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DOLOMITIZATION AND THE GENESIS OF THE WOODCUTTERS
< LEAD-ZINC FEOSPLECT, NORTHIRN TERRITORY, AUSTRALIA

V.M.B. Roberts*

| SUMMARY

The Woodcutters L.5 lead-zinc prospect in the Northern Territory,

Australia, occurs in the Golden Dyke Formation, a sequence of carbonaceous

siltstone, dolomite, and greywacke forming part of the Lower Proterozoic
Goodparla Group, which was deposited on an Aréhaean granitic basement.

An attempt has been made to show how those factors which are
considered to have been siénificant in the formation of dolomite were also
important in the genesis of the Wooductters deposit.

These.factors are:

1+« An evaporitic environment which favoured dolowite formation

concentratedvlead and zinc in the overlying solutions.

2. The base metals were further concentrated, and fixed in

the sediﬁents, by qo—precipitation with the precursors of
dolomite, Mg;calcite and/or aragonite.

3. The formation of dolomite during diagenesis_resulted in

either a structural change if the precursor was aragonite,
or an ordering if the precursor waerg—calcite. The dolomite
could not accommodate the relatively large amount bf base

- metal associated with its precursors, and as a consequence, during
dolomitization these were released to the pore solutions.

The metals in the pore solutions possibly complexed with organic
materialélsuch as those from the degradation of algal protein, and so remained
in solution during lithification. During folding, the_métal-enriChed solutions
were transported to fracture%, and metal sulphides precipitated when the organic

complexes became unstahle.

* Published by permission of the Director, Bureau of Mineral Resources,

‘Geology and Geophysics, Canberra, Australia.
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After lithification the carbonate—quartz—sulphide veins were zones
of‘weakneés'along which shearing took place, probably over a considerable period

of timee This shearing, as well as slight rise in temperature, resulted in

- fractyring, recrystallization, andreaction between the first-formed simple

sulphides to produce the ore in its present form.
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~Zusammenfassung: Die Woodcutters L.5 Blei-Zink Lagerstatte im Northern

Territory, Australien, tritt in der Golden Dyke Formation auf, die aus
Kohlenstoffhaltigem Siltstein, Dolomit and Gfauwacke besteht. Dieselbe
bildet einen Teil der Unter-Proterozoischen Sedimente der Goodparla
Gro;p, welche auf einem Archaischen Granit-Untergrund abgelagert wurden.

In dieser Arbeit ist der Versuch gemacht worden zu zeigen, wie
dies_Faktoren welche als wichtig in der Bildung von Dolomit betrachtet
werden auch bedeutend in der Genesis der Woodcutters Lagerst;tte waren.

Diese Faktoren sind;

1; Die eindimpfende Umgebung, welche die Bilduné von
Dolomit begunstigt ebenfalls Blei-Zink in den
dariiberliegenden Lgsungen konzentriert.

2. Die Metalle wurden weiter angereichert und mit den Sedimenten
durch Co-Precipitation mit den Vorlaufern des Doiomits, Mg~
Calcit oder Aragonit, verbunden.

3. Die Biléung von Dolomit wihrend der Diagensis flilhrte entweder
zu einem strukturellen Wéchsel, wenn Aragonit der Vorliufer war
oder zu einer Anordnung im Falle von Mg—éalcit. Der gut
geordnete Dolomit war nicht in der Lage die verhdltnismassig
grosse Menge von Biei—Zink, verbunden mit seiner Vorlauférn,
zu behalten und demzufolge wuréen diese wahrend der
Dolomitisierung an die Porenlgsungen abgegesen.

Die Metalle in der'Porenigsungen, mgglicherweise zusammengesetzt
mit organischem Material, wie diejenigen von der Degradation von Algen
Protein, verblieben 18slich wihrend der Konsolidation. Wahrend der Faltung
wurden die mit Metall angereicherten Lgsengen zu Spalten Transportiert
und éls Metall-sulphide niedergeschlagen als die organischen Komplexe labil
wurden. |

Nach der Verfestigung wurden die Karbonat-Quérz—Sulphid ngge

Sohwichezonen, entlang denen Scherung stattfaund, wahrscheinlich Uber ein

grosse Zeitspanne hinwég. Diese Scherung sowohl als auch ein leichter
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Temperaturanstieg verursachten Briiche, Re-Kristallisierung, und Reaktion
P : g g

zwischen den zuerst geformten, einfachen Sulphiden um das Erz in seiner

jetzigen Form zu bilden.



Introduction

The Vioodcutters lead-zinc prospect lies about 80 km south of Darwin,
and about 13 km east of the Rum Jungle uranium mine (Fig. 1) in the Northern
Terriéofy of Australia, B

. Interest in tﬁe area began when the Bureau-of Mineral Resources
found a number of radiometric anomalies during air—erne surveys conducted
in 1957. In 1964 the Bureau carried out reconnaissance geological, geophysical,
and geochemical surveys which extended from the Glants' Reef fault to the south
of the Batchelor Road. These were along east—westilineé spaced 2,400 feet
apart. The results of this work defined an elongated zone of geochemical,
geophysical, and radiometric anomalies in what is now known as the Voodcutters'
area. Inferred resérves calculated from B.M.R. drilling up té 1967 were
500,000 long tons containing &% iead, 16% zinc, and 7 ounces of silver per ton.
The prospect was then handed gver to a private company for further exploration,
and, if warranted, development. This exploration is continuing at the time of

writing, and the bulk of the drill cores used in this investigation were obtained

from the company, Geopéko Lta.

Geological and Tectonic Framework

-

The deposit is located in the Golden Dyke Formation on the westerﬁ
edge of the Lower Proterozoic Piﬁe Creek Geosyncline. It consists of several
near-vertical fissure fillings in the axial part of a north-pitching anticline
(Fig. 2). ‘

In the Rum Jungle érea, the sedimentary succession, which was laid
down on an Archaean granitic basement, consists of the following formations

in order of increasing age (WALPCLE, CROHN, DUNN, RANDAL, 1968 ( (see Fig. 1):

Burrell Creek Formation: Siltstone, grey&acke;

Golden Dyke Formation: Black shale and slate, sericitic and

chloritic schist, minor intercalated limestone, dolomite, chert,
and pyritic guartzite.

Masson Formation: Guartz greywacke, quartz sandstone, siltstone.

7
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Coomalie Dolomite: Dolomite, magnesite, and calcilutite.

-

Crater Formation: Mainly greywacke and pebble conglomerate.

Celia Dolomite: Dolomite and algal dolomite.

- Beeston's Formation: Arkose, greywacke, quartz sandstone,

and conglomerate.
‘Host Rocks ‘ . | . -

Carbonate analyses show that the host rocks range from about 90%
sericite to about 97% dolomite (Fig. 3), indiéating that the féck types are
dolomitic shale to almost pure dolomite with a maximum in the region of strongly
argillacous dolostone. Some specimens of dolomitic shale have a poorly
developed slaty cleavage.

In thin section the rocks are seen to ‘consist of very fine-grained
(1~5 ) dolomite and sericite, together with varying quantities of fine-grained
quartz and chalcedony. The alignment of sericite flakeé in some of the less l
dolomitic rocks has caused a pronéuncéd bedding plane foliétion, probably
representing a plane of flattening, as suggested by DUNNET & MOORE (1959),
who state that marl and limestone may undergo about 2 %itp 30% compaction
before foliation becomes visible in hand specimen. Carbonaceous material
.forms thin bands and lenses parallel to the foliation, and in places if is
sufficiently concentrated to make the rock virtually opaque in thin section.
RAMDOHR (pérs. comm., 1970) terms the material "Vorgraphit'', a precursor
of true graphite. -

‘Patches of anatase up to 1.5 m across are common; these appear to

~ have been derived by the alteration of titano-magnetite or ilmenite which could
have had a detrital prigin. Smali apatite crystals up to 1 mm long commonly occur
aligned parallel to the bedding, apparently these forééd dﬁring diagenesis.

No calc-silicate ﬁinerals were seen in thir section, and the host rocks
have therefore not been metamorrhosed to any appreciable extent. Both 1M and 2M

polymorphs were identified in the micas separated from several samples. The

~ presence of the 1M polymorph indicates that the rock has not reached temperatures
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above 180°C (YCDER & EUGSTER, 1955). The 2M polymorph is probably of detrital
origin.~

.The presence of chalcedony also indicates that the temperature of

the rock has not been above 250-30000, as this mineral inverts to quartz in

this temperature region (KENNEDY, 1950)f The presence of soft, low-reflecting
nickeliferous pyrite in the lodes indicates formation at a temperature below
200°%C (RAMLOHR, pers. comm., 1970). Furthermore, blaubleibender covellite which
As enclosed.in. : grains of galena, will not form above 157°C (MCH; 1971).
It is thérefore apparent that the rock has been subjected to no more
than moderate burial metamorphism, and that the highest temperature reached
was about 160°C, and certainly no higher than 200°C. )
Small veins of caafse grained dolomite, silica, and sulphide are\

common; they frequently have margins of carbonaceous materizl, and are arranged

at random . angles to the bedding. These veins have apparently been formed

. early in diagenesis, as the more steeply dipping ones are strongly folded *“hrough

later compaction of the rock.

Ore Mineralogy and Fabrics

One hundred and twenty four polished sections and 36 thin sections
were examined, and the following sulphide minerals were identified:

Frequency of Occurrence Frequency of Occurrence

Mineral . 4n specimens (%) tinerals in specimens (%)
Pyrite 100 Meneghenite 10
Sphalerite = 80 Chalcopyrite 16
Galena . 80 . Greenockite 8
Arsenopyrite 75 ‘. Jamesonite 5
Bournonite . Ly - Digenite 5
Boulangerite ' 52 Marcasite L
Tetrahedrite .20 . Pyrrhotite 6
Geochronite " 24 | Bornite 2
Stannite | 20 _ Covellite 2

The textures and paragenetic features of the individual minerals

are described below.
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'eritec
'The formation of pyrite has been a continuous proceés beginning
with early sedimentation, continuing through diagnesis, and ending with
pré;ipitation along with the other sulphidés in the ore veins.

Penecontemporaneous pyrite has formed véry fine grained layers in
the host rock, and part of it was later ,mogilized into large, irregular masses
transgressing the bedding (Fig. 4). Diagenetic pyrite has also crystallized
as.euhedral crystals, most of which have pressure éhadows of various sizes
(Figs. 5, 6) expressed as chalcedony, dolomite, coarser-grained sericite,
galena, or sphalerite.

The bedding is distorted around only a few of the crystals, ind¥5ating
that these were formed during diagenesis'and before compaction. Other crystals,
around which the beds are not distorted; apparently formed after compaction

" of. the rock was complete,

Many pyrite cr&stals are partly replaced by chalcedony and dolomite,
and randomly oriented dolomite-chalcedony veins are lined in places with a new
generation of euhedral pyrite crystals which are.pot corroded, and which were
probably derived from the earlier pyrite. These veins frequently‘have a central
zone of sphalerite, galena, and lead sulpho~-salts.

Irregular masses of pyrite containing silicate inclusions frequently
have rims of inclusion-free pyrite with well-defined crystal outlines (Fig. 7).
This secondary pyrite frequently has other sulphides associated with it.

Irregular masses of pyrite are commonly closely associatea-with
patches of anatase derived from what appears to have been either titano-magnetite
or ilmenite. The frequency of this association suggests that the circulation

ofa sulphide-bearing solution was responsiblé for the alteration of the iron oxides.
Acco{«ding to GRUNER (1959), the reactions |
Feli0, + H,8 —> D0, + Fes + H,0

FeS + st ~€>-}e82 + H2

proceed at BOOOC, but he suggested that they would take place at lower

temperatures, given sufficient time.



BIGs 4
Compaction of quartz and dolomite vein during diagenesis.

The black material is graphite. D.D.H, S17 887'. x 10. Thin Section.

o) 5cm

FIG.

(&1}

Masgive pyrite transgressing bedding. In the top photo the crenulated
beds roughly parallel to the long axis of the core contain a high proportion

of very fine grained penecontemporaneous pyrite.



Pressure shadows on pyrite filled with sphalerite. D.D,H. 536,

353'« x 32. Pyrite, white; sphalerite, mid-grey. Polished section.

FIG. 7

Pressure shadows on pyrite filled with chalcedony. D.D.H. 523,

666'. x 10. Pyrite black. Thin section.
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At high magnification pyrite in the lodes commonly shows zoning and
mﬁltiple twin-like intergorwths of a slightly softer, less strongly reflecting
mineral which proved to be nickeliferous pyrite. RAMDOHR (pers. comm., 1970)
suggested that the larger atomic radius of nickel, which has substituted fof
iron in the pyrite structuré, could céuse»the lower reflectivity and hardness.
He also stated that the presence of ni.ckeliferous pyrite indicates a temperature

of formation of about 1500~?OO°C. At higher temperatures nickel would combine

with arsenic, which is abundant in the ore.

Sphalerite

Sphalerite typically occﬁrs in epigenetic veins formed during the
folding of the rocks. It is commonly moulded on pyrite and érsénopyrite. I, is
generally closely‘assoCiated with galena and lead sulpho-salts, and shows evidence
in places of fairly pronounced shearing and recrystallization (Fig. 8). Masses of
sphalerite crystals are, in places, outlined by pyrite and chalcopyrite, which
appear to have been expelled'from the sphalerite as a consequence of recrystallizatic
This does not imply that the Coppef and iron were present originally in solid
sélutiop. ROBLERTS (1965) hasnshown that a homogenecous mixture of sphalerite and
chalcopyrite precipitates will recrystallize at temperaturés as low as 1300—1SOOC
" at 2000 bars, and during this recrystalliéation tggtures result which could be inter-
preted és being formed by unmixing from solid solution (Fig. 9), but which in fact
are the result of crystal growth in a mixture of very fine-grained precipitates.
Stannite and tetrahedrite are commonly dispersed throughout sphalerite as small
irregular grains and.fine—grained streék; which in places show a strong orientation
~ along what appears to be a shear direction (Fig. 10). Galena and lead sulpho-salts
less commonly form similarly oriented étreaks.in spha}erite.

At high magnification smail rounded blebs of sphalerite may be observed
in the host rock; these range from 0.C017 mm to 1 mm, and were probably formed

by precipitztion from the circulating fluids which formed the lodes.



MG, 8
Overgrowth of inclusion-free pyrite on earlier pyrite with abundant

silicate inclusions. D.D.H, S35, 251'. x 32 Polished section.

PIG. ©

Chalcopyrite outlining polygonal crustals of sphalerite. D.D.H,
S528a 684'6". x 10. Chalcopyrite, white; sphalerite, mid-grey; quartz, dark

grey. Polished section.
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riG. 10
Sphalerite formed along crystallographic directions in chalcopyrice

during recrystallization x f200. Polished section.

FIG. 11

Stannite marking the deformation of sphalerite D.D.H. 836,

382" x 64, Polished section.
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Galena

.Galena occurs mainly in epigenetic veins, where it contains lead sulpho-
- salts, with which it forms irregular intergrowths. It bommonly fills fractures in
sphalerite and‘pyrite,and’the rare copper sulphides in the ore are freduently
. aésoc;ated with galena.

Like sphalerite, galena-is distributed throughouﬁ some specimens of the
country rock as very small rounded blebs, similar in size to the sphalerite

growths, -and probably of the same origin.

Léad sulpho~salts (boulangerite, geochronite, meneghenite, and jamesonite)

The lead sulpho-salts ére generally associated with galena and sphalerite,
mostly as irregular intergrowths, but in places boulangerite forms stellate
clusters and isolated blades in the quartz-dolomite gangue. Boulangerite fofﬁing
veins in pyrite is twinned parallel to traces of shearing in the pyrite; 'horse tail
textures are also common in this mineral.

The sulpho—galts themselves, especially boulangerite and geochronite, are
frequently intergrown as a recrystallised mosaic of equidimenéional grains. Geo-
chronite shows the typical fine twining commonly associated with this mineral.

Because geochronite is so similar to jordanite in its opticél properties,
as well as having an X-ray diffraction pattern which is indistinguishable-from that
of jordanite (GRAESER, 1965), it was identified by X-ray fluorescence analysis which
established that antimony and arsenic were present in equal amounts.

Jamesonite aqd meneghenite commonly form small (0.15-0.25 mm) inclusions
in galena.

Bournonite

. Bournonite is widespread; it is mostly associated with the lead sulpho-
salts and with galena. It has recrystallized in many~p1aces-as a mosaic of
equidimensional grains, some of which have be;t twin lamellae.

Very rarely chaicopyrite and bprnite are associated ﬁith bournoni.te,

and in some specimens very small grains of greenockite are included in it.
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Arsenopyrite

-

< Arsenopyrite has a distribution similar to that of pyrite except
that it does not appear to be bedded. It forms euhedral crystals and masses

of subhedral crystals distributed throughout the rock; these are frequently

' strongly fractured and corroded. It is commonly closely associated and inter-

grown with pyrite, it has been diésolved and reprecipitated as shown by galena -

filled fractures which have selvedges of arsenopyrite crystals adjacent to masses

of corroded arsenopyrite, and stellate groups of crystals are contained in some

quartz areas.

Tetrahedrite and stannite

Tetrahedrite and stannite are widespread as irregular small grains
in sphalerite.
In several specimens tetrahedrite forms areas, up to 1 mm across, with

anomalous anistropism and a strong undulose extinction, indicating that it has

been strongly stressed. It is improbable that this mineral has unmixed from a solid

solution in sphalerite, as neither the rock nor the ore has reached temperatures

- sufficiently high for solid solutions to form.

Marcasite
Marcasite appears very rarely as minute grains in pyrite, and along
fractures in this mineral where it gives the impression of having formed by

alteration.

Chalcopyrite

The little chalcopyrite that there is in the ore is almost
exclusively associated with sphalertie and galena, both as small randomly

distributed grains. Very rarely it forms smail‘round blebs in pyrite.
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Pyrrhotite
-Pyrrhotite was observed only as small irregular grains enclosed

in pyrite, and rarely in chalcopyrite.

P

Greenockite

Most of ‘the greenockite occurs as fine intergrowths, about 1 to
2 microns écross, in bournonite.. A small quantity is intergrown with tetrahedrite,
sphalerite, galena, and, very rarely, with bouianéerite. Its presence was
established by its deep carmine internal reflections, and its bluish colour in-
plane polarised light. In addition, one drill core contained small carmine red
crystals which were identified as greenockite by X-ray diffraction (A. TAUBE,

pers. comm.).

- Blaubleibender covellite, digenite, and bornite

These three minerals are commonly closely associated as small grains

and veinlets in galena and pyrite.

Gangue Minerals

The gangue minerals in order of decreasing abundance are: dolomite,

quartz, graphite, tourmaline, anatase, chalcedony, sericite, and muscovite (rare).

Dolomite
Dolomite typically forms large crystals in the ore veins; where the

ore has recrystallized the dolomite has a finer, saccharoidal texture.

’

Quartz

Quartz is usually associated with dolomite, and occurs in a similar
manner, frequently in the centre of veins whose margins are lined with
dolomite. In places the quartz grains shov strong undulose extinction; in

others they have recrystallized as gains with sharp extinction.
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Tourmaline

- Cclourless tourmaline is widespread in the ore, in places forming
densely-packéd masses of interlocking crystals in a matrix of sulphide. -In

many specimens the crystals show subparallel orientation (Fig, 12). Nests of

very fine crystals are frequently enclosed in the gangue minerals.

The presence of this mineral does not necessarily indicate that high

" temperatures were reached during ore formation. KRYNINE (1964) has shown that

tourmaline can form in cold water on the sea floor, and that this low temperature

variety is usually colourless to pale blue, indicating a magnesian variety with

‘possibly some Ca or Na. Its presence in the ore is probably the result of

mobilization of the consitituents of tourmaline from the sediments by circulating

fluids.

Anatase

Anatase is widely distributed throughout the ore and the country
rock. It usually forms a fine mesh of crystéls resulting from the alteration of
titano-magne*ite or ilmenite; in places the crystal form cf the original mineral

is still preserved. (Fig. 13).

Sericite and Muscovite

Sericite is presént in the ore mainly as residual patches of country
rock, which frequently retain their banded appearance. Very rarely in veins

of sulphide, sericite has recrystzllised into flakes of muscovite.

Chalcedony

Chalcedony forms occasional fillings in carbonate veins, and more

frequently infillings in pressure shadows around pyrite crystals.

Graphite

Graphite is widespread throughout the ore and country rock; in the

ore it is commonly associated with residual areas of sericite. The mineral is



FIG. 12
Subparallel tourmaline crystals in massive sulphide ore. D.D.H.

523, 647'. x 16. Tourmaline, Dark Grey.

FIG. 13

Alteration of titanomagnetite (wvhite) to anatase (grey). D.D.H,

538, 228'. x 16. Polished section.
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not true graphite: it has low reflectivity, and is brownish in plane-polarized

light; ifs pleochroism is strong, and ‘its anisotropism differs from that of

true graphife in that its colours range from yellowish cream to dark grey.

RsMDOHR (pers. comm, 1970) terms the material "Vorgraphit", and suggests that

-

it does not survive at temperatures about 15OOC.

It has been suggested (UAUBE, 1969) that the dolomite veins contairing

the ore are carbonatites.

veins:

Several factors argue against a carbonatite origin for the dolomite

Carbonatites are usually associzted with alkaline igreous activity.
There is no evidence of such acitivty in the Voodcutters area.
According to HEINRICH (1966), apatite is abundant and widespread ;@
carbonaf#tes; in fact, its presence is a highly characteristic
feature of all carbonatites.. Al though undoubtedly diagenetic apatite
is present in the country fock, no épatite was observed in the
dolomite vein matefial examined iﬁ this study.

With the exception of pyrite, sulphides are uncommon to very rare

in carbonatites. The majority of carbonatite'cpmplexes are surrounded
by a fenitized halo. Those that have no such haloes have other forms of
metasomatic alteration in éhe wall rocks. No such alteration has been
observed in rocks from the Woodcutters area.

Oxygen isotope studies (HEINRICH, 1966) support the assumption that
cargonatites have a magmatic origin, although sorme isotove investigations
indicate that some "carbonatites" héve been deposited at temperatures
as low as ZSOOC; these have been formed by the carbonatization of
periodotites had serpentinites; ne?ther of~which is present in the

sequence at Woodcutters. In addition, the presence of blaubleibender
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covellite in the veins is evidence that they have not been heated

N above about 160°C. Experimental evidence by WYLLIE (1966) sugzgests that
carbonatites are emplaced at temperatures in the region of 600°C.
As the petrological and mineralogical examinztiocn of the country

-

rocks and the ore at lioodcutters provides strong evidence that the rocks have

. o . .
not been subjected to temperatures over about 200°C, and there is no evidence

of any fenitization of the fine-grained argillaceous material adjaceht to the
veins such as would be expected to result from intrusion, the suggestion that
the ore veins are carbonatitic can be dismissed. In addition, chemical analyses of

eleven samples of country rock gave the dolomite formula Ca52—54hg48—46

(003)100, and X-ray analyses of dolomite from five ore vein samples by the mr “hod

of GOLDSMITH, GRAF, and JOENSUU (1955) gave the composition Ca (co.)

551845 (€030 50

The Devositional Environment of the V.oodcutters Devosit

The formation of dolomite has been the subject of intensive study in
recent years, and works by GRAF and GOLDSMITH (1956), ALDERMAN and SKINWER (1957),
CHILINGAR and BISSEL (1963a), DEGENS and EPSTEIN (1954), PATERSON and VOI! DZR
3ERCH (1965), FRIEDMAN and SANDERS (1967), MULL&R and IRION (1968) , FRIED@AN
(1968), and MULIZR (1970) are some of the many which refer to the conditions
necessary for the formation of dolomite. - .

A review of the world-wide association of FPb~Zn ores with dolomite
has been presgnted by HEWITT (17928). More recently SANGSTER (1970) has reviewed
Canadian lead-zinc deposits which are associated with carbonate rocks, most of
which are dolomites.

On the evidence availablé, it appears that dolomite is unlikely to
be precipitated directly, and forms from either aragonite or lg-calcite only

under certain conditions. As will be suggested later, the formation of dolomite

by dolomitization of either Mg-calcite or aragonite is a significant factor in
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the formation of dolomitic Pb-Zn ores. Studies on the formation of dolomites at
the present time indicate that the two most necessary conditions are high pE
and high'Mg/Ca ratio. Somewhat high to high salinity, evaporitic coﬁditions,
and high temperatures, though apparently not essential to dolomite formation,

x

' probably speed the process. The effect of 002 pressure is not clear from the
theoretical and experimental evidence.

There are no typical evaporitié minerals in the VWoodcutters deposit.
According to FRIEDHMAN and SANDELRS (1967) the association of dolostones with
terrigenous sediments containing ne evaporites is an indication that they were
deposited under conditions of lower salinity than sediments associated with
evaporitic minerals. The CaCO3 excess in the Vioodcutters dolomites also indicates
a lower salinity of the environment of deposition. MARSCHNER (1968) in her étudy of -
the carbonate rocks of the Lower Keuper has observed that the CaCO3 excess
in’ the early diagenetic dolomites of this sequence decreases upwards, and attributes
this to lower .salinity at the start of deposition.

Although the evidence indicates that high salinities, evaporitic
conditions, and higher temperatures are not essential for the formation of dolomite,
the observations made on recent dolomites show that such.conditions comnmonly
apply. In the Coorong, South Australia, dclomite is ferming from aragonite in a
shallow restricted marine environmentlwhich undergoes an annual evaporative cycle
(ALDERMAN & SKINNER, 1957). DEGENS & EPSTEIN (196L4) quoté the unpublished work of °
BAJOR vwho considers that the Steinheim Basin sediments of southern Germany were
deposited in a continental evaporative environment. GRAF et al. (1961) state that =
radiocarbon dating of the dolomites in Lake Bonneville showed an age of 11,300 years,.
and that thié corresponds to a period of reduced lake level, i.e., greater éridity.

Therefore-it seems reasonable to assume that the Vicodcutters dolomite

was formed in a restricted basin type of invironment which developed during

the deposition of the Golden Dyke sediments on the western margin of the Pine Creek
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Geosyncline. The basin or large lagoon was partly cut off.froﬁ the sea and
périodically‘dessicated; the water would increase in salinity, the pH would be
high, and the Mg/Ca ratio wculd be such that Mg-calcite or aragonite could
precipitate. |

On the question of depth of water during deposition and subsequer*

diagenesis, the studies of GRAF et al. (1961) at Bonneville, and of DEGENS,

KNETSCH & RBUTER (1960) on the Buntsandstein in southern Germany, showed that

dolomite commonly forms in fairly shallow water. The dolomite at the base of the

Muschelkalk was deposited under shallow marine conditions; in deeper and more

open water, a limestone gradually takes over from the dolomite.

Origin of the Ore

Alfhough it is here suggested that the Voodcutters depoéit is
éedimentary origin, it is obvious that the ore shoots themselves are not a
primary depositional feature.

FRIEDMAN & SANDERS (1967) remark that the widespread association of
lead-zinc deposits with dolomitic rocks suggests that the commonly accepted
hydrothermal hypothesis to explain their origin requires.examiﬁation.

It will be suggestea in this paper that a hydrofhermal event caused
the mobilisation of the ore solutions, but that this event was preceeded by
sedimenfational and diagenetic processes which concentrated metals in th? sediments

and formed the ore solutions.
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These events can be divided into four stages:-
s 1. Concentration of metals in the basin water

2. Fixation of metals in the sedimelits

3. Transport of metal solutions

Lk, Precipitation of metallic sulphides

Later tectonism hgs re<textured the ore iﬁ'places, and in some
cases changed the mineral assemblage.

The suggestion advanced in this paper is that the conditions which

resulted in the dolomitization at %Woodcutters have been of consideréble

significance in the first three of these events.

Concentration

The concentration of lead and zinc in seawater is 0.0000} and 0.01 PPN,
respectively (GOLDBERG 1963), so normal seawater does not appear to have been a

likely source for the metals. To obtain 1 PFM of lead in solution a concentration

of 33,000 times would be necessary, a quite unrealistic factor for normal evaporation

at the Barth's surface to achieve.

LERMAN (1970) gives the mean global evaporation rate as 0.8-1.0 metreé/
year. At this rate he calculates that a ﬁOC—metre column of 0.2 molal NaCl
would be reduced to about 5 metfes in 95 years, with an increase of NaCl
concentration to.5.5 molal -~ a concentration factor of-27.5. Thug, even if the
metals were not removed during sedimentation, the concéntration of lead in a
100-metre column of seéwater in 95 years would be only 0.0009 PPM,; and that of
zinc 0.3 PPM, It does not appear likely that this amount of metal in the basin
water would be great enough to produce in the sediments a concentration sufficient
to eventually enrich the pore solutions sufficiently for them to be a potential
ore fluid. This leads to the concluéion that” water cohtaining above-background
amounts of dissolved base- metals must have been entering the basin. If 1 PFM

zinc and 0.5 PPM lead were present in this water, and no other water with lower
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concentrations of these metals were being added to the basin, mild evaporation
would increase these concentrations by a faétor of two in a'short time; for
example,'tﬁe_Red Sea brines contain up to O.?vPPM lead and up to 71 FPM zinc
(BROOKS, KAPLAN & PETHRSON 1969). The ability of these metals to stay in
solution im such conéentrations would depend upon a variety of factors, the mostk

important of which would be pH and the anionic compesition of the water.

Fixation in the Sediments

Although the above figures are low in comparison with the final

concentration required for ore-grade mineralization, the efficient removal of metals

from solution could result in a much higher concentration in the sediments.
The efficient removal and the fixation of the base metal ions in the
sediments could have been achieved by their co-precipitation with the precursors
df dolomite, either aragonite or Mg-Calcite. This is a highly efficient method
of removing metal ions from solution, and is used in radiochemistry for the removal

of radioactive tracers from solutions even when their concentration is so low that

their solubility products are not exceeded (BONNER & KAHN, 1951). The co—precipitatim

is effected either by the formation of mixed crystals or by adsorption. CaCO3

212 out of solution, so that if the basin water contained 1 FFM

will carry 97% of Pb
of lead, it éould very efficiently be concentrated in the sediments by this method.
The finéi concentration in the sediment would depend on the amount of carbonate -
produced relative to the volume of the basin water and on the amount of detritus
locally entering the basin. SKINNER, SKINNER & RUBIN (1963), in calculations based

on precipitation of carbonate in the Coorong, South Australia, showed that,.

" from a mean water depth of 50 cm, carbonate sediment accumulates at a rate of 0.5 mm

per year. Therefore if 1 FPM lead were fixed with an efficiency of 97%, a
concentration of nearly 1000 PPM would be achieved in the sediments.
Although a concentration of 1 PPM of lead in solution in the presence of

carbonate ions would exceed the solubility product of either the carbonate or
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the basic carbonate, this amount of lead (and zinc) could be stabilized in

solution as chloride or carbonate complexes, or as organic complexes formed from

a
N

algal degradation products.." ._: If the metals are present as bicarbonate complexe
as suggested by GOLEVA et ai. (1970), any riée in temperature or in pH which

would result in the precipitation of carbonates would make the bicarbonate

complexes unstable, and allow the metals to co-precipitate with the carbonates.~

Both lead ana zinc may substitute for calcium in the aragonite
structure; 2 to 6 weight percent lead is fairly common, but the range of
solubility must extend well beyond the latter figure, as éALACHE, BiRMAN & FRONDLEL
(1951) report a specimen from Serbia as containing 15 percent PbG. Zinc has been
reported to substitute for calcium in aragonite in amounts ranging from 0.9 to 3.0
weight percent (PALACHE et al.,1951).

ZWIERZICKI (1948) states that the dolomite of the Upper Silesian lead-
zinc deposits has a low MgO content (15%), and it commonly contains about 3+5% Fe,
0.5-1.5% Zn, up to 0.2% Pb, and 0.5% Mn. He suggests these metzals may be present

. as double salts. |

Because lead carbonate is isostructural with aragonite, lead.would
more readily substitute for calcium than would zinc, and from the figures'quoted
above this appears to be the case. On the other hand, zinc carbonate is isostructural
with calcite, and as a result, according to FALACHE et 2l. (1951), a limited

. series éay exist between ZnCO? and CaCOB. Nétural calcites are reported tp contain
up to at least 4.0 weight peréent Zn0, whereas lead, according to PALACEE et al.
(1951), substitutes in significant though relatively small amounts. Co-precipitation
of lead and éinc with aragonite and Mg-calcite could thus fix in the sediments

gquantities of these metals which could represent a significant step towards

the development or ore-grade mineralization. .

- Transport and Precivitation

The fine grainsize of the dolomite indicates the dolomitization conimenced
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during late sedimentation and continued through'early diagenésis (FRILDFAN &
SANDERS 1967). In the conversion of the precursors to dolomite, aragonite undergoes
a structﬁfal change, and lg-Calcite changes from a less ordered state to the

well-ordered dolomite. In both cases the end—product,'dolomite, would not be able

"~ to accommodate in its structure the base metal ions held by the precursors, and,

they would thus be réleased to the pore solution.

From the description of the diagenetic pattern of the Wettersteinkalk
by GERMANN (1968), this early stage of diagensis probably took place under condition
of shallow burial - about 20 to 500 metres.

LARSEN & CHILINGAR (1967) describe the early diagenetic processes in
detail. These are summarized below.

they begin with the consumption of free O2 by organisms, after which the

L

reduction of Fe,3+Mn, * Vv, Cr, and 5042~ begins. Eh becomes lower, and pH rises.

The solid phases in the sediments - SiO , etc - dissolve in the

5 CaCo., HgCo

3
interstitial water. Organic matter.decomposes, forming gases (COE’ HES’ HZ’ NHB’
N2, etc), and water-soluble compounds. Larsen and Chilingar further state that, as
a result, waters become depleted in sulphates and enriched in Fe2+, Mn2$, SiOz,
organic matter, phosphorus, and minor elements. Oxygen aigappears, and H2S,

CH#’ C02, NHB’ etc, are accumulated. IThe:alkalinity becomes high (6.8-8.5),

ahd‘ﬁh decreases (-150 to =330).

The release of metal ions to the pore solution during dolomitization,
even if not complete, would crea£e a fairly concentrated potentially ore-forming
solution, provided that the metals would remzin in solution, and hence be available
iater removal to an invironment where precipitation could take place. This
solubilization could have been achieved by the formation of metal-organic éomélexes.

Gfaphitic'material is a common constitutent of the woodcutters rocks,
which contain up to 1.6% organic carbon. Both the underlying Celia and Coomalie

dolomites contain stromatolites, so it is probable that algae were the source of

S

-+

C
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the organic material in the dolomite. The degradation products of this organic
material would, during diagenesis, be able to form complexes with the metals
released to the pore solutions.

The possibility that metals may also have been transported as
carb;nate or chloride complexes cannot be‘ignored, but it is probable that, in_
the presence of decomposing orgenic material, inorganic complexes would assume
‘lesé importance as a means of metal solubilisation than would organic complexes.

EVANS (1964) has shown that both r&ck—forming minerals and metal
‘sulphides can be dissolved by organic materials. Whether chelation or simply
solubilisation is the mechanism involved, the figures he quotes for solubulities
of various minerals are strong evidence in support of the.suégestion that organic
complexes could be a very important factor in the transport of metals in evnironments
where there has been biogenic activity.

EVANS‘(1964) quotes experiments done by NEUBERG & MANDL (1948), in
which zinc dissolved in IL~alanine could not be p?ecipitateé by Na2S. These workers
also observed that L-alanine and all ef-~amino acids that they tested were able to
dissolve the sulphides of Mn, Co, Ni, Fe, Cu, and most other metals. ABELSON (1957)
has shown that the principal amino-acids present in a fossil clam 25,000,000 years
old were alanine, glutamic acid, glycine, isoleucine or leucine, proline or
valine = alle{~aﬁino acids. |

EVANS (1964) also found that a group of minerals, including galena,
was completely soluble in sodium-~adenosine triphosphate. These minerals could
nét be precipitated from the S§lution by addition of the usual reagents, and

- remained in solution until the Na-ATP deéomposed.
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ROEDDER (1967) states, from fluid inclusion evidence, that ore fluids
which formed a number of Mississippi-type deposits were Na-Ca-Cl brines
containing abundant organic matter. In these inclusions he found gas, which he
presumed to be mainly methane, and an oily material.
BONDARENKO (1968) has shown that lead is 10 to 60 times more soluble in
fulyic acids than in water at the same pH, and because of this suggests that

fulvate complexes are possible forms in which this metal may migrate.

The results summarized above suggest that organic complexes may play

"an important part in he transport of metals.

WEN (1964) states that the degree of compaction of many carbonate
sediments during minor loadiné before lithification is comparatively sliéht,
that the expulsion of pore fluids during diagenesis is only slight, and that
early lithification of carbonate rocks under some conditions favours the
continued retention of such fluids. This early lithification, according to
HUNT (1967), is accompanied by the hydrolysis and solubilization of any proteinaceous
matter they may contain. ABELSON (1957) reports on the work (unpublished) of
CONWAY, who investigated the thermal degradation of alanine, and found that, at f
80°C, the time required for the degradation of 63 percenf of this material is
about 106 years, and at 60°C the figure is 108 years. Oxygen also shoftens the
lifetime of alanine.

WEN'S study on carbonate lithification, and CONWAY'S work on the
stability of alanine suggest that retained pore fluids containing organo-metallic
complexes would be preserved éven under conditions of relatively deep burial.

At Voodcutters, their expulsion under the influence of pressures developed during
the formation of the anticlinal structure in which the ore is now situated, would
allow their movemen£ into tension fractures. This movement would take place

along solution channels along fractures and joints, which according to CVEN (1964)

are commeonly developed in dolemitic rocks.
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. On reaching zones of relatively low pressufe, géses such as CO2

and NHB-would escape causing the organo-metallic complexes to become unstable,
and the metal sulphides to érecipitate. |

At first the metals would precipitate as simple sulphides in the low-
temperature environment, and would in part react fairly quickly with one other |
* to form lead sulpho-salts. Reaction between FbS and BiZS3 has been shown by
MOH (pers. comm., 1970) to take place at low temperatures. He found that after
two ygars lead sulphide and bismuth sulphide commence to react {toc form lead-bismuth
sulpho-salts) in aqueous solution at 20006.

Re—ﬁexturing and further mineralogical modification in the lode would

take place over a period of time as a result of changing physical and chemical

conditions.

Summary of suggested mode of origin of the deposit

The first stage of the development of the deposit was the formation of
a shallow restricted basin on the westérn edge of the Pine Sreek Geosyncline.
"Evaporitic conditions and a heavy growth of algal material resulted in the
seasonal co-precipitation of Smail amounts of lead and Zimc with.the s
dolonmite précursors.

Intimately associated with the precipitated carbonates was a large
gquantity of algal material now partly represented by cérbonaéeous matter. Early
in diagenesis this material was completely degraded, and the vproducts of this
degradatioh were complexed with metal ions released to the pore solutions during
dolomitization of the carbonates, and probably also with any sulphide ions preduced
in the upper layers‘of the sediment by bacterial sulphate reduction. In this way
the formation of metal sulphide precipitates would be—inhibited.

As with oil—produding rocks (OWEN, f964), the sediments would lithify

early in diagenesis by cementation. This process would result in a porous

rock capable of retaining the metal-rich solutions formed during dolomitization.
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During this period of lithification, some movement of fluids took

-
~

place, and veins of dolomite and quartz were formed both parallel to and at angles to
the bedding; and were compréssed during compéction of the sediments (Fig. 4).
In placeé the fluids carried some sulphide (mainly pyrite) in solution , and the
' quartz-sulphide bodies formed from them were moulded by the compacting sedimenté
(Fig. h). |

Some time after lithification, while the pore fluids were still retzined
in them, the rocks were folded. Tension in the crestal parts of the anticline
produced fractures parallel to the axial plane and more or less normal to the
bedding, and compression produced a high pressure area towards the deepef parts of-

the fold.

The pressure gradient developed caused the pore-solutions to move along
fractures and solution-cavities into the tension fractures, where the metal
sulphides precipitated after the organic complexes becanme unstable as a result of
a chaﬁge of composition of the solutions brought about, at least, in part, perhaps,
by the release of gases in response to diminished pressure.. Zvidence for the
post~lithification movement of fluids containing silica, dolomite, and sulphide
may be seen in Figs. 6 and 7, which show pressure shadows developed on diagenetic
pyrite crystals. The outlines of the ?yrite crystals are preserved, indicating
that the rock had virtually reached its final level of compaction and lithification
at the time of folding. Fluids moving into the open séaces precipitated dlolomite,
chalcedony, quartz, and sulphideé.

According to the criteria set out by SYINDER (1967), the deposit would
be classed as epigenetic. However, if its oriéin were ascribed to epigenetic
processes it could create a misleading impression through disregarding the
importance of the parts played by sedimentary and diagénetic processes.

Because both sediméntation and diagenetic processes were responsible
for the concentration cf the ore components, it Qould perhaps be mofe acéurate to

say that the deposit had a sedimentary origin, and that it has been formed by

tectonic mobilization.



FIG. 14

Compaction of sediments over a quartz/pyrite mess. D.D.H. S38,

28%'6", x 16, Polished section.
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The distance over which the fluids would have to move to reach the

-
~

site whgrg the sulphides were finally deposited also needs consideration.

It is probable that for the formation of the woodcutters deposit the
fluid%méving through its parent rock along secondar& pore spaces need not have
travelled far.

Assuming that the fluidé that contributed to the lode at Woodcutters
moved 'a distance of nét more thén 500 metres a sphere of this radius would have
a volume of -

(5 x -'102)3 x b/3 x 22/7 metresB.

Assuming that at the time of fluid movement the rock had 20% porosity,
and that half of the pore fluids were able to reach the fractures, the volume
of this fluid would be -

L (5 X 102)3 x b/3 x 22/7 x 'IO“,I X 106 ml.
If the fluids contained 0.1% Pb they Qould contribute -

6 X ’IO--3

5 x 10%)° x /3 x 22/7 x10" x 10 gm of Pb
= 500 x 108 gm or 500 x 102 metric tons Pb,
or 1,000,000 metric tons of 5% Pb ore.
If the ?ore fluids contained 0.05% Pb, a sphere of radius 600 metres would
contribute the same quantity of lead. . Twé million tons of 5% Pb cre would
require a sphere of radius 800 metres to supply the volume of solution under
the stated conditions at 0.05% Pb. |
Considering that oil may migrate over distances as great as 1C0 nmiles
(BARBAT, 1967; KVENVOLDEN & ST.UIRES, 1967), the distances that the ore fluids
moved in the formation of VWoodcutters are well within the bounds of possibility.
Subsequent té their deposition in the fractures,recrystallization of the

lodes by shearing, compressional effects, and'possibly-heating : ’ B

has taken place; this recrystallization is particularly evident in the polygonal

jo N
3

sphalerite shown in figure 9. Shearing has resulted in the formaticon of fetrzhed:

0

with an anomalous anisotropism, and the lineations of stannite .in sphalerite

(Fig. 11).
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Although from this interpretation of its genesis, the Woodcutters

-
N

deposit has some similarities to the Mississippi type lead-zinc deposits,
it could not be classed strictly as a deposit of this type if the features
characteristic of these deposits listed by JACKSON & BEALES (1967) are

considered. However, the sedimentary sequence in which the deposit is situated *

.has marked similarities to that which contains the southern Missouri lead-zinc

deposits (HOUE, 1961, Fig. 15). 1In addition, the widespread occurrence of primary
bedded pyrite (Fig. 5), and the virtual restriction of galena and sphalerite to
suitable structural situations, which, according to SNYDER (1967), are features
of Mississippi type deposits, are also features of the Woodcutters lodes and country
rocks.

The similarity of Woodcutters to the southern Missouri deposits, coupled
with the probable signific-nce of dolomite and its precursors in the formation
of lead-zinc deposits, suggests the possibility that‘ore may also be found in
the Celia or the Coomalie Dolomites. The'search for such deposits should also
be carried out in the dolomitic facies of the Golden Dyke Formation, especially
in places where there is evidence thét fluid movement h;s‘taken place; it should
be centred about fracture-zones and anticlinal zones which may indicate the
existence of pressure gradients and accompanying tension fractures similar to

those which contain the ore at licodcutters.

Acknowledgements

The major part of this work was carried out at the Mineralogisch -
Petrographisches Institut der Universitgt, Heidelberg, which holding a’Commonwealth
of Australia Public Service Board post-graduate scholarship. I wish to thank
the many members of the Institute staff for their advice and assistance, in

particular Professor G.C. Amstutz, who extended to me the hospitality of the



38,

- 1 : . - .. ) - -
Institute, Professor German Muller for his valuable instruction and advice on
carbonate sedimentology, and Professor P. Ramdohr for his advice on the mineralogy
of the Vioodcutters deposit.

o

Thanks are due to Geopeko Ltd, who supplied drill cores and plans

used in the study, and Mr G.R. Ryan and lr A. Taube of the above company for

- their assistance in making the core collection. Finally, I am particularly

grateful to Mr W.B. Dallwitz for his careful reading of the manuscript, and

for his helpful suggestions during its preparation.



REFERENCES

ABELSON, P.H.: Some aspects of Palaeobiochemistry. Anals. N.Y. Acad.
Sciy, 69, 276-285 (1957).

- ALDERMAN, A.R., and SKINNER, H. Catherine %W.: Dolomite Sedimentation in

S

“the south east of South Australia. Am. J. Sci. 255, 561-567 (1957).

BARBAT, W.M.: Crude Oil Correlations and their Role in Exploration.
Bull. Am. Assoc. Petrol. Geologists 51, No.7, 1255-1292 (1967).

BONDARENKO, G.P.: 'An experimental study of the solubility of galena in
the presence of fulvic acids' Geokhimiya No.5:  631-636 (1968).

BONNER, N.A., and KAHN, M.: Behaviour of Carrier-Free Tracers, in. 'Radiocactivity
Applied to Chemistry', Arthur C. Wahl and Norman A. Bonner, eds. John Wiley
" and Sons N.Y. 604 pp. (1951). '

BROCKS, R.R., KAPLAN, I.R., and PETERSON, M.N.A.: Trace element composition
of Red Sea geothermal brine and interstitial water, in: Hot brines and
recent heavy metal deposits in the Red Sea. Egon T. Degens and David A. Ross
eds. Springer-Verlag N.Y. 180-203 (1969).

CHILINGAR, G.R. and BISSEL, H.J.: Is.Dolomite Favoured by High or Low pH?
Sedimentology, 2, 171-172 (1963a). ' |

CROHN, P.%., LANGRON, W.J., PRICHARD, C.E.: The VWoodcutters L.5 Prospect,
Rum Jungle area, Northern Terriﬁory. Bur. Min. Resour. Aust. Rec. 15k,

(1967) (unpubl.).

Dana's System of Minefalogy, Seventh Edition, Vol II. Charles Palache, Harry
Berman, and Clifford Frondel,eds., John Wiley and Sons,N.¥.1124 pp. (1951).

DEGENS, E.T., KNETSCH, G., and REUTER, H.: ZIZin ‘geochemisches Buntsandstein -
Profil von Schwarzwald bis zur Rhon. Neues dJahrb. Geol. Pal. Abh. 111,
181-233 (1960). ) ”

DEGENS, E.T., and EPSTEIN, S.: Oxygen and carbon isotope ratios in coexisting
calcites and dolomites from recent and ancient sediments. Geochem.

Cosmochem. Acta., 28, 23-4l (1964).



DURNET, D., and MOORE, J. McM.: Inhomogeneous strain and the remobilisation

of ores and minerals. Conference on Remobilization of ores and minerals,
Calgliari, 81-100 (1969).

EVANS, W.E.: The organic solubilisation of minerals in sediments, in
;'Advances in Organic Geochemistry' Umberto Colombo and G.D. Hobson

. eds. Pergamon Press, London, 488 pp. (1964).

FRIEDMAN, G.M., and SANDERS, J.E.: Origin and occurrence of Doldstohes. in:
Developments in sedimentology, 94, G.V. Chilingar, H.J. Bissell, and R.V.
Fairbridge, eds., Elsevier Amsterdam 471 pp. (1967).

FRIEDMAN, G.M.: Occurrence and origin of Quaternary dolomite at Salt Flat,
west Texas. Journ. Sed. Pet. 36, 263-267 (1968).

1
FUCHTBAUER, H., and GOLDSCHMIDT, H.: Beziehungen zwischen Calciumgehalt
und Bildungsbedingungen der Dolomite. Geol. Rundschau 55, 29-40 (1963).

GERMANN, Klaus.: Diagenetic patterns in the Wettersteinkalk, (Ladinian, Middle
Trias) Northern limestone Alps, Bavaria and Tyrol. Journ. Sed. Petrol.

%8, No. 2 490-500 (1968). _ e

GOLDBERG, E.D.: The oceans as a chemical system,in: 'The Sea Interscience N.Y.)

M.N. Hill, ed. 3-25 (1963).

GOLEVA, G.A., POLYAKOV, V.A., and NECHAYEVA, T.P.: Distriﬁﬁtion and migration

of lead in groundwaters. Geochemistry International, 7, No. 2, 256-268 (1970).

GOLDSMITH, J.R., GRAF, D.L., and JOENSUU, 0.I.: The occurrence of magnesian
calcite in nature. Geochem. Cosmochem. Acta., 7, No. 5, 212-230 (1955).
GRAESER,; S.: Die Mineralfundstellen in Dolomit des Binnatales, Schweiz. Min.

Petr. Mitt. Band 45 Heft 2, 597-795 (1965).

GRAF, D.L., and GOLDSMITH, J.R.: Some hydrothermal synstheses of Dolomite
and Protodolomite. J. Geol. 64, 173-186 (1956). ' 8

GRAF, D.L., EARDLLY, A.J., and SHIMP, N.F.: A preliminary report on magneéium'
carbonate formation in glacial Lake Bonneville. J. Geol. 69, 219-223 (1961).



3-

GRUNER, John W.: The decomposition of ilmenite. Econ. Geol. 5k, 1315-1323
(1959).

HEINRICH,.E.W.: The geology of carbonatites. Rand Mclally Coy. Chicago,
555 pp. (1966).

HEWITT, D.F.: Dolomitization and ore deposition. Econ. Geol. 23, 821-863
(1928).

HOWE, W.B.: The stratigraphic succession in Missouri. Missouri Geol. Sur.

" and Water Resources Vol. XL 2nd Series, p.17 (1961).

HUNT, J.M.: The origin of petroleum in carbonate rocks,in 'Developments in

Sedimentology' 9.B. Elsevier Amsterdam 471 pp. (1967).

JACKSON, S.A., and BEALES, F.W.: An aspect of sedimentary basin evolution :
the concentration of Mississippi Valley-type ores during late stages of

diagenesis. Bull. Canad. Petrol. Geol. 15, No.k4, 382-433 (1967).

KENNEDY, G.C.: A portion of the syétem silica~water. Econ. Geol. 45,
629-653 (1950).

KRYNINE, Paul D.: The tourmaline group in sediments, Journ. Geol., 5k,

65-87 (1946).

KVENVOLDEN, K.A., and SQUIRES, R.M.: Carbon isotope composition of crude oils
from Ellenberger Group (Lower Ordovician), Permian Basin, West Texas and
Eastern New Mexico. Bull. Am. Assoc. Petrol. Geologists 51, No.?7,
1293-13%03% (1967).

LARSEN, G., and CHILINGAR, G.V.: Introduction to Diagenesis in Sediments, in:
'Developments in Sedimentology' vol. 8, Elsevier Amsterdam 551 pp. (1967).

LERMAN, A.: Chemical equilibria and evolution of chloride brines. Fiftieth
Anniversary Symposia: Mineralogy and Petrology of the Upper Mantle, Sulphides,
Mineralogy and Geochemistry of Non-Marine Evaporites. Mineralogical Soc. of

America Special Publication No. 3, 291-3206 (1$70).



MARSCHNER, H.: Relationship between carbonate grainsize and non-carbonate
content in carbonate sedimentary rocks in -'Recent Develcpments in
Carbonate Sedimentology in Central Europe' Muller, G., and Friedman, G.M.,

eds. pp. 55-57 (1968).

MOHL;G.H.: Blue remaining covellite and its relations to phases in the
 su1phur—rich portion of the copper—sﬁlphur system at low temperatures.
Mineral Soc. Japan Spec. I pp. 226-232 (1971). (Prac. IMA-IAGOD
meetings 1970 IMA Vol.) | '

1! .
MULLER, G., and IRION, G.: Huntite, dolomite, magnesite, and polyhalite of
recent age from Tuz GBlY, Turkey, Nature 220, 1209-1310 (1968).

" )
MULLER, G.: High magnesian calcite and protodolomite in Lake Balaton (Hungary)
sediments. Nature 226, No. 5247, 749-750 (1970). '

NEUBERG, Carl, and MANDL, Ines.: Beatliche Wirkung von Salzen organischer
SBuren auf unlBsliche anorganische Verbindungen. Z. Vitamin-, Hormon-,
und Fermentforschung, 2, 480-492 (1948).

OWEN, E.W.: Petroleum in carbonate rocks. Bull. Am. Assoc. Petrol.

Geologists 48, 1727-1730 (1964).

- PATERSON, M.N.A. and VON DER BORCH, C.C.: Chert : modern inorganic deposition
in a carbonate-precipitating locality. Science, 149, 1501-1503 (1965).

ROBERTS, W.M.B.: ﬁecrystallization and mobilization of sulphides at 2,000
atmospheres and in the temperature range 50°-145°, Econ. Geol. 60,

168-171 (1965).

ROEDDER, E.: Environment of deposition of stratiform (Mississippi Valley-
type) ore deposits, from studies of fluid inclusions. Econ. Geol.
Monograph 3 'Genesis of Stratiform Lead-Zinc-Barite-Fluorite deposits'.
J.S. Brown, ed. (1967). 349-360.
SANGSTER, D.F.: Metallogeﬁesis of some Canadian lead-zinc deposits in carbonate

rocks. Proc. Geol. .Assoc. Canada 22, 27-36 (1970).



5,

SKINKNER, H.C.%., SKINNER, B.J., and RUBIN, M.: Age and accumulation rate of
dolomite-bearing carbonate sediments in South Australia. Science 136,

335-336 (1967).

SNYDZR, F.G.: Criteria for origin of stratiform ore bodies with application
to North East Missouri, in: Genesis of stratiform lead-zinc-barite-fluerite

deposits in carbonate rocks. Econ. Geol. Monograph V.3, 1-13 (1967).

TAUBE, A.: Report on investigation of the Woodcutters L.5 prospect, Rum Jungle.

area, during 1969. Geopeko Ltd, Gondwana Project (unpubl.).

WALPCLE, B.P., CRCHN, P.W., DUNN, P.R. and RANDAL, M.A.: Geology of the
Katherine-Darwin-Region, Northern Territory. Bur. Min. Resour. Aust. Bull.

82 (1958).

WYLLIE, P.J.: Experimental studies of carbonatite problems: the origin and
differentiation of carbonatite magmas. pp. 311-352, in: ‘Carbonatites'

O0.F. Tuttle, J. Gittins, eds. Interscience Publishers N.Y. 591 pp. (1966).

YODER, H.S., and BEUGSTER, H.P.: Synthetic and natural muscovites. Geochen.
Cosmochem. Acta., 8, 225. (1955).

ZWIERZICKI, J.: Lead and Zinc Ores in Poland. Inst. Geol. Congr. 18th Session
Part VII 1948. 314-324,

W.M.B. Roberts,
Bureau of Mineral Resources,
Geology and Geophysics,
P.0. Box 378,
CANBEREA CITY A.C.T. 2601, AUSTRALIA.



	Front Cover
	Title Page
	Summary
	Introduction
	Geological and Tectonic Framework
	Host Rocks
	Ore Mineralogy and Fabrics
	Pyrite
	Sphalerite
	Galena
	Lead Sulpho-Salts
	Bournonite
	Arsenopyrite
	Tetrahedrite and Stannite
	Marcasite
	Chalcopyrite
	Pyrrhotite
	Greenockite
	Blaubleibender Covellite, Digenite, and Bornite


	Gangue Minerals
	Dolomite
	Quartz
	Tourmaline
	Anatase
	Sericite and Muscovite
	Chalcedony
	Graphite

	The Depositional Environment Of The Woodcutters Deposit

	Origin of the Ore
	Concentration

	Fixation in the Sediments
	Transport and Precipitation
	Summary of Suggested Mode of Origin of the Deposit

	Acknowledgements
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15




