hydrogen sulphide in
air and the low boiling point (-60.7°C) cause problems using
permeation tubes of the same type as those employed for
sulphur dioxide. The problem of oxidation could, however,
havevbeen\eliminated to some extent by using an inert gas
sweeping over the tube. The smallest observable absorbance
reading on the spectrophotometer gives a concentration of
0.05 ug hydrogen sulphide in the final solution, which is
equiva]eht to about 3.5 ppb in a ]b Titres sampie, assuming
1004 efficiency (Fig. 4.11). The method may find application
as a tool in the detection of hydrogen sulphide in the lower

ppb range.

4.2.3.3 Tests with the sulphide-ion selective electrode

Some trials were carried out using a sulphide-ion

selective electrode because of the high theoretical limit of
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detection (10'259/£) and proclaimed simplicity and rapidity.
These factors contributed to the belief that this method
might be useful as a tool in the analysis of trace quantities
of hydrogen sulphide, presumed to be present’in the soil
atmosbhere above concealed sulphide-bearing deposits.

However, the method was abandoned due to Tack of
reproducibility and problems with drift for the low concen-
trations used, zeroing of the instrument and long response
time.

The theory of the sulphide-ion selective electrode
was given in Section 3.2.3. A brief summary of the work done
and the results obtained is presented below.

A11 measurements were made with the two reference
electrodes illustrated in Fig. 4.12, an Orion Model 407
specific ion-meter, a microvoltmeter and Teflon or glas con-
tainers for sample solutions.

In both reference electrodes a porous ceramic
separates a saturated nitrate solution from the sample solution.
In Fig. 4.12B, the electrode has been equipped with a salt-
bridge consisting of 3.5M potassium chloride and saturated
silver chloride.. The saltbridge allows ions to move from
one container to the othér maintaining neutrality in the
solutions by transport of ions. The silver wire cannot come
into contact with the sample solution in which the electrode
is immer§ed. A11 chemicals were reagent grade, used without
further purification. A ca]ibrgtion curve was prepared

following the procedure described below.
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Reference-electrode —
filled with KCL
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Silver wire
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e
(2w

Sample solution -}——
—————NaNO3

F‘ig. 4.12 Specific sulphide-ion electrodes
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AStock solutions of 1 pg/ml and 10 ug/ml sulphide
were prepared daily by direct weighing of hydrous sodium
su1phidé, followed by dilution in nitrite-free deionized
water. A series of standard solutioins of sodium sulphide
was prepared by suifab1e dilution of the stock solution,

The sfrength of the stronger sodium sulphide solution was
determined following the procedure described on p.83, The
ionic strength'was kept constant in the test soiution by
addition of appropriate volumes of buffer solution, resulting
in the elimination of many errors. In the ppb concentration
Tevel, adsorption and oxidation of sulphide caused serious
problems.  Arabino-galactan was found useless in the tests
carried out due to interference of probable complex formation
on the electrode surface. _

The selective sulphide-ion electrode was immersed

in the Teflon or glass container with a Teflon-coated magnetic

stirring bar. Standards of freshly prepared sulphide solutions

were added, followed by the addition of buffer solution and
other solutions. Cadmium hydroxide suspension was used to
absorb the sulphide, followed by its release into solution

using acid. Potentials were measured 3 minutes after immersion
of the 1ndicating—referehce electrode pair into the test ;
solution. The electrodes were carefully washed in 107° M
silver nitrate three times and rinsed with deionized water
between readings. The electrode potential exhibited serious
drift and non-reproducibility regardless of the type of

absorbing solution and strength of the.su1phide solution used.

g
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The following reagents were used in the experiment.
Aliquots of 0.25, 0.50, 0.75 and 1 m1 of ~ 10 pug/ml sulphide
solution were added to 2 ml absorption solution of 1 ml each
of cadmium sulphate (8.6g/%2) and sodium hydroxide (0.6g/%),
followed by addition of 1 ml pH 4.6 buffer solution (acetic
acid and NaAc) and 1 or 5 ml of silver nitraie (0.05 mg/m1) -
and sodium nitrate.(O.S mg/ml1) solution. The test.so1ution
were made up'fo 25 m1 with nitrite-free deionized water.
The sodium nitrate ionic buffer was added since acetic acetate
buffer alone hay interfere. A non-linear response of con-
centrations below 30 ppb was noticed. Increasing sulphide
concentration improved the linearity (Fig. 4.13). Other
absorbing solutions such as 0.2M sodium hydroxide were used
without improvement, -followed by tests with 0.2M sodium hydroxide
plus 0.2M ascorbic acid and 2M sodium hydroxide with 5% salicic
acid. A;corbic acid and salicic acid were used as antibxidants.
Afterwards, calibration tests were carried out by |
adding aliquots of hydrogen sulphide e.g. to the absorbing
solutions, followed by measurement of the potential. The.
small increase in volume for each addition was corrected by
the V/v+V factor, when the sulphide solution was added step-
wise to fhe same absorbing solution, A1l tests were soon
interrupted due to problems with drift and non-reproducibility

in the lower ppb-concentration range.
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Fig. 4.13 Calibration curve for the sulphide-ion selective
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predicted by the Nernst equation at 250¢),
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CHAPTER 5

FIELD APPLICATIONS AND DISCUSSION OF RESULTS

5.1 Sampling Techniques | B

Many techniques may be app]fed in the sampling and
separation of sulphur gases and vapours. In mineral explo-
ration, a few suggestions have been made by Russian investi-
gators such as Kulikova (1960), Ovchinnikov et al (1972) and
Shipulin et al (1973), who used drillcores and muds as well
as the subsurface atmosphere in their tests determinihg the
gas composition of the soil air. Air displacement, conden-
sation traps, plastic bags, adsorption tubes and gas scruobers
may be used. The two last-mentioned methods have been
employed in the present research and will be considered below.
Adsorptibn tubes have been used in conjunction with the gas
chromatographic technique and will therefore be described in
that sectfon.

~In the fieldwork, which was carried out in Great
Britain aﬁd Spain, the soil air as well as the free atmosphere
were sampled and ana]ysgd for hydrogen sulphide and sulphur
dioxide, using the colorimetric procedures previously described.

The sampling apparatus is illustrated in Fig. 5.1.
Two different kinds of augers were used to suit soil type‘and
environment. In Great Britain, the most suitable tool was
a 1.3m long, 1.5cm diameter hollow, stainless steel auger, in
which two holes had been dri11ed near the tip, through whith
the soil gas entered the sampling apparatus. Depths of

30 - 40cm were rapidly and easily reached. This tool was

N
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found to be very impractical in the hard and stony soils

of S.E. Spain. Depths of 10 ; 15 cm were reached only with
diff{cu1ty. A stee]probe, as illustrated in Fig. 5.2, was
made and used in the semi-arid soils of S.E. Spain. The
probe consists of two parts,‘a removable internal steel rod
and & hollow,; external steel tube. After hammering the probe
30 - 35cm into the soil with a sledge-hammer, the internal rod
was removed and the steel-tube sealed with a cap, through which
a pvc tube was led,. The soil air entered the sampling system
through several holes near the end of the tube. Difficu1t1es
with this probe arised, when the probe had to be removed after
sampling, since it became jammed easily whilst in the ground.
Another drawback was the welded head on the rod which was
easily broken, when the sledge-hammer hit the probe.

A glass-fibre dust filter, held in a plastic holder,

‘was used to prevent particles from entering the dbsorbing
solutions for sulphur dioxide and hydrogen sulphide. A11‘
connections were made of pvc and glass.

The holes near the end of the auger or the probe
were cleaned from soil particles by blowing air into the hollow
stembwith a hand rubber bellow. The edges between the soil
and tool were sealed with debris to prevent atmospheric gases
to enter the sampling system. The subsurface atmospheré was
drawn into the sampling system with the aid of a Capex Mark 2
suction pump powered by a 12V car battery. The air-stream
was split into two after passing the dust-fi]tér. After
bubbling through the tetrachloromercurate absorbing solution

for sulphur dioxide and the cadmium hydroxide absorbing solution

A
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for hydrogen sulphide, the-two air-streams were reconnected.
The flow-rates were controlled with two adjustable air-meters
installed in the system directly after the scrubbers. After
sampling, the scrubbers were removed, sealed and stored in

a cold-box with ordinary ice until analysis.

5.2 Description of Fieldareas and Fieldwork in Great Britain

Four survey areas were selected for the project.
Two of these are situated in northwest Wales (Figs. 5.3 - 5.4).
The geology and mineralization of the individual areas are

described below.

5.2.1 Trefriw

The area is situated.near a disused mine on the
western slope of the Conway valley, about 1.6 km north of
Trefriw village. The highést summits of the hills in the
surroundings of the old workings reach about 280m above the
river. The hillside is covered with a forest of hazel and
‘birch. North of the mineralization, pine is the dominant
species. The ground surface is seldom exposed to the sun
owing to the vegetation. A large number of dumps and screes
of sulphide-rich boulders are found outside and down the hill-
side, east of the shafts.

The geology of the area has been described by Sherlock
(1918) and is illustrated in Fig. 5.5. The pyrite-rich ore
occuré in a slightly folded vein, that runs up the hillside.
Sedimentary cleaved rocks, consisting entirely of shales are

separated in the south from an intrusive diabase and in the
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Fig. 5.3 Location of fieldareas in Great Britain
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north from volcanic ash by thé mineralization. Metamorphism
of the rocks is weak. Contact alteration is noticed in that
the shales have hardened and contain crystals of pyrite.
The base of the intrusive-is exposed in an adit close to the
~ road. When proceeding northwards, the geology changes from
volcanic ash to a dark-grey, fine-grained rhyolite. Over-
lying these rocks, on top of the hill the bedrock consists of
do1ér1te, which is also found close to the road in northeast.

| Sherlock regards the mineralization to be of sedi-
mentary origin by comparing the occurrence of ore with other
deposits and.geo1ogica1 strata in north Wales. He concludes,
that the pyrite has been formed from iron-ore and the infiuence
of heated water, derived frdm the intrusion. Figs. 5.6 - 5.9
illustrate the concentrations of Cu, Fe, Pb and Zn in the
topsoil at Trefriw. No surficial expression of the minerali-
zation is indicated by these elements. The soi]‘samp1es were
initially dried at 60°C for 15 hours. After sieving the
samples, using an 80-mesh (c. 200 p) nylon sieve, 0.250g of
the undersize was weighed and attacked with 5 ml of 4:1 nitric
acid/perch]orié acid to dryness. The residue was then bleached
with 2 ml1 5M hydroch1ori£ acid. The samples were then placed
on a hot plate for 2 hours, followed by dilution to 10 ml with
‘deionized water. The elements were finally determined by

atomic absorption spectrometry.

5.2.2 Parys Mountain

-

The fieldarea is located on the plateau of Parys
Mountain in the northern part of Anglesey, about 2.5 km south

of Amlwch. The hill is about 160m above sea level and is
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elongated for about 2.5 km in an E-N-E direction. Mining
activities started in 1768 and ended at the end of the last
century (Hawkins, 1966). Unti] recently, (1964) copper was
extracted in precipitation pits near the old mines. Sulphate-
containing water was led into these basins and allowed to
react with iron scrap dumped into the pits. Copper and
ferric oxide precipitated. The higher and central parts
consist of dumps and two major pits, about 30m in depth.
The weathering of sulphides has produced sulphuric acid
resulting in a barren surface almost without vegetation.
Sulphide-rich boulders are found everywhere and iron-stained
rocks are frequently exposed. A stronger colour alteration,
from green to brown-red and violet, is characteristic of fhe
whole area. In the rocks, especially in the western pit,
suiphides (pyrite and some oxidized copper minerals are
abundant). |

The geology of Parys Mountain has been described'by
 Green]y (1919) and Hawkins (1966). From north to south, the
fo11oWiﬁg sequence of rock types is encountered (Fig. 5.10):
Precambrian rocks (Mona_comp]ex), Ordovician shales (Parys
shales), vein quartz, acid volcanic rocks and sediments
(felsite) and Silurian shales (Llandovery shales). In both
typeé of shale, basic intrusions of dark-green dolerites
freduent1y occur. .

A11 rocks on Parys Mountain‘have been metamorphosed
to varying extents and have unde;gone various degrees of

mineralization, micasization and silicification.

-
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‘Hawkins description of the geology of Parys Mountain
is based on results from a drilling programme, which was
‘undertaken at the beginning of the 1960's. The ‘drillcores
indicate three subdivisions of the Ordovician shales:

(1) shales with sedimentary breccia beds, (2) grey shales
with numerous sulphide-rich quartz Qeins (weather to brown
and green colour) and (3) black shales with scattered pyrite
crystals.

Greenly (1919) called the compact and homogeneous
acid volcanic rocks "felsite". He considered that the felsite
was intruded into the Ordovician and Silurian shales, but
Hawkins (1966) found that the felsite consists of three dis-
tinct rock types: (1) rhyolite, (2) altered sediments (mud-
stones) and (3) tuffs. '

The felsite seems to beAfo1ded into a large isoclinal
fold, enclosing the Silurian shales in the core. The Tlatter
dip about 50° to northeast, and are well exposed in the workings
of the old mine. The Silurian shales reappear in the south
and seem to form a complementary anticlinal with felsite in
its core. .The Ordovician shales near the summit of the hill
are hardened and full of secondary quartz,.

Pyrite is found as ve{ns and disseminations of
varying intensities and is associated with galena, sphalerite

and chalcopyrite.

'5.2.3 Fieldwork

In June 1975, fieldwork was carried out at the-sulphide

deposits at Trefriw and Parys Mountain with the objective of

A Y
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testing the two colorimetric methods for sulphur dioxide and
hydrogen sulphide in in situ measurements under field con-
ditjons. Necessary chemicals and an SP600 specﬁrophotometer
were taken to the field together with the sampling device,
which has been described above. Solutions were prepared at
‘ Bangor University, where the measurements of absorbances were
~also carried out.

Absorbing solutions were prepared indoors and trans-
ported in a cold-box with ordinary ice to the field. The
scrubber for hydrogen sulphide was permanently protected from
light. The sampling procédure and apparatus employed have
been described elsewhere. ‘_At all sampling sites, 152 of
air were sampled. Sampling time and flow-rate were varied
and the results compared; ,

The soil atmosphere as well as the atmosphere just
above the ground were sampled at both localities. At Trefriw,
samples were taken from a depth of 20 - 40 cm, while af Parys
Mountain, the samples were collected at a depth of 15 - 25 cm
' és an abundance of boulders and stones in the ground prevented
déeper sampling. In both areas, the characteristic smell of
weathering sulphides was notﬁceab]e. The odour was most
intensive at the entrance to the main adit, marked as adit
no. 2 on the géo1ogica1 map of Trefriw by Sherlock (Fig. 5.5),
but it a]sb could be recognized close td the sun-exposed
dumps in both areas. Atlthe Trefriw deposit, the surface
‘of the ground was shaded by dense vegetation. Only a few

areas of scree on the hillside were exposed to the sun.
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In the absorbance measurements, which were carried
out each evening, as soon as possible after collecting the
samples, it soon became evident that hydrogen sulphide could
not be detected, and that sulphur dioxide was only found in
samples from the Trefriw area. The highest concentrations
were obtained in samples from the main adit, where the odour
was most intense (Table 5.1). Fig. 5.11 shows a calibration
curve for sulphur dioxide used in the calculations of sulphur
dioxide concentrations. A test of samples froﬁ the same
sites on another day gave figures on the absorbances in the

range of the blanks,

Table 5.1 Concentrations of sulphur dioxide in soil air, and
atmosphere at the Trefriw pyrite ore deposit

Time Flow-rate Volume Concentration

Sample (min)  (2/min)  (2) (ppb)
Adit soil air :
(sulphide-rich soil) 30 0.5 15 15.3
Adit air | 30 0.5 15 12.6
Adit air L 15 1.0 15 6.1
Scree soil air 30 0.5 15 0
Air above scree 30 0.5 15 5.7

The sulphur dioxide concentration was calculated from

the formula:

C =5 x % x 0.382 (in ppm)

(qp]
fl

concentration

o
1

concentration in ug of SO0, in 1 ml

solution (in 5 ml solution, there is
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0.382 = The volume (u2) of 1 ug $0, at 259¢C,
760mmHg
V = Sample volume in Titres

5.3 Description of Fieldareas and Fieldwork in Spain

The Tack of positive results from Wales were ascribed
to damp'conditions and low environmental temperatures; There-
fore, fieldwork utilizing the West-Gaeke and the methylene-
blue coiorimetric methodé for the detection of sulphur dioxide
and hydrogen sulphide respectively was carried out in July,
1975, in the semi-arid region of southeast Spain. By includ-
ing this relatively arid regicn, many parameters such as
influence of precipitation, soil moisture content and vege-
tation etc. could be neglected. These variables were
important in the British areas. A description of the two
Spanish fieldareas and fieldwork carried out is pfesented
“below. Fig. 5.12 shows the volcanic region of Cabo de Gata,
where the fieldwork was carried out near Rodalquilar and

San Jose.

5.3.1 Rodalquilar

The fieldarea is located in close vicinity of
‘Minas Rodalquilar in southeast Spain. The surroundings of
the mining village are characterized by mountains and valleys
with old cultivated fields on alluvial and colluvial deposits.
An abundance of quarries and .dumps reveals an intensive previods

~mining activity, that ended only a decade ago. Vegetation is
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Almeria

Céi;ode Gata

—] Volcanic rocks

Fig. 5.12 The volcanic region of Cabo de Gata (after Martin-
Vivaldi, 1963).

sparse and consists mainly of low-growing thorny sﬁrubs and
some grass. Numerous yellow to light-green sulphur-rich
.dumps are dispersed throughout the whoie district and many
have the odour of oxidizing sulphides. The waste tips are
well exposed to the sun and were considered to be suitable
for a preliminary test of the sampling techniques. A weak
sea-breeze cools the lower atmosphere, but the surface of the
ground gets very hot during summer days, resulting in a dry
and cement-hard topsoil. Accumu1atioﬁs of gypsum and a]unﬁte
oécur frequént]y in the whole region. In the dumps, pyrite
and oxidized copper minerals are found. |

The general geo]ogy of the volcanic rocks in the

Cabo de Gata region has been described by Ossan (1889). Studies,
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on the formation and the occurrences of bentonite and mont-
morillonite in the area have been made by Martin-Vivaldi
- (1963). The geology of Roda]qui]ér is characterized by
strongly pa]c—a]ka]ine vo]canic rocks, extending in a SW-NE
direction.  The volcanic bEdroék is locally covered by
- Miocene and Pliocene sediments (Fig. 5.12). The composition
of the eruptives is andesitic, dacitic and occasionally also
rhyolitic. A common feature of all types is an abundance
of 1 cm‘porphyrob]asts of cordierite and a1mandihe as well as
of other silicate minerals (Zeck, 1972). Accumulations of
bentonite and montmorillonite are found frequently in the area.
The gold-bearing mineralization of Rodalquilar is
considered to be of Neogenic age and contemporary with the
volcanism. = The volcanic rocks have undergone alteration in
'the zone where the gold mineralization appears. The mineral
association is quarfz-a]unite-pyrite—i]]ite-kao]initemch1orite.
With increasing distance‘from the mineralization, chlorite
?ecomes more abundant th]e, on the other hand, alunite and
kaolinite tend to be more rare. The gold mineralization
appears as breccia fillings and is located in the subvolcanic
zones of the volcanic complexes. Pyrite is found in varying
amounts in the wall-rock, with minor occurrences of copper
sulphides. The zone of a primary sulphide mineralization

occurs below 200m from surface (Vivaldi et al, 1971).

5.3.1.1 Fieldwork

Absorbing solutions of potassium tetrachloromercurate

(TCM) and cadmium hydroxide were prepared daily indoors and
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were stored in a cold-box with ordinary ice before and after
sampling. The absorbance determinations were carried out
in the evenings, some hours after the last in situ sampling.

Initial trials Were carried out on the numerous
green-yellow sulphide-rich dumps near Rodalquilar. The
odour of sulphides could be detected throughout the area.
A surface temperature in the range of 28 - 33°C was measured
each day; Sample depths varied from 30 to 40 cm. The free
'atmpsphere was also sampled about 70 cm above the ground.

Initially, a number of dumps and tailings were
sampled in ah attempt to localize a suitable site for further
investigations. - A pumping rate of 0.5 &/min was used over
a sampling time of 20 minutes. Results were discouraging
despite the odour in the proximity of the sulphide-rich
dumps. Hydrogen sulphide was not detected in any sample
and the absorbances of the samples, analysed for Su]phur
dioxide, were within the range of the blank values.
\v | A sampling rate in the range 0.5 - 7.0 &/min was
thereafter tested over a pefiod of 10 to 30 minutes. No
variations in fhe absorbances were measurable.

In the be]ief'that sulphur dioxide was oxidized,

2% arabino-galactan (antioxidant) was added to the tetrachloro-
| mercuréte absorbing solution to prevent or to inhibit thev1oss
of sulphur dioxide. In the first tests, higher absorbances
were aéhjeved in solutions with arabino-galactan as compared
with thoée without. A test of tﬁe variation of blank samples

under different conditions was carried out as follows:
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(1) The absorbances were measured for b]aﬁks,
with and without arabino-galactan; no
differences were oBserved.

(2) Blanks, with and without arabino-galactan,
were taken to the field or kept indoors;

a comparison of the absorbances gave similar
values.,

(3) The different reagent solutions were added
with either a 1 ml pipette or an Oxford
laboratories 250 ml dispensor; results
varied only when adding pararosaniline with
a dispensor.

(4) Blanks were stored indoors and outdoors under
field-conditions for seven hours; no

differences in the absorbances were noticed.

Aécording to the investigation above, the blanks are
not affected by the addition of arabino-galactan and a long.
stbrage time. It was decided that all solutions should be
added with a pipette due to the sensitivity‘of blank values
to concentration of the pararosaniline solution.

The following trials included sampling at a rate of
0.5 &/min during times ranging from 10 to 180 minutes, using
absorbing solutions with and without arabino-galactan. The
results are shown in Table 5.2, |

The sample absorbances differ very little from the
blank values, indicating that su]&hur dioxide is not apparently
present in measurable amounts in the soil atmosphere, using

this method.

A
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Table 5.2 Absorbances of soil-air samples in the Rodalquilar

fieldarea
Sample Time Volume Arabino-galactan Absorbance Time of Day
(min) (&)
Blank - 0.128
1 10 5 - 0.150 9.30-9.40
2 10 5 + -~ 0.144 "
3 20 10 - 0.128 9.45-10.05
4 20 10 + 0.152 "
5 30 15 - 0.125 10.10-10.40
6 300 15 + ' 0.152 "
7 30 15 - 0.118 10.40-11.10
8 30 15 + | 0.152 "
9 20 10 - 0.132 11.25-11.45
10 20 10 + 0.141 n
11 10 5 - 0.125 11.46-11.56
12 10 5 ¥ ' 0.143 "
13 10 5 - 0.140 12.00-12.10
14 10 5 + 0.153 "
15 60 30 - 0.134 12.15-13.15
16 60 30 + 0.148 "
17 180 90 - 0.115 13.20-16.20
18 180 90 + 0.175 -
Blank + 0.130

In attempﬁs to detect “sulphur dioxide, further work

was carried out.

Samples were brought to the spectfophotometer

for ana]ysis'immédiate1y after the sampling and were compared

Ay
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with samples kept in the field for some hours. No variation
.of the absorbances were observed. Two bubblers were there-
after connected in series for efficacy tests giving the

results shown in Table 5.3.

Table 5.3 Efficiency tests of the tetrachloromercurate

absorbing solution (TCM)

Sample Flow-rate Time Arabino-galactan Absorbancé
1 (1st bubbler) 0.5 20 - 0.305
2 0.5 20 - 0.152
3 (1st bubbler) 0.5 20 + 0.250
4 0.5 20 + 0.150
Blank - - : 0.168
Blank + 0.160

Sulphur dioxide was artificially prepared and dispersed
in proximity of the sampling device. The efficiency of the
absorbing solution can be considered to be satisfactory, since
'more than 90% of the_gas is absorbed in the first bubbler.

With the objective to detect sulphur dioxide photo-
decomposition of the tetrachloromercurate solution and oxidation
of sulphur dioxide were eliminated by the following modifi-
cations: (1) the scrubbers were kept in darkness during the
sampling, (2) the samples were stored in a cold-box fi]]ed
with ordinary ice before and after sampling and (3) the
scrubbers were immersed in an icé-bath during sampling. A
flow-rate of 0.5 2/min was used over a sampling time of 20

minutes. These modifications gave the results shown in Table

5.4.
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Table 5.4 Absorbances measured in soil air samples from
Rodatquilar dumps (flow-rate: 0.5 &/min;

volume: 10 2)

Sample Arabino-galactan Ice-bath Absorbance
Blank - - 0.137
- Blank , + - 0.148
1 - - 0.201
2 + - 0.224
3 - + 0.172
4 + + 0.336
5 - - 0.174
6 + - 0.292
7 - + 0.157
8 + + 0.390
9 - - 0.167
10 + - 0.265

Subsequent trials gave even higher average concentrations and:
therefore an ice-bath was used during a]j sampling.

Figure 5.13 illustrates a ca]ibration.curve for
sulphur dioxide, which was prepared because of the apparently
encouraging results. The apparent dispersion of sulphur
‘dioxide in the soil air of the dumps at Rodalquilar is given
in Fig. 5.14. Flow-rates and volumes are presented in Table

5.5.

5.3.2 San Jose

Fo]]bwing the apparently successful modificatibn to
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Table 5.5 Apparent 502 concentrations of soil air of

Rodalquilar dumps

Sample Flow-rate Volume Arabino-galactan Concentration
(2/min) (%) (ppb)
Blank - 0
Blank : + | -0
] 0.5 15 - 2.0
2 " " + . 45.5
3 1.0 30 - 82.7
4 " ‘ + -123.9
5 - 0.5 10 _ - 165.9
6 " . - + 169.8
7 1.0 20 - 103.2
8 ! " + 144.8
9 0.5 -5 - 85.4
10 “ " + 88.0
11 1.0 10 - 85.4
12 " " + 107.8
13 0.5 30 - | 76.3
14 g ¥ 83.3
15 : 1.0 - 60 - - 34.6
16 " " e 57.9
Deionized |
water " 0

the tebhnique at Rodalquilar, the next step was to attempt the
detection of sulphur dioxide over concealed sulphide minera-
Tization. The most suitable deposit in the area was selected.

This was considered to be the San:José sulphide-bearing vein

A
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which is described below.

| The fieldarea is situated close to the village of
San José, about 15 km south of Rodalquilar. ~ The végetation
and climate is similar to‘the Rodalquilar region. A few
bright-yellow dumps, containing sulphides such as galena,
sphalerite, pyrite and oxidized copper minera1§, produce the
distinctive odour of sulphides undergoing oxidation.

Close to the village of Saﬁ José, a 1m wide minera-
lized vein containing‘galena, sphalerite and minor chalco-
pyrite«ié exposed in volcanic rocks on both sides of é small
va]]éy (Fig..5.15) overlain by a few metres of alluvial and
colluvial sediments in the centre. Pyrite and some copper
minerals occur in the wall rock and in the dumps together with

galena and sphalerite in the latter as mentioned above.

5.3.2.1 Fieldwork

Tests were initially carried out on a few sulphide-
bearing dumps close to the vein. The modified method for
sulphur dioxide gave positive values, while hydrogen sulphide
could not be détécted. The sampling was thereafter trans-
ferred to the alluvium covering the mineralization, where a
~traverse was laid out across the véin (Fig. 5.15). The
distance between the sites varied from 5m td 10m. The hard
surface of the soil and the abundance of pebbles in the ground
made it impossible to reach acceptable depths with either the
gas auger or the hammer-probe. aDepths in the range 20 - 35 cm
we}e the maximum obtainable. A sampling-rate of 0.5 &/min

over a period of 20 minutes was used. About six full days were

A
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spent working on the traverse,

Hydrogen sulphide was not detected in the soil
atmosphere or in the free‘atmosphere in the area. The
apparent concentrations of sulphur didxide in the soil air
are given in Table 5.6 and Fig. 5.16 - 5,17.

The extremely high apparent concentrations of sulphur
dioxide in the soil air 80 - 90m east of the concealed
mineralization were suspect and could not be explained until
a careful examination of the sampling device revealed that
the plastic fi]ter—ho]der had been damaged. The high
temperature, the intensive sun radiation and the numerous
stones on the ground had all contributed to this daﬁage to
such a degree that numerous cracks and fractures had been
formed. A strong odour was evolved. The gas, produced from
the filter-holder, is thought to be an aldehyde which would

react with the pararosaniline.

5.3.3 Additional fieldwork

After removing the filter-holder, the sampling of
soil air contfnued on sﬁ]phide—rich dumps in the San José
as well as in the Roda]ﬁui]ar fieldareas in attempts to
detect sulphur dioxide. Results were negative.

Finally, a series of large plastic-lined cardboard
boxes (60 x 35 x 5 cm) were laid out on the dumps and left
for 24 hours after sealing the edges with soil and stones
to ensure that no dilution of suiphur dioxide, evolved from
the surface of the ground and the soil atmosphere, took place.
The atmosphefe within the boxes.was sampled via a small hole

.
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Concentrations of apparent 802 in soil air at

San Jose, S-E Spain (flow-rate:

volume: 10 &)
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16.30 - 16.50
16.01 ~ 16.21
15.32 ~ 15.52
15,05 - 15.25
12,07 - 12.27
12,37 ~ 12,57
13,10 - 13.30
13.45 - 14,05
14,23 - 1,43
11,20 - 11.40
12,35 - 12.55
13,00 - 13,20
43,28 - 13,48
13,55 ~ 14,15
14,25 - 14,45
14,50 ~ 15,10
15.15 - 15,35
10.15 = 10,35
10,40 - 11,00
11.05 - 11.25
11,30 - 11,50
12,00 - 12.2C
12,20 - 12,0
13.05 - 13.25
13.30 - 13.50
14,10 - 1k,20
14,35 - 14,55
15.00 - 15.20
15.25 ~ 15.45
15.55 ~ 16.15
16,20 - 16,40
16,40 - 17,00
9.35 - 9.55
10,00 - 10.20
10.30 - 10.50
10.55 = 11.15
11.20 - 11,40
13.4k0 - 14,00
13.16 ~ 13.36
12.53 - 13.73
12,30 - 12,50

12.25

Concentrations

Ch3.2
28.6
28.3
34,3
55.2
50.7
65.6
76,0
75.2
32,2
76.0
71.6
79.0

122.3
k2,3
5542
76.0
2h.2
2.5
27.7
2349
35.8
28.0
£1.1
52.2
59.6

"373
64,1
51.9
85.0
Lo,6

41,7
5542
17.9
26.8
55.2
79.0

205.7

286.3

219,2

0
“86.5
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in the top. The results from this procedure are presented

in Table 5.7 and Fig. 5.18,

Table 5.7 Concentrations of sulphur dioxide in the lower

atmosphere over a Rodalquilar dump

Sampie - Flow-rate “Volume Concentration

(2/min) (2) | (ppb)

1 1.0 7 71.1

2 0.5 3.5 65.5

3 0.5 3.5 63.9

4 1.0 7 40.5

5 0.5 10 20.3

6 1.0 20 22.1

7 1.0 150 -

Sampling of the free atmosphere, without boxes, over
a Rodalquilar dump gave negative results. Despite a strong
odour of sulphur {n an adit, sulphur dioxide was not detecfed.

Ambjent ﬁir concentrations of su]phUr dioxide in the
range 10 - 20 ppb were measured using the Gastec gas detector
in the adit in the Rodaiqui1ar area.  This analytical device
consists of two essential parts, a biston-type volumetric
pump (max. 100 ml air sample in ea;h stroke) and a samp]fng
tube, specific for sQ]phur dioxide.

" The sampling tube contains sodium hydroxide which is

neutralized by sulphur dioxide éﬁd the colour of the pH

indicator (phenol red) is changed:

SQZ + 2NaOH - Na2503 + H20
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The length of the discoloration is a measure of the concen-
tration, which 1is fead directly on the graded tube. The
claimed detection Timit is 0.2 ppm for a 0.4 2 sample.
Hydrogen sulphide was not detected using the Gastec
gas detector. The samp]ihg tube for hydrogen sulphide con-
sists of lead acetate that réact$ with hydrogen sulphide

forming pale brown lead sulphide. The reaction principle is:

2+

HyS + Pb°T > PbS + ont

The claimed detection limit is 0.1 ppm for a 1 & sample.

Some soil 5amp1es from the dumps in the Roda]qui]ah
area were brought to London, where further experiments were
carried out. The odour of oxidizing sulphides was only
noticeable over the samples after they had been heated; at
rodm temperature they had no odour.

A sample was placed in a.desiccator and~kept at room
temperafure for one week. The air in the desiccator was then
‘drawn into a scrubber containing the tetrachloromercurate
absorbing solution and arabino-galactan with the aid of the.
usual sampling device and a vacuum pump. Three tests were:
carried - out giving sulphur dioxide concentrations in the range
17 - 26 ppb; simiiar to'those found in the adit air in the

- Rodalquilar area using the Gastec gas detector.

5.4 Conclusions

The discouraging results from the investigation of
sulphur dioxide and hydrogen sulphide in relation to sulphide

mineralization may be explained in many ways.
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Both‘gases are absorbed by wet and dry soils -accord-
ing to Smith et al (1973) and Bremner and Banwart (1976).

The low concentration of sulphur dioxide in proximity to the
su]phide-rich‘dumps in the fieldareas suggests that only a
minor amount is emitted to the free atmosphere. Another
natural explanation max be that traces of metals such as Fe "
and Mn may have entered the absorbing solution for sulphur
dioxide whicﬁ.subsequent1y act as catalysts in the oxidation
of sulphur dioxide. The trials with the permeation tubes
after the fieldwork indicate that su]phur‘dioxide is Tost in
the sampling system to an amount of 20 - 60 percent depending
on flow-rate and sample volume. |

Negative results using sulphur dioxide as an indica-
tor of oxidizing sulphides were also reported by other members
of the team. M. Hale and J. Lovell were unsuccessful in
detecting sulphur dioxide in a 240 2 sample, collected over
sulphides ﬁnder rainy conditions and analysed using the original
West-Gaeke method (Internal Report, 1975).

The most 1likely conclusion is considered to be that
the gaseous compounds evolved from oxidizing sulphide deposits
are not. sulphur dioxide and hydrogen sulphide. The physio-
logical threshold for the odour of these two gases is 10 - 25
ppb for hydrogen sulphide and 0.5 - 2 ppm for sulphur dioxide.
Both are well above the detection 1imit of the methods used
even with unefficient sampling. The present investigation,
‘carried out in two areas with different climatological con-
ditions, suggests that these twoigases.are not suitable to use

as pathfinders for weathering sulphides. The fieldtests gave
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no indication of any relationship between the two gases and
sulphide-bearing deposits.

As no hydrogen sulphide and only minor amounts of
sulphur dioxide in a few Samp]es were detected, it was con-
~cluded that the odour from sulphide-bearing dumps and mines
was probably due to other sulphur gases such as organic gaseous

compounds.

CHAPTER 6

DEVELOPMENT OF GAS CHROMATOGRAPHIC

TECHNIQUES FOR EXPLORATION PURPOSES

6.1 Introduction

Since fhe investigations outlined in previous chapters
showed that gases other than sulphur dioxide and hydrogen
sulphide are emitted from oxidizing sulphides, it‘was decided
to investigate the possibility of other gaseous su]phuk com-
pounds. The most promising sensitive technique, as suggested
in the literature, for the simultaneous analysis of sulphur
volatiles was gas chromatography using a flame photometric
detector. The correctness of this decision was confirmed
by the results obtaiqed by Margaret Hinkle of the U.S. Geologi-
cal Survey who reported that she had used a gas chromatograph
together with a flame photometric detector (Melpar détector)
in the analysis of sulphur gases collected by molecular sieves
over oxidizing sulphides (writteﬁ communication, 1975). Her
investigation confirmed that small amounts, if ény at artltl,

of sulphur dioxide were evolved but large amounts of carbonyl

.



Table 5.8 Summary of results obtained in the fieldareas in all of which presumed sulphur
gas was detectable
Background 302 over Background HZS over
Fieldarea 302 mineralization HZS mineralization
(ppb) (ppb) (ppb) (ppb)
Trefriw, Wales h.d. n.d. - 15.3° n.d. n.d.
Parys Mountain, Wales ' n.d. n.d. n.d. n.d.
Rodalquilar, Spain n.d. n.d. - 71.1b n.d. n.d.
San Jose, Spain o n.d. n.d. n.d. n.d.
Threshold for physio-
. Togical detection
of odour 0.5 - 2 ppm 10 - 25 ppb
Detection limit of
analytical method 3 ppb 3.5 ppb
n.d. = not detected
a = 12 samples out of 16 samples gave n.d.
b = 128 samples out of 134 samples gave n.d.; positive results were only obtained when

using the plastic-lined cardboard boxes described in the text above.
Both soil air and--

with the Gastec gas detector is not included in Table 5.8.

atmospheric samples are included in the total number of samples.

A few tests
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sulphide were detected.

In the following sections, the theory of gas chroma-
tography is outlined, followed by previous work on gas chroma-
tographic analysis of sulphur gases (mostly in the ppm range).
Experimental work aimed at detecting at least six organic and
inorganic su]phuf gases in the low (crpb) range was undertaken,
‘the results of}which are given below. The necessity of
increasing sensitivity was dictated by the very low 1eve1s to

be expected in soil gas under natural conditions.

6.2 The Technique of Gas Chromatography

Gas ghromatography is a method of separating the
‘componentslof a gaseous mixture by passing the vapour through
a ﬁo]umn containing a compound for which the individual

gaseous components have varying affinity. Those with a
stronger affinity are retained for longer times and are thus
separated on their way through the column. vThe vapour con-
centrationé leaving the co]umn>are recorded by means of a suit-
able detector. The signal is amplified and operates a chart
recorder to produce chromatograms. These consist of a number
of peaks'or elution curves, each of which corresponds to a
component of the mixture and the position (i.e. time differen-
tial) of each of these deflections is characteristic of each
different gas passing through the column. Parameters such as
type, length and diameter of column, operating temperature,
heating rate, type of column packing and gas flow-rates are

all of 1mportancé in the separat{bn of the gases.



The gas chromatographic system is composed of.f1ow—
controllers, sample injection method, column,column oven,
detector, carrier gas, auxiliary gas supplies, amp]ifiers.
power supply and a chart recorder. In the present research,
different types of columns and carrier gases have been used
and are described below. The detector used in the analysis
of sulphur volatiles is the f]ahe photometric detector (FPD),

which will be described below.

6.2.1 Flame photometric detector fbr sulphur gas analysis

The original flame photometric detector, for sulphur
compounds in air was described in a patent by Draeger in 1962
and was further modified for gas chromatographic use by Brody
and Chaney (Ronkainén et al, 1973).

When effluent sulphur compounds from the column are
burnt in a cool hydrogen-rich, mixed air-hydrogen flame, a
strong blue chemiluminescence is emitted due to the formation

of the 52 molecule following the reaction:
S + S ~» S2 +_hv

( hv is the energy of a single photon, where
h is Planck's constant and v is the frequency

of the radiation)

Since two atoms are required, the intensity of the radiation
is proportional to the square of the concentration of the
~sulphur compound in the flame (for compounds containing only
one sulphur atom). The- combustion zone is recessed in a

barrel, which acts as a light shield. The tip'of the flame
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is exposed to a photomultiplier tube through a narrow bandpass
optical interference filter, which transmits only the strong
band at 39403 for sulphur by aﬁ e]ectrdmeter to a potentio-
metric recorder. Compounds, which do not contain sulphur

do not cause an emission at this wavelength in a cool hydrogen-
rich flame and therefore are not detected with the flame
photometric detector (Melpar detector). Ronkainen et al
(1973) state that compounds such as carbon dioxide and ethanol
in higher concentrations do cause a detector response, but
that the specific sensitivity of the detector is much greater
for sulphur than for other compounds at this wavelength.

- The detector performance and sensitivity are deter-
mined by the magnitude of the drift and noise associated with
the flame Background emission. These are in turn strongly
affected by the flame temperature and gas flow-rates. The
detection 1imit of a gas chromatographic system is determined
by factors such as background noise, column material and

instrumental parameters.

6.2.2 The chromatographic column

The efficiency is the separating power of a column
(Fig. 6.1) and is related to the number of theoretical plates
or equal sections which a column may be considered to consist
of. If n is the number of theoretical plates in a column,

ve get:

where b is the retention distance of a component and a is the

half-width of a peak between its points of intersection with
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the tangents of inflection, assuming the peak is of Gaussian
form. The width of the peak at the base, i.e. the distance
between the points of intersections of these tangents and

the base-line of the chromatogram is 4a = w. The number of

theoretical plates can now be rewritten as:

2
n o= 16(%)

where t is the retention time of the component and where w is
the width in time-units between the tangential intersections
with the baseline. The narrower the peak, the better is

the efficiency. M on Fig. 6.1 is the maximal point on the
peak related to component A.. To reach this value, a definite
volume of carrier ‘gas passed through the column (retention
vo]ume).- Retention vo]ume/carrier gas flow-rate is the
retention time, which is affected by column temperature,
flow-rate of carrier gas, length of column and column packing
and is thé distance OP(t) on the model chromatogram (Fig. 6.1).
In the'experfments carried out, all retention times were
measured relative to the injection point. The separation
factor (peak resolution) is defined as:

2 x distance from one maximal peak height to the other
sum of the base of each peak

- 2PD
T RS + YZ
The separation factor is considered to be satisfactory
when it exceeds unity. Adsorption on the column packing

material and column walls results in asymmetric peaks (tailing)
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Component A

N

Component B

|

Signal
strength

Fig. 6.1 Model chromatogram for calculation of column

efficiency, retention time, etc.

and poor separation between components (Fig. 6.2). The con-
centration of a component'fs related to the area of the peak.
For component A on Fig. 6.1, the peak area is 0.5 x LN x PM,

which can be measured by an integrator directly connected to

the char£ recordek.

6.3 Previous Work on Sulphur Gas Chromatography

Much work has been undertaken analysing sulphur
gases such as hydrogen sulphide, sulphur dioxide and methyl
mercaptan, present in ppm levels using the gas chromatographic
system (Kremer and Spicer, 1973; Bollman and Mortimore, 1972;
Obermiller and Charlier, 1969; Zlatkis et al, 19703 Thorns-
berry, 1971). Serious problems have been reported in the

analysis and separation of squhur gases in the lower ppb
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concentration range with which we are concerned. Irreversihle
adsorption problems on column walls and packing and lack of |
instrumental sensitivity are the main negativé factors

(Stevens et al, 1971). Many unsuccessful attempts have been
made to separate and analyse sulphur gases below the ppm level
(Bruner et al, 1975; Stevens et al, 1969, 197]).

The selection of an appropriate column to obtain a
specific performance is essential in gas chromatographic
analysis, particularly when strongly reactive and polar compounds
have to be determined qualitatively at very low concentrations.
Glass, Teflon, stainless steel and aluminium columns, packed
with a wide variety of compounds have been evaluated by
numerous workers (Bruner et al, 1972, 1975; Stevens et al,
1969, 1971; Ronkainen et al, 1973; Souza et al, 1975).

Most of them mention problems in measuring sulphur volatiles
below the ppm level. Metals have been reported to be strongly
adsorptive to sulphur compounds, causing serious losses when

the gases are present below the 10 ppm level (Kremer and Spicer,
1973; Ronkainen et al, 1973; Bremner ef al, 1975). Teflon
(PTFE) has become popular as column container due to}its
inactivity and non-adsorptive properties to sulphur (Stevens

et al, 1971; Rasmussen, 1974; Souza et al, 1975). |

One of the more attractive techniques for the
detection of sulphur volatiles in the lower ppm concentration
range fs a procedure developed bx Souza et al (1975) who
succeeded in separating six organic and inorganic sulphur
volatiles in 7 minutes transit time, through the co]umn,~

including the separation of hydrogen sulphide from carbonyl

N
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sulphide which had caused problems (Xremer and Spicer, 1973).

Much of the present work has beén based on the procedure

suggested by Souza et al (1975). A detai]ed.descriptioh of

the technique is given below together with two other procedures,

used in the analysis of sulphur gases in the ppm and ppb leveis.
The chromatogram in Fig. 6.3 shows the separation’

of four vo]ati]e sulphur compounds'on a column developed by

Stevens et al (1971).

Mn8 7 6 5 4 3 2 1 0
TH@E*ff‘—*—"

Fig. 6.3 Chromatogram showing separation of sulphur gases
in- concentrations below 1 ppm (after Stevens et al,

1971)

The following materials and conditions were used. Column:
36 ft x 3-inch inner diameter Teflon packed with polyphenyl
ether/phosphoric acid on 40/60 me;h Haloport F (powdered Teflon);
Conditioning of column at 140°C for 6 hours; Temperatures:

Oven SOOC; Detector 105°C; Exhaust 110°C; Flows: Nitrogen
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carrier gas 100 m1/min; Oxygen 15 m1/min; Hydrogen 75 ml/min.
The disadvantages are: poor performanée for carbonyl sulphide,
carbon disulphide and dimethyl disulphide.

Fig. 6.4 illustrates separation of hydrogen sulphide,
sulphur dioxide, methyl mercaptan and dimethyl sulphide on a

column prepared by Bruner et al (1972).

H>S
A

Min 20__'15 105 0
TIM o

Fig. 6.4 Chromatogram showing separation of sulphur gases

in concentrations down to 30 ppb (Bruner et al, 1972)

The following matefia]s and conditions were used. Column:
1.25m x 3mm inner diameter Teflon packed with acid-treated
.graphitized carbon black;' Temperatures: oven 40°C;

detector 115°C;  Flows: nitrogen carrier gas 100 ml/min;
oxygen 10 ml/min; air 30 ml/min; hydrogen 150 ml/min.

~The disadvantages are poor separation of sulphur dioxide and
hydrogen sulphide above 80°¢C; long elution time and unsatis-
factory performance of carbon disulphide, carbonyl sulphide

and dimethyl disulphide, and tailing problems for the peak for
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methyl mercaptan.

Fig.'6.5 shows a column developed by Souza et al
(1975) in which hydrogen sulphide and carbonyl sulphide are
separated from each other. Dimethy! disulphide is eluted
in less than 7 minutes together with another five sulphur
compounds. There is thever no separation of carbon

disulphide and dimethyl sulphide.

(CH4)5S
CH,SH
SO
[CH3),S5 | /2 cos
e
HzS
U 4
in_ 7 6 5 4 3 72 1 0

Time e—+——

Fig. 6.5 Separation of sulphur gases in the low ppm concen-

tration range (Souza et al, 1975)

The following materials and conditions were used.
Column: 40 cm x 3mm diameter acetone-washed Teflon packed
with 60 - 80 mesh acetone-washed porapak QS; conditioning
of column overnight at 240°¢C., Temperatures: oven 30°C -
210°C by 40°C/min increment; poét—injection delay of 1 ming

detector temperature 115°¢. Flows: helium carrier gas 31
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mi/min; air 50 m1/min; hydrogen 155 ml/min; oxygen 15 ml/
min. The disadvantages are no separation of cafbon disulphide
and dimethyl sulphide.

Prior to the decision to acquire a gas chromatograph,
initial preliminary tests were carried out by other members
of the team (Professor J.S. Webb and J. Lovell) who ana1ysed
headspace gas samples over sulphide and soil in the Techmation
laboratories: The samples were taken and presented to the
gas chromatograph withAa 1 ml Hamilton gastight hypodermic
syringe. The results are presented in the following chromato-
grams. Fig. 6.6 shows two peaks derived from ambient air.
The first is a pressure peak and the effect of the oxygen ‘in
the sample on the flame énd the second peak represents ambient
sulphur dioxide. ~“Fig. 6.7 shows two peaks, which differ very
Tittle from the previous sample, from background soil from
Rodalquilar, S.E. Spain. Fig. 6.8 shows a chromatogram
obtained from oxidizing sulphides from dumps in the Rodalquilar
area. Carbonyl su]phjde or hydrogen sulphide (the retention
times of these two compounds are almost the same due to the
column and temperature used), sulphur dioxide and an unknown
gas, present as the major peak, were detected. Fig. 6.9
illustrates a chromatogram obtained from crushed galena from
the dumps at San Jose, S.E; Spain. Hydrogen sulphide or
carbonyl sulphide, sulphur dioxide and the'unknown gas are
present. Fig. 6.10 shows that the unknown gas is represented
as the major peak of this sulphide sample from Parys Mountain.

In these preliminary tests, carried out under speci-

fic conditions, two unidentified gases were found to be the
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Gas chromatographic analysis of thé headspace gas

of a Rodalquilar background soil sample
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major components in the headspace gas over squhides containecd
in closed glassbottles. Sulphur dioxide was only found to be
present at ambient air 1éve1s confirming the conclusions drawn
from previous experimental fieldwork and M. Hink]e's obser-

vations.

6.4 Experimental Work

6.4.1 Introduction

The scopé of the work on gas chromatography has in-
cluded the use of different gas chromatographic instrumenfs,
column materials and packings and operational conditions. The
aim of the work was to deve]ob a procedure in which as many
relevant sulphur gases as possib]e could be qualitatively
determined simu]taneoué1y.

A technique has been developed in which six sulphur
gases can be separated and a desorption system has been designed
in which adsorption cartridges, used for collection of samples
in the field, are heated prior to analysis. The lack of time
has not allowed any quantitative calibration of either of the
instruments used.

A description of the two instruments is given below,
followed by a presentation of the development of a gas chroma-
tographic ana1ytica1 procedure, in which six organic-and
inorganic sulphur volatiles were separated as well as the

subsequent fieldwork (Chapter 7).



6.4.2 Description of the gas chromatographs used in the

analysis of sulphur volatiles

Based on the encouraging results obtained during
the preliminary experiments using a Tracor gas chromatograph
at Techmafion Ltd., two instruments were considered: the
Perkin-Elmer F17 and the Tracor 560.

The Perkin-Elmer F17 gas chromatograph was originally
selected because of Tower cost and claimed performance.
Unsatisfactory sensitivity, erratic baseline and the tendency
for the hydrogen-rich flame to extinguish each time a sample
was injected contributed to the replacement of this instrument
by the Tracor 560.  Specifications for both instruments are
given in Table 6.1. Facilities for using detectors such as
the flame {snizatién detector (FID) and the electron capture
detector (ECD) are provided for the Perkin-Elmer F17 instrument,
while the Tracor 560 gas chromatograph is provided with a
facility for operation of the Meloy FPD and FID mode.

Both instruments were operated simultaneously and
jdentical samples were presented to both devices. The Trécor
560 gas thromatograph was found to be more suitable for our
needs dué to its higher sensitivity, better digitized e1ectron%c'
controls with more operational facilities and a better chromato-
graphic performance for sulphur gases in the lower concentration
ranges required. The chromatograms shown in Fig. 6.11 illustrate
the performance of the two instruments. "The baseline on the
Tracor 560 is more constant and the peaks of the gaseous com-
pounds are more evident than on the chromatogram obtained by

using fhe Perkin-Elmer F17.



Table 6.1

Specifications. for Perkin-Elmer F17 and Tracor 560 gas chromatographs

Column oven
Temperature range

Cool down and restab111-
zation time

TemperatUre programmer

Initial isothermal period
Final isothermal period

Programme rates
Initial and final tempe-

rature settings
Flow controls

Carrier gas

Detector (FPD)
Detection limit

Output attenuator

Ignition of hydrdgen-rich'
flame

Perkin-ETmer F17

50°C - 450°¢C
250°C to 100°C in 8 minutes

0,2,4,6,8,10,12,14,16,32 minutes

0,2,4,6,8,16,20,30,40,60 min.
steps or infinite

10 1inear rates: 0.5; 13 2; 33
4, 5; 7.5; 10; 15; 20°C/min.

0°C - 450°C in 5°C steps
Precision pressure regulator and
gauge

United Analysts Company FPD
60 ppb
1 - 1024 in binary steps

Manual

Tracor 560

Ambient - 400°C
250°C to 50°C in 8 minutes

1-999 min. in 1 min. increments

1-999 min. in 1 min. increments

1°C/min to 99°C/min in 1°C increments
Ambient - 400°C in 1°C steps

Two adjustable metering valves standard

Two flow conirol valves with direct read—
ing rotometers optional

Meloy FPD

1 -2 ppb

1 - 2048 in binary steps and a square
root function, which Tinearizes the
response from the detector

Automatic

(N
()]
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6.4.3 Materials and Methods

The gas mixtures used to develop and evaluate the
gas chromatographic methods were prepared'in the laboratory
by injecting small amounts of the test compounds such as
hydrogen su]phjde, sulphur dioxide, carbonyl sulphide, carbon
disulphide, dimethyl sulphide and dimethyl disulphide intno
‘clean, graduated, 50 ml Sovirel glass bottles. These containers
were sealed wfth a Teflon-lined rubber disc and a cap (through |
which a 2mm hole had been drilled to ensure that the gases
only came into contéct vith glass and Teflon). vHami]toﬁ
gastight hypodermic syringes of varying volumes were used
when transferring a gas mixfure from the Sovirel bottle to the
chromatograph.

The columns used were of two types, one of which was
_ ﬁade of Tracor special silica gel and packed in a silanized
glass or Teflon tube. The other consisted of acétone-washed
porapak QS* packed in an acetone-washed Teflon tube. The
performances achieved with the columns mentioned are illustrated
by Figs. 6.12 - 6.13f Recorde; paper speed is 10mm/min in
all chromatograms presenped.

Different carrier gases such as argon, nitrogen,
helium, carbon dioxide and hydrogen were used ahd tested. A
molecﬁ]ar sieve filter, cooled in a container of solid carbon
dioxide and isopropanol was used to further purify the "high
purity" inert gases, which invariably gave peaks for carbon

disulphide, (Fig. 6.18). The carrier gas was transferred from

x .
Porapak QS is a silanized porous pelymer composed of ethyl
vinyl benzene cross-linked with divinyl benzene.
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the gas cylinder to the flow controller and column 1"n a Teflon
tube, while the auxiliary gases such as air and oxygen were

led from their cy]i‘nders in copper tubes as well as the hydrogen .
Connectors as e.g. betwee.n the column and the injection pbrt

‘were always stainless steel with graphite, stainless steel

or Teflon ferrules.
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Fig. 6.12 Chromatogram obtained using a Tracor special silica
gel column operated between 30-140°C with a heating

rate of 10°C/min after an initial temperature hold
for 2 minutes. '
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Columns

The resolution of carbonyl sulphide from hydrogen
sulphide and carbon disulphide from dimethyl sulphide on Qne‘
column has been proved to be extremely difficult due to
factors such as tailing, adsorption on column walls and packing,

close retention time of the components under the conditions

.used, etc.. The resolution of all four gases on a single

column is especially difficult. After many trials with
different column packings such as silica gel, Tracor special
silica gel and Porapak QS, the two latter proved to be the
best overall for the.requirements needed (silanized glass and
Teflon columns were used). Satisfactory separatfons were
obtained by both packings (Fig. 6.12 - 6.13). 0f the two

packings, the Porapak QS has been found to be the best due

" to the fact that it is not seriously affected by moisture

developed in the system when desorbing the adsorption tubes
(as described below) since the water quickly passes through
the co]umh'and therefore does not interfere with following
peaks. Dimethyl disulphide is permanently absorbed by Tracor
special silica gel, while in columns packed with Porapak QS
it is eluted after about 17 minutes. Table 6.2 gives
information on physical and chemiéa] properties of some sulphur
gases as well as the retention times obtained on columns packed
with either Porapak QS or Tracor special silica gel.

The length and the packing density ofthecolumn affect
the separation of gases as illustrated in Figs. 6.14 - 6.16.
A poor separation of hydrogen sulphide and carbony1'su1pﬂide
is obtained when using a 57 cm long acetone-washed Porapak QS.

The separétion of these two components is improved by using



Table 6.2 Properties of low molecular weightxéulphur compounds (partly from Lange's handbook
of Chemistry, 1973) '

Gas Molecular Boiling Specific Retention time (§ég)

weight point (9C) gravity Tracor/Special silica gel/

\ Acgtone-washed Porapak QS
~Sulphur dioxide, SO, 64 -10 1.4337 294 348
Hydrogen sulphide, HZS : : 34; -60.2 1.1895 102 144
Carbonyl sulphide, COS 60 ss0.2 2,10 72 178
Carbon disulphide, CS2 : 76 46.3 71.260 - 186 " 588

Methyl mercaptan, CH,SH 48 5.96  0.896 |

Dimethyl sulphide, (CHg),S 62 37.3 0.845 990 630

Dimethyl disulphide, (CHj),S, 94 . 34.6 71.26 ' 1620

Lot
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a 98 cm long column, but the separation of carbon disulphide

and dimethyl sulphide has become poor probably depending on

a too low packing density in the column. A 150 cm long’

column shows an overall satisfactory separation of hydrogen

) sulphide, carbonyl sulphide, sulphur dioxide, carbon disulphide,
dimethyi disulphide and dimethyl disulphide.

Column preparation

Teflon (PTFE) and Porapak QS were selected as the
most suitable column material and packing, respectively,
due to their non-adsorptive properties to sulphur gases.
Adsorption between column walls, packings and sulphur gases
has been reported in the literature (Stevens et al, 1971) as
being one of the major factors preventing quantitative ana1ys1s
‘of sulphur gases below 1 ppm.

When packing a column, an acetone-washed Teflon
tube was plugged at one end with si]aniied glasswool and held
vertically. A modified 25 ml pipette, filled with acetone-
washed 80}100 mesh Porapak QS, was employed to fill the column,
by a vibration technique. The Porapak QS was transferred in
small aliquots to i-inch inner diameter Teflon tubes of vary-
i;g lengths (40 - 180 cm) Wwith the aid of an electrical
vibrator and a vacuum pump. - After filling the tube uniformliy,
the 0pen.end was sealed with silanized glasswool.

The method of washing the Porapak QS for obtaining
satisfactory separation of sulphur gases is critical. A few
grams of 80/100 mesh Porapak QS, contained in a Buchner funnel

with a fine porosity glass-frit bottom, is washed with chemically {

pure acetone pnder suction for 5 - 10 minutes. ~When the
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co]ﬁmn packing is completely dry, it is ready for use.
Souza et al (1975) showed the difference in performances
on acetone-washed and untreated Porapak QS respectively
(Fig. 6.17).

Column conditioning and stabilization

The acetone-washed Porapak QS packed columns were
conditioned overnight in the gas chromatographic oven. The
temperature was held at 30°C for the first hour and thereafter
was increased to 220°C using an increment of 5°C/min. An
argon carrier -gasflow of 50 m1/min was maintained through the
column which was di;connected from the detector. Immediately
after conditioning; an erratic baseline and poor resolution
between the components were noticed (Fig. 6.18). However
-‘after such a column,has been in use for a period of time its
performance improves with the result that the gases can be
separated from each other. The separation of the gaseous
compound; and stabilization of the baseline were also improved
by~inject{ng sulphur gases in the column several times. A
good performance was obtained after these repetitive injeétions
of sulphur volatiles due to the saturation with Su]phur gases
oé adsorption sites on column walls and pécking. Negative
peaks, indicating the presence of hydrocarbons were also
observed on new columns (Fig. 6.19). These peaks tend to
disappear with increasing use of columns (Fig. 6.13).

Standard gas samples

Gas mixtures of approximate composition were pre-

pared following the method described in Section 6.4.3. If
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Fig. 6.18 Baseline drift of freshly prepared acetone-washed
Porapak QS column with peak for CS2

necessary, the gas mixture samples were diluted in another
Sovirel bottle before presentation to the chromatograph.
Aging of the gas mixtures was noted resulting in a change of

composition; su]phur dioxide and hydrogen sulphide reacting

with each other:

502 + ZHZS > 2H20 + 3S_

In preparing the gas mixture, headspace gas ;amp]es
were taken from those sulphur gases which are liquid at room
temperature (carbon disulphide, dimethyl su]phide and dimethyl "
disulphide). Sulphur dioxide was obtained froh a 250 ml gas
cylinder and was liquified by cooling.to about -759¢C using

'solid carbon dioxide. The headspace gas over the resulting
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“Tiquid was then sampled. Hydrogen sulphide was prepared by
adding concentrated sulphuric acid to sodium sulphide.
Finally, carbonyl sulphide was obtained by adding sulphuric
acid (5:4; H2504: H20) to ammonium thiocyanate. - A chromatoQ
grah showing separation of all six sulphur gases (sulphur

- dioxide, hydrogen sulphide, carbon disulphide, carbonyl
sulphide, dimethyl suiphide and dimethyl disulphide) is
illustrated in Fig. 6.20. The retention time of each
individual component was determined by stepwise addition of
the different sulphur gases to éhe Sovirel bottie followed

by analysis.
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Fig. 6.19 = Chromatogram showing a negative peak, due to the
presence of hydrocarbons, and baseline drift on

freshly prepared Porapak QS column.
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Carrier gases

Many different “"high purity" dinert gases were used
as cafrier gas. As mentioned elsewhere, the carrier gas was
further purified by molecular sieve, immersed in a container of
solid carbon dioxide and iso-propanol, before.passing through
the column. The effects of afgon; carbon dioxide, helium
nitrogen and hydrogen were investigated. ‘Carbon dioxide gave
a poor response and an erratic baseline. Ronkainen et al (1973)
state that carbon}dioxide causes responsé on the flame photo-
metric detector, when present in high concentrations. The
other four gases all gave good responses and stable base-
lines (Fig. 6.21 - 6.23). Argon was finally chosen as the
carrier gas due to its stated high separating pover. A1though
Fig. 6.22 - 6.23 show that hel{um and nitrogen could be used
as well, since the separation of the different componenfs
is good.

Oven temperature

| The oven temperature affects the resolution of gases

~during chromatography. For example Fig. 6.24 shows the im-
provement in resolution between $u1phur dioxide and carbonyl

“sulphide or hydrogen sulphide brought about by reducing the
oven temperature from 80°¢C - 70°C. . Without the facility td
programme the oven temperature separation of both low mole-
cular weight inorganic sulphur gases from the later organi;
compounds would have been impossible. Temperature pro-
gramming was thereforerused for all chromatograms illustrated
in this thesis. ’ y

Operational procedure

The conditions presented below have been used with

minor changes, to obtain chromatograms such as those illustrated
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Chromatogram showing separation of sulphur gases

using helium as the carrier gas (50 - 170°c, 10°C/min)

iy

Chromatogram showing separation of sulphur gases

using nitrogen as the carrier gas (300-14000, 15°C/min)
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in the following part of this thesis, since these have been

found to be the most suitable in the analysis of a sulphur

gas mixture of hydrogen sulphide, carbonyl sulphide, sulphur

dioxide, carbon disulphide, dimethyl sulphide and dimethyl

disulphide in the low ppb range.

Table 6.3 Operational conditions for gas shromatographic

analysis of sulphur-bearing gas mixtures using

an acetone-washed Porapak QS column

Column temperature

Carrier gas

Sample vd]hme

Detector temperature

Detector port temperature

Detector gases
Air
Ho

Chart speed

Programmed, start 50°C, initial
temperature hold for 1 or 2 min.
to 170°C at a temperature rate of
10°C/min. - Final temperature
hold for 5 minutes, followed by-
cooling of the oven to 50°C.

Argon at 50 - 100 ml/min. The
flow-rate does not affect the
performance when temperature pro-
gramming is used.

1 - 5 ml
200°¢

80°¢C

90 ml1/min
60 m1/min

10 m1/min
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6.4.4 Analysis of Headspace Gas over Natural Sulphide
Samples

In the preliminary gas chromatographic analysis of
the headspace over sulphides (enc]osed in Sovirel glass bottles)
two unknown sulphur volatiles were detected (Figs. 6.8 - 6.10).
‘Later experiments with su1pﬁur gases, evolved from oxidizing
-sulphides under laboratory éonditions have shown that the
major peaks are due to carbon disulphide and carbonyl sulphide
(Fig. 6.25). Neither hydrogen sulphide nor sulphur dioxide
- have been detected in large quantities, if at all. The 1attér
compound was in facf only detected over ffesh]x crushed pyrite,
which also produced carbon disulphide (Fig. 6.26). Freshly
crushed galena, on the other hand, most1y gave off carbony]I
sulphide and carbon disu]phide (Fig. 6.9). Dimethyl disulphide
has been detected only in the headspace gas over wet Parys
Mountain sulphides (pyrite, galena, spha]efite_and oxidized
copper minerals) (Figs. 6.27 - 6.28) which also produced small
quantitie§ of sulphur dioxide (Fig. 6.27).

Gas chromatographic analysis of the sulphur gases
1fberated by oxidizing suiphides under laboratory conditions
were compared and identified with the aid of retention times
of reference standard gases. In the experiments, wet su]phidés
were.found to pfoduée more sulphur gases than dry samples
(Figs. 6.27 - 6.30). Tt was further noticed that the con-
centrations in the headspace gas in the glass bottles declined
rapidly with time unless large amounts of sulphides were
present (Figs. 6.25 —l6.28 and 6.51). The'change of com-

position in the gas mixtures with time was mentioned on p.168.
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from freshly crushed Trefiw pyrite.
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" CHAPTER 7

DEVELOPMENT AND TESTING OF FIELD TECHNIQUES

7.1 Introduction

Since the gas chromatograph is not portable, it was
~necessary to develop field techniques for obtaining samples of
the sulphur gases which cou]d then be transported back to the
laboratory for analysis. Furthermore, as the concentrations
in soil gas are extremely low, some method of pre-concentration
in the field is desirable. Two methods are possible: (a)
passive sampling in which an adsorbent is left in the ground
over a period of time before being recovered and (S) active
sampling in which a relatively large volume of gas is pumped
from the soil through an adsorbent which is then returned to
"the laboratory for analysis. The latter meth0d1w0u1d have
obvious advantage of less delay-time between field sampliing and
obtaining analytical results, Both approaches were tested
at Trefriw and Parys Mountain in the summér of 1976, and éctive
.samp1ing wa§ testediin the following autumn.

Both samp]ihg'techniques are critically dependent
upon the adsorbent selected. A full and exhaustive investi-
gation into the characteristics of the wide variety of adsorbents
4avai1ab1e was impossible at this late stage in the projgct
entailing, as it would the probability of many months of labor-
atory testing. The ideal characteristics for an adsorbent are:

(a) it should strongly and selectively adsorb a

wide variety of sulphur gases in very low con-

centrations from air, at ambient temperatures,
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(b) the gases adsorbed should be readily released
on heating.
'(c) for the passive sampling method the adsorbent
must be inexpensive. |
(d) the édsorbent must not be irreversible altered
at the adsorption tempefature so that is may be
conditioned at this temperature prior to use.
Two widely differing adsorbents were selcted for initial
field trials. These were molecular sieve 13 X and Tenax GC.
Molecular sieve 13 X is a synthetic alkali-metal
~aluminosilicate similar in many respects to the cubic or robust
natural zeolites such as analcite or chabazite. Thus on heat-
ing under vacuum water of crystallization is lost leaving a
highly porous crystalline structure made up of a framework of
the oxides of silica and aluminium. The formula being:

0.83

{+

0.05 Na,0,A1,0

2
0.03 S10,,nH,0

3
2.48

I+

The structure has a void (internal vo]ume of 51% with an inter-
nal surface area of 700 - 800 sq.m/g). The external area is
only of the order of 1.3 sq.m/g and hence the major fraction of
the adsdrption occurs within the internal pores. The mole-
cules that may be adsorbed are ‘theréfore limited to those that
are physically small enough to enter the pore épaces of the
ckysta1,vhence the name molecular sieve. On the basis of
advice from M. Hinkle, 13 X was selected from the other a]térna-
tives as having a pore diamter large eﬁough to adsrob all the

sulphur gases that were likely to be encountered.



Molecular sieves show a strong affinity for water
and hence their main use is as drying agents. It is, however,
also known that they strongly adsorb the low molecular weight
highly polar molecules of hydrogen sulphide and sulphur dioxide
as well as the higher molecular weight mo1ecu1es such as dimethy]l
sulphide and disulphide. This adsorbent is stable to 700°C.

Tenax G.C. is a porous polymer of 2,6, diphenylpara-
- phenylene oxide.

The principal use is as a substrate for gas liquid
chromatography columns where the properties of a\1arge surface
area and high temperature stability have been found to be use-
ful. Recently, however, it has been used as an adsorbent for
trace quantities of gaseous contaminants in submarines, sbace
craft and urban atmospheres. The refention of hydrocarbons
improves with increasing molecular weight and it is therefore
unlikely that the lower molecular weight, inorganic sulphur
gases would be retained efficiently.

Passive sampling using molecular sieve proved to be
unsatisfactory in the extremely wet conditions of September/
October, 1976. However, some indications were obtained by
“active sampling although these results require a great deal
of further reseakch, before tﬁey can be considered to be

meaningful.



-t
00]
[$)]

7.2 Passive Sampling

7.2.1 Method
The passive sampling device consists of é 50 ml,
75 mm deep polypropylene jar with a diameter of 48 mm filled
with 5 g of conditioned (overnight at 450°C) molecular sieve
13X. The adsorbing molecular sieve was enclased in the jar .
with a piece of 125 mesh nylon sheet, which was fastened

around the open end of the jar with tape (Fig. 7.1).

Nylon sheet
Molecular sieve ‘

Fig. 7.1 Passive sample jar
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The adsorption cup was hung on a steel rod or wooden
stick over the bottom of a hﬁ]e in the soil about 30 - 40 cm
deep and ]S cm wide, Fig. 7.2 - 7.3 illustrates the theory
of the method and the sampling sites at Trefriw. After
'sealing the holes with debris and soil, the adsorbents were
left undisturbed for about 3 months. At Parys Mountain, the
sample sites were selected on basis of the content of visible
su]phides in soil and dumps.

By using a long sampling time, the passive sampling
technique was considered to eliminate problems of sensitivity,
fluctuations in background va1uesAand variations due to en-

vironmental parameters.

Ground

-
' D‘D' e PR <
a Ty

Adsorption (iU:P"; |

[ R
O o
Y

e - ,'-‘,r - : )

b T ST L /
. e el L Y
K AR 7

“MinérdliZation

Fig. 7.2 Passive sampling shoWing adsorption cups placed in a
‘ grid system (as suggested in World Mining, March ]976,
for measuring radon wjth the track etgh method).
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Q 100m

® Sampling sites

Footpath

Fig. 7.3 Sites for active and passive samples at Trefriw during
July, 1976. '
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7.2.2 Field Results and Conclusions

After 12 weeks, the passive samples were collected
from their sites in Wales. Precipitation and condensation
had saturated most samples with water making them useless
- for analysis and a great number of samp]es had been destroyed
by animals. |

Despite the negative results obtained using passive
samples in a wet area as Wales, the method might be success-
fully applied in unconsolidated overburden above oxidizing
sulphides in arid and semiarid areas, where precipitation is
insignificant. Later work has shown that molecular sieve
13X is not suitable as an adsorbent due to its adsorbing
properties for water which is released when the samples are
desorbed by heating to 300 - 400°C and cause severe problems
when the desorbed vapour is introduced to the chrqmatograph.
Other adsorbents, e.g. Tenax GC {a porous polymer, 2.6 -

diphenyl-p-phenylene oxide) are recommended for future tests.

7.3 Active Sampling

7.3.1 Methods

Because of the extremely low concentrations of sulphur
gases in the soil atmosphere, it is necessary'to concentrate
the sulphur volatiles from a large volume of sample. One
solution of this problem is to use cartridges containing an
appropriate adsorbent through which a large volume of air is
drawn. In these active sampling experiments, two adsorbents

were tested. Initially molecular sieve 13X was used and
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latterly also Tenax GC. Fig. 7.4 shows an active sampling

cartridge filled with molecular sieve 13X, The method

6%m  4 tnm
v S

y Glc1>swool \

\

Glasswool

Molecular sieve

Fig. 7.4 Active sampling tube

entailed the use of a silanized glasstube, 300 mm long with

an inner diameter of 4 mm, filled with (1) 1.5 ml conditioned
(overnight at 450°C) 85/100 mesh molecular sieve 13X,(2)

1.5 m1, conditioned at 275°C for 30 minutes molecular sieve
13X (85/100 mesh) with érgon flushing through the cartridges
and (3) 1.5 ml Tenax GC, conditioned for 30 minutes at 275°¢C
under argon flow. Silanized glasswool enclosed the sorbents
in the tubes and vinyl caps which, it was hoped, would prevent
contamination from the atmosphere. As mentioned elsewhere,
fieldwork was carried out during the summer and autumn seasons.
Different s;mp]ing and analytical techniques were used. The
critical phase using this sampling technique is the analysis;
of the samples. Only trace quantities of sulphur gases are
.adsorbed in the cartridges and it fs important that the entire
sample should be submitted to the chromatograph for analysis.

The trapped
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gases were thermally desorbed and finally brought to the column
with argon carrier gas. A detailed description of the

analysis of the cartridges is given below.

7.3.1.1 Sampling

In the collection of sulphur gases the following
items were employed. A Teflon tube (inner diameter 3 mm)
was led into the hollow stem of a stainless steel auger used
for gas sampling.. All contact between the metal surface of
the auger and‘the sulphur volatiles was thus avoided. A3 -4
cm long Teflon tube (inner diameter 4 mm) connected the outlet
of the auger to the adsorption tube. The sample was drawn
through the adsorbent with the aid of a 100 m1 Gastec hand
_pump or a Capex Mark 2 suction pump, powered with a car battery.
The flow-rate was controlled with the aid of an adjustable
flow-meter, when thé Capex Mark 2 pump was used.. Fig. 7.5
illustrates the sampling apparatus.

“ e+ After driving the auger in the soil, the holes near
the tip were cleaned by blowing air into the Teflon tube with
the aid of a hand rubber bellow. At Trefriw, sample sites.
were chosen as indicated on Fig. 7.3 and Fig. 7.6. In the
screening procedure, dumps, soil and the free atmosphere were
sampled for sulphur gases. At Parys Mountain, dumps and
sites with visible sulphides were selected as suitable sampling
sites. In‘the summer fieldwork, an intense odour of oxidizing
sulphides could be recognized in both areas, while in the
autumn season the odour was most intense at the Trefriw main

adit. In the initial tests, using the active sampling method,
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Gas auger
\ Adsorptiontube
A PumD
-Mm/@émp
Te%n tube
(id.4mm]
Ground

/Teflon tubelid.3mm)

é/ Soil air
'\

N\

Fig. 7.5 Sulphur vapour adsorption apparatus for sampling

soil gas

mo]ecu1a£ sieve 13X (conditioned at 4509C overnight) was used
and 1 2 air was sampled and drawn into the adsorbent with the
aid of the Gastec hand-pump. At each site, three samples

of the same volume were taken. In the autumn, cartridges
packed with either molecular sieve 13X or Tenax GC were used,
through which a sample volume of 5 - 15 2 was drawn with the
aid pf the Capex Mark 2 suction pump using a flow-rate of

0.5 &/min. -~ After sampling, the adsorption tubes were stored
in glass containers to avoid post-sampling contamination.
(Soil samples were collected at each sample site and were

stored in either dark or transparent 50 ml Sovirel glass
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Main adit

0 100m

® Sarhpling sites

Mineralization

(

Footpath

Incline

/

Fig. 7.6

Sites for active sampling at Trefriw during Nov., 1976.
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-

bottles which were put into boxes filled with either solid
carbon dioxide or ice with the objective of eliminating post-

sampling microbial reactions in the samples).

7.3.1.2 Desorption

In the analysis of the trapped sulphur gases, the
sample cartridges were heated to 300 - 350°C and the fherma]]y
liberated sulphuf volatiles were transferred to the column
with argon carrier gas. Two different types of desorption
systems were used. The first entailed the use of a sample
1oop, in which the sulphur gases were collected before
presentation to the column and the second method employed a
- cool-trap, in which the sulphur volatiles were pre-concentrated
before being transferred to the separating column. Both
methods are described below.

The thermal desorption system used in the analysis
of the mo]ecu]ar sieve 13X-filled sample cartridges, which
were used during the summer fieldwork is depicted in Fig. 7.7.
The system consists of basically three main components; a
32 cm long rectangular insulated desorption chamber of brass
which is heated to 350°C by two washing-boiler elements;

a Teflon Omnifit 3-way valve, providing the switching unit
needed to evacuate énd fil1l the third main component, which
was a six-port Perkin-Elmer stainless steel precision valve
equipped with a 0.1 ml stéinless»stee1 sample loop. In
attempts to avoid a too rapid temberature deckease between
the desorption chamber and the two valves, the latter and thé

3-inch Teflon tube connections between the different components
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- Precision gas sampling valve

/c; column

Brass'T’

/

Sample loop l
Teflon tube | ]
/\ qurier gas
Three-way
valve

04
Universal adapter

4 Adsorption tube
E:rptionchamber

To vacuum

T

Fig.

7.7 Thermal desorption system for adsorption tubes.




were encased in an asbestos box which was heated by a 60w

1ight bulb. The desorption  chamber temperature was controlled
and monitored with a Gallenkamp temperature controller and

a Variac transformer. \“Thé*formen/comprises two components,

a temperature sensor and a control box, which are 1ihked'
together by a capillary tube. The working procedure is

summarized below.

(1) The adsorption tube was connected to the carrier gas
supply and the Omnifit valve and heated to 350°¢C in
the desorption chamber for 3 minutes, with the argon
carrier gas switched off.

(2) The sample loop was evacuatea in the meantime.

(3) After 3 minutes, the carrier gas was turned on for
1 minute and the l1iberated sulphur gases were trans-
ferred to the 0.1 ml sampie loop.

(4) Thereafter, the sulphur gases were presented to the
chromatographic‘column.

(5) Finally, the carrier gas was turned off with the aid
of a toggle valve (see Fig. 7.7) and the precisioﬁ

gas sampling valve was closed.

The results of the analysis using this method are
presented below. It is necessary to mention that sulphur
‘gases were detected in both sample tubes and blanks. In
attempts to clean the system and to avoid “"memory" effects
from sample to sample, all stainless steel tubes in the
precision gas sampling valve were replaced with 1/15-1nch

Teflon tubes. Subsequent experiments showed no improvement
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and further work on thi§ aépect of the technique was consequent-
1y discontinued. ‘A new desorption technique described beiow,
was finally designed.

The ana]ytica] desorption-gas chromatographic
system is i]]ustratéd in Fig. 7.8 and consists mainly of two
componentﬁ; a desorption heater, heated by a Nichrome -

wire elemenﬁ, - directly connected to the gas chromatographic

Carrier
\/ gqs

Toggle valves

Rptafn eters
Desorption heater

H/eOted' exhaust
Filter Photomuittiplier tube

/Q///////////E__Jjﬁwyersuppb/
l L

Elec’troéeter

Recorder -

|

L

Separation column

Gas chromatograph

Fig. 7.8 Gas chromatographic system showing the desorption
chamber and the cool-trap for liberated sulphur gases.
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injection port, and a cool trap, consisting of an 8 cm long
precoiumnwhich'is cooled 1ﬁ a mixture of solid carbon dioxide
and isopropanol, g%ving'a temperature of -80°c. The cool
trap condenses the sulphur gases as liquids in a small carrier
gas vojume before being analysed. Acceptable chromatographic
performance is impossible unless gases are presented in con-
centrated form as compared with continuous stripping of the
gases from the sorbent. . Toggle valves were used to provide
switching facilities for the carrier gas. The temperature
was maintined at 300 - 350°C controlled by a Variac trans-
former and a Gallenkamp temperature controller.

The adsorption cartridge was placed in the pre-
heated desorption heater for 3 minutes with the carrier gas
switched off. The pre-co]umn}was at the same time immersed
in the freezing mixture of solid carbon dioxide and iso-
propyl alcohol. Thereafter, the carrier gas was turned on
and the liberated sulphur gases were transferred to the
cooled pre-column, where they were concentrated for 1 minute
before analysis. Thereafter, the carried gas was switched
off, the cool-trap removed and the column oven door closed.
After another 2 minutes, when the oven temperature was SOOC,
the carrier gas was turned on and the released pre-concentrated
sulphur gases were swept to the separetion column, Using
this technique, about two samples/hour Were analysed using

the temperature programming presented in Table 6.3
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7.3.1.3 Results of sampling at Trefriw and Parys

Mountain

Tﬁe objectives of the experiments at Trefriw during
the summer and autumn of 1976 were twofold. The main aim
~was to test teéhniques, methods and adsorbents in a field
situation to determine whether it was possible to collect
sulphur gases and return them to the laboratory for analysis.
The second and minor objective was to try to collect sulphur
gases from soils overlying sulphide minera]ization;

' | The experimenﬁs have proved to be an essential,
although uhfortunate]y not finé], stage in the development
of a optimum field method. The technihues.used during the
active éamp]ing in the summer demonstrated the shortcomings
of the desorption method which concealed the problems arising
from adsorbed water and contamination of the packing which were
only revealed after the autumn sampling. The principal
areas of error in the earlier technique were considered
to be:- ‘
(a) ‘'memory' effects from sample to sample and

from sample to blank which were ascribed

to revergib1e adsorption of sulphur gases on

to the tubes and valves of the desorption

and transfer equipment

(b) the small fraction of the desorbed gase§ that

was.actually transferred to the column for
analysis.

(c) contamination of the adsorbent due to‘con—

ditions prior to filling the cartridges.

The effects of the desorbed water were concealed
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by the fact that the actual volume of water put on to the
column was small and, more importantly, the water vapour
was not allowed to condense.

Following the modifications to the equipment and
techniques described above, a number of other'difficu1ties
were revealed. The most serious of these has arisen from.
contamination of the adsorbeﬁts,during storage. The tubes
were conditioned prior to use by purging with argon at 275°¢C
for 30 minutes. Testing immediately after conditioning
proved that the tubes were clean enough to.be acceptabie.

It was extremely difficult to achieve absolute cleanliness
and true blanks. The contamination arose during storage |
and tranSport to and from the field area. The severity |

of the difficulties is shown in Figs. 7.9 - 7.11 which are,
respectively, chromatograms derived from a blank glass tube,
‘and two tubes packed with molecular sieve unused and ;fter
passing 1 1itre of .soil air from over the mineralization

at Trefriw. It is readily apparent that there are high
levels of contamination in the unused tube and that the
differences between the sample and  the b1anklare insignificant.
‘Furthermore desorbed water that has condensed and collected
on the column during desorption has passed into the vapour
state at 100°C generating a meaningless co11ect10n of peaks.
The chromatograms shown in Figs. 7.12 and 7.13 are further
illustrations of the effects of water vapour on the analysis.
They are derived from the gases desorbed from molecular sieve
‘éartridgés after the passage of 5% and 15% of the sulphur

gas -rich atmosphere in the main adit at Trefriw.
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Ffom-this it can be concluded that, with this system of
desorption and presentation to the chromatograph, molecular
sieve, or any other adsorbent that collects water-vapour
'is unsatisfactory. Ii is also plain that the method of
storing the tubes must be improved to prevent contamination.

The samples collected using Tenax GC are subject
to the same doubis as those using molecular sieve as the
storage method was jdentical in both cases. However
Tenax-does not adsorb water and the chromatograms are there-
fore sdmewhat more acceptable. |

The initial ane]yses of the blanks and used sample
tubes appeared to show some promise. Fig.7.14 shows the
analysis of the gases derived from a blank (unused) Tenax
tube. There are only three peaks, of which the majer one
appears to be sulphur dioxide. However this must be viewed
with some doubt as Tenax would not be expected to efficiently
trap sulphur dioxide and it is possible that ﬁhe gas has
been formed as a result of heating the adsorbent in the pre-
sence of the atmespheric oxygen retained within the»tube.
The chromatograms illustrated in Figs. 7;15 and 7.16 are.
derived from used saﬁple tubes through which 5 and 152 of
adit air had been passed. There are a number of sulphur
gas peaks and the larger sample seems to:show greater
amounts espeically of the later organic sulphur éases which
would logically be expected to be preferentially adsorbed
onto  Tenax. Sulphur dioxide appears to be present as a
major component of the gas mixture, a result that is.not in

agreement with our previous experience. There are a



‘number ¢f possible explanations for this:
(i) The sample is a true representation of the
composition of the gas mixture and this
method is superior in detecting sulphur
dioxide. |
(i) The gas is an artifact produced during the
heating of the adsorbent with its adsorbed
sulphur gases 1in the presence of oxygen
prior to concentration on the column.

(iii) The sulphur dicvide is derived from con-
tamination of the adsorbent during tranéport
and storage.

A dup]icafe suite of sample tubes were despatched
to the laboratories of Unilever who had kindly offered to
analyse the gases desorbed from the adsorbents on a GC/Mass
spectrometer system. They reported that they were unable to
detect any gases on the used sample tubes that were not present
in the blanks.

Attempt§ to repeat the results of the adit atmos-
phere sampling during the spring of 1977 but with the tubes
being stored before and after use in sealed glass ampoules
have also not met with success. Sulphur gases, where pre-
éent,'were only detected in minor quantities.

It is therefore felt that the most 1ikely explanation
of the chromatograms is a combination 6f (ii) and (iii) |
above. However, it is suggested that, although not con-
firmed, the results are of sufficient interest to justify |

further attempts to repeat them under more rigourous
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experimental conditions.

In view of the doubtful nature of the results
of sampling the sulphur-rich atmosphere of the adit, it is
felt that presentation of the results of sampling soil air
at Trefriw and Parys Mountain would not be valid at this

stage.

o At st e
] | I D P L
_0. g 22200
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ol bbb ol . Temperature°C 100 90 80 70 '.'éov

Figure 7.9 Chromatogram showing carbon
disulphide 1liberated from a
’ glass tube (the carbon disulphide
is derived from the carrier gés
stream and has been concentrated

by the cold trap).
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Fig. 7.f2 Analysis of 5 & of atmosphere from the
main adit at the Trefriw pyrite deposit
adsorbed on molecular sieve 13 x. ‘The
chromatbgram shows the elution of water,

starting at 100°¢.
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Fig. 7.14 Chromatogram showing volatile sulphur compounds

Tiberated from blank Tenax_GC.
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When it became clear that the results of the
soil gas sampling were doubtful other a1ternétive methods of
investigating soil gas were considered. The most attractive
alternative appeared tb be the use of the soils themse]ves
as natural adsorbents. It was hoped that thesoils would
act as a passive sampler of the sulphur gas flux between the
atmosphere and buried sulphides. The "integration" period
could be considered to have been sufficient to have permitted
equilibrium conditions to be achieved. Unfortunateiy the
s0ils collected at each sample site for "backup" conven-
tional géochemistky had bgen dried and were thérefore unsuit-
able. Soil samples that had been collected as part of
another experiment, which is described below were taken
and placed in sealed septum bottles. After incubation for
seven days, samples of the headspace gas were removed by
~syringe and injected onto the gas chromatograph for analysis.

It became clear that the headspace gas from soils
that had been collected near the minéra1ization at Trefriw
(Fig. 7.17 and 7;18) released appreciable quantities of
carbonyl sulphide and carbon disulphide whereas those over
'soils collected away'frpm the mineralization,of which
Fig. 7.19 is typical, did not. The sensitivity setting of
the machine is the same for all three chromatograms.

These results, are of considerable interest, but

will require confirmation.
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A further experiment was undertaken to‘investigate
the importance of microbiological activity in the evolution
of sulphur gases from oxidizing sulphides. Samples of
fresh and weathered squhides were collected as were a number
| of soils from Both background and mineralized ‘areas at
Trefriw and Parys Mountain. Samples were collected in
duplicate and some sterilized by a heavy dosage of |
gamma radjation at Harwell Atomic Energy Establishment.

Prior to irradiation the samples were kept at a
Tow level pf biological activity by cooling. The
samples to be sterilized being cooled in solid carbon
dioxide and the non-ster%]eset were stored in ice. After
sterilization both sets of sample botties were incubated at
30°C for three days before being tested by headspace gas
anal ysis. The analyses were repeated at three day intervals
for two weeks.

No clear trends were established although
non-sterile samples tended to have lower levels of sulphur
gases than thosé that had been rendered sterile. Figs. 7.20
and 7.21 afe typical of the results obtained. A possible
explanation of this.resu1t_is the release of adsorbed
sulphur gases (eSpecialiy carbonyl subhide) as a result of
heating dufing the irradation. However, the experiment
must be repeated under more rigourous conditions, perhaps
using artificially generated sulphides, before the results

can be clarified.
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7.3.1.4 Conclusions.

The selection of a gas chromatograph with a sulphur
specific detector as the chief analytical instrument for
this work has proved to be justified. It has been
possible to demonstrate that, under laboratory conditions,
oxidizing sulphides do not appear to generate either
sulphur dioxide or hydrogen sulphide. This result strongly
confirms the earlier experimenrts iising chemical methods
which were unable to detect either gas near oxidizing sul-
phides in the field. Ths gas chromatograph has, however,
'.permitted the detection. of other gases over sulphide
minerals, the principal ones appearing'to be carbonyl
sulphide and‘carbon disulphide.

Su]phdr dioxide has only been detected over
freshly crushed pyrite and hydrogen sulphide has never been
detected any conditions. Carbon disulphide and carbonyl |
sulphide have been detected over a wide variety of sulphide
minerals including pyrite, galena, chalcopyrite, arseno-
pyrite, stfbnite and jamesonite, Furthermore, these
gases are produced in greater quantities when the sulphides
are wet rather than dry. |

It has been shown that the problems of collecting
sub-nano g%amme quantities of sulphur gases, present in
the parts per billion range in gas miktures presenfs
very great difficu]tieé especially as the methods to be

used must be practical for field use.
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The typical odour of oxidizing sulphides
such as that present in the atmosphere a Trefriw remains
to be explained. It is probable that the odour is a
synergistic physiological response to a wide range of
sulphur gases, rather that to a single gas.’

The role of bacteria in the production of sulphur-
bearing gases from sulphides remains ambiguous. The
results of preliminary experiments on sterilized and unsteri-
1ized samples indicated 1ittle difference in the gases evolved
but the very nature of the gases is suggestive of bacterial
activity.

Sulphur-bearing gases have been shown to be ré]eased
from soils and the initial results suggest that the quantities
may be greatesi in areas where the soils are c]osely
~associated with sulphide mineralization. This approach
may have considerable merit in terms of speed‘and con-
venience and would eliminate many of the problems that
currently exist in collecting soil-gas as such.

Passive sampling methods which have been success-
fully applied by M. Hinkle in the Nevada desert are diff%-
cult to use.-in the wetter conditions encountered in this
country. 0f the two active sampling adsorbents tested so
far Tenax GC appears to be the more promising with the

current desorption and presentation method.
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CHAPTER 8

SUMMARY OF PRINCIPAL CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE WORK

8.1 Summary of Principal Conclusions

The research reported in this thesis has, of
necessity, been of a preliminary nature as it is‘concerned
with a relatively new and interesting aspeét of explor-
tion techniques. However, it is feit that the following
provisional gonc]usions can be drawn from the results to
date..

(1) It has been shown that, contrary to other
workers published findings, hydrogen sulphide and sulphur
~dioxide, do not have any general application in the seérch
for buried ore deposits. Sulphur dioxide has only been
detected over sulphide dumps in strong sunlight. This is
despite many modifications to existing wet chemical methods
which improved their sensitivity, efficiency and convenience.
These results are in agreement with complementary research
being carried out by the US Geological Survey.

(2)° Gas chromatography has been shown to be a
far more powerful tool iﬁ the investigation of sulphur gas
geochemistry than the wet chemical methods for specific gases.

(3) The principal gases evolved from oxidizing
sulphides under laboratory conditions have been satisfactor-
ally identified by gas chromatography as carbonyl sulphide
and carbon disulphide. This work has confirmed our initial

investigations which indicated the absence of hydrogen
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sulphide and.su1phur dioxide; the oniy exception was that
sulphur dioxide was detected in appreciable quantities
over freshly crushed pyrite under laboratory conditions.

(4) Dimethyl disulphide has been detected in
headspace gas over sulphides under wet conditions.

‘ (5) The role of bacteria in the formation of
sﬁ1phur gases has yet to be shown to be important. Initial
experiments suggest, surprisingly that their role may be of
1ittle significance. Further work is required.

(6) Soil gas sampling as such, either by active
or passive ﬁeans has been shown to be fraught with many
difficulties and the'soi1s.themse1ves may well prove to be
a more attractive sample medium.  Furthermore it would
appear that passive sampling, at least in its present form,

will be difficult to apply in wet, temperate conditions.

8.2 Recommendations for Future Research

It is recommended that, following the essential
primary investigations described in this thesis, the
following research should be undertaken.

(1) Continued development of the application
6f gas chromatography coupled with a flame photometric
detector to sulphur gas geochemistry. The objectives will
be to quantify the results, and to develop the methods

towards more rapid analyses.
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(2) The investigation of the parameters which
control the formation and dispersion of sulphur gases.

This work 5hou1d include both field tria1$ and laboratory
experiments using artificial soil/sulphide systems.

.The addition of a katharometer to the gas chroma-
tograph would greatly assist the laboratory experiments as
it would then be possible to monitor the rate and effects of
oxygen comsumption and carbon dioxide removal or pro-
duction.

(3) The use of the soils themselves as a sampl-
ing medium should be given special attention. Field work
should include investigations in both mineralized and non-
mineralized areas with particular efforts being made to
establish optimum sampling depths and techniques and
appropriate development of sample preparation and treat-
ment. Bulk sampling is retommended as a means of estab]jsh—
ing these parameters and as a means of determining the re-
peatability and confidence of the methodé.

(4) Although with a reduced emphasis, soil gas
and atmospheric sampling using adsorbents should continue.
This work will entail some development of the adsorbents
and of conditioning, storage transport, desorption and
presentation techniques. Passive sampling should be confined
to areas of limited rainfall.

(5) In order to characterize the odour of
oxidizing sulphides gas collection at Trefriw or similar

area is recommended. Cold trapping of the samples using



liquid nitrogen is suggested followed by analysis by both
gas chromatography and mass spectrometry.

(6) Simultaneous operation of the defector in
both the flame photometric and flame ionization mode
would permit a fuller study of the entire range of gases,
jncluding hydrocarbons, that are evolved by, br adsorbed

onto, soils.



N
ro
W

APPENDIX

ABTLIS, T4 ey BEAKER, L. 2ay FORENCE, L, Z., LItTHES, £,
1a74, TATT 0F ATR POLLUTLMTS T PEMOYAL CF ZTHYLEMT, SULFLF
AND MIT20GIN DINXIDE SY SNIL. SCITMAE, YOL. 173, M2, &3(f
fo14-115, L

ANLMS, Te Fay BAMECTZOGZ Sy o Ly SOTEETC0H, Te Jey 1CRF,. O AHALYS
AF SULFUS=CONTATLTNG GASTS IN TuT AMITENT 2775 USTNG TLlLETTIVC
PRE-FILTIRG AND & MIZED-COULCVMETRIC 26TECT0S. S, I=2. FCLLYUT,

f‘0 lTﬁv‘_. AQS(’ Il"\L. .‘Lq.-q '!‘3. -y D. 11*‘,"1-1

ALLAaM, A, I,y PTITT™S, Gey HOLL TI¢, Jes ey 1372, SULFIDT DoTE=2MTn "
IM CUIMZE6IN SNTLS WITH 'W ICKN=STLECTIVE SLECTECIT, SCTL SCInNCE
vOL, 114, 10 5, De L5E~ Te

ALLAIAY, He Hey THOMO2SOM, Jo Feoy 19864, SULFULR TP THE NUTCITION ne

DLANTS AND EYIMALS SOIL SCIey V.l 1319 NOe Ly Fo cHiL=2UT,

ALTSHILT?, A ©4y 1277, ATHCSEHIRIT SULFUR TTIAXITT AN
CIST>TIYTION OF CONSINTOATION AT UTREM ARD NGNUF &M SITE
STATZS. THWIRIM, SCT, TECH. 4 VOL. 7, NCO. &, P, T09-71

ALTSHILE?, &4 P,y 2974, ANMALYTICAL PEOSLZYS TN fIR SCLLLTICY
£OiT 0L, £HVI°©1'E!TAL PTOTTCTINN AGENTY, WASHINATON, NC, P00,
ENVI?ON. QUML. STNSOR WNRKSHOP, LAS YFGAS, Ny F. II-uL-II8t.

ANTSIANY, Lo Aoy 4971, NCJZURSEMGCT OF HYIT=IGT! TL:
INTZ=0AT, GEOLOAY RV .,y UOL. 13y NOe 2y 7o 219¥1-3

ATTIS, . Jos OLSOM, 2. A., 1966, FACTOSS AFFICTING ©
OXINATION IM S2TLS NF ZLAMINTAL SULFUR LND ThAT 2P T0
PHASOHATT=SULFUA FUSIONS., SOIL SCI VOL. 131 NC. 44 o 317-325.

AU3EST, G., 1962, AETD Z0NI SOTLS., A STUDY GF THEOI=Z FCOMATION,
CHARAGCT 2ISTICS, UTILIZATIOM ANQ COMTERYATICN, IM' TRE FEOOLENT
THZ ARIN 7NMSY, £QIN ZAND RESTARDH 18, PFOCEIIINGT SF THE P47IF
SYUPOSTUY, P, 11E-177, UNZSCO L81°P, '

Doy JTUSINs e Le, L3672, SUMMERY AF SULFUR TSCT0PE

AULT, W, 5
LCTAMAATNS,T IMY JIONZACHFMISTRY FOR TSOTORZIC. B, JENSINey P
16"2?- ' ’

BULT 9 ” ] '.
GEQL I, 7 CISHOCHI'YNe A0T4, YOL. 26, ©e 201-27%.

e

AULT, We Uey KUILP, J, Les 1967, SULFUR ISOTCFZS AND QKL pZPOSITE
SCOMe GT0Ley 40Le 55, P 73=11

AXELT0N, Hy Doy CARY, J, Yoy BONILTI, Ja Eey LCUGI, Jo oy 1967,
FLUNDE3ZRENCE DETIRMTIATION OF SUS-TASTS FE2 SILLION »YDFOOT
455hH~1383

SULFTIZ IN “HE ATMOSOHIRI ., ANAL. NWIM. Jo L1, (37)y Fo

JF

.y KILF, J, La,s 1953, ISOTOPIC SECOKIMISTEY CF SULTHU=,



' ’ , - 224

o4 £UD'G, ey MINSANG, 2, LAMIEAT, &, 1937¢
SONCTUTRATION 95 SULFUR STOXICT ANMT . SULF 11
ENTLRTTIT, SUINITAPSTIS fREAS AND CCIAMS. TELL

o, 231-2%3,

MTORTNCSFNTOLN
craLS CueEr
<

QAYHTTN, fe ey 14772

« FOTMATICN OF HALNS ASCQYJE €75 ANT CTL-GAS
NEPNSITS: IATIANAT, 5200 g

« NOJ 1.

He Loy -.”-.)L“(’ DNy Fay 1 e THDPITOYSINTQ TN TY=

RAME 3T 9RE2, asaq

COLL™STTC NF HYDRSOGT' SULPHICT TN CACMIUY HYDRCYIAD SUSPINSION,
ENTIZN, 3057, AT TS0H,, 3, S, 259-224

BAMIAR™, e Ley SSEMNE2, J. ey 1974, GAS CRZCFATOSGFAFHIC
I9=NTICIRAT TAN AF SHUFUD SASTS TN SOIL ATHO0SORFETS, SCIL SI0L.
OINTYE ey INLe 6y P,

’ 113-11%.,

RANUAR T, We L, FEMMES, J, My, 1975, FCE“ATION Cr VNLATILE THULFUS
COMRNDS 3Y AISACRTAL TN 0OMPCITITICH OF SULFAIC=TCOMTAINIMNG
AMINASIOS IM SOILS. ©7IL #ICL. YINTHEM.y V0L, 7, P4 3TC-3i-.

BAPRTIMSER, A. ey 1359, 25M0TZ=SCHSTNG “~CHMICURT FNS FINTZAL
TISCN/E2Y, 2297077 21H5S NF 74T aTH COMMOMWEALTE v THTHS AND
METALLYCRISAL FANGRICS 24 MINING AU PET-ALZUM GTOLGGY, (LONTOMY,
Pe 540-530, .

BARRINAT?, Ry 24y SCHOCK, Jo Pe, 193K, O~NGCTSL TN THE RIMO™
SENSTING OF JADN3IS F12 IR POLLUTINN, GIQLARIN A1 COZAR263ATHIA
APPLISATIO NS, 2207, IYHPGSIUN QN FEMCTI TEINSING (F ShYISCNUDMT,
PHIYV. OF AICHIGAN, AN, 4220%5,, 7, 773-T%1

[al}

PATES, .y 4955, THI GIALLGY

CF ZASYS MOUMTITN, VSLSKE GECLOGTOAL
QUARTTELY, VOL, 24 0. 1, Pe 27 :

'2?-

BICKs Le Sey BTNUGRICH, Ji F¢, 1876, TRACK STAH CRTINTATION IUEYIY
IN THE CLUFF LAY S 828 NARTHIRN SASKATOHIRAYN, rfr, INST, MIV.
JOUR' ey MOL. 59y P, 13L-102

CYPTIATMTNTAL STUNITS OF THE FO2MATION OF

BEDMNED,, 2, A, , 3%
S IN' CIOGRCCHENISTRY CF SULFUR IS2T0R=ESY

CSIOTUMINTARY I
ED. JENS;N, “'!o, Dc

RERMNIR, © AOUTALS SPLUTION &

e Aay 1934, TROH SULFITIS FCPMIL FRCM
Lo *”"DCQHTUI.S AN ATHOSOMIRIC PRESSURT, J. GFOLCGYs VOL. T2, 0
> |

39y Pu 2093-3

fEA0YL L. Bes MATON, 7., 40FQ, MIMEPALNGY W, W, FRESNMIN AND
COMPANY, SAM F2ANTICSN, SALIFCINIA, £12°,

EERTPAMSNY, 3. ey FEIIN, Mey TISNALT, S¢ L., 1G60. SLLFUR STUTTST
"OF IMIIANA SOILS ANT CR0FS. SCIL S5I., Y0L. 77y 26 77-ui

. VCL. '_;ﬁ, M) o 1.-.61



2,

nIL

BLAKZs 5o Py
NIFFHSION IN

- PART,
30T LS,

J

~

>

]

-
>

CI
ELIN“, Ja C-g CONEL,y Jo
FRNY SEOLNGT2AL MATEY IAL

9

T e
<1

RUNNMFTITLY, N
FELATION T THE
GEPASTITS It FIFLE
19”2

1872, THY NXI
FOPMATTON OF
D2ATHS JC

HALIE?, 6
SH3ITH,
YIL .

Y. BAGLE, f. W
N9 C2HEGH A%SNS

24 1R =104

[ Lg

L] -
A

[ o4

poiy |

H,

BOCK, R., PUFF, 1068,

Je s

L8 ]

SULFINTONT=E4PFINCLICHIN TL7

781-3%5,
O, ey MORTIORE,

MYDRISTN SHL FICE,
SRRRAY AILINNLAR CIE
YOLe 10, 2.

n

NC U
=< r‘ '

DDV =D
-~ O™

= ]

Q0YLT,
°E /JIcu

Qi ',“.,
0F I7S.

GASCETT

STETUS

Re G
AN FUT
FRATSHAN, P,
EXPLOIATION,

Ve 0.9
YNL e 49 213%,
BRECOATING, R.
KLAONTIS, He Zey
HAAGTHISOMN, P, L.

WA DG, A, Fo, ?
CONTRAL UMITZ) STATES
7057-70364,

Jog LODGE,
FOGL

o
ey
MCIETH,

- -

P
AM

-
-

2 ACKG
J. G

1
)

EREE D,
CO4PNINSS
10, D, ¢

Jo "10,
2Y GAS

AAMWALT, W,
CHEIMATEAG

RIMAT R,

: J .
SOILS,.

SNIL

M, TANWAST,
nIIL .

ATNSHEM .

use
CnM

RRTNCHLEY,
ORIFICTS.

D.
Je

Ley 19772,
AT PALLUT,

RINGE 1973.

.,’)

y Co ey HOsLD

1S4R8

0v°
23,

5273-R27.,

(ZDI727)

TOPHY T,
CAPHY,

VoL,

225

CF GasTnng
Fe

yrpcn:;w NT <
PEOCes VLU

. DIFECT
S0%e LMo

]
at

¢ v L e

CQUANE, J. 6oy 10'2.
SEeYATIONS CF IMTE

L3EE -LTT A,

F
P
PATTION OF TSCM SULSRT
ACIN SULPHWATE SnipLc,
Uz, 0NF L ‘-C-tw.:g

o
Su

vy 1971,
acn QN FF

THE?ATED
ANT MI.

AECSTI MHUUNG
KTPNDFe Zs

VON SULFTN MIT ETNEP
AMAL. CHEM, zL7, P,

e Moy 1972, PETESMINATICN CF CASTONM
SULFUR DIOXTIS, ZTEAMNT, BAND PROPANS

s CALUHN, JCHEN, CF THRCMATCSRLVHLIT.

GTACHIMICAL
SCI. PEVes

s 1¢7¢C
.‘JQC.

CARTH

197r

i¢ JOURMAL OF CZOCw

ey OAYT, J,
AZRCAN .
3,4 MOFZIC
SOLNN TRECS 6
‘RES,

Les YING VALATILE S

TITUTZ JCUFMNAL,

1974 . IDENTIF
SULPHUR IMS

VoL

SORPTION CF SULFUF 6Ga%T3

75=52,

Ley 1975,

5y Pa
AS CRITICEL FLOW

MOW 12e 7o

CF WATCH JEWELT
TROL ASSO‘ .9 JOL.

QeT

-~

)

s2 MTY 7SS 497)

10

DTLS. CAMD



o]

CRAIMALTTNNICT . Doy

!420-‘-"2'1.

s

N
N
(=2}

PEYNINGy Ny Jey 1S72. RETTS FF SNLUTICY GF

GASIONS SHLERYY NINXTNDT AT ATMOSOHISIC CONCENTCATINNS, MATHES, VOL,
2360, P, 225

ORISTIN, Ney L3972+ A'1 “YALUATION OF THE QULE®Z COYSTAL MICO07ALLNCE
AS A MIPIYRY UYATOUS FINOCHE FCR SOTL GOSTS, Jo GIQCHIM, 1,1 £35-76
ZRTSTNU, Quy JNNLSS 01, I. Pey 2972, VEPCLR STNSI0G FCE MINISLL
EXPLORBTING SAMN, MIM Joy Y. 93, D0 Z0=ubL, L7, iR,

829C%, - J. S. 1972, THE USE 0F D035 AS LM ATIC TC SXTLCRATION FrO2
SULPHISEST HIZTION “4INI2, YOL,. 45. MO, 22

BRPODY, S. S.y CHANEY, J, E., 1GFE, FLAMZ PHOTOMETOIC CETERTO.
JCUC'l, GAS CHPN4ATIAS
BRAOKS, Pe Po, 1872, GIOTOTLNY AND A2TOGICHEMTSTRY IV MIVERLL
EXDLO2ATINN, HADDER 8D 2G4, HEW YOTK, 2037,

S BRUNDTH, M. Hey, 1377, GENCHIVICAL FYFLORFTICY FCE (235, T4 oroy
"QPEZAKIT, SPIX TUMOUSTEITS, VYNL, 13, N0, 3y T, 1-F, '
AJUIT2, F.3 NICCTOLT, Pe, 21 NASPD, F,, 1970, FUTTHIC TEyZ{ OPMINTE
IN THE NDITERUINATION NF SULFUS £NAM2CENDS I 31F TY 518
CHROMATOGRAFHY, ANAL. GHTM,, WOL, L7 NO, 1, . 1ai-1tb,

NOYNT, Feg LIRERTI, Aey, PNSTA NZI To Meyg ALLTGRTHTI Y Ta,y 197 2.
142207173 GAS AHTAMITCGRADHIN SETHAS FNAE “HT "“ZTZA4INFTICN OF SULFY
COMPNTS AT TUS PFOT cLoysl TN AIR, ANAL. SHIY,, ¥NL. 4%, MO. 12, F
2070-2774 :

BUFALT NI, M., 10“:. YIJATION OF TULFUR FICYTIE IN BALLLTI)
ATHNSPHZIRI, ZNYIF « SPT, ANTQ TECH.y VYOL, By %, EAS=750

vyt AFFTICEDS OF THE 9A4)ICACTIYITY CIVISTCHYy GTCLOGTOLL SUA/ITY-OF
CAMADA, 4152, PROSTESTING FNP URANIUY IN CGANANA, QUESNY S PRINTZF,
CTTAME, 157,

CHAMNG, Ma Ley THOMASL, Go M.y 3983, A SUGGESTID MICHANTIM FOP
SULFATE £D3NRPTILN 2Y SOIL5. <SNIL SCI. SC%. AMER. FEQCe, VOL. 27,
NO. —;q D..Z“-l-—.—?‘l3.

CHAN, Tay, HAQNARD, 1, T4, FANG, Se¢ To, 1962, 3CTL CONSTITUTHTS AN
PROPIATIES IN THZ AD3IRPTION CF SULPHATS TONS, SOIL SCT. Ve dh,y i

275-23%,

CHAD,y Tay SUMy S Coy 149674 STUNY AN SULFATISATICN 0OF ALUAINA WIT:
GASENIS SHLEURTRAICXIDZI. AIMT TRANSACTIONS, VOL. NGe by B

TER,



227

TLING, 7o Ray 4953, GEONHTATSTOY~POCTENT ANL ELIUPD, FINTHNS TN
CAMATA, APTIL £988 4, P, 45, |

CLINT, Jo Doy PICHARAS, Fo A,y 18369, CYYCTHATICN OF HYDENG™N
SULFTA™ IH STANATIO AT COMETANT SALINTYY, TEMPERLTUSCS AN o,
ENJIQD10 33 [} Aqi ?TCHoq 3; D‘ °38-0L7. v

COLE, Mo May JOMES, €. S. Ouy CUSTANCF, No [ Foo 1274, 2E40°F
SENSTHS TH MINTTAL CXPLO2ATICN, * “NVIPCNMIMTAL CENMOTE SEMITNE:
ACPLISATIONS ANT ACHITYAMINTSY, INTTER Y (L3777, I, C., GUATIT.

!_. p.

COMMTLL,y Mo T.y PATRICK, M, Hey 21G29, B72UTZTICKN FF SULFLTE 7O
SULFINT IN WATEALNGHZID €9IL, SCIL <SCI. SCC. AMIF, FROC., VDL. 33,
2, 711-715,

£0297y Jo Avy 1973, STOCHIVICAL FROSPECTING FOF POPHYRY CODRIP TYE
MIMERALIZATION: IN JOUK. GIOCHIM, TXPLOR. VYOLZ NOe 2. 1673

FU°°T_, Je A, L7AC. RASENUS CDIFFUSION IM PCSCOUS MCOTA HB
GRAMULAR "MATTRATAL 3217, JNUP, OF APPLIZT OPHYZ, Vv L. 9

CUADIT, Jo Lo 1760, GASENUS DIFFUSTICR IN PCFNUS “SRTL ELRT 2-D°Y
GRAMMLAP MATERIAL T2IT, JOUR, OF APPLTSC PPYS, V0OL. 11, 318-2324,

CURRIZ, Jo Pe 1767, GASTOURS CIFFUSTGN IN POPCUS MECIA SA°T 1-4
NON-CTZANY STATZ METHAN, A2ITISH JOUR. 0F AFELIED FHYSICS. VAL, 10
11" -

cURRIC J. Ay 2937 f. 4N LEMENT CF 6

ASES TN S6OTL FFfDIP"TCb- IRRAL I
CHZte TN, MOMIGSATH, NI, 27, P, 152-47 '

174

OF CAMASGO, O, Ney GEDY4AMM, Foy SALATI, Co9 HAETOUI, Fes 1975, A
TECHNTAUT FNR SAMPLING THEC SOIL ATMOSPHe®Z., 50IL <71, vOLe 147, ®
2, P, 17T3-174, '
DECYLY,y Eo Sey 197B.IHIH€°AL TYCLES. SCI. AMe, YNL, 22%, M3e 3, ©
143-15%.

NIMNTM, Je Toy 1075, INOTGAMIC AMD GTOLOGICAL CATESTALS, AMAL.
CHZMey YOL, &7, MOy Sy P, 972-112F, ‘

TMIMEONATINSTIC 2O0LISTES, NOKLATY AKAG. NAUYK SSSR. ¥NL. 1704 Fo
227‘22?.

NOLGY, YU, ey SHUGBURIIA, M. hLey 1966, THE GASES  CF FOSTMAG AT

THE INFLUZNAT CF SNIL CFUSTS On

DO‘,} Ct "’., KqH“KE’ H09 j‘:):F;, :
GAGZN S NTFFYSINN, SNIL 30T. SOT. AN, PIC7., V0L 29, Te 1-7)

DOUGLAT, As Gey MAIR, 2, )., 1985, SULFUR: POLT TN GIRTEIS OF
PETROLINY, STTZMNNE, VOL o 147, MO, 3557, 0. L2C¢-701,



~N
SN
[we)

s L*\, 1oy JANAK 'J., 190, DETHECTICN NF SULFHIS TCYENY IS5 vITH
Y QLKALT Fi Atz TD\I7‘*I ON Qe TZ2TOR, JOURMN, CF CHICHBTCCESEHIN
SCIZICZ,y VOL. 74 P, &B1=L52

(%]

-~

OYTKy Hey 1973(4) 4 49373 (7), TRE USE CF JIOLATILE JTOMPCLNLS T”
MIMT 281 ZYPLA2ATICH, GEJQLNAGICAEL SUSVEY F CL&NATS, SIQFFSSIC
PAPI2S, 73-1f, DCE-TL, TI-im, S

NYSIKy Mey 1975 RASTS AND THIIR 27WLVANCI 70 MIMzPAL TYFLCRAYION:
GEOLe SURM, TAMe, FADEL TLet, DADT L,

OVCOKy Yoy 1975, GFOCHEMITT Y APPLIED IO LRANIUYM “YFLCRATTOM,
CANADTI AN MIMIMS JOUuR'AL, J0L. P&, NO. &4, P, E°=¢CC,

CAT O, S, V.,-EﬂTGN. Je Hey 1378, SULPHUES TN RPIN, PLENT, PHVSIGL. .,
VOL. 11 Do 77=87

EKy Jo 207L, TRACE SLIMTMTS IN TTLL, VEGITATION NN MATES OVIR &
SULPHIZ® N2E IN YASTIREQOTTIN f‘CUITV HMOEIHESN SKTIDEM, SCU $AAZ,
‘30". o

SELTIMSON,y Y .y ALINADIM, L. Al 197L, GAS COMECSTTICN CF )
INSLUSTONS TN MINERALS AND OHYSTICOCHIMIZLL CONPTTIONGT OF MINETAL
FOPHMATION THN CANFUKH-DAYY0H ORE FTIELD, INT., FiCle TFVe, YOL. 16,
NRe 59 P 5ET-556T, )

ENSHING TRy Lae Teay FZIUNAEY, Je Pay 21CEF, JIAGMDTITTT TEOENICUTS oz
ETEZAMINING SULFLR nERICIENCISS I CF0Ps ANT SCTLS.e TCIL SCT.. VOL,
1011 5. ?.%-7)"

)

ERPTYTTY,, M. Mey SOKALNVY, Jo Loy, SOLOVOV, A, T4y, ANT VINTITSKII, T.
Mey APPLICATION OF HELIUM SHTYIYING TO STOUCTU=2L MARFING AND
P2ASPESTING FI2 033 AIPGSITS: IN GIEOCHTMICAL AFCIPTRTING 1972
LON"] ! Io '11 ‘4. 183"04‘2 ‘

ERIKSSNANy Zey 1960e,y, THT YTARLY CISCULATION NF CHLNITILS ANJ SULFUR
IN NATHIRE, ME'EWDCLOFIIAL, GCIAUIMICLL, AMG FECCLAGICAL
IMPLTS4TIONS, TTLLUS VvOL. 12, NO. &, P, €3 = 10C,

ERIKSSON, .Tey 10€%, THS YEARLY CIRCULATICH CF CULFUS IN MATUST. TJ
G’.r)pHY.zO F-’_:(;,, J e 68, D, 4vrti-4 'S,

TOIKSSIN,y £FRIK., 1979, NY THIZ GEQCHEYMISTFY CF CRHLOTIDF AMD SULFLTZ
INY AEOPHYS, 2MARTADH, NO, 3, €N Je Do LOCRE, J24s Fo 124-127.
WALEDY ©2ESS, I'lIC., TALTINOREZ, 2120C, : '

ERIKSSOMN. Soy 31370, KOMPTHNITUM I ATMOSFASENS KEMI, METTCO0LOASGTSKA
INSTITOTIO IS , STACKYALHS IMTJST3ISIT™T, 120 ST10CT,

# )
ERNST, W,y 1952, DISTRATAUTION AK) ORIGIN OF SCIL GA2SES F=0 TO0ME
FAULT ZONZS OF "ﬂU’H EMOGEYMANY ! [FOHF AN KOHLE.

ERNGAS-PITPD C% 4I%, 21y MO. 11, £Q2=-¢Aa7. (1C¢48) (IN GERFAMN)



. 229
FEAGHUSIMNy Ty LAMPERT , Te D 1972, YOLTANTC CXYHALLTICNS M0 MoTLL
ENRICHMENTS AT “IATUPT HAPIOUS, MIW 33TTAIN, Te F¢ H3es “COHs 6 CLe
VOL . 67, D )C;_';7.
FISHER, We Huy LODGE, Jo ., WASTOURG, t. Fu, ©A7Z, J, B,, 1962,
ESTIMATIAN OF SOAME ATMOSPHECIC TRACT GASTS IN ANTATATICA. THUYIZON,
SCI. ANT ."ECHQ, 2, ©. keq-hﬁi. ‘
FLEAGL=,y R¢ Ney BUSTHARER, Jo Ay 1963, PROPERPTIES CGF LT MQCOHTZ]C
GASES TMY AN THTTONUSTION TA ATMISORTSIC SRYSICS', 2. z(=Ta,
ACADTHIN DDEES, NIN YNAK MHID LONTGH,  TeED,
FLIRTMSKIT, Ko Poy 13700 CLASSIFICATION CF NATUSS)L Gacsg QN a7
BASIS NF FZATUATS BIAGHUOSYIC NF THYIS ORIGING 14 FASTS CF SUPTRGTM
TYPEZ, GEOYHMIYIYAy MOe &y B. 733 =807
FOBN, W, He, SALVE?T, 0, V., 1960, A MTTHOD FOF TSTECTING AND
ESTIMATING HYDIRNGLN SULFINT IN FLOND-D COIL., SCIL S77Te SCC. AMTFR.

DQOCO, .'/OL. ?1’ Do 916‘31’-’0

FONOE3Ty Joy MEMUMAN, L., 1977, AM3IIFKRT AIP® MOKNTITCOING FCT SULFUS

VOL.

S COMPAYINS, A CRITT CAL RIVITH, Jo AIR FOLLUT, CCUTHOL ASS3C, 2%, ©
7€1-"53,

FNOTZSTUS, Je A4 Cuo 1q7h.'9x=L0&A*IGN GIACHEMISTRY AN LAMDSGACE,
CA”O MI"O ‘1ETQL‘_ L3 "iL!LLQ! Vn‘_. 67, HO- 7511 e “3~’°~70

FPIAMITYE, M. Wes FOSCHING, J. Loy ROSTT, D, M, 1073.1EVALHﬁTToN
CF SUASTIATES £A2 (IS 92 A PITTACLECTCIN DFTECT0: FOT SULLFUF
DINXTDZ, AlAL, CHE4, 4y VYOL, 45, WYy 9y To 1787 «1750,

FRONZSRATICKy L Pey STAOKSY, Po Ley STGAL, Ue, 1657, NSCCMBOSARILITY
CF SOMZ N25AMILC SULFUR CONPOUNNS TM SOTL, SCIL S°T. SCC. AMe PRCT,
yNL, 21, 2. 237-292,

FREINZATIIKSOM, A, Fey LEHNFERTZ, C, Asy BN KELLOGG, H. Ze9 1971,
MOATILITY, FLEXTOILITY HIGHLIGHT A MASS SPECITCMITET - £CMPYTER
TECHIT AL FOR 208 GIoNAL "ano¢ATIOM. SNGIMTTEING AND MINING JONIRNA
JUME 4172, 472(7), PPL2h=-110, ' : '
FREMEY, Jo P.y 1267, DYINATION OF SULPHYX IN SCILS, MINETALTINM
DEPNSITA 2, 194157 :

FRENIY, Jo Pay MELVTLLT, 54 T.y HILLTAMS, O, H,, 197¢. THE
DETEPYIMATIAN OF CLZOIN=ZIMDFD SULFU& I3 SOTL. SOTL SCI. VOL. 1c¢
N0, r;v D, 315-31°9, :

FRENTV, J, 2.9 STEYTNSOMN, F, Jey 10FH, C°GININ SULFNE
TRAMSFOSMATIONNG IN SNILS,. S0IL SCI., 104, F. Ful-alt.

o



- ' 230

FRISAZI "M, Ge My, HAMKIS, Y, £,

y 1687, MEIRCUTY V'S: SZICN HALOS LT
ARE KRUTNCS FAR MASSIYE SULFISE DBIPSSTTS, WELZT SHIASTA CISTRICT,
CALIFDNTA., MIHIRALTUY CZPOSITA 5 VOLe 3y NQO& Z4 Fe T7=(8,

CFUSHSy e Leg HUTTESZ, 6, Y,
INQUJT?Y FInALLY HEATS U2, £~
33-973

FUMP, T., 22RNSFARS, %, Jeo SILVERP, S, D.y 15L¢, SC227TICN OF
FUMTAAT VADNURS 3Y 30IL. SSIZNTE, YOL. 437, S, 27u-273,

GATKT, Ge .4 NTST, D4 Hey 195%¢ FIXATICM DF SULFNR ,
GISULFITA R URATS (11) AMT SYLSINDENT CCLCFIVET’IC TETIMOTINN,
ANALQ 3H':‘10 \/o 281 Pe 1315“1biao

LSFIY, S4 Joy

GAPLAMTY, Jeo Asy OTKTNS, 4 e Foy PTAQRIN
o CCUNDe ATHNS.

197a, JTPASITICY CF GLSACYS SULTHUL JI0X
ENVID.O-.JQQ ‘J‘"’L- 37 Nf". 4.9 n. c"7q

-1 .

L]
1
iy ]
BelN =]

GARLAMD, Je Aey CLAUSH, ¥, S,, FOWLIF, 7, 1977, DEeNSIT IOI nF
SULDHY 2 DINYIDE CON FRAS5. NETUSE, YL, 7L2y Te 273-2E7

GA?Q, Do Ten 1257, SONME PEOTLIME TR THC LH&LV'I: OF L8SECUS
CECHIPHSITINN 9700UCTS,s TALANTSE, ¥OL. 11, Pe 141°=-1327,

GARRILS, B, M4y 19FL, MINIZAL SFICTES £5 FUNCTICHS 0F S &40 |
OXIJATINN="FAUCT IO 2ATENTTLLS WITH SPEJTAL C=FzvsNTE TC THE Z0NE
CF NXIDATION AMD SYCACINARY SNRICHNENT 06 SULBRIZ- 02F Cz20ST7%,

GEOCHE'. 7 CASMONKIM, ACTS, WOL, S, P, 15I-1FC,

"GAV=LI i, ©
FRRACTIINAT
‘515‘-'33 _)o

s PARMEL, By QYHEGE, 9., 1°30, SULFUT TISCTCEE
IO I SULFIOE MIMIRALIZATIOM, SCOHe G OLes JCLe 554

EORGTT, He Uey 1977, COMATIZUTIAN TN THE ATWCSFEHESIN SULPHUS
EuarCT. Jo GENPHYS. PESe, VAL, 75, NCO. 12, PO2385-2371.

GINT"RG, I. I,y 1377, PRINCISLES OF GZOCHDMITAL IXPLC2ATINN,
PERGAMAON 2REGS, 311 P. '

GAOLDAK, %S¢ P4y 1373, AHLDLTHUM-L HASTE SPECT
4

NTU
SXPLURATION. dI'M, THO. 4 ¥OL, 25, MO, A

"

1)

GOTTSCHALK, Ve 'ley CUZHLEZ, He A., 1012, OXTCATION OF SULPHINES.
FCO-‘“ G.‘:nqu IO‘_n 71 'D. 15"

It
GOYITT, Ga Jo Sey 1972 DIFFICSINTIAL SECCNIASY *Ifoc STON IN
TRAMSPIZTIN SNILS AND PO’T~41MrDALT7LT CN £00KT, AN ELSCTROCHEMIGY
INTTRPRETATION, IN G.0CHTMICAL TXPLOPATICHM, TNST, MI‘~ MATALL. 2.

81-9s,



231

SETCSVNTNATION A€
IC AxensnLs &V

L GRALS, Ne Les HAPKE®, As ey KDVAKNOV, T, .
Chey VOL.e 2, NO4 1,

1e7y
CTHT RMTHTGAL STATTS OF SULFUS IN AMRIENT PCLLLT
X=2FY SHOTISZLINTRON °D,CIDO°”9PY. ATMCS. =MVIR
e, 15-21,

6RO, h. Ty Ses DITOAL, A,y SAWHADA, T., SHCLTETg Fe T 3197y,
DEYYTD STHITHA OAF ATHOSPUIITL AZCNSCLS. PRNCFET
TMTEQNATICHAL SYYOISIUY €N 2240TT SINSINT OF "VI
UNIVEZ2SITY NF MICHIAAN, YILe 3y Pe 17u0-1762

0D
N
)
b
-
T
"
i
1
T

GRITHMLY,y Zo, 1010, THZ 6 OLOGY 0OF ANGLTCTY, NEVMOTE

= NF TH=Z
GEOLNSICAL SURYTY 0F TNGLAMT AMO MALIS, YOL. 240 ES7-L84, wsli-423,
561-553, 327-847,
GRIAARY, A. Faey “0N7D, H. N,y 1675, THT SOLE CF FEM0~: SINSTHG TH
MIMTOAL IXPLORATION WITH SOICTAL RIFCPTNAE T EETS-1, N6N, MIN,
METALL. 2ULL., YOL. 5%, N0, 757, P, 5772,
GRIMZUKO, L. Moy GRI'ISNKT, Y. h., 1077, SULFUR 1SOTNSES £NN THITP
USE IN AT03MEMISEL T'VISTIGETIONS. GEOFHIM. INTETe, YCL. 4y 10, I

Pe 47Ly (A3STUACT).

GRINEMKD, Jo Aey LITMy Le YU.y 2967, VLSTATION I THE TSOTQFRIC
COMPASITIIN OF SULFII IN DIFFSRENT TCHMEQUNDS AT THE TELARL 920NDAS
(IMNDIZSTA) GPATER LAKE SHULFULS TERQSTT, SEOKHTYIVA, NC, 2, °,
235=-295%, (G-QCHT™MISTAY INTZRNATINONAL, e Yy M2, T4 B, 2C 5%,
A2S5TARSTY, :

AV IC]

HABASHTI, Fay 1356, TUE HTOULNISY NF CYITETICN CF TULFICE ORF IN
NATUYNT, ©COtMe 1370Le YOL, 51y P 587-591.

HALES, Jo ey WTILKES, J, Ouy YDTK, 3. Les 1074, SOYT CZCENT
MEATUPEMENTS OF w235 OXINATION PATES ANT THMEIZ IFPLICATIICAS TN
ATHOSPHERIS CHZTSTOY . TILLUS, UdL. 26, MO, 1-2, D, 277-2R3.

Y HYORNGIN YHNOTEe HYNPOTHE=MLL CONJITINMNS, CECKEIMIYA, NG, 12
1312"1?1%. (J"")(‘HruI T Y I\T_—‘\‘ATI !AL’ .J. E' NC. E’ cl 11:2?"
ABZTRPACTY,

HALIHI'ly S, Do KHITASOV, M, I., 1950, SSQUCTICAN OF SLLFETZ SULFUS
§
1

HAMPEL, O R.y 1QF9, THE ENCYSLOSEDTE NF THE CHEMICAL ELTHTHTS,
CREINNMALD 300K ©ORPO2ATION, LONTON | -

HAP.:)“II’.\KQ P 1\01 THICTL:‘—_TH"!,’i\f"TE, Te ¥, "c, Fn”L'oy T T-! 1':-’70' A
FLUD2IT72IN ACTHED FO2 DETESMIMING LOW CANGINTIITIANS CF dYOWE5IH
SULPYIDE IN AIR, AT, ENVI®ON V0L, &L, P, 372-315,

RAR5E 0, G Wey 1054, 0ISIOVATICAS NN YuI FOTMATION AND CXTPATTAN

OF PYQITE IN THZ “CILe PLAMT AND SOILy YCLe Fyq NCy Ty $2.-%Lc

LN



232

HAZRISON, A. G,y THOME, i, Gey 1495 3, H7CHEANISIV (7 THE 2irmTzard
REOQUATINN OF SULOHATT F279 I5CTCPT FRACTIONATICN STUNIZS, Toaueg,
FARADAY SOucq YOLe Buge Py 3L=g2,

CHARPISAN, A, Sey THODZ, H, G, 1958, SULFHUR T3C™NFT A3(NDLN~ET IM
HYDR2I31570415 AN Sguss s °ﬁ 'KS OF UINTE S2SIN, U7iw, aM, nSans,
PET=OLITUN GIONLOGISTS 2ULL ey ¥CLe L2, P, 26L2=2817,

HAPUARD, M. Cay RETCINAUTR, H, M,y 1360 RTLZTICMNS AND v JIMINTR 7
TNI2SANIT SOIL SULFY., S2TL <77, VOL. 171y N, vy T, 22E-3725,
HATT4AN, £, Ay SCHULTZ, ke SMITH, J, F., 1975, SOLTZ AN GAZEOUS
FUTLS, A'MAL. fHMZMe,y, VOlL. L7y NO. 54 P, HER=-CAF,

HAISE ), MNe Moy AHLTITHS, Jo Waey NOIKTITK, Jy T4y 1972, AFCLICATIC
OF S'ULPHYR AND MICKFL ANALYTES T GANCHTFICAL FAUS?ICTING, I
GENSHIMINAL <XPLORATION, THST. MIN, HETALL, P, 17-24,

HAYK IS, He Toy AND YWE3?, J. Tey 1962, GSOCHEWISTeY IN MIMESAL
EXULN2ATTA, HAPPIE AN 294, :
HANKTIMS, To 2. HMey 43RA, TJORTHOLTS L7 FOCSYS MCUNTAIN, NEAD AMUYTH,
ANGLZS:Y. 3“[.‘.' GTCL. SU- V01 D, 7"170

HIEATLT T, Ae Jo ey 1972, HYIRACETY °”LFT3~, FRXEDT HY220CEN AT wlTip
EXPLODATION LTS, v0RLn 911, VCL, 455, HO. &4 T "5=-972,

HIES, P, VYey ADANSy J, HBey 1072, THE DETTAMINATION OF NITTOREH,
CRYSTH, AND SULFEHD TTIAXTAS TV OAUTOMATED QAS MHICMATAOLGRATREY, JCoUEM,
OF CHONYMATOR2APHIC SIS, V6L, 12, ©, u?n-urt.

HEY, *. H., 1962, AN TMNOFEX OF MIMESAL SFECTIET LND YRASISTISS
ARIANGTD CHIMICALLY, JARPALD ANG SONS LTT, NORWIOH, 7c9F.

HINKLI, Ma Toy 2975, MRITTEN COMUNIGCATICH, -

HITSHIN, B¢ 1357 GUOCHTHINAL STUNTST OF MNATURAL GAS . 2877 . 2CIC
GASSC T WESTIR) CAOATTAN MLETURAL GRSES, va“. OF CANDLIAN
CETINLEYM TECHNOLOGY, Y0OL. 24 NO0. 2.

HOAG, Ny Bes U IDFR,y Ge RPoy 1975, SIGNIFTCANTE ¥mB MINIFAL
EXPULIPATION O SULSHATI COMCENTRATTIONS IN GECURIVATTEDS, (A1, MIN,
METAL. 3N bL., YL, ~9, F, 55-C1,

HOLSTI2, We Tey KATLAN, Res 18RR, ISCTOCT G2oCHIALSTRY CF )
SENTATHNTARY SHLFATIC, CHIMICAL GIOLOGY, YNL. 14 hN. 24 Fo O3=103%,
HSTU,, T Mo, 2E5HNIT7, G, A4y 106K, AMALYTICIL STUSY CF 2 SHLFIAT
I0N=SSLSCTIVE MTMBRANL CLICTRONE IN ALKALINET SCLUTICHha ANALG CH:'M
VOL. &3y NOo Ty Po 37 64=1267



233

HUI™T, M. 8.y LICGT, Je 2oy 196k SOUTLIRRTUM FFESCTS TN
BETEM{INATION OF SULFJPR NI0¥IIC WITH PAlilncaANTLTE &N
FORPHMALDTHYD N, AMALS THZM,y YDLe 364y HDe 7y F, 13754728,

HYVARTHEN, Loy KAURPAEMT, Koy YLIZTYMEM, .y 1373, MCOTEN 70ULITR
CTRACTHNG IM ©213750T7IMS, I (FR3SPECTIHG 1M [LFRELS NF CLALTLAL
TERPAIYY . THT IMNSTITYTION OF MINING FPND MITELLUTAY, 2, I7-9%,

JAGD3S, M, f,, 1953, TEQMMIQUTS FO® MOLASUD™uTNT rE uyfIec

S
SULPHTIZ ANT SJLPHLR QY TITEs, I, GEOFHYS, MCNOC=i7H, NC, 7, I%,
L0IGIy Je Faey P 2L=TH, WAYITLY PRTET, INT., PLALTIMOTE, 127F,

JASONS , My Ay JAVERHAYM, M, Na, HOCHEFIITR, T4, 1959,
UL*“A&I,”OJ:'”JWIH‘*IOJ CF SULFIJZS IN AR, LNAL. ORIV, UOL, 29, ©
1340-1 351,

JAMES, 6, He, 1067, THT ST OF THE TEIMSH PETHATYE ANTE SICAMDADYS
CISPC25I0ON IN GTOCKEMICAL POCSPECT MG Z70M, GECLL, VCL, &2
qg?-q‘J’;o

] .

JF"(\‘_‘J, -"1. [
GZINLey VIL.
JEHSTH, ey 19A2,' FINGECOHENMIRTRY OF SULFUR TSCTIFES,
CF A MNATIONAL SOIENCE FOUNDETION HELD AT YALS UNTYEZ3IT
JENST, Hey 1337,

"n
)
-4
‘N
-
"
O
L
=

!
=

57, SHULFUR ISNTEOES AND MIKEFAL T~ AGEN:
21 Do Zgg-Z"Ail

PEACEININAS
Y. =D,

JENSTH, ey MAKAT, M., 1992, SULFUR TISCTCOT METEATITS STANNADASH
RESHULTS AN =902 INATIANS, TN, 2YI0GECCHIMISTHY OF SLLUFU=
TSD“-QDZS" :Jc J"M ‘I’ M. Dc, 2, '.'O-"c.

JEMSTN, Me Ly MEKAT, Mo, 1qc1. SAUSTES AND T3C0TCPIC CCMENEITIONM O
ETHOIPHESIC SULFUS, ’CIE“ Ty VOL. 124, RO, Ta0z, 2, ?232-21Gh.

IO'M';S k:q Io Rl’ I‘H..LI‘ :\’q co J'Q 1(]720 SHQY e ! CQ‘:‘[:LTH". 'VE"-:’ R RE] I‘
HYN2NGENOYEIMT oA CRUSPENTING IM TEMPEFATE AND PECMIFZCST XEGIOY
IN', GEQCHEATICAL EXPLOSATION! 4 INST. MIN, META(L., F. 1EI-!

JOMTS, Gu Eey STATKEY, F. Lo, 10932, ©0NZ MECISTECY AANDITIONS F03
FRACTIONATION OF STALLE TSOTCPIS 0F SULFUR E£Y DESULFCVIZ=IO
DISULFYRTCANS, Th' BT0GICOHTMISTRY OF SULFUR ICSTO=7<4¢, Q¢ JeMTINM
Meg Po G3=77, ' ’ .

JOMES, Guy STARKEY, %4 Loy 13257, FPACTIOMTION CF STESLF TSCTOPCS
OF SULFUR AV YIG=0NOGANISHS ANT THIT 304 IM CEEQSITTION CF MATTVC
SULFU, ampPLIT) VICRQ&LOLOG y VDL S5y Fo d1i-92%.

JO5T,y Dy 1974, ACCOLOFIPAL JTU“IL; ON TuE ATMCSPHCEEIN SULFU®
F.!UF]G:Tc T‘:LL"S, ‘IOL( '__"), ‘J\.)o 1"'_. uc""’(:iao



234

JUNMGZ, Z. T4 195, AT CHEMTIIISY AN <ERINACTIYITV, ACATZMIY P-toe,
MEN YOSK AMD LIMTON, 3827 '

(95
C
3
VM
L
3
-
iv
)
-
H
[
T
(]
.
VI
=
r~
m
c
A
v
<
-4
I
i
4
<
(&)
n
v
c
1
kal
n
[
L]
(o}
R}
[ ]
atl
T
<
2]
.
[§]
3]
n
L]
<
-

CIPIGT, Te Tee 13AZT, SULFUR IN THT ATMOLPHICE, Jo GIOFFYS. 95 .,
9 | quip. .

KAaInN7Ta4 H,y TSHINE, Y.y 1972, POCNUCTICN CF YOCLLATILF SULFUL?

£OUMPOIIDT 3Y AISECIANITS, ANNe ©7y¢, MISPCTINL,. 22, £, 227

KANA HI%y Jay 19826 SULFUR ORIMITTLY T MIIINTD AUSS, TN
RINGTITHDIITTRY OF ULFU? TEOTCPIIZ Yy CO0e JENSINy, Mey F,

KAPLAM, T. 2.3 2ATITINNGINO, S¢ Coy 1072, “YE MICRIDTOLCGTICAL
FRAACTIINLTION 97 SULFUR TI5070F S, TN!' CICHECTHOMTTSTRY GF SULFU=
IS')T’)"’ES'; T JENSE‘!’ "10, po- £T=22,

KAPLAZIK, e Aey GEPLSIMOYA, Le Tey 1CR7. MOUTE CF VEPCSIZATION NF
WERCHRY OyLF CICINATAR, OOKLATNY AKAD, MAUK LESR, YOLL. 172, .
191- 204

KHAYRZTOINOY, Tu fe, 1371, GB
Pe HH8-637, (GINCHEMISTRY INT
ARST2ACT)

KHAYROTRINOY, M, A,
SVERPLOYA, V. M. 135
DISLACATIONR NF A%
135-237, (U335 TRA

s DOKUKIMN, G, P.es PEOKHJRCV, V. fGag AMD

T UST OF G4 SAMPLING FCT TUTvEYT IN FAULT

T Says:l:s GINLe &AM GIrPRYS, N0, 4n,. 1885, PR,
SLATION

KHITAROV, H. To, ARUTYUAYSN, Ly B4, SYZHIHKC. 5o ley 19
EFFEST OF HYD20GEN SHLFTTZ 0f THT MISRATION FF MCOLY TE
FORM JF K SILT3OMCLY=IA™I COM3SLIX UNGEP =LEVRTET TI%3¢
GEOKHIMIYA, NO, 3, F, 269-272, (GIOCHINISTSY INTFANATIO
P 132-19%, AISTRACT) .

Ay MOe 2,

KIW“ELL, Ce Ly 1q73.>’0 FIUR ANALY?ER ANT METH"C. Ue To
2 H

TAL CUL
PATEMT 3, 756, THI(CL. 22=-23287t GN1iN), FP,

KIUNG, Y. G

Je . THT METERMINATION CF SULDHUR
DIOXINZ WITH RIS

PRUTZM, Ge, 237
a 23 ALYCT, VOL. Q.Li, e L‘3“"Eo

HILINT JYi5.

Py

KOYMYT, M,y 1769, SOIL PHYSICS, YCGFRAW=HTLL FCOK £0., LCNDDY, 22%¥3,

KOLNTIV, 3. Ay KISTLEVA, YT, Ay RUAFYKTIM, Y. 7.4 19F5, 0% THZ
SECHIMARY AT3PITISICH AUL.OLIS IN THT VICIMITY CF N°7 LFAFE0STTS,
GE-’JC ’.... [ I\JT I. Y’ 3. 07‘.'-677. *"\PSTQLC"' *

(/



N
[F%)
un

KOHARGY, Ve Say YOLMZIKO, Te Ney 12644 ACSC

SSTICN OF Lyredso
SULFIJZ YITH SLAYS A3 ALUNIMA TYPED 2REOQFTZIRTS, "dHETw, ri€Tz,, 7

62L2=.

KOZINT3EVA, To Moy 1064, SOLUSILITY OF HYDENGEN SULEILE TH WATEST AT
SLTHAYIN TOMOIRATYRES, GTOKHIMIYA, NN, 8, P, 7F2-7¢3, (GIQ~WIMISTAY
INTERUMATIONM L, ‘104 L, Py 750-77€, APSTOLCT), o ,

KRAVSKOPF, Ke 344 1356, INTPOLUCTION TO GEOCuEvTéTSY. vcr"u HTLL

KRIITER, 1, ., 186, BECLOGISAL CSOSSETTING AYT SYSLCRETIAN, "I
PYILISHERS, MISL 3, =

KREMTR, Ley SPINER, e Doy 1377, GAS OHPCHMATCGSAFRTIC STFLAATTCN COF
BYDR?IGIN SULFTIZ 4, 7ARZOMYL SULFIDT, f”? HICGHZE SULFUE roa2piyne
WITH 4 SIHGLI PASS SYSTEM. ANAL o CHIMy VCL. LS. M0. 11, 2,

3857~ JEL, . ‘v

KREYTER, Le ey 4974, LARCR OFTQACQUSTIC SPCOTECSCOPY=-1 NEM
TECH"I')“E ne 505 ANPLY(. e )‘-\'-.ALQ CHt:‘laq VOL . Lfe NO. '(:9 Pe 2258,
ShQh-2LLA, :

TKULTHIA, Mo My, 13F70, 0N THT 1IST OF A~

L . ;
DETEATING ZLTHY CRETAMIS IN ThD RIGION GF YHY <2iLIT { i7e:
TZYSSTIA NF HIGHED ERUSATIONAL IHSTITUTICMS N
EX2L, "R03S, 1I3C0W.e 1365 YOL. TIC, NOe 12,
KULINO !N, 1yl 4977 OM THe UST PF L GAS=NOFS SPSYEY FOF JT17o7 T
LI a=T _ox=3 TH THE STGION 0F THE BLLIT [¥SCSTTR, IZYFSTTVA
UYSSHIKH USHESIIYRHE ZAYy:ZDNT CTCLOAIYA T SAZYVETZRL, [TANSLLETT

KULP, Jo Luy AULT, M. Yoy FEILY, H. V., 195&. SULFUR I5CT02%
ABUMIAMCES Tol TULFITE MINEPRLS. EGCOH, G650L.y VCL. T1, 7. 13%-129,

KVET, Rey 1973, ORIGIN OF THE H2S IN MATURAL WETI2C, GICCHIMISTSY
TNTERNATIONAL, . 10, MO, 2, P, 487, (A®STFRACT)

14)

LANGE® S HANDINOK OF CHTMISTRY. TRITC? DIAN, Jo f., 197
MCSRAN=HILL 797X CA#PAlNY

LE 28, K. 1374, GIACHEMINEL STUDY OF HYAQZQ5TN CYLFICE S02070 IN
SINTHINTS, IN (AJVANCES IN NEGANTR G-0CH"MISTEY)Y. 2, 717-725,
PERGAON OREST, OYFNRD, T3IL0 '

PR .

H

LEUTIS, Jo Aey PAPEYIZAS, G. Cay 1927C. SYDLUTICN COF VCOLATTILY
SULFYUR=SONTATNING CIIRPOUMNIS FiNM ﬂrrcw;cgz Igh CF CRUCIF 23 IN
?OtLo S’JT'-a QII)L. ::Iq‘:n'lc"uo) 25 e Ezﬂ?LFo

LISS) Po Sey 1671, SXCHANGT GF SO2 DETWECH THE ATMCSSRIES Aan
MATUSAL WATER2S, NATUPE, Y3L. 233,y P+ 327-32¢C. '



LJIGG2S, P,, <950, & SULTUS “UDN CIFESTT FOIYSE THIAURE SARTESIAL
TRANSFOSUATION N€ FULAROLIC KYDFENGTN SULFTIDE, ECCM, GECGLey YOLe 554
Po 531=533,

LOYILAGKy Jo Sey MAGSS, D4 Juy 1972, ATVOSTHIRIC NTHITHYL SULPHTGE
BN THZ NATHEAL SULPHUR GYCLE. NATUSS, VCL. 277, 2, 4£2-u57,

LU, Moy FEHGERE, G4y GE2AST, 2, T.4¢ 1370 GO HTMICLL
EXOLOARATION MI7HOH LLOUEAT: IN FISTLD 78S7T, WOSLD OTL, VYCLe 1714 S
4’ D, TL=75 ’ .

MAGCADTHY, Jo He, 1672, ME3CUSY YE300R *HY ATHEI uaLaTILE
£OMPONIHTS TH —HI BTE AS GUINET TO 057 CIPGSITC. JOUT. GEGAH M.
EXPLI2 ., 1072, YNL., 1% 163-162 |

MAGHAYMA R, Jey THART, ity G., 4G5, CCUSFCISCN CF THE ISCTOPIC
CONS™TITUTION NF TZRZSTFIAL . AND IETEGATIIC SULFUT, SHYS. 20y., YOL.
78, P, 307-203, '

MARTTI- yIYALAT, J. L., 4963, THE "ZRTONITE CF CA 0 D2 GATE(S. Z.
SPAI'Y A1) THEL SYELAYA YIOLTSANIT PROVINCT (M. "CECTCQY,., CLEIVS £ND

CLAY MTHNERALS, VYOoL. 2, P, 327-3E57

MASO0'l, R.y; 1953, PRIVICIPLES CF CZOCHIMISTRAY . WILTY ANE SOMS, INé.,
3107 :

MAUGH, Y, Hey 1772, AIR POLLUTICN IMSTRUVIMTLTTICHT A TREND TOWASD
THYSTSAL MITHNIS . S5 zucs, YCLe 177, Fu HRC-pc7,

MEETHAY, Ae P, 1959, TH™ TIHAYIAUS £F ZULOHYS TIANIDS TY THI
ATANRPHEPE, IM ' GED2HYS, MONCGSAPH, NO, 3%, =7, J, Pe LODRES JF..
o, 115-1721, “AYETLY PREST TMNC,., %DLTTVCCE' 120F

»

MEURTIHS, M, 3,y TONHG, J. S., 4277, GEQCHTMILAL TRATINACEE
DISPERSTION FRNY SULFHIOT MINEIALIZZITION TN GLACTAT=D TSFFLIN,
CEMTRAL HORWAY, IN,!' P2OSPICTING TN L5E4AS OF GLACTAL TERFATINY, THp
INSTITUTIONG AF 4TNING ANT MZT4LLISGY. ©, 1-17.

MEYER, Ne Yoy 1972, DEYELOPMINT AND APPLIGATICH CF

CTHERMALLY=TYILY TN VAPNYR AJIALYSTS TN TXELIRATION GENCHINMISTRY. PH,

THESTIT, UNIJIRSITY OF LANDNON, 477,

MILLT®, L. ©,, 199, 22aFPTD FGIMATICN OF HIGH CCNCENTHATIONS NOF
HYDRNG™MN SULFINT 3Y SYULFATL=-2-2USIMNG RACTERIA, COMTZI8. BOYCH
THIMISSONY IHSTey VOL. L5¢ Pe 427-u88,

MILLTO, L, Pey 43%3, STIMULATION OF HYDIQAREN PECOUCTICN €Y
SULFATI=Z0URTlS BANTIRIA, CONTZId. 20YCE THCGMPSION INST.s 12Le 10
pc J? tho v



3]
w
~J

MOISTE?, J., 1972, HIMOSSNEITY NF SULFIIS AMD CASTCN TSCTCP™ PATTAS
S$34/533 AUD 6137712 M PITCOLIUM, B, ASSNC. ST1E0LEUS GZOLOSTSTS
TULL . UL, SRy By CL41-94L12

MOPIT, Gs Py 1071, NETSEMIMATION OF HYNIOGFN SULFINT TN CIRASTTTZ
© SMOKT WITH A SULFIDT IOHN TLACT?03E. TCZACGN 3CTIAGE, :

Loy MOSS77, Le Goy TROCK, T, T

MOSSIR, Ju : e 1G77 SANTIRIAL M2IAIN
OF SULFU=IC 131“ IN GENTHEZMAL HARTTATS, SCTSNCE, VOL. 179, MO,
4933, °. 1323-1324,
MYLLTR, Tu 6.4 'ISST, 2, H.y MYLLEP, ®, W,, 108G, NITIIVIMATION OF
SILYER TOM IN PARTS PZ2 TTLLICK PANGT MITH A StLIfTIVE 10N

te

ELECT22D7, AxAL, CHIMey VOL. 41, MO, 14, 7y 2022-2(&

\‘AT”SA:Hl Do Fe Cay “(LOVIQQ H, ey QY'_LPQP" He Tae TEPK, T e Jq’
LDIGT, Je. Pa,y, 372, SCISITIVE METHOD FO2 MEASUNEYENT CF LTMOSPHECIC
HYN205SN SULFIDZ, AYMAL, CH-M, VDL, Lw,y, T, 2Ck7=2°70,

NESMILAVA, 7. Ne, SOLOATOVA, Ko S., 170, ISOTCFTS SOMSCIITION OF
SOIT LIGHT ELTICNTS 1 6ASES CF THE UFUR CRLLtCFvVRTTT QEFNITT,
GEICHDMISTRY TUTTENATIONAL, Y. ey MO. 6, €, ?1C, (ASSTFACT).

CMETRIZA, A. Vs FRINHAH, A, I., PLOTNIKOV, T. £.. ANT KEURTH, “. L.
1974, LASGE STALE METPTMG OF SLNSED CFE-2EACINT 22FAT IN THT NOOTP
CAYSASYS AY GEIMHEMICAL AS SURVSYTING! G OKHIMIYA, NO, 2.y 1971, ©,
1916-1422

NETCC3A, Ae Vey FPIDMAN, L., I.4 SLOYRTRC:

s T 2,4 KHUEIML e Lo
1974,y LARGT=STALD MAPITING OF OLNSYS ORF-3ZLITALE ARTAS IN ThH= HOWTr
CAUYCASIS 2Y GINTHIMICAL G847 SURVEYING. 6GINAERIHMISTRY INTESNAITIONNL,

Ve 8y NO. &y °2¢ 220 (AST=LCT)

NEWSIITy Gu Sea MILLAN, Y, ey 1973, THEORY, ATSLITATIONS, AYC
RESULTS OF TAZ LCHMG-LINT SOSSILATICY S2IFTRCvET:e, IAST, ILirT,
ELECTRON ENA, TRANSAGCTIONS ON GZ0SCI. ELSSTFONICS. VOL. GE-4, O,
143-157,

NIELSSH,y Hey 16874, ISOTNEIC CCUENSTITICN CF TWE ¥rgC2 CCATRINTARE
T0 ATMOSP H: Th SHLFYZ, TTLLNS, VAL, 268, HN, 1-72, ©, 21L=221.
NILSSO'M, 6oy 1974, THE USF OF DOGS Til FI03PECTING FCE SLLPHT Y
ORZS. SEOQLIRISKA FNRENIMSGENT I STOOKHOLH FORMANCLINGAR, VOL. 27. °C
725-723 - , _

NOJUYUKT, Mey JENSE'l, M. L.y 1867, SQUECTS CF ATMOSPHERIC SULFLS
COMOMMDS, GANSHTMISAL JNUPMAL, JYe 34 P, L190-701,

0ESMILLER, Ty Loy CHARLIZZ, fe Ouy 19FQ, GAES NHIQORAETCGRAPATN
SEPARATION OF MITPOGEN , OXYGSH, A®GCN, CAPSON MOMOXICT, CARCON
PIMIXINT, HYNRIGTN SHLFIDT, CAKIONYL SULFINT o AN SULFUS 2TOYITE,
JOUS, 0OF SHRIUATOGRAPHIZ SCISNCS, VoL, 7, F. 2237,



238

CKADTy Moy SPLITSTO y 0o Ley 28LL, Jo Joy 19720 LM ITNT 41 SOUFS
302 A27E0TAR 3E2GED O L c'UQCEW'NP» METEAN, Jo FIR OCLLUT, <04~
ASSey VOL. 27, ™, S51L-=51

CSSA'ly Asy 1587, BETTRACT ZUS WEHNTHUTSS DI SPUSTIV-GCISY-TNG NTF
CA39 Dt GATA. 7. CEJYISTH GZO0OL. GCSSes Ve 444 O, T737-312,

CSTLUMDy Wy Hey 19324 HYDROGEN SULFTOF TH SIZs-wtTsc, IN:
RBIOGTIDHSGISTIY QF SULFUR ISCTOFTS 'y Ede JIRSING ey £y 1 4=4: A,
GYCHTHNITIYOY,y L, Ney SIKOLIYV, Us hfey F"Tn“ur\w Ae T '”'ITS;KIT, Se
Mey SASENIT GIONGEIMIJAL HETHEIE IM STRUCTURSIL M2T2TNT ANT
FRANSPISTING FAR ORI NIRPASTLIC: TN GFOCHFMISAL BSCT257TING 1272
Loinny 4, Y L77-32 o

OUIS, My Jey POWELL, A, M.y 1976, JFPOSITICH YSLACITY CF SYLFLT
DINXIDI O LAMD AND MATER SUPFACTS USTME A 78S THACS= METHOO,
AT405. CHVIRONe, VOLe Ry MUe 1y 24 63167, |

Dt KESFT, A. Z., AND OPTVAN ©, 1966, SFIMARY STANMARIE FOS THACS
GAS ANALYSIS. A'AL. CHEM. VOL. 35, MAY-auG. B, 7002763

HY TRCCHENICAL

DQHCWEWKO,.ﬁ. Sey 1674y "QSITIVE AND MIGATIVS CLC~-
PALNS AND THoI® SIGHIFICANTC FOF OTJL AMD GAS FRLERPENTINCG. IMNTY,

GEML, REVey VNL. 16, MO 3, 7, 25Q-2€2

PAMKINA, R, G,y MEKHTTIYEJAe Ve Loy 19€L, THE 1ECTIFIC FLMPOLITION
OF SULFU2 IM THT HYNIAGEIN SULFTTI CF THI MATUTLL GA3 CF THET
CROATILOYN TOME I N THD YOLGL-USALS FEGICN, GEDCKHEMICTTY
CINTTANATIONAL, NQe €y Pe 853-23L. PESTTALT,

CAUKIMA, 2, G4y MEKHTIYIVA, Ve Loy 1962, ISPTOPIC NCVEASITIAON OF
NIFFEIINT FOPIS CF SULFUR IN WATC® BND SSQIMAENTS OF SCRNQYD LAKI,
GEOKHMIMIYA, NN, S, Py 553=0g7, (H5QCHENMICTRY INTTRINATIONEL, (M, £,
NG, 3, o, 513."(;‘_6’ LTSTRACTY .

TABVES, G, O.y 4C051,' THE PROPEZRTIES NOF FASES! TN MILLCR' § 4059
INNPGAMNIC CHEYISTRY, P, 12~ hv. LONG\xNF. GRESN ARD NC .y LONPON,
9672,

PATE, J. 3¢ LOIGE, Jo O4y WAPTRURG, A, Fo, 1G€2. TFFSCT OF
PARAONOSAANTILINS TN THE TEACE JETERMINETICH €F SULFUR CICXITo. A1
CHIM, YOL. 3Ly O, 1RA3-1E62,

DAULE, ©. Cuy 1972, LOW LEVFL CALTORATICA MINTUFIS FGF CGASTOUS
POLLUTANTS, AMAL, GHZIM., VOL, Loy P, 152°-31ct3C,

CBAYCISSAT, M.y BTILME, S.y 1270, LASORATORY MELSHUEIMINTE OF THE
UPTAKE OF SULPHYR NINXIDE 3Y JIFFECTNT £URACP AN SOILS. ATMOT.
EN/IWN., 0L Ny P, 213-247.



235
PERLY Y MAM, A. T,y 1957, FOCHEMTSTREY OF TDISZENETTS, ta_.gﬁ\-u\; POEST,
NEUH YO2K, 25267,
PETLAS, Re Goyg 18973, SEPQ!”AQY FTSDCDQI(”\ ‘OF SULTHU= FxCF SNLPYI OF
DTPASITS I 75 MOTe: 2a4a¥MS 5AY A9 A, TREOUNTLAND, NIC THTS IO,
UHNTIJZRSTITY NF LIKDOM, 77l¢° v

POSTHATE, Jo P.g 1967, THWE SULPHUP CVOLE N TNC”GLNIC SuLPILE
cn-41379 Ta 28827 . ET. NITKLESG, Gew ELSIVITS SUTLISKRING

R ELE g hawwaw. i : :
BUMGNR, T, SCHHATAT, T, TATH, K., 1768, THT 5T HAYIOUT CF &
SULPHIDT-SELISTTJE M2M3RANE ELIATROADE, THIKC-SYM ASTLY €
TLESTRAOCHIMISAL SENTORS., YESZOOIM, HUNGERY

QUISPEL, Ayy HA2NSNEM, 64 M., BNJ GT27H, O, 1852, OONTTIZUTICON 77
THE SHIMICAL AM) FAGTERICLOGICAL OYIZAYICN CF EYRITF .IN THI T0IL:
PLANT AND S0TL. VOL., 4, MO, 1 &

RATALY SK°Y, 2, P,y ZATUATIN, A, I,, 196G, DRTUAYIIMIP TF SULFY" IM
HYJIRNTHEEMIL SOLUTINNS, SOKLLSY AKAD, MAUY 375, unL, 487, °,
4195-137, '

RANKAMA, Koy 1957,' SULFUR' IN S00GRTST IN ISCTCET GZCLCORY, O
249-3d, IMTERSSIINCD PURLISHERS, 7GR,

PANKAMA, Koy SAMAMAE, TH,, 1857, GENCHEMISTEY, THE UNTVYZFSITY OF
CHIGA3D 22555, 3412 T

SASHYSSIN T Ay 127wy FMISSICN OF RICGANTC wYr 05l SULFING,
TELLYS, 26, O, 254247,

REZDI25H, W, S.y 2979, NITZRMINATION OF CASES IN SIOIMINTS,
ENVIFON, SGT, AND TECH., 2, ©, 160-1ui. '
REIS7NZ2, K. Moy WEST, P, We, 1972, COLLTCTION AND CETSRMINATION
SULFUR NIOXTOZ IRSWPOATING PEZUZATION AMD VEST-GAZKE FROCETUSE,
ENIIROM, SNT, TITH., VOL. 74 NO. £, O, E26-072,

FO33INS, Jo 0. 1972, 7ZEMAN SOTCTROMETRS FOF MEASURTMINT OF
ATHOSPHTRIC HIASURY /42023 Tk GEOCHEMICAL PEOSFETYING 1677 LONTC
1o Mo Mo 317=23

PO3TISON, Zoy ROSEBINS, Re Cey 1970s GASTOUS SULFUR POLLLTAMTS FS
URIAM AMD MATIRAL SOURCET. Jo SIR SOLLUT. CONTS. AZS., VLe T
233-235, :

ROIMT, Moy 1972, MEESURENMEMTS OF SULFUR IN THZ F7ER ATMCEPHESE O
SHZIDTMe Jo GINPUYS, R7Se s VOLe 77, MO« 26, P, LLAL-LLECA,



X
~
(e

SOIHMNY Ay T4 Yoy CEEEDS YEKOUE, M, .. 1088, Tar onge
SO2PTINNM I'l THT FCPMATION JF 2ISOTESTON SUFZOLIS, S0
GIOLIGIYE, ©. L34=457, (TRAMILATEN)

CROMKATHEN P ATHTLCHy  Je LESOUNTY Ge 1273, *“E.GAS CHERCMLTQGE2RKIN
T ANALYSIS OF 34T YNLATILE SULFUR C“WPFb!”S. JGusily CREOMATAGRATHTC

SCI=NCz, 4oL, 14, P, 7347139,

R0SZTy Se Aey INLTZy Ne Foy 1860, Tuz THATOICT CRTIRMINETIOY NF
SULFY"P JINYINE Y ATOMIC A2SORPTI0N SORCTRCWITEY AFTTS
PRIGIPITATIAON NF LIAD SHLFATI, AMAL. CHIY ACTA, JvNL. La, P,
231‘2&10. i ’

©NNST, 6. E.y STEVE'S, 0. Hey 1971, THE USF CF SULFUR

GEACHIMISTRY I THT JITTSATION OF SULFTOT DEFNSTI:, ANN, MEST, Auep,
INST. HINING AN) METILLUSG. BN NZW YCRK, METOH 3, 1973, 2.7,

L4

20ZAMOY, A+ 6.y YOLKNV, I, T., ZHASINA, N. N., YEGODINSKIY, T. f.,
41971 HYNOOLTY QULFINT IN THZ SFATMENTS NF TH: COMIMNINYAL SLOPS.
NOITHNICT DACIFIC 25I6H, STAKHIMIYA MO, 5, F. C-3-5R7 o
(GZOSHIMISTOY IMTEZNCTIONAL, Ve 3, MC. T, F. 2232733, 2272207,
RU3I, Mu Sy 1377, R0LET OF THT GASTOUS FEASE QUSInG T

T FORMATION TF
ORZI-ATALARIMNG MAGHATIZ COMPLEV :S. CHEM. GZCL. Yo 1 bt

vy RG=3Z,

-
]
3y T
-

RUSSZL, Te Jey APPLEYARD, Loy 1915, THE ATMCTPRe~EZ CF TRE SOIL: ITC
COM2OSITIO!N AMDY THT CAUSTS NF JARATTOMN., Jo RAGRse SCIee JCLe 74 Po
1‘“ql -

SAF20NIV, M. T., 1959, THE PCSZIFILITICS OF RECCHINMICAL FTOSNEcTIn
IN MORAINIC 7¥PASITS, THI GUOCHTHICAL F2UOSSFCTING OF CRf DFPASITS
IH THE USSR 20, KRESMIKNJy Ve Tey MCSCOk, ©, $57-445, (TR2VSLAT="
FROM RUSSIAMY, | '

SAF2MY,y e T., 1959, FOPMS CF DISFERETD CCNVOI

TIONT OF ZLOHTNTS T
NATURE AN2 THEIA PROIPECTIING SIGHIFICANTZI. THI GEOTHENICIL
PROSTPESTING OF 172 CIO0STTS IN THI USSR, EQ. KFLASNIKOV, Ye Ta,

MNSCad,y, P, B2-01, (T?ANSLATED FROM RUSSTANY .,

SAXAT, Hey 1357 FRANTTIONAT ICK CF SULPHIE TSCTCFIT TN NATURE,
GENCHIM., 2T & ”1“PHT1 TR, UDL. 12, P. 450-1FC

"’ACTI NATIOK 2F SUL?HUR TSHATOETT 2

SAKAT, Hey MEGASAWA, H,, 1959,
s IT COSMOCHIM, AGCTSH, VCL. $5, P. T¢-7C

VOLCANIC 5AS ¢ GTOTHIM,

SAKNYTSIY, G, P,, 1970, THI SEARTH FCF DEEP COTRF2 OVRITES IN US:
INTD SEOLO C€Vo, VOL. 121 JQ. 79 Po 787'?910

SALT7MAM, B, Z., CUDNERACK, Je S.y 4977, AIR SCLULITICN. ANIL.
CH€M0, VDL- h‘q Nnu F!.pa 1q '1?9' l



241

SCADIWS&LLI' Fe F‘og SALTZ"‘A":, Te Sy MRD ':E\', <. 3.' 1CeT,
SPTHTINBHATANITNIN DITIEHIMATION OF ATV(IPRESIZ SHLSRUX NIAXTAE
ANAL. CHEM,, YOL, 2Q, PPL749-1719,

CSOHTL, P, Vey STZUDIL, Rey 4228, OYIUZS NF SULTHYS INS
SULPHUR SHIMISTAY t, P, Z287-t18, T3, MIZKLES?, CGee 7LSEY
BUILISYHIMNG CO4PANY, LONQCHM., 772C, : '

SHANITING Sos 4086, THT ROLE OF CULFUP TR3TFSTA TN THE EGIMATION O
THT 30-CALLEN STOIMEMTERY £OPSIE Q2ES ANC FYSITIC 0SS 2C0I2S. 200N
GEOL, V. bi, P, 517-523,

C",TT’ H. h., N&'J‘\_’ O\l ;:O
MINEZRALS, US PATINT 3, 752

193]

S o Acrep - -
izY FOS DETTCTING SURTUSFACS

3 177, SY e
L]

cay

STARLT, ¢ Ley 13273, NTTERMTAATINY OF TATAL <cupewtt? Ih SCIL =Y
USIMSG HIGH=FRININGY Il”UpTIC\ FUIHACE EQUITHEINT, ANOLYCTT, 9F, =,
SL3-545,

SHIRLNCKy Ps Ley 1918, THT GICLOGRY ANT GZ N'qTQ FETHI TREFRPIW
PYQITES DZPA3ITe Ge Jo G Sey Vo T4y Fe 2u7=-11F,

SHILI'l, 3a Ve, BF2LYAMI, M, YTI,, 1271, SSYEFAL FYLVMOLFS OF THE

us’E
OF THT 274375 37NSING NF GAS™S AND YAPQUES, ©RAC F3IING3 CF “RE 77TH
THTERIATTONML SYAPISTUY O REOTE SFEHSING NF EryIZCuvint, TR
UNIVERSITY 0F 4ICHIGAN, VOL. 3, P. 1733-1739,
SHILTS, s Nuy 1975, PPIMNCIPLIS OF GEACH™MICAL vPLOSATION FOP
SULPMT)E DI295T75 USTNG CHALLOW SEYPLES F GLACIAL DFIST. SAM. sy

METALL, PULLey YOL. %34 MO, 737, P. T3-cp,

SHIPILIMy Fo Koy GENLIY, As Doy NISTLIR, Ve Yoo XNMAACUy To Pan
MALI'INISKIL, 24 Pey NZEFRNYLE, No Aey PESELY MAN, f, T,, &FXHALRSTII.
Ve Ty POZEN0V, YUs Ay, FTLINMCHCYA, Le 5S4y OHIZTNYSEY, Ve Fao '
ELTNSIN, s Hey 1973, SCMI ASPUCTS GF THC PRNALF QF F(SPICTING
FOR CIUCEALED MINERLLIZATICON, JOUR,., GECTHEN, £XFL. VOL. 2.4 MO7,
ceYy 1973, : ‘

JENKIMS, Do Gey AND CUMNINGWOFTH, To. ©, 1SE1.

SMITH, A, F.,
CPCASHURTHTHT OF TRACY QUAMTITICI OF HYDPOGEN SULBHTDT IN INJUSTHEILY
C'T QOTGX’{— Er’:. J AOD\_. CHEVOQ li! QFDTQ ﬂ"ic

SMITH, A, F,., JLMNKIMS { e Goy CLANTMGUNITH, T, E,, 1CF1.
MIASHR TMINT NF TRAGCY QUANTITITC AF w25 TN INMWSTSIAL ATMOTPHIRIL,
Jo A"‘DL. CH’-:10 'OLo .Ll, :t 11?-?2010 v

SHITH, Bay MEYILLE, 5. Tey 1925, RRITTSH RFEGICNAL GRCLEGY, MI2TH
WALT S, DT“A“'%’WT 0F s T’M.IFIC ANT INPUSTREIAL RSTSAGCH, GIOLIGIC
SURYEyY AHD NMUST, 929, 7



242

SMITH, Fuo 3oy JTFFAEY, 6. Hey 1975, ATTGCONE TUANSORCT CF SuULPHUR
NTINIIT FRIY THE U, Kea ATHOS. ZNVIRONG, 40L. Sy NG, €77, 2,
643~5573 : .

CMATOAGRAPUIN ANALYSIS NF GASES
r-”‘“Hf‘”“ﬂ_ PECIFICTING FO?
EOLOGISTS. THLLes V. 47, 2,

~SMIT'fg Ga Hay TLLIS, My May 1¢SHZ,
TF2ut S)TLS L) ':T:T“TIP\ PELATEN
6

BITRALTUMN. AM, 5507, PETRALZUY
153_’“19\:‘7.

SMITH, Ko Ney WFMNIR, Je ey TAIRTLTAT, 4, £, ‘“’"- 3CERTION OF
GAZINYS ATHOSPHE SIS POLLUTEINTS Y SOILSE. <SOIL “FfI.y YCL, 115
Ly D, 313-7472,

SMITTI'ITTR0, Juy HAPMSEHN, G e, OUISSIL, £
RAPT) 4STHINI ENE NITIRUTNING DIFFITIMT Tyr
IN SATL: PLANT AND SATIL 3, NG, &

vs AN OTZEN, 2. 1371,
ES CF SULTHUS ZAHPOUNTS

-

SO"Z’X) T. Lo De n":-.’ LANF, N, C.y BHETTE, S, t‘" 4979, ANJLYSIS NF
SULFUS -TRNTATHING GASES 23Y SLS=SALIT CRTCHLETACTATHY FK L SOECTALLY
CTIREATED PORAPAK O3 COALWIN PACYTMG, ANSL., CHEM, UIsAN L7, Hu. 2, F,
C43~-5L4, -

TICH QF AMINILECITT TN

SOUDT, F. Joy 1083, 01 0,
SOIL JCI.’ VQLQ Q?q C., &

T
"HORIZONS 0OF SAIL PROFILES,

T

L

[$2ne ]
Iil
J

&)
s ]

O N
b

STARYEY, R¢ Loy 1951+ PRLATICN OF MIURCCFGAMNISVS TN TLAKNSFORMATICH
OF SUL=Y? IN SAILS. SOIL SCTe VPLe 704 Py BE-£7,

STARYE Yy 2. Ley 19866, OXINATICN AMTZ SUPUCTICH OfF SULSRUST COMPQURTT
IN S1ILS,., SNIL S52T. Y0, 1.91.’ MOe Ly P Q7 -71¢6

STASHTHUK,y My Fay DMAFYEN, T, M., SECOVL, P, P,, 1672, CXITATINN C
HYIRDGTN SULFIOT 8Y THT SULFATE IOt AS AN =) FLANGTIONN FCR THY
GEMESIS OF SULCHR CZEPNLITS, DNKLAJY AKAN, NBUK £TSR, WCL. 272, S
193-4317, : )
STEGEMA, Ley 1851, NN THI PRINCISLTS OF GIQCHTMINAL OTL
PROSDPECYING,. GRIAPHYSICS VOL. 26, HN. Ly F, L4?-4C3.

CSTIINAZRGIN, T. Hay 3ALMOR, Y., 1078, SULPHUF CIOXTDE IN THE
ATHYNSPHZ?E I JECUSALE' ANN THE ROLE QF METTORCLAGY £N FOLLUTANT
COMSTHT2ATIONT TN SH3~VTROPICAL RIGIONS. ATHCE, SHVIAGMes T2l .
NO. 45 P. 4GO-L1E,

STEYTMS,y Po Koy MULTKy Jo Doy N KESFFE, A, Foq ¥A0STy Ke Joo 197
GAS SYROMATAGIALTKY AF RITANTIJE SULFUS GASEQ IN LID &7 THZ
S RAPTRe2I023TLLTAN LEYSL. AWALe THE M., WAL, 23, NO, T, S. 3?7-931.

STEVENS, Q, Koy 0' KTEFFZ, As T, 1070, MON{ BN ASS7CTS OF AIP
DOLLNTION MAMITIRING, AMAL, CHEM., VOL. 42, ©, 1a3L£-142A..



243

STEYCNSy Re ey L KTEFFLE, A, fay ORTHAN, &, €.y 132°, pLSOLNTE
CALITRATION NF 4 FLAMZ FHOTAMITEIC NeTT9770= TC v LYTILT SyLea=
COMPNUMNDS AT SUT-PART=-PER MILLICN LZVELS. ENY, SCT. TZCH.y YOL. 34
NO.' ) 12 ‘5.‘:2‘:.’90

STRATHANMY, MHey 2956, MIKLOAMALYTISCHE ST3TIVMHMUNG UFBICKITNENSD
SCHUIFZL/Z?- INOUNMGE T GASTN UMD IN FEITEN STICOFEIN, MIK-QOWINTCL
ACT A, Dy 1931-1737, 1IN CZETMANY, ’

STPIVI2, 1.9:1QG7. THIZ SULFYS Yol IM LAKEWATCESC DUTING Tusi-~ugy
STRIATIFICATIMN]. GzNCHENITA IY JCoHUCCHIMTTA £CTey Tiy NCe 12, P,
24161-2147 :

SUGAUARA, ey KIYAAR, T,y KNT7AWL,

by 1287, 2CrL, DIZTIRTITYTINN CF
VARTOUS S0RMS-0OF SULPHUR TH LAKE, =2IVES LNQO SEp VUDS, J. EACTH SOT,
NAGOYA UNIVERSITY, ¥OL. 2y 'MCe 1y B¢ 17-23, VYOL. 2, MCy 1, 2, i-4

SUTTDly He ey SOCHAWALA, N Yy 4975, L SNIL FATTIUYM METHON FOP
UsSANTIYM PR03PETTING, CAN. MINM. MITALL, JULL., YZL, (%4 NN, 797, ™,
Ci-5%.

-.QZA")")’ A.; W'|qu"",' An' “1[1C“IA.‘[-.:~A<, H ":g . .f‘., A .
JISTRIIUTION OF S34 It MATURE &MY THT SULFUS CYCLE. SCIZNGI, VNL.
39 M. BBL-LES,

TABATARAT, M, Aey BFRTMNTD, J, M.y 30T, LM LLKMLIMNT OXITETION
MITHIY FOR PITIAMINATION A% TCT AL SULFV= TH ©CILS, STIL ©C7, S07.

AMe 207445 YOL. 3Ly 2. L2-E€5

TAJATARALL, 'y Asy Z0TL0, g, M., 4971, MNO¥EASISON CF ZCYE MTTHNTS
OF DETZSMINATIONG OF TOTAL SULPHUR IN SGILS. S0TL SCI. SCC. A,
PRAC. YOL., I, P, 417-827, |

TABATANAL, M. A,y SRCMAE?, J, M.y 1372, FOSPNMT CF SULFUR £ND TART 0N
NITRIGIM AND SULFYZ JSLATIONSHIO®S IN IOWA SCQILS. SCIL SCI. Y7L,
11h, N3¢ 5, °. 3F8L-395, .

TACK=TT,y Jo Loy 1958, THEAOY AND APPLICATION CF GAS: CHERCMATOGLRLOHY
IN SNIL AE?ATIQW FISZARCK, SCIL S3I. SOC. AM, FROT. 22y Fe FofE-3™yg

TENPLI, K. L., 1954, SYNSINZSIS OF SULFICE 02£0: 8N0 SYALUATION oF
3I7047MICAL ASPTCTS. ZCO0N. GZ2L. VOL. 5@, P, 1L7.-1a21,

TEAZAGLIN, F.o D, AND MAMGLNELLI, D, M, 1GHF, THE INFLUENE OF
MOISTYRE O THI ADSHRATIOM OF ATMOCPRESIC SULFLF N17XTOZ IY SnIy:
INT, JOU2, OF AIF ANN HATER EOQLLUTION, VCL. 18. . ~£2-737

THNNE, He G.y 44CNAMAOA, J,, FLENING, Mo oo 1G5<, SULFLR TSOT
FRACTIONATINY I MATUIE AND GEOLORICAL AND ZIQLOSICAL 11Ivz BCA
GENCHIM. ET CASMPCHIM, ATT A, V0L 34 Py 235-252,



5 244

THIID, MHe Rey >17~

STER, Jay, TUNFNPR, ML L, fR21, SULFLE I3970PS
GEAZHIMISTRY, GIOCHIM o T7 COSHMOSHIM. £CT4, VOL, 23, =, 182-:7a,
THIDE, M, 6.y IONSTER, J., DUNSFNRN, M. 0., 1958, SULZHUZ TSCTOPS
AUMOANNES [ PTTROLTUM AND ASSACIATIO MATCSIALS, In, A:S0n,
FETROLIUM GIOLNSISTS SULL. YCL. L2,y Fa. 2810-26L1
THADT, My Gy WANLESS, R. Koy HELLOUCH, 2., 1056. THT LEIGTH OF
NATTI T SULFUR ITSASTTS FROM ISCTCPT FRACTIONATICN STULTgEs, AIns

£
ST CNSMOCHIY, ASTR, L. &y P. 28H-79:

THOAAS, s Noy YMINDTTCKZ, S0 Yyy MILL, B4 S.y 10630, SLLFLR CONTANT
nF I'pﬂqAT ( lg SFIL ?CII? JnLv 7jy Dc q"'iqﬂl

THIMOPS AN, Y., . HIUADTH, ©,

. .9 197G, UUDLTA.:-*: ENAMLYSTS IN
GEOCHDMISAL PPAGTICS, 94T 4, THEORFTICAL APSRCACY AMD ESTTHMATTNN
OF AMALYTICAL ?7C?OQUPIBI ITY. ANALYST, v0OL. 101. 2. FCL-HI0,

THORHSIEORY 3, My Ly 1

0 CA=730% DINXINF, TA:

CISULFINT, At °dLPJ{
L52-LE3,

P et =

gk
10N OXYZULFIDT, HYDQROGEIN SULFT "%, A7
AIC<Iq~. A”r\Lo C‘.. v ’CL' L‘\J ’\Co -5’- P

071, TSOTHEDNAL GAS SHESMATOGIAREIC ST

).l

TOSHIICHT, 0.y LCNGZ, J. P,y AYEL®OD, Y, 0., 1C74¢ FILTES METHID
FO2 THE MZASHRATHENT 06 ATHRCDONTOI0 HYDROGLM TOULFTN T, TNYIPOM, SCI.
AN) TE JH', .q’ 2 532‘5:1".

TRAFFN0, 3. Desy BLAOMFIELN, Cuy KELSC, We I, £87 PSUCSIN, ., 1077
ACURE FORMATING TN FITLD JIAINS T PYRITIC €°TLC: JOLT, CF SOIL
CIEMCZ. VOLe 24y NOe & 1377,

TQIE..CFy ”n W.a ‘“’”‘”_<"gg He Coq O‘ \‘ﬁLLr‘YQ Jt -‘\-s “5“97“’:13\', H\"
43958, APPRAISAL IND "MIO2IFICATICN 0T REST-ROIiWI MTTHIT FL5 CuUbLFHU-
DINXIDZ RETFRPMINATION, J, AI2 PCLLUT, CCNTZ, ASS,, YOL. 18, P,
32(3..'531' ’

TRUATHGES, P, Ay LAMLTET, I, Ba, SKYEING, G. W., 1C72. "IOGTNTC
CSULFIDI NPES: A FEASISILTTY STUIY. ECOM. GECL., YOL. €74 Do
1114-112",

TYURIN, ¢ Goy 2962, 20LT OF SULFUR IN DRI-FCRMHING SOLUTINIC.
DOXLADY AKAD. "MAUK -S5SSR, VOUL. 181, P. 126-1E€°,

~

YANING,y Py 2954, THE MELIASE CF HYDSPCEEN SULFITE FRQ0™ MLD. Jo STIT
v T

.
SCI. VOL. LF

VINONRADDY, A, Py, CHUD
ISNTNPIC RAYIY OF 53¢/
331"33{31

s GEININKO, v. Ae, 1€
4 IM SULFIDZS. SIOKHINIY T,y M. &

EIERY o
(5 1Y



245

YIUNGRANN S, As Py CHUPAKAT'l, M, S,y GPINTHKO, v, &,, 1677, opue
DAYA O THT TISNATCFRIN IOASO3ITION OF SULFUR IN SULFTNIS, GEALHIMNTIYL,
NO. 3y P. 221-22%,

VISR AN, 4, Tay 19R5, MIM ZATA OM THT O5InIN °F LAKI SHULFIR ON
GOLO TN IGANN. GROKMIMIYA, NOL 2, P, $1Z-11lo, {(GRECTHEVIZTRY

INTIRHATIONSL s '1Ce 14 Pe 77=7%, ARTTFACTY),

VIVALDT , 4s Je Les SITPRL, Joy AﬁLq Cey 1974, SOM° LSCSSCYE NOF THF
MIMER2ALITATION AKJ MALL=FNTK ALTIRATICH I TH= S0RALALILER
GOLN=-FIZLYy Se T 572I0 S0OT, MINING GIZ0L, JELELN, S2ZC, ISSUE 24 7.
145=-152, ‘

4YSTO, 5, T., 4974, OM THE CHEMICAL COYPOSITICN GF GASES OF THE
KRIYIY 206, GIWHIMIVA, NI, 11, B1321-1874, (GIL HTMISTFY -

INTERMATIONAL, Yo Sy NIy &y P, 921-827)

1971, "MCCERN ¥ETHILS OF

WATMERIATI, Pe T4y UK Eo Ayy =04,
S =38, MFW YOASRK-LChNTOMN, JS57F,

GZOCHZ 1I7AL AMALY IS. ’LENHH or

WALLE't, Cu Gay £9362, SLTMATOLCGY AMD PYDSAVETICSILOAY WITH S37CTAL.
RI3A7) TO TuF ARID LAMIS, IN' THMI PPOSLEMS CF THET ARIC 20MI'. ARIC
Z0NE 2TSIAPGH 19, S3NTIED INGS OF THE PATIS SYMECSTUNM, F, 53-81.-
UNESGO 481P, ¢ '

WA“T3U3u, A oy BATI, Jo Tay LOOGE, 'J. ey 1G63, AN IAFCOVIN GAC
SAMPLE R FN2 AT BFCLLUTANT AMALYSIS. IMVIZOMN SCT. AMD TECH., Iy F.
767-769. :

WETSSy He Jag UNINE, Mey GAOLITERG, 24 Jes €74, TSLANIUN AND SULFU
IN A GTIZENLAMNY TCZ SHIETY RELATICN T FOSSIL FUTL TCMSUSTION,
SCI.:‘IC:, VOLe 172, My 3IBTe e 261~277..

WZTSSy Oy 1971, AIRLO7ME GEZNCHFMICLAL PSC3PECTING. ZA8KN, TNGAT. MIN,
ﬁET e SPEC., YOL. IT, Pe 5(02-514 : ’

* -
RILLIGTON, S. Hey 13355, THI HEIRCHRY HALC 45 THECD CF TXFLCRLTION.
ENGIMZZEING AN MINTNG JOUSHNAL, ¥, 1558, .NJ. ©, %, ©8-101,

YAWQGUCHI, ey TLOGKT™, W, J4, HWMAEFD, T, Do 1047, SCIL ATHUSHTC
AS THFLUSHNICE) BY TEMPTRLATHOE AND MOIITURTZ. SMIL SCTI. 00, AHER,

CANT.y VAL L, Py 10L-157,

YAURGUSHT . Moy HOWATD, Fo 0., FUGHES, P, L. FLOCKTS, W, To, 1962,

AN T'1P2077) TISUKRTIUT FO? SAFMPLING AND GNALYSIS nF *1vCSPHIRT, <31
SCZ. SUC. AM. PACGT, 295, F. £12-513. '

260Ky Me . Pay 1372, A MIGHATIC LAVA F20M SE SPEATN, PULL. VOLMANOL.,

Ve 2

¥ Yest p.:.. Gaewe. G.C., 1956, Sce Gacke, G.C., Yost, Pulle, 19564



N
2
[}

TEEATIK, Hes YELOS, S A., 1973, THE TEENSPOOT OF SULEUS NIOYINF
OVER A LOMG PISTAMCT, ATHMOS. IRYIRGM., vCL. 7y KO 9, =, 3=3- L.

ZLATKIS,y Aoy KAUFMAM, He Rey DURIIN, D,

Feg 13704 CAZENN MOALZTULLFE
SICYC COLUYYs FAR TZACE ANMALYSTIS IN GAS CHRCOMATCZIpPey, JOYRNM, OF
417,

T CHROMATOGRAPHIC SCIFNCI, [0Le Ry Py 41g-t



N
S
~4

REFERENCES

‘Ba Cuong, N., Bonsang, B., Lambert, G., 1974.  The atmospheric
concentration of sulphur dioxide and sulphate aerosols over
antarctic areas and oceans. Tellus, vol. 26, p.241-249,

Bakhtin, V.V., 1974,  Formation of halos above ore and oil-gas
deposits. Internat. Geol. Rev., vol. 16, p.75-79.

Banwart, W.L., Bremner, J.M., 1974, Gas chromatographic
identification of sulfur - gases in soi] atmospheres. Soil
Biol. Biochem., vol. 6, p.113-115.

Banwart; W.L., Bremner,'J.M., 1975. Formation of volatile
sulphur compounds by microbial decomposition of sulphur-
containing aminoacids in soils. Soiil Biol. Biochem., vol. 7,
p.359-364. } |

Banwart, W.L., Bremner, J.M., 1976. See Bremner, J.M.,
Banwart, W.L., 1976.

‘Barringer, A.R., Schock, J.P., 1966. "Progress in the remote
sensing of vapours for air-pollution, geologic, and oceano-
graphic applications". Proc. 1966. Symp. on Remote Sensing
of Environment, Univ. Michigan, Ann. Arbor, p.779-791.

Beck, L.S., Gingrich, J.E., 1976. Track etch orientation
survey in the Cluff Lake area, northern Saskatchewan. Canadian
Inst. Min. Metal. Jdourn., vol. 69, p.104-1009.

Biake, G.R., Page, J.B., 1948. ‘Direct measurements of gaseous
diffusion in soils.  Soil Sci. Soc. Am. Proc., vol. 13, p.37-42.

Bloomfield, C., 1972. The oxidation of iron sulphides in soils
in relation to the formation of acid sulphate soils and ochre
deposits in field areas. Journ. Soil Sci., vol. 23, p.1-16.

Bremner, J.M., Banwart, W.L., 1976. Sorption of sulfur gases
by soils. Soil Biol. Biochem., vol. 8, p.79-83.

Chao, T.T., Harward, M.E., Fang, S.C., 1962. Soil constituents
and properties in the absorption of sulphate ions. Soil Sci.,
vol. 94, p.276-283.

Currie, J.A., 1870. Movement of gases in soil respiration.
Soc. Chem. Ind. Monograph, No. 37, p.152-171. '



248

Elinson, M.M., Pashkov, Yu. N., Agababov, G.M., Ignateva, I.B.,
1970. Research on the gas aureoles around copper-molybdenum
ore bodies. Outline of the geochemistry of mercury, molybdenum
and sulphur in the hydrothermal process, Nauka, Moscow,
p.217-236. |

Eriksson, E., 1970. Kompendium i atmosfirens kemi. Meteoro-
logiska Institutionen, Stockholms Universitet, 120p.

. Eriksson, E., 1963. The yearly circulation of sulfur in Nature.
Journ. Geophys. Res., vol. 68, p.4001-4008.

Ernst, W., 1968. Distribution and origin of soil gases from
some fault zones of southern Germany. Erd81 und Kohle.
Erdgas-Petrochemie, vol. 2, p.692-697.

Frederick, L.R., Starkey, R.L., Segal, W., 1957. Decompos-
ability of some organic sulfur compounds in soil. Soil Sci.
Am. Proc., vol. 21, p.287-292. ’

Freney, J.R., 1967. Oxidation of sulphur in soils. Minera-
Tium Deposita, vol. 2, p.181-187.

Freney, J.R.,'Stevenson, F.J., 1966. Organic sulfur trans-
formations in soils. Soil Sci., vol. 101, p.307-316.

Garland, J.A., Atkins, D.H.F., Readings, C.Jd., Caughey, S.J.,
1974, Deposition of gaseous sulphur dioxide to the ground.
Atmos. Environ., vol. 8, p.75-79.

Georgii, H.V., 1970. Contribution to the atmospheric sulfur
budget. Journ. Geophys. Res., vol. 75, p.2365-2371.

Ginzburg, I.I., 1960, Principles of geochemical prospecting.
Pergamon press, 311p.

Glebovskaya, V.S., 1969. Gaseous surveying in prospecting for
ore deposits. Proc. of the Conference on Geochemical Methods,
p.161-162, ‘

‘Ha1es, J.M., Wilkes, J.0., York, J.L., 1974, Some recent
measurements of H,S oxidation rates and their implications to
atmospheric chemistry. Tellus, vol. 26, p.277-283.

Hampel, C.A., 1968. The encyclopedia of the chemical elements.
Reinhold Book Corporation, London.



249

Harmsen, G.W., 1954, Observations on the formation and
oxidation of pyrite in the soil. Plant and soil, vol. 5,
p.324-348.

Hawkes, H.E.,'webb, J.S., 1962. Geochemistry in mineral ex-
ploration. Harper and Row, New York, 415p.

~ Headlee, A.J.N., 1962. Hydrogen sulphide, free hydrogen are
vital exploration clues. World 011, vol. 155, p.78-83.

Hoag, R.B., Webber, G.R., 1976. Significance for mineral
exploration of sulphate concentrations in groundwaters. Can.
Min. Metal. Bull., vol. 69, p.86-91.

Jacobs, M.B., Baverman, M.N., Hochheiser, S., 1958, Ultramicro
determination-of sulphides in air. Anal. Chem., vol. 29,
p.1349-1351.

I

Jonasson, I.R., 1973. Migration of trace metals in snow.
Nature, vol. 241, No. 5390, p.447-448.

Jonaéson, I.R., Allan, R.J., 1972. Snow: A sampling medium
in hydrogeochemical prospecting in temperate and permafrost
regions. Geochemical Exploration, Inst. Min. Metal., p.161-176.

Junge, C.E., 1960. Sulfur in the atmosphere. Journ. Geophys.
ReS., VO]. 65, p'227-237'

Kadota, H., Ishida, Y., 1972. Production of volatile su]fgr
compounds by microorganisms. Ann. Rev. Microbiol., vol. 26,
p.127-138. '

Kahma, A., Nurmi, A., Mattsson, P., 1975. On the composition
of the gases generated by -sulphide-bearing boulders during
weathering and on the ability of prospecting dogs to detect
samples treated with these gases in the terrain. Report of
Investigation No. 6, Geo]ogica] Survey of Finland.

Kohnke, H., 1968.  Soil physics.  McGraw-Hill Book Company,
London, 224p. : ’

Krauskopf, K.B., 1967. Introduction to geochemistry.
McGraw Hill Book Company, London.

- Kreiter, V.M., 1968. Geological prospecting and exploration.
Mir Publisher, Moscow, 338p. ' '



250

Lewis, J.A., Papawizas, G.C., 1970. Evolution of vo]at{1e
sulfur-containing compounds from decomposition of crucifers
in soil,. Soil Biol. Biochem., vol. 2, p.239-246.

Lovelock, J.E., Maggs, R.J., 1972. Atmospheric dimethy]
sulphide and the natural sulphur cycle. Nature, vol. 237,
p.452-453. - '

Mason, B., 1958. Prinéip1es of geochemistry. Wiley, 310p;

Ovchinnikov, L.N., Sokolov, V.A., Fridman, A.I., Yanitskii, I.N.,
1972. Gaseous geochemical methods in structural mapping

and prospecting for ore deposits. Geochemical Prospecting,
London, p.177-182.

Payrissat, M.; Beilke, 5., 1975. Laboratory measurements of
the uptake of sulphur dioxide by different European soils.
Atmos. Environ., vol. 9, No. 2, p.211-217.

Peters, R.G., 1973, ° Secondary dispersion of sulphur from
sulphide deposits-in the Notre Dame Bay area, Newfoundland.
‘Unpublished Ph.D. thesis, 274p., University of London.

Postgate, J.R., 1968. The sulphur cycle. ' Inorganic su]phur
chemistry, p.259-280, ed. Nickless, G,

Rankama, K., Sahama, Th., 1950. Geochemistry, The University
of Chicago press, 912p.

Rasmussen, R.A., 1974. Emission of biogenic hydrogen su]phide.
Tellus, vol. 26, p.254-260.

Robinson, E., Robbins, R.C., 1970, Gaseous sulfur pollutants
from urban and natural sources. J. Air Pollut. Contr. Ass.,
vol. 20, p.233-235.

Rouse, G.E., Stevens, D.N., 1971. The use of sulphur dioxide
gas geochemistry in the detection of sulphide deposits. Ann,
Meet. Amer. Inst. Mining and Metallurg. Eng., New York, March
3, 1971, 24p. |

Shipulin, F.K., Genkin, A.D., Distler, V.V., Komarov, P.V.,
Malinovskii, E.P., Ozerowa, N.A., Perelman, A.I., Rekharskii,
v.I., Rozanov, Yu.A., Fillimonova, L.G., Chernyshev, V.F.,
Elinson, M.M., 1973. Some aspects of the problem of geo-



- 251

chemical methods of prospecting for concealed mineralization.
J. Geochem. Explor., vol. 2, p.193-235,

Smith, K.A., Bremner, J.M., Tabatabai, M.A., 1973, Sorption
of gaseous atmospheric pollutants by soils. ~ Soil Sci., vol.
116, p.313-319.

Smith, F.B., Jeffrey, G.H., 1975. Airborne transport of
sulphur dioxide from the U.K.  Atmos. Environ., vol. 9,
p.643-659,

Smith, A.F., Jenkins, D.G., Cunningworth, D.E., 1961. vMeasure-
‘ment of trace quantities of H,S in industrial atmospheres.
J. Appl. Chem., vol. 11, p.317-329.

Starkey, R.L., 1966. Oxidation and reduction of éulphur
- compounds in soils. Soil Sci., vol. 101, p.297-306.

Stegena, L., 1961. On the principles of geochemical 0i1-
- prospecting. Geophysics, vol. 26, p.447-451.

_Tabatabai, M.A., Bremner, J.M., 1972. Forms of sulphur, and
carbon, nitrogen and sulphur relationships in Iowa soils.
Soil Sci., vol. 114, p.380-386.

Terraglio, F.P., Manganelli, R.M.,, 1966. The influence of
moisture on the adsorption of atmospheric sulphur dioxide by
soil. Int. J. Air Mater Pollution, vol. 10, p.783-791.

Wedepohl, K.H., 1971.  Geochemistry. Holt, Rinehart and
Winston, London 231p. :

Weiss, 0., 1971. Airborne geochemical prospecting. Canad.
Inst. Min. Metal., Spec. vol. 2, p.502-514.





