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ABSTRACT. Concentrations of iron sulphide minerals have been
located in sediments within and adjacent to a small thermal

pool near Talasea township.

A thermal spring is discharging at a moderate rate
into the bottom of the pool. The reduciﬁg sediments in the pool
are enriched in black, amorphous hydrotroilite (approximately
FeS) and do not contain much pyrite. In contrast, the more
oxidizing sediments of the pool_ﬁanks contain considerable amounts
of pyrite and marcasite; the marcasite appears tb be replacing
its dimorph.

) o & ]

Geochemical, mineralogical and bacteriological
studies havé been undertaken to investigate details of tﬁe-origin,
distribution ahd morphology of the various iron éﬁlphide minerals

in this miniature volcano-exhalative-sedimentary environment.

INTRODUCTION

Talasea township is situated on the Talasea (or
Willaumez) Peninsula,.on the island of New Britain,.P.N.G.
.This peninsula is chara;terized by a number of thermal fields,
which are vestiges of Quaternary volcanism (Fisher, 1939;

Reynolds, 1954; Heming and Smith, 1969)..

We have discovered abundant iron sulphides in
sediments within and around a small intertidal tﬂerﬁal pool on
the Talasea foreshore, 380 metres west-southwest of the sub-
district office{ The pool appears to prgvide, on arsmall scale,

the main features of a volcano-exhalative-sedimentary environment.



In this paper we discuss the results of geochemical, mineralogical
and Bacteriolqgical studies which were undertaken to determine
the nature, origin, distribution and morphology of theseé iron

sulphide minerals.

THERMAL POOL AND ENVIRONS

The Talasea thermal field includes a thin coastal
strip, some 800 metres‘long, where hot waters_and vapburs rise
through altered andesite lava that is overlain in most places
by bea;h 6r marsh.deposits. The iron sulphide bearing tﬁermal

pool is towards the western end of this area.

Figﬁres-lA and 1B show plan and section views of
the thermal pool. It is located on salt marsh flats'at.the lapd—
ward end of a tidal inlet which extends for a distance of about
20 metres inland from high tide mark on the adjacent beach. At
high tide the inlet is flooded by seawater but at low tide the
exposéd pool is about 4 square metres in area and a maximum of
0.7 metre deep. The pdol is fed mainly by.a moderately flowing
(about lOO-Z/hour)thermal spring which dischargeézbelow the low

tide level. A small tributary stream whose source is exposed at

low tide also flows into the pool.

‘ATﬁe uppermost sediments within the pool consist of
several cenfimetres of greyish brown silty muds containing a
small proportion of sand-sized grains. Under this layer is a
loosely compacted black mud which pefsists to at 1eést 20 cm,

the maximﬁm depth sampled. The colour.of this sediment-chénged.
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rapidly to reddish~brown on exposure to the air. Sediments in
the tidal inlet downstream from the pool are less flocculant
and consist of a thin surface layer of red-brown silt underlain -

by grey or dark-grey bands of sand and silt.

The pool banks are heavily vegetatea on two sides
and the third is a hot, defoliated area of grey mud superficially
discoloured by iron vxide stains. This mud éontains, in some
places, abundant pyrite and marcasite which is present mainly
in horizontal bands, but also ocﬁuré in cross-cufting bands and

as dispersed grains.

Small deposits of iron oxides occur on the banks of

the tributary stream but elsewhere surface iron oxides are minor.

SAMPLING

Collection of water and sediment samples and in situ
measurements of temperature, pH, and Eh were carried out at low

tide at the locations shown in Fig. 1A.

Samples of water (WL) and black sediment (S1) were
collected from the thermal pool and a 28 cm-long core (C3) from
the bed of the tidal inlet, 10 metrés downstream. Sample S1
separated into mud and supernatant water after collection. Water
(W2) and iron oxides (S3) were obtained from the tribﬁtary stream
and a sample of sulphide-rich mud, containing a portion of a

horizontal band, from the pool banks (S2).

Additional water and sediment samples were collected

at locations W1 and S1 and tested for the presence of sulphate-

reducing bacteria.



RESULTS

1. pH, Eh and Temperature of Waters and Sediments (Table 1)

Waters iﬁ the thermal pool andAtributary_stream
are warm, slightly acid,.and oxidized. Post-collection increases
in Eh of the samples indicate they are not in equilibrium Qith
atmospheric oxygen. |

The top 3 cm of sediments in the thermal pooi are

also slightly acid but are less oxidized than the 6verlying waters.

Beneath this (down to at least 7 cm) conditions réhéin Slightly.
acid but are reducing. ~Sample S1, which was collectéd1ffom
greater than 10 cm deep in the pool sediments, is reducing but

its pH is close to that of normal seawater.

Mud from the pool banks (S2) was strongly acid 2-3.
weeks after collection.
2. Chemical Compositions of Thermal Waters (Table 2)

The ﬁhermal spring and tributary stream waters have
salinitiesiappfoximatel& one third and one quarter respectively,
that of normal seawater; Their Br/Cl ratios and, to allesser
extent, B/Cl, K/Cl, and Na/Cl ratios are similar to those of
ﬁormal seawater, but other ion ratios are markedly different.

SoA/CI-ratios are low relative to seawater.

Pool and tributary stream waters are, in general,
similar in chemical composition. Their K/Cl, Mg/Cl, Br/Cl, B/Cl
and K/Na ratios differ by less than 10% and their Na/Cl, SOA/Cl,

Ca/Na and Mg/Ca ratios differ by factors of two or less. In



contrast, although the Mn contents of the two waters are similar,
the Fe/Mn ratio of the thermal spring waters is less than one
tenth that of water from the tributary stream. Both water

samples contain trace quantities of zinc, copper and lead.

Supernatant water from the pool sediment sample
S1 has a specific conductance of 45,800 micromho.cm—l, which is

similar to that of normal seawater.
3.. General Chemical Compositions and Miner&logieé of Sediments
(Tables 3 and 4). | |
Sand and silt samples from non-thefmal areas of. the
foréshoré near Talasea are essentially_reWorked volcaﬁiévfragmehts.

of average intermediate composition.

Sediment from the bottom of the thermal pool has.°
generally similar major element chemistry to sediments from the
pool banks. Coﬁpared with the beach sediments.from outéide‘the
thermal field, both have much higher losses on ignition at 900°C
(mainly sulphide, water and organic matter), higher Fe, and

lower Ca and Mn contents.

Organic carbon contents of sediments from.the thermal

pool (3.6%) and downstream (0.43 - 1.51%) are high, due mainly to

introduction of plant debris, but sample S2 from the hot defoliated

area of the pool bank contains only 0.3%.

Sediments remote from thermal activity -contain pyroxenes

feldspar, and quartz, with lesser amounts of calcite, magnetite and

glass shards, but sediments associated with the thermal pool banks



consist mainly of clays (predominantly montmorillonite), quartz,

amorphous shards, and iron sulphides or oxides.

4. Iron and Sulphur Species of Sediments (Table 4)

a) Thermal Pool

The pool sediments contain 1-2% pyrite which is
present mainly as small spheroids and framboids typically with
diameters in the range a few microns to about 20 microns. A

minor proportion of the grains have poorly defined crystal faces.

Treatment of the black mud S1 with cold 1N HCL
changed its colour to brown, HZS was évolved,'and fe;.ééﬁimo;ar
to the acid soluble sulphide liberated by.bdilingfthe samplé
with 1IN HCl, was taken into solution. Thiéfstrbﬁgly sﬁggests
that the black colbur of‘the sediments is due to thé=presencé
of hydrotroilite whicg is shown by analysis té mékg up about SZ
by weight of the_dry sediment. Neither mackinawite 6r greigite

could be detected by X-ray diffraction.

Most of the remaining Fe is present in the clay
minerals. Treatment of a cold 1N HCl-leached portion of the

sediment with hot 1N HC1 and then with boiling 12N HC1 separates

this Fe into a "hot IN HCL" fraction and a "boiling 12N HC1"

fraction of 1.9% and 1.6% respectively.

Total dissolved sulphide concentrations in the sample
of thermal pool mud and supernatant water were 16 an& 4 ppm
respectively when measured 2-3 weeks afterAcollection; However,
data given in TaEle 1 ére consistent with the formation of sulphide

in the sample after collection and these values are unlikely to be



reliable guides to total dissolved sulphide concentrations in situ.

The small amount (0.026%) of elemental éulphur
detected in a hot 1N HCl-leached portion of the sample may have
been released from sulphur-bearing organic matter during preliminary

acid treatment (see Methods).

3

Experimental diagenesis of sample S1 (Table 5). To

define the factors controlling the relative proportions of .the

various iron sulphide minerals in the pool sediments, the reactions

~of 'sample S1 with a limited supply of air,.exéess elemental

sulphur, and excess HZS were examined. The conditions chosen (see

~Methods section) approximate those used in expeiimental-studies
‘of iron sulphide formation (Berner, 1970a; Rickard, 1969; Roberté,

Walker, and Buchanan, 1969).

The amounts and types of iron sulphide minerals in
sample S1 remained essentially unchanged after heating a. portion
of the sample in the presence of seawater in a nitrogen atmosphere

for 17 days at 65°C.

In the presence of excess elemental sulphur, and in a
nitrogen atmosphere, the hydrotroilite content of the sample was
réduced‘almost to zero and its pyrite content increased markedly.
Also, the "boiling 12N HCl1" Fe fraction in the clay'minerals

decreased from 1.6% to zero.

Heating the sample at 65°C for 17 days. in the presence
of seawater and a limited supply of air converted the hydrotroilite
to ferric oxides and pyrite, the amount of pyrite being

considerably less than formed in the presence of excess. elemental
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sulphur. Marcasite and elemental sulphur were not dctected, but
may also have been present in small amounts. The amounts of Fe
in the HCl-soluble Fe fractions associated with the clay minerals

remained essentially unchanged.

~ A hydrotroilite-free portion of the samﬁie, prepared
by shaking it with cold 1N HCl, was heated at 55°C for 30 minutes
in the presence of excess HZS' Under these conditions 1.9% Fe

in the clay minerals was converted to hydrotroilite.

b) Thermal Pool Banks (S2)

- Pyrite and marcasite are the dominant iron minerals
on the pool banks where they occur in concentrations of 5-10%

overall.

:Most of the pyrite is slightly anisotroﬁic.A it
usuélly has good crystal outlines, displaying in most cases
pyritohedral faces. Simple cubic cfystals are rare. The méximum'
grain size ié about 0.75 mm and the mean is about 0.2 ﬁﬁ. Etching

with 1:1 HNO, reveals numerous concentric zones within the pyrite

3
crystals, and many of the larger grains are shown to consist of

coalescing smaller grains (Plate 1),

Patches of marcasite are common within the pyrite grains
~and in soﬁe cases mafcasite has completely replaced pyrite. The
marcasite, which constitutes about 407% of iron disulphides in thé pool
banks, is mostly twinned but not usually zoned. It generally cuts
across pyritc zoning (Plate 1).

Insufficient sample was available for an acid soluble
sulphide detefmination, but the value of 0.56% Fe cxtracted by cold
"IN HC1 places an upper limit of about 1% on its hydrotroilite
contcnt.- It is likely that the actual hydrotroilite content is
much less as there was no significant colour change or evolution

of “ZS when cold 1M HC1l was added to the sample.

’



Plate 1

Composite, zoned pyrite crystal containing unzoned,

cross-cutting marcasite. P = pyrite. M =

marcasite. Etched with 1:1 HNO3 for 1 minute.
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Microscopic examination indicates that significantly
greater amounts of iron oxides are present in sample S2 than are
present in sediments within the thermal pool. The 0.56% Fe

leached from the bank sediments by cold 1N HC1l is probably derived
from these oxides.

'The elemental sulphur content of the pool bank
sediments (0.27%) is at least ten times that of sediments in the
thermal pool itself. Also, it is notewbrthy-that the mole ratio
of cold 1IN HCl-soluble Fe to elemental sulphur in the-poolnbanksv
is approximately 1:1.

- The "hot 1N HC1" and "boiling 12N HC1" Fe fractions
of 1.6 and 0.2%, respectively, are comparable to those of the pool

sediment sample S1 after reaction with elemental sulphur.

¢) Iron oxide Déposit from the Tributan>Stream (S3)

Sample S3 contains 14.6% Fe, mainly as amorphous
iron oxides. A significant amount of elemental sulphur and a trace

of pyrite were found, but hydrotroilite was not detected.

d) Downstream From Thermal Pool (C3)‘

'The total Fe contents of the 0.3-13 cm and 17-28 cm
layers of sediments 10 metres downstream are considerably lower
than those of sediments from within the thermal pool énd adjacent
banké, and are similar to those of seqimenfs from non-thermal
areas. Th¢ intermediate (13-17 cm) layér has a significantly
“higher totallFe content. |

About 0.5% pyrite is present in‘the 17-28 cm layer
but the two uppér layers contain only traces of sulphide. There is

no evidence‘of hydrotroilite in any of the layers. .
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Microscopic examination indicated that the iron
oxide contents of all three layers are higher than those of
sediments from within the thermal pool. This is reflected by

their relatively high cold 1IN HCl-soluble Fe contents.

S« Bacteriological Studies
Five media were used per sample. Medium 1 was the

complete growth medium for sulphate-reducing bacteria and contained

K,HPO,

(optional - see Methods); CaClZ.ZHZO, 0.1 g;

0.5 g; NHACl, 1lg; NaZSO4, 1 g; MgSO4.7H20, Zg;.NaCl 25g
sodium lactate, 3.5 g;
yeast extract, 1 g; distilled water 1 litre. Medium 2 (medium 1
minus yeast'extract and sodium lactate) was designed to show the

ability of the sample to provide organic matter for growth of

sulphate-reducing bacteria. Medium 3 (medium 1 minus the sulphate _

content) was designed 'to show if sufficient sﬁlpha;e was present

in the sample to support growth of sulphate reducing baéferia.'
Kedium 4 (medium 1 minus yeast extract, sodium lactate -and the
sulphate content) was used to indicate if hydrogen sulphide was
prodqced from the sampie without added oréanic matter and sulphate.
Medium 5 (mediumll with sodium pyruvate 0.35% (w/v) instead of
sodium 1actate, plus 3% (w/v) agar) was used in addition to medium

1 plus 3% (w/v) agar for isolation of colonies of sulphate-reducing

bacteria.

" Samples W1l and S1 both showed the presence of HZS
when incubated for 1 month at 30°C with (media 1 and 3) and without
(media 2 and 4) added organic matter. Further sub—culturing of

the samples in medium 1 (the complete medium) resulted in a



-positive reaction for H
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2S up to at least the third sub-culture,
thus confirming that the HZS production in these samples was a
result of bacterial sulphate reduction. Additional confirmaticn

was obtained for both samples by formation of black colonies

(i.e. coﬁtaining FeS) after plating out on media 'l and'S cohtaining

ferrous ammonium sulphate.

When trausferred from 30°C to 55°C, H,S was detected

after at least three sub-cultures in medium 1 and black colonies

were formed on the agar media, showing that the samples contained

" sulphate-reducing bacteria capable of growth at 30°C 'or 55°C.

Ideally, for isolation of'bacterié capable of growth at 55°C .
samples should have been immediétely incubated at:55°C5aftér':
collection; but this was not possible at Talasea. quever, despite
initial unfavourablé incubation temperature the Samples.éontained
sulphate—reducing bacgeria which grew at 55°C. These résults,are'
similar to .those found in soil samples by Butlin, Adams & Thomas
(1949). Whether the 55°C cultures were strictly;thérmophilic or
were capable of growth at 30°C was not determined. . Certainly such
temperature tqlerance is not'reported in pure culturés of sulphate-~
reducing‘bacteria, although some 30° strains have been "trained"

to grow at 50° (Postgate, 1956).

_The results with media 1 and 3 show that both samples

contained sufficient sulphate to support the growth of sulphate-

reducing bacteria.

The above results were obtained with both 5% and
95% (V/v) inocula. The smaller inoculum reduced, by about 20

times, the concentration of any materials in the sample which
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might have adverse effects on:growth of sulphate-reducing bacteria.
Conversely, the large inoculum was used to enable such effects
to be apparent and also brevented dilution of any utilizable

organic matter and sulphate in the sample.

DISCUSSION

1. Thermal Waters

The Talasea thermal pool and tributary stream waters
~ have chemical compositions unlike those of most ﬁhermal“waters
(Whitg, 1957; White, Heﬁ aﬁd Waring, 1963). They are probably
a result of complex interactions of thermal emanations with.thé

strongly seawater-influenced coastal sediments.

Evidence for a seawater-like component is provided
by the similarities of their Br/Cl, B/Cl, K/Cl and Na/Cl ratios
to those of normal seawater and interstitial waters from salt-

marsh and cove environments (Friedman and Gavish, 1970).

The acidity and high Fe, Mn, and trace metal contents

of the thermai pool aﬁd tributary stream waters are characteristic
of the "acid-sulphate'-type thermal.waters which are common in
inland thermal fields near Talasea (Lambert, Ferguson, and Jones,
in.preparation). Such waters are formed when water:circulating
into the volcanic pile dissolves Hés and returns to near-surface
conditions wﬂere the HZS is being partly or completgly oxidized
to sulphuric acid. These waters leach the host rocks forming hot,

acid waters, high in sulphate, and containing abundant Fe(II),

Mn(II), and, in some cases, trace metals and dissolved sulphide.
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| On this basis the SOQ/Cl ratios of the Talasea

thermal pool'and tributary étream Qaters are low; Sulphate may”
ﬁave begn removed from the waters by precipitation as calcium
sulphaté, or to a limited extent, by tﬁe actions of sulphate-
réducing bacteria, processes which are thought to contribute fo
the low sulphate contents of chloride-rich brines evolved from
seawater (Lerman, 1970). However, the calcium contents.of the 
pool sediments are low énd abnormally high rates of bacterial
sulphate reduction would be required to account for the obsérved
sulphate depletion. The most likely explanation is that qalcihﬁ

sulphate is precipitating at depths greater than those sampled.

"Enrichment of the thermal pool sediménts in Fe, and
the presence of iron oxide deposits on the banks of the tributary .
stream-ihdicate'that,'prior to discharge at the surface, the
thermal spring waters contained considerably larger quéntities
of Fe than were found in the pool and stream samples. Further,
the low Fe/Mn ratio of the thermal pool waters, compared to the
otherwise chemically simi;ar tributary stream watefs, indicates
a considerably more effiéient process of precipitation in the
thermal pool sediments than on the tributary stream.banks, where
Fe is precipitating as a result of ‘air-oxidation of dissolved

ferrous iron.
2. Envirorments of Iron Sulphide Formation

pH and Eh conditions in the pool sediments appear to
be a result of the competing influences of the upwards flow of

mildly acid, reducing thermal spring waters, and the seawater-like
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interstitial waters of the salt-marsh sediments.-

Thermal spring activity is dominant in the uppermost
7 cm of the pool sediments, which are mildly acid, but at depths

greater than 10 cm the pH is strongly influenced by seawater.

The Eh profile of the thermal ﬁool sediments.is
similar to'those of most n;n—thermal areas where iron sﬁlphidesA
-are forming at the present day. -However, as thé thermal pool
waters are not in equilibrium withvatmospheric.oxygen, it»seems
~iikely they are reinforcing.the effects of normal oxygen-

depleting bacterial metabolic processes. 

Sediments on the pool banks are less-diféctly
influenced by thermal spring activity and are considefably less
anaerobigvthan those in the thermal pool itself.
3. Sources of Iron

The high total Fe and low iron oxide contents of the
thermal pbol banks and sediments compared to sediments downstream

and in non-thermal areas is evidence that a large proportion, if

not all, of the Fe provided by the thermal waters is being converted

to iron sulphides.

The observation that 1;9% Fe present in thé clay
minerals pf'é hydrotroilite-free sample of the pool ée&iments
reacts with excess HZS indicates thaf this Fe is a potential
additional source of Fe for iron sulphide formation. Conv;rsion
of this Fe to iron sulphides has probably occurred in the pool

bank sediments and in the reaction of sample S1 with elemental

sulphur. In both cases the "boiling 12N HC1" Fe fraction is small.
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The considerably higher'"boiling 12N HC1" Fe
fraction in tﬁe pool sediments, combined with the presence of
excess HZS in the pool sediment sample 3 weeks after collection;
indicate that this Fe is? howeve:,'relatively inert towards

H,S under conditions in the pool sediments. This may be an

2

effect of coatings of hydrotroilite on the clay grains.

4. Sources of Sulphide

Shlphate—reduéing bacteria Caéable of growth at
55°C are present in the thermal pool waters and sediments; the
latter are not'in themselves toxic towards bacterié, énd both
contéin sufficient sulphate for bacter%al growth. Howevér,
therefis no direct evidence thaﬁ?thése-bacteria are producing

sufficient sulphide to contribute significantly to the overall

" rate of iron sulphide ‘formation.

The rates of sulphide precipitation and the overall

sedimentation rate (iron sulphides plus detritus) in the thermal

pool can be calculated from the discharge rate and Fe content

of the thermal spring waters, and the iron sulphide content of

the sédiments.- If it is assumed that, prior to iron sulphide
precipitation, the Fe/Mn ratios of the thermal pool and tributary
stream Qaters were equal, then the initial and final concentrations
of Fe in the thermal spring waters would be 0.5 and 0.04 ppm,
respectiQely; On this basis sulphide is precipitating at the rate
of 50:g § m_2 yr‘l and the overall sedimentation rate in the thermal
pool is approximgtely 1 cm per 5 years. This rate of sulphide
production is within the range of values for bacterial sulphate

reduction in natural environmeﬁ;s quoted by Trudinger, Lambert,
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and Skyring (in press) but is above average (16 g S mn2 yr 7).

Further, the orgénic carbon to sulphidg ratio in
the pool sediments (w/w) is 1.3 which is considerably lower
than the value of about 3 found for the top 2 cm of sedimeﬁts
from the Connecticut coaét. In these latter sediments the
rate of pyrite formation is éontrolled by the rate Qf bacterial
sulphate reduction which is, in turn, limited by the concentration

of organic‘carbon (Berner, 1970a).

It seems unlikely, therefore,:that bacterial sulphate
reduction couid be the-so}é source ofasuiphiaé in the thermal
pool. Although there is no direct evidence that the thermal
pool waters contain significant quantities of volcanically
derived sulphide, the thermal pool lies on the'fringe of the
most active area of the thermal field which is characterized
by the presence of boiling mud pools, small steam vents, and a

strong smell of H,S.

The above considerations suggest that volcanically
derived sulphide makes the major contribution to iron sulphide
formation in the thermal pool, with bacterial sulphate reduction

perhaps playing a secondary role.
5. Formation of Iron Sulphides

Considerable information on the mechanisms df
formation of iron sulphides is available from experimental studies
(e.g. Berner, 1970a; Roberts, Walker, and Buchanan, 1969;
Rickard, 1969) and most of the present data can be readily

interpreted on this basis,
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The majority of hydrotroilite in the ﬁhermal pool
sediments appears to have formed by the direct reaction of ferrous
ions dissolved in the thermal spring waters with dissolved
sulphide of bacterial and/or volcanic origins. In the latter
case hydrotroilite would'be precipitated in response to higher
pH and lower temperature conditions in the seawater-influenced

near-surface sediments.

The high hydrotroilite to pyrite ratio in the fhermal
pool sediments is unlikely‘to be due to a rapid rate of hydrb-
troilite formation, as pyrite forms rapidly from hydrotroilite
plus elemental sulphur at temperatures near those of thermal pool
waters (Berner, 1970a). The experimental aiagenesis results
indicage that, in agreement with previous experimental work
(Berner, 1970a; Roberts, Walker and Buéhanan, 1969), the reaction
is being inhibited by a scarcity of oxygen, elemental sulphur,
or other oxidizing agent in the pool sediments. This is almost
ceftainly a>result of the upwards flow of anaerobic thermal spring
waters which effectively ﬁinimise downwards diffusion of oxygen
from the atmosphere or overlying seawatef. The small amounts of
pyrite which do occur in the pool sediments are probably formed
by the reaction between hydrofroilite>and>elemental sulphur produced
by oxidation of dissolved sulphide, the most readily oxidizable

of the sulphide species in the pool sediments.

The pyrite (plus marcasite), minor iron oxides and
elemental sulphur in the pool bank sediments seem to have formed
by oxidation of ﬁydrotroilite under more aerobic conditions than

exist in the pool sediments. This is suggested by the approximately
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1:1 molar ratio of cold 1IN HCl-soluble Fe to elemental sdlphur
in the pool bark sediments, and the formation of iron oxides
and additional pyrite when a sample of the pool sediments was

heated in a limited supply of air.

Much of the marcasite in the i)ool bank sediments
occurs within pyrite crystals. Its occurrence in irregular
patches which cut across the concentric zones in the pyrite
crystals suggests that it is replacing pyrite. Incipient formation
of marcasite could possibly account for the anisotropism-in‘the

pyrite.

B « Compdrison with Other Environments of Iron Sulphide Formation

In the Talasea thermal pool sediments it is likely
that, as a réSult of the availability of volcanically dérived
sulphide, the amount éf Fe supplied by the thermal spriﬁgs limits
the rate of iron sulphide formation. In most non-thermal areas
HZS—reactive Fé_is in excess and iron sulphide formation is
controlled by the rate of bacterial sulphate-reduction, which

in turn can be limited by the amount of organic carbon (Berner,

1970a) or the amount of sulphate (Berner, 1970b) available in
the sediments.

Iron sulphide éoncentrations in the Talasea thermal
pool banks'énd sediments are significantly higher (5-10%) than
those found in non-thermal sediments (1—52; Roberts, Walker,
and Buchanan, 1969) but are limited to the immediate vicinities of

thermal springs.- The development of much higher iron sulphide
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concentrations in the thermal pool appears to be inhibited by
the high sedimentation rate ( 1 cm/5 years ), a factor knmown to
limit concentration of metals in the volcano-exhalative-
sedimentaryvenVironment at Matupisﬂarbour (Fergdson and Lambert,
1972).

In most areas of iron.sulphide formation, including

euxinic basins, incomplete conversion of hydrotroilite to pyrite

is relatively rare (Berner, 1970a). A notable exception is the

Black Sea.where a.few'hydrotroilite-rich bands are present in

the sé&imentary‘sequence. ‘It has been-édggested (Berner, 1970b)
that tﬁeyf:eflect a deficiency of sulphide in the environment

during their formation. In the Télasea thermal pool sediments

the persiétence of hydrotroilite in the présence of excess sulphide'
appears to be a result of inhibition of normal air-oxidation of

excess sulphide by the uprising.thermal spring waters. '"Amorphous

" iron sulphides" are probably present in the sulphide facies of

sediments from the Atlantis (II) Deep in the Red Sea (Bischoff, 1969).

Marcasite is preseﬁt in significant quanfities in the
thermal poél banks but has not been recorded from Recent Sediments
in ndn—thepmél areas. It is, however, present in mud samples from
the Atlantis (IL) and Disco&ery Deeps in the Red Sea where it occurs

as cuhedral plate or lath-shaped crystals (Stephens and Wittkopp,

1969).

Most pyrite and marcasite in the Talasea thermal
pool banks occur as large euhedral crystals providing a marked
textural contrast with the finer-grained framboidal pyrite found

in the thermal pool sediments, and in most non-thermal areas
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(references in Rickard, 1970).

CONCLUSIONS

From the above discussion and resultsAit appears
that fhe chemical reactions responsible'for iron éulphidé .
formaﬁion.in the Talasea therﬁai pool are basically similar to
thosé responsible. for irom sulﬁhide formation in non-thermal.
sedimenté. However, the avéiiability of volcanically_derived
Fe and‘sulphide, combined with the complex environment produced
by_intéractioﬁs of ﬁhermal spring waters with the intertidal -
sédiﬁenta:y environment has introduced severallfeatures thch

contrast markedly with non-thermal areas. The'development-of

high ironAsulphide concentrations is probably the-ﬁost significant

of these features and wderlines the potential of such "volcano-
exhalative-sedimentary" environments for the formation of metal

sulphide ore deposits.

METHODS

1. Geochemical and Mineralogical Investigations

pH and Eh,.

‘Measurements were made with a "Metrohm" Battery pH
meter E250A and combination clectrodes standardized immediately
before use with buffer solution pH 7.0 or Zobell's (1946)
solution. In situ measurements were made by inserting the

electrodes directly into the pool waters and sediments.



. Sample Collection.

K water samples were collected with an all plastic
hand pump. A doplicate sample of water from the main pool was
filtered hot through a Whatman No. 54 (acidfhardened):filter .

paper.

Sample Storage.

Facilities for on site determination of -readily

Oxidisable sulphide species were not aveilable and a delay of 2-3

'weeks between sample collection and analys1s necessarily occurred.;
‘The precautions described below were designed to minimise post-—

collection ox1dation of the samples

water samples were stored in polythene containers

'filled right to the top and rendered a1r tight by screwing down

the caps.OVer a thin‘layer of polythene;sheeting. 4Significant
increases. in the Eh of samples Wl sndIWZ occurred after collection
so their total dissolved sulphide and ferrous iron contents were

not determined. Inspection of the samples prior to analysis showed

ithat-sample W2 and the filtered'portion of sample Wi were free

of‘precipitated ferric oxides. Trace amounts were present in

the unfiltered portion of sample W1 and subsequent‘analysisl

conflrmed Lhat it was slightly depleted in dissolved Fe (but

not in.trace netals) compared to the filtered portion.

Black, sulphidic mud from the thermal pool (S1)
was stored in a screw-top. "polycarbonate" bottle sealed with

'adhesive'tape. When opened 2-3 weeks later the sampie contained
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detectable quantities of dissolved sulphide (Table 1),whidh
suggests that only limited air-oxidation of the samﬁle could

. have occurred.

Samples 52; S3, and C3 déré seéied inxﬁidsfic
.bags ot Widéfmopﬁﬁed“pdlythene jars, 1Inspe¢£iou df.fﬁé sampies:
ptidr to analysis'indddéted that'visiblé-éffecfs ofvéif-ogidafion'
" were llmlted to near-surface layers. These layérs vere dﬁ;df
gicarefully.removed and fresh materials used for analysis.{dn

T

’ Samblevkrépafafion,,-

Wet . samples were. used dlrectly for pH Eh “tocalw

‘7dissolved sulphide"; acid—soluble sulphide",- cold lN HCl—soluble_5

| Fe", "hot 1N HCl soluble Fe" and "hot lZN HCl—soluble Fe"
detérmlnatlons. Otherwise the samples were. roughly dried by
squee21ng them between pads of filter papers followed by freeze-
.drying (sample S1) or drying in a vacuum de51ccator over P2 5¢
Samplesfwere then f1nely crushed wlch an agate pestle and mqrtar.
.Whén portions ofISamples were:rémdved.tﬁe cdﬁtainers

were flushed with "oxygénhfreef nitrogen before beihgvrévseaied.

Analytical Téchniqpes,

. Results of'analysgs'are quoted as percent or parts.

'per'million‘in>thé dried starting material or in the dried (110°C)-

residue after extraction with HCl.. None of the samples contained

adalytiéally.significant amounts of carbonate so direct comparison
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=
of;results isiunlikely to be misleading unless large amounts
of Fe were extracted from the wet samples. Where this occurred’

the results have been re-calculated to a nonéacid leached

» starting material basis by assuming the Fe removed was present
".in the original sample as FeS (or Fe203). 'These values are:

| ,given in brackets in. Table 4._pp

Methods for the determination of iron and sulphur

1species in sediments were adapted from those reported in the

» literature (Berner. 1964 l970a, Kaplan, Emery, and Rittenberg,

11963)

H'IrOn DeterminatIOns"

Total iron in dry samples was determined with an -

h x—ray fluorescence spectrograph (Phillips P w. 1210) using the

glass—button technique of Norrish and Chappell (1966) : Results

are.precfsevto:i1lz of the measured values.

. Dissolved iron in water samples and solutions from

acid 1eaching and digestion procedures was. determined by direct

‘aspiration of the sample in a Varian—Techtron Model AArA atomic

absorption‘spectrometer. Precision is + 5% for concentrations

> 1 ppm and 107 for concentrations <. 1 ppnm.

Cold’lN.HCI-— soluble iron was determined'by shaking

a portion of the freshly opened sample w1th excess cold 1N HC1

' for 10 minutes The solution was filtered the re31due dried (110°C)

and weished and the Fe content of the filtrate measured ‘as above.

'HotilN.hle:solubleviron was extracted by‘refluxing

' the~sampleiﬁith‘excessgleHCl on'a-steam'bath‘ﬁOr 30 minutes.
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12N HCl soluble. 1ron was extracted by boxling the

sample w1th 12N HCl on a hot plate for 1 minute.
Precision for the above three determinations_is
+ 15% of the measured-value.

Acid soluble sulphide was determined on freshly

-opened samples. The sulphide was decomposad by boiling the
sample withiexcess lN HC1l on a water bath for half an hour and
the llberated HZS collected as CdS (Kolthoff and Elving, l961).'

Precision is & 152 of the measured value.

Elemental sulphur was determined by extracting re31dues

from acid soluble sulphide estimations for 3-4 hours with acetone
under nitrogen in a Soxhlet apparatus;‘ The extracted sulphur was
_determined colorimetrically as ferric thiocyanate (Bad!ett and
ASkoog,_1954) Sulphur standards were prepared by extracting
weighed amOunts of sulphur with acetone.' Precision of the colori-
metric analytical technique is * 5% of the‘measured_value.
Elemental sulphur determinations on organicfrich sediments are
'potentially_subject to'large errors (ﬁerner, 1964).
Pzrite plus marcasite.was estimated.by grain-counts:

onipollshed sections of resxdues from' hot 1N HC1l- extractions.

Precision is about * 25% of the reported value.

Water Analyses

pH Bh, Ksp, (apart from those made in situ) Fe,
. Mn, Cu, Pb and Zn determinations on- water samples were carried
out in B.M.R. laboratories. Other.measurements were by AMDEL

Laboratories, Adelaide, South Australia. -
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Organic Carbon

Measurements were made on cold 1N HCl~leached
residues by the Australian Microanalytical Service, Melbourne,

Victoria. Precision is better than * 5% of the measured value.

Mineralogical Techniques
Phases. present in the mineral assemblages were '

identified-by_optical, X-ray diffractionband'electron'microprobe

‘techniques.

Experimental-Diagenesis Reactions.

'EﬁfeCts.of added sea&ater elemental Sulﬁhur and air.:h

Aliquots of - sample s1 were placed in- small screw—top jars, prev1ouslyi,j
flushed w16h nitrogen and contalulng seawater and/or elemental :

sulphur.' Nltrogen was bubbled through the mixture a few seconds

longer or, in some:experlments,' air was admltted at\thiS'stage,

and the bottles :sealed and'placed in anloven at 65°C for 2-3 weeks.
At the end of this time samples were opened and analysed for iron

and sulphur species by the techniques described_above.

' Quantities of elemental sulphur added to the. sample

. were chosen to give a total Fe:S ratio of about 1:5. .To facilitate

X-ray identification of the products portions of these samples
were extracted with acetone under nitrogen till a fresh portion '

of extractant .failed to blacken bright copper foil.

Reactions with excess Hé§.'_20 - 30 ml of the aqueons
supernatant fron'samﬁle Sl was added to a weighed amount of the
cold 1N HCl-leached sample and the suspension flushed with nitrogen.

H,S gas was.then bobbledﬂthrough the suspension while it was heated

2
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at 55°C for 30 minutes. The suspension turned black, and was

again shaken with cold 1IN HCl and the amount of Fe extracted

determined as above.
2. Bacteriological Investigations

Inoculation and Incubation of Samples.

. , Samples of.water and sediment from locations Wl and
S1 in the thermal. pool were collected directly into sterile
containers and inocdlated on the day of collection in duplicate
and at tw§ cqncentratiqns to coASCitute apprqximate;y 5% (v/v)
‘or 95% (V/v) of the inbéulated me&ium. With the 95% inoculum,
media w;thout added NaCl were used (see below). .Sampleé were
rai;o iééﬁbaééd”i; thé ﬁbseﬁée sf{any>medium in co&pietélyifiiled .

K B ety AT

bottles.
McCartney bottles were filled to capacity before
incubation, initially at room temperature (approximately-27 - 30°C)
in{Télasea(for 1 to 7 days depending on the day of inoculation.
Followipg air freight to the laboratory (7 days) incubation was

continued for a further 1 to 2 weeks at 30°C.

Because one known species of sulphate-reducing bacteria
prefers a growth temperature a?ound 55°C and cannot grow at 30°C,
and because the samples were above 50°C on coliection, McCartney
bottles were removed to 55°C after the incubation period at 30°C.
After 1 week ‘at 55°C subcultures at 55° into medium 1 + 0.5% (*/ )

ferrous ammonium sulphate were made at weekly intervals.

Preparation of Media.

Media (see Results) were adjusted to pH 7.5 with NaOH
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before autoclaving at 121°C for 20 minutes and were used at pH
7.1 to 7.3 in 1 oz. McCartney bottles fitted with screw caps,
or in Petri dishes when solidified with agar. Agar media

contained fefrous ammonium sulphate which was added just before use.

Detection and Isolation of Sulphate-Reducing Bacteria.

After incubation the contents of each bottle were
tested for the pfesenée of hydrogen sulphide by addition of

0.0001 M ferric chloride solution.

The presence of hydrogen sﬁlphide ih the sample was
indicated by the formation of a black precipitéte; this, however,
qould.be from_other'than a bacterial source. Cultpfes wére
therefore sgbéultured at fortnightly intervals into‘Medium 1
containing 0.0SZ (w/v5 ferrous ammonium sulphate to confirm the.
presence of sulph;te—reducing bacteria by formation of a black

deposit at least after the third subculture.

In addition the samples were placed directly on medium
5 + 0.05% (w/v) ferrous ammonium sulphate and incubated at 30°
of 55° in anaerobic jars containing an atmosphere of 97% H, and
3% CO,. The appearance of black colonies would be confirmation

2

of the presence of sulphate-reducing bacteria.
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CAPTIONS FOR TABLES -

Table 1. Temperature, pH, Eh and '"total dissolved sulphide"
contents of thermal pool and tributary stream

waters and sediments.

Table 2. Chemical compositions and ion weight ratios of thermal
waters from thermal pool and tributary stream.
Concentrations in parts per million.

o w
Ion ratios are /w'

Téble‘3. | -Major element contents of sediﬁeﬁts from thermal pool
and pool banks.
'Analys_es_ by xfray fluorescence techniques.
Concentrations are in percent of the unignitea material.

Na20 not determined.

Table 4. Iron and sulphur species and organic carbon in sediments

from thermal pool and envirorns.

Table S..'  Iron ahd sulphur'épecies in thermal pool sediment
| sample Sl after experimental diagenesis reactions.
Samples were heated at 65°C for 17 days.
" Concentrations expressed as perceﬁt of acid-leached

residues.



TABLE. 1-
Sample | - T°C pH’ Eh (mV) Total dissolved
: sulphide (ppm)

WL Thermal pool in situ 55 6.0  + 203 -
water sample 2-3 weeks old 6.6 + 300 -
W2 Tributary in situ 75 5.9 + 123 ' -
stream water sample 2-3 weeks old ~ 5.8 + 320 -
Thermal pool in situ 2.5 cm below 6.0 + 20 -
sediments the sediment/water

interface

in situ 7 cm below

the sediment/water e

interface " 6.0 - 150 - -
S1 Thermal ’ sample 2-3 weeks old: :
pool sediments , supernatant water - 7.6 = 4

mud 7.6 - 16

incubated 1 week at

> 55°Cs } : _

mud s - 230 . -

incubated 2 months

at 55°C: :

supernatant water 7.6 - ) 22

mud ' ' 7.6 o ' 3

" sample plus 0.1%

magnesium sulphate

and 0.27% sodium

sulphate incubated

at 30°C for 3 months: .

supernatant water 7.6 - 22

mud ' 7.6 - 22
S2 Compact, grey, sample 2-3 weeks old . 2.9 = 5a -
pyritiferous mud ' _
from the pool bank
C3 Core {rom stream sémples 2-3 weeks old:
bed 10 metres 0.3-13 cm 7.1 = 0.01
downstream from S1 13-17 cm 7.2 - 0.01

701 - < 0-01

17-28 cm
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TABLE 2
1 : T
Eso Solids Pe Mn Cu Pb . Zn Al B Fa K Ca Mg S0 c1 Br I F Si
(micrgfho. 4
e )
2
Water from mein
hermal pool, :
Vle 15,800 10,900 0,04 1,50 0,01 0,02 0.05 0,02 ° 2,1 3,200 170 365 357 475 6.290 20 0,02 C.22 65
Vater from small .
tributary strean g 3 ) . Lo : ' )
W2, . 11,250 . 7,840 1.13 3.25- - . 0,01 C,02 0,06 0,05 1.5 . 2,050 115 462 247 215 4,5% 15 0,02 C.06 60
3 ' : ) . .
Seawater 42,500 34,360 0.01 0,002 0.C03 ¢,0%003 ¢,01 4,01 4,6 10,500 380 400 1,35C 2,560 19,000 65 0.06 1.3 3
S0 Ca Mg K B Br Fe Ca g K Ra
4/c1 " [Na /ca Na /c1 /c1 /i /c1 /e /1 /c1
¥l. 0.076 0,11 0.98 0.053 3.3x10-3 3.2x10—3 0.03 - 0,058 0.057 0.027 0.51
4 3 : _
W2, 0,047 0,22 0.53 0,05% 3.3x10- 3.3x10- 0.4 0,11 0,054 - 0,025 0,45
‘ 3 : 4 3 i
Seavater 0,036 2,4x10- 3,4x10= 560 0.021 0,021 0,55

0,14

0,038

3.2

0.071

o

1, Totel dissolved solids at 18 C,

2, Sample filtered on collection, Unfiltered sample had Pe, 0,02; Mn, 1,18; Cu, 0,01;
Pb, 0,023 gand Zn, 0,04 ppm, . . .

3, From Soldberg (1963).



TABLE 3
5102‘ TiO2 A1203 Fe203- MnO MgO Ca0 K20 P205 Loss on %gn1t10n
81 Black, sulphidic 42,9 0.61 15.0 9.7 0.02 2.4 1.6 . 0.8% 0.22 25.10
mud from centre of :
thermal pool.
S2 Compact grey, w0 o079 173 95 0.001 1.9 187 0.28 0.07 26.40

pyritiferous mud
from pool bank.

Silt from 10 em 1
deep in a freshwater ' ,

stream emerging in mud 56.0 0.50 17.95 7.64 - 0,12 3.h4 7.46 0.97 0.12 3.37
flats 50 metres west of . , ’
Talasea thermal field.

1 Typical of major element analyses of sand and 8ilt samples from non-thermal sand and mud-flat areas
near Talasea, (Lambert, Ferguson and Jones, in preparat1on).



TABLE 4
SULPHUR IRON
Total Acid Elemental Cold Hot Boiling Total
pH dissolved soluble Sulphur IN HC1 1IN H015 12N HC1 HF/HC10y " XRF . Pyrite Organi¢
. sulphide sulphide R fraction fraction digestion analysis - Carbon
(ppm) (%) (%) (%) (%) (%) (%) (%) (%) (%)
S1. Black, sul-
phidic mud from
centre of thermal ,
pool 6.0 (16) S 241 10.026 3.731, 1.934 1.63‘, 6.85° 6.80° 1-2 3.58
S2, Compact,grey,
pyritiferous mud 1 >
from pool bank (2.9) - 0.27 0.56 1.6 0,2 - 6.85 5=10 0.30
S3. Iron oxide
deposit from .2
tributary stream. - - 0.6 = - - 4.6 - trace -
C3.Core from
stream bed 10 cm
downstream from
S1:
Dark grey silt (7.1) - - " 0.99 0.3 0.0 4, 1° . - trace 1.51
13-17 cm. C 4 g > _ :
Grey Band (7.2) - - 1.21 001 003 6.0 . .- tr&ce 00"‘3
17-28 cm " 2
- - 0.87 0.1 0.0 4.8 - 0.5 0.75

Dark grey silt (7.1)

1.
2.

3,

‘*.
Se
6.

Measured 2-3 weeks after collection (see Table 1).

Results expressed as percent of the original sample. Other results are percent of ppm of acid-leached

_ residues. (se¢ Methods Section).
Results are averages of at least two determinations reproducible to - 0.3% Fe,
Corrected to percent of the original sample by assuming Fe was originally presént as FeS (or Feaoj(.

Hot 1IN HCl fraction = Hot 1N HCl-soluble Fe - Cold 1N HCl-soluble Fe,
Boiling 12N HC1 fraction = Boiling 12N HC1-soluble Fe - Hot 1N HC1 soluble Fe,



TABLE 5
. Fe (%)
Reaction Congitlona Cold Hot1 Boiling1 . :
Atmosphere Added Components 1N BC1 1N HC1 12N HCH : Pyrite (%) Mineralogy
Unreacted sample 3.7 1.9 1.6 A E - Fine-grained. framboidal pyrite;
' ' ‘ - ' . ‘ : hydrotroilite.

N2 seawater 3.6 1.8 1.9, 1-2 As above.

N2 . gseawater and 0.2 1.6 ' 0.0 ‘ 5-10 - - . Very fine-grained anhedral pyrite,
excess elemental , : minor proportion of very small
sulphur ' , _ a n. S ' spheroids. No marcasite recognized.

Air . geawater ' 2.0 1.5 2;1 34 , Fine-grained partially framboidal

. pyrite, intimately associated with
ferric oxides.

Ts See Table 4,
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