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Abstract

Exploration has continued on EL 38/89 (Zechan 4) for carbonate hosted base-metal deposils
within the Gordon Limestone of the Zeehan area, West Tasmania. Analogies with Irish-style
carbonate hosted base metal deposits are being used to guide exploration.

Work undertaken in the 12 month period to 1/3/1997 consisted of diamond drilling (1 hole for
242.5m), zinc recovery bench tests on drillcore, a basin analysis study and an honours project

on the Grieves area.

DD96ZG4 16 was designed to test the down dip extent of mineralisation in DD93ZG107 and
DD95ZG406 on section 47900N. Only sub-economic mineraiisation was intersected.

1.3m @ 335%7Zn from 184.5m
2.8m @ 2.17% 7Zn from [90.4m
7.4m @ 258%Zn 031%Pb from 216m

(Cut off grades are 1.0% Zn and 0.1% Pb).

Results from the detailed helimag survey were interpreted and incorporated into the
geological map. Delineation of argillaceous units within the limestone was possible along
with the recognition of major structures. Siderite alteration at Grieves Siding is also
recognisable in the magnetics.

A study by CRA-ATD on zinc recoveries from Grieves drillcore concluded that the ore will
be difficult to process on account of oxidation and fine grained nature of the material.

A basin analysis study was completed by Geosea Consultants (Dr Clive Burrett). Three
formations were recognised in the Gordon Limestone corresponding to differing carbonate
depositional environments. It was inferred that there are truncated sequences within the
limestone of the Grieves area. In conjunction with the above mentioned honours project, the
basin analysis study has provided a detailed stratigraphic reconstruction of depositional
environments for the Grieves area during the Ordovician.

Results from the honours project also indicated multi-phase dissolution and re-precipitation
of sphalerite during weathering. Lead isotope data suggests a Cambrian source to the
mineralisation with the timing of emplacement at or around the late Ordovician.

The conclusion of the 1996 drilling programme is that sphalerite mineralisation and siderite
alteration are replacing the dolomitised Oolite Unit. It occurs in two bands with the lower
horizon having a lead enrichment of at least one or two orders of magnitude. The possibility
of palaeo-weathering having reconstituted the mineralisation is still feasible.

Recommendations are for further diamond drilling down-dip or along strike from
DD956ZG416 including up to 1-2 km to the north. It is also recommended to diamond drill
test the mineralised structure of Grieves South.

Environmental rehabilitation consisted of ripping compacted ground around drill-sites and
access tracks and the removal of rubbish and cuttings. Care has been taken to avoid
unnecessary damage to vegetation,

Expenditure for the 12 month period was $114,957.

Total expenditure for this licence to 1/3/1997 is $1,040,287.

A joint venture partner s currently being sought.
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1. Conclusions and Recommendations
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The diamond drill hole DD96ZG416 intersected three mineralised horizons (>1% Zn), hosted
within two distinct siderite zones; 179.8-193.5m and 215.4-222.6m. These horizons occur at
the top and bottom of the dolomitised Qolite Unit. The zinc mineralisation is present as
sphalerite within siderite both having replaced the Oolite Unit. Drilling downgraded potential
for a CRA size orebody. It was decided to seek a joint venture partner.

Zinc recoveries on drillcore from Grieves were poor due to oxidation effects and the fine
grained nature of the ore material.

The basin analysis study has confirmed some structural complexity within the Grieves Siding
area, including the suggestion of truncated sequences due to faulting.

The detailed helimag survey has delineated the siderite zone associated with the Grieves
Siding mineralisation. Several other anomalies with similar amplitudes occur in what is
considered as non-prospective limestone areas. Argillaceous units in the limestone and
surrounding clastic formations are well defined as magnetic lows, in particular the Siltstone
Unit. Several subtle magnetic features coincide with geochemical anomalies, and are thought
to be mineralised structures. Some structures transect the limestone.

An honours project on the ‘Timing and Style of Pb/Zn Mineralisation of the Grieves Siding
area, Western Tasmania’ has shown that the mineralisation is Ordovician aged. Mineral
beartng fluids were introduced via structures tapping the underlying Cambrian Mount Read
Volcanics sequence. There is evidence of multiple sphalerite dissolution and re-precipitation.

The collection and compilation of data over the past two years has greatly increased the
understanding of the geology of the Ordovician/Silurian sequence. Prior to further drilling or
surface work, greater effort shouid be put into the three dimensional geometry of the
limestone and reference made to the unique pattern of carbonate deposition.

Considerations for further work include:-

. Continue down-dip diamond drill tests of the Grieves mineraliation. This can be
along strike north and south from DD96ZG416 or drill down to greater depths (e.g.
400m).

. The northern area of Grieves Siding is poorly understood, therefore diamond drill
testing of the base of the Gordon Limestone should be undertaken.

. Diamond drill test the mineralised structure where it cuts across the Siltstone Unit at

Grteves South.

2. Introduction

EL 38/89 was granted to Major Mining Ltd. on the 30th March 1990. CRAE Pty. Ltd.
entered into a Joint Venture Agreement with Major on the 23rd April 1991. In late 1993
Major Mining divested its interest in the Joint Venture to Allegiance Mining, with the
exploration tenements transferred to CRAE (90%) and Allegiance (10%) as tenants in
common on 22nd January 1994,

March 1997 EL 38/89 Zechan No. 4 CRAE Rep. No. 22210 |
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EL 38/89 covers 9 km’ located 12 km south of Zeehan on the Tasmanian West Coast (Plan
Tv 1105). During the period under review, the seventh year of tenure, CRAE has a statutory
requirement to spend $18,000.

CRAE’s principal commodity of interest is zinc within the Ordovician Gordon Limestone.
The main prospect is at Grieves Siding, which commanded all the undertaken work for 1996.
The other area of interest is Grieves South, which occurs approximately 1 km south of

Grieves Siding.

This report details all exploration conducted within EL 38/89 by CRAE for the period 1/3/96
to 1/3/1997. This work consisted of 1 diamond driil hole (242.5m).

A description of the regional geology is given in Parkinson (1994).

Sub-divisions of the Gordon Limestone are made on a lithologic/lithostratigraphic basis for
utilisation in drill hole logging. Explanation of formation codes is in Appendix 1.

3 Review of Previous Work

See Appendix II.

4, Exploration Completed in the 12 Month Period Ending 1 March 1997

Exploration was confined to a single diamond drill hole at Grieves, zinc recovery tests on
drillcore and an honours project on the ‘Timing and Style of Pb/Zn Mineralisation of the
Grieves Siding area’ by Darren Glover at the University of Tasmania.

See Appendix IV for the drillcore analysis routine.

4.1 Diamond Drilling (Plan Tv 964)

Grieves Siding

DD96ZG416 85°to 143° (AMG) TD 242.5m Drillrig: LY38
(Diamond Drilling of Tasmania Pty. Ltd).

Aim of Hole

The target was to test the down-dip extension of high grade zinc mineralisation
associated with DD93ZG 107 and DD95ZG406.

March 1997 EL 38/89 Zeehan No.4 CRAE Rep. No. 22210 2
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Results

This drill hole intersected two mineralised siderite horizons: 184.5m to 193.2m and
216m to 223.4m (Plan Tv 1040) that occur at the top and bottom of a dolomitised
equigranular bioclastic unit - the Oolite Unit, - towards the base of the Gordon
Limestone (Appendix III).

The upper horizon yielded two intercepts using a 1% Zn cut off grade.

. Im @ 3.35% Zn (Pb 56 ppm) from 184.5m
. 2.8m @ 2.2% Zn (Pb 25 ppm) from 190.4m

The lower contact yielded:-
. 7.4m @ 2.58% Zn (0.31% Pb) from 216m

Using simple mass balance calculations it is inferred that most zinc occurs as
sphalerite in the lower horizon, whilst the upper zone is a mixture of zinc siderite,
sulphide and silicate.

Copper, arsenic and silver are enhanced within the lower zone up to 946 ppm, 1790
ppm and 13.2g/t respectively.

Manganese assays show a correlation with dolomitisation.

Additional cross sections showing previous drilling information have been completed
- plans Tv 1030, Tv 1031 and Tv1042

Zinc Recoveries from Drillcore

CRA-ATD (Melboumne) undertook bench tests for zinc recoveries on drillcore from
the Grieves Prospect. Two samples 5471296 and 5471297 were sent for
characterisation. The former from DD932G107 - 154 to 163m and the latter from
DD96ZG406 - 115 to 126m. Both samples are metallurgically complex, different in
character and will be difficult to process. A copy of the full report is included in
Appendix V.

Significantly the iron carbonate (siderite) appears to be an end member for a solid
solution series, with smithsonite being the other end member. Text references to
zincian siderite may in fact refer to weathering products of sphalerite (smithsonite is
an acknowledged zinc secondary mineral).

Factors inhibiting recovery are:

- oxidation coatings on sulphide grains
- fine grained nature and thus poor liberation

March 1997 EL 38/89 Zechan No. 4 CRAE Rep. No. 22210 3
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Detailed Helimag Survey 3 8 4 008

The Gordon Limestone of the Zeehan area was flown over as part of a detailed sub-
regional helicopter-borne magnetic survey. Line spacing was approximately 60m
with an average flight height of 30m and sampling intervals were approximately every
3-4m. A feature of this innovative survey was that the flight lines were aimed at being
perpendicular to the strike of the limestone which resulted in time consuming and
complex processing.

Relevant parts of the initial report (CRAE report 22222) including the Grieves area
are included in Appendix VI. Interpretation of the data has been incorporated into the
geological map. Significant features include:-.

. Accurate definition of the boundaries of the Gordon Limestone with respect to
the underlying and overlying clastic sequences.

» Delineation of argillaceous limestone horizons, in particular the Siltstone Unit.

. As a result of the lithological segregation, inference of fault structures can be
made.

. Identification of the siderite zone at Grieves Siding. Unfortunately this

anomaly is similar in amplitude and dimensions to numerous other anomalies
generally in non-prospective limestone areas.

) The Upper Dolomite Unit with its inferred mineralised fluid interaction is
highlighted.

Basin Analysis Study

Dr Clive Burrett of Geosea Consultants was contracted to provide a stratigraphic
study of the Zeehan carbonate drill holes to establish:-

. a stratigraphic column for the Zeehan carbonate sub-basin including
identification of formational boundaries.
. a measure of the variability of carbonate depositional environments and the

possible inference of syn-sedimentary faults.

This was achieved successfully and a copy of the full report is included as Appendix
VIL

The work has established sub-divisions of the Gordon Limestone, the Blackjacks,
Myrtle and Ugbrook Formations which are recognisible throughout the Zeehan area.
Some discrepancies remain, such as whether there are fault truncated sequences and
the exact recognition of the facies variable Siltstone Unit (re the Lord’s Siltstone in
the Florentine Valley).

Drill holes viewed from EL 38/89 were DD95ZG406, DD95ZG405, DD95ZG403,
DD95Z2G410, DD95Z2G413 and ZB 1007.

March 1997 EL 38/82 Zeehan No. 4 CRAE Rep. No, 22210 4
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This report details stratigraphic correlations of all the Grieves and Grieves South drill
core (including previous competitor’s drilling). The results have been incorporated
within the sub-regional setting as produced by Geosea. The study also contains details
of a microscopic examination of the zinc mineral-bearing species found within the
area (Appendix VIIE). In addition, a detailed examination of the paragenetic sequence
is presented. [t is proposed that siderite occurs as an early and as a later phase than
the main zinc mineralisation.

The main conclusions of the study are:-

. Carbonate deposition has occurred at four main sites within the carbonate
platform, similar to the Great Bahaman Bank and the Persian Gulf of today.
. Sulphide oxidation, dolomite dissolution and remobilisation of HCO,- resulted

in the precipitation of smithsonite, thodochrosite and magnesite with a later
hemimorphite overprint.

. Textural features of the mineralisation show evidence for repeated sphalerite
dissolution and re-precipitation.

L A manganese and barium halo is associated with the main mineralised zone.

. Lead isotope ratios for galena plot close to the edge of the Cambrian field; well
away from the Devonian field.

. Two possible scenarios for the fluid characteristics and source are proposed for

the mineralisation at Grieves:-

1. non magmatic, low temperature, low salinity basinal or connate brine
and/ or;
2. modified seawater hydrothermal fluid derived from compaction of

Ordovician and Cambrian sediments by the Late Ordovician
Benambran Orogeny .

5. Discussion of Results

The preferred stratigraphic horizon for zinc mineralisation at Grieves is the dolomitised
Oolite Unit. This Oolite Unit has considerable strike extent throughout the Grieves area and
beyond. Its thickness is generally of the order of 30m. The underlying argillaceous bioclastic
unit may also be mineralised.

In DD95ZG406 and DD93ZG 107, two mineralised zones are found associated with siderite
alteration, dark grey clay and ferruginous clay. Generally the upper zone is lead deficient
whilst the lower zone is lead enriched. This pattern of mineralisation is matched in
DD96ZG416 except that in this hole, the unit between the mineralised siderite zones is the
dolomitised Oolite Unit. Weathering of the dolomitic Oolite Unit is likely to remove the
calcium (and magnesium) leaving behind dark grey clay minerals i.e.the Dark Grey Clay

Unit, whilst recent weathering of the Siderite Unit is likely to produce the Ferruginous Clay
Unit.

March 1997  EL 38/89 Zeehan No.4 CRAE Rep. No. 22210 5
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A very argillaceous bioclastic unit often lies beneath the Oolite Unit, particularly in the non-
mineralised holes e.g. DD95ZG405. Weathering of this unit is also thought to produce dark
grey clay. This unit may also have had mineralisation which on weathering converts to the
lower, more clay rich sulphidic mineralised zone. Other permutations of weathering, faulting
and sediment cyclicity may produce variations on this theme. Weathering is also believed to
have caused the dissolution, movement and reprecipitation of sphalerite in the near surface
environment. This is chemically possible in very acid, peat rich soils with a high rainfall and
cold climatic conditions. Some Iberian pyrite belt discoveries have secondary siderite which
is slightly magnetic (+/- secondary (weathering induced) galena).

Is it possible that the siderite of Grieves represents weathered massive pyrite and thus the
siderite is not a product of the Heemskirk Granite mineralising episode?

Dolomitisation also appears to be related to faulting e.g. the dolomitic zone 60.9m - 71.7m
coincides with zones of broken core and evidence of shearing.

The dolomitistion of the Oolite Unit may be the result of precursory and prevasive fluids
acting prior to the main mineral-bearing phase.

6. Environment and Rehabilitation

A number of activities conducted during 1996 have impacted on the environment. These
include:

- diamond drilling at Grieves

Rehabilitation of surface disturbance included:-

- capping of diamond drill hole collars

- raking of drill sites
removal of rubbish and cuttings

All exploration work is discussed on site with Department of Industry Safety and Mines
personnel prior to it being undertaken. Their advice allows for environmental impact of the
proposed work to be kept to a minimum.

The drill site will naturally revegetate. No permanent new access tracks were created. Where
possible, low-impact technologies were employed in exploration.

March 1997 EL 38/89 Zeehan No.4 CRAE Rep. No. 22210 6
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CRA Exploration Pty Limited
DPO Register

EL 38/89 Zeehan 4
DPO LAB Batch Lab Name DPO Office Geologist | Tenement Tenement Sample Number of| 250,000 100,000
Number | Number Location Date Number Narmne Type Samples | Map Sheet Map Sheet
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Appendix I

The Gordon Limestone Lithostratigraphy
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Zeehan Carbonate Project 38 402 2

In the Zeehan sub-basin the Gordon Limestone has a thickness of 500m (DDH ZB1007).
Drilling by CRAE has subdivided this formation into lithologic and lithostratigraphic units. These
subdivisions have been utilised in the drilihole logging and are displayed below.

Drill Hole Logging Formation / Lithology Codes

Sc = Crotty Quartzite SILURIAN
Ogud = Upper Dolomite \ j
Ogsi = Siltstone Unit
Ogul = Undifferentiated limestone
Ogdi = Undifferentiated dolomite
Ogmu = Laminated Micrite Unit
Ogoo = Oolite Unit ORDOVICIAN
Ogsd = Siderite Unit GORDON
LIMESTONE
Ogde = Dark Grey / Black Clay Umit
Ogfc = Ferruginous Clay Unit
Ogms = Massive Sulphide Unit
Ogst = Silty Transition Unit ___J
Om = Moina Sandstone
Oo = Owen Conglomerate ____)
Ed = Dundas Group (undifferentiated) CAMBRIAN

An explanation for the sub-divisions is given below.
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384023

The Crotty Quartzite

This formation is a sequence of deltaic quartzites of Silurian age. However in drillcore
there appears to be no consistency in lithologies at its base which is perhaps to be
expected. The question of a faulted contact is brought to mind and thus the unit has not
been subdivided. In DD95ZM 190 the sequence passes from white massively bedded
sandstone into interbedded/interlaminated sands, shales and silts before finally passing into
dark shales (fissile) and clays (possible fault gauge). This is possibly matched in
DD95DDS98 but there are considerable thickness variations.

The Upper Dolomite Unit (Ogud)

This is a dolomitised limestone unit that always occurs beneath the Crotty Quartzite
contact. Its thickness is variable, up to 100m in DD935ZR 104 and down to 25m in
DD95ZM190. It is possible that the dolomitisation is fault related, the fanlt being the
Crotty Quartzite/Gordon Limestone Contact.

The Siltstone Unit (Ogsi)

This is an argillaceous calicsiltite with bands of bioclastic calcarenite and nodular calcsiltite,
Locally it is unreactive to dilute HCL.. It generally occurs at the base of the top third of the
stratigraphic column and has an average thickness of 15m.

There is a transitional upper and lower sequence to the main Siltstone Unit.
Undifferentiated Limestone (Ogul)

This is a bucket term to fit all limestones that do not separate out into any distinctive
lithology subdivision

Undifferentiated Dolomite (Ogdl)

Localised zones of dolomitised limestone occur within various parts of the stratigraphic
column. Unless it is part of the Upper Dolomite, it is referred to as undifferentiated
dolomite. The dolomitisation is attributable to faults and/or due to mineralisation as Ogdl
units often have elevated base metal values.

Laminated Micrite Unit (Ogmu)

This is a distinctive lithofacies comprising of banded and stylolitic fine grained calcarenites
and micrites. Sometimes the laminae consist of argitlaceous matenial. The units have an
upper thickness limit of generally <3m except in specific circumstances (DD95ZP63).
Birds eye micrite units are often associated with the laminated zones. The unit is not a
marker horizon but occurs with sufficiently regularity in drillcore as to be able to assist
stratigraphic correlations.

Oolite Unit (Ogoo)

This unit occurs in outcrop at Grieves Prospect as a dolomitised equigranular calcarenite
unit - believed to be an oolite. It is believed that this well sorted, clean, medium grained
bioclastic calcarenite unit, locally oolitic, is really part of a package of well sorted
calcarenites seen towards the base of the limestone sequence.
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384024

Siderite Unit (Ogsd)

The Siderite Unit is an alteration facies imposed on and replacing }imestone (?dolomitised)
at the base of the Gordon Limestone. It is regarded as being part of the alteration
associated with the replacement Zn/Pb mineralisation.

Siderite alteration also occurs at Grieves in the middle of the limestone sequence.

Siderite is also present at the upper sandstone/limestone contact at Blackjacks
(DD95DB110) and Myrtle (DD35ZM190).

Dark Grey/Black Clay Unit (Ogdc)

These clays are encountered at surface and in drill core above 300m vertical depth. They
generally are to be found at the base of the limestone, although they can occur at the top
contact (DD95DB110). Dark clays can also be found in the top of drillholes where
surficial weathering of the limestones has produced a black pug - depths of 45 vertical
metres have been recorded (DD95ZR103). The exact nature of the clays at the basal part
of the limestone is unclear. They always underlie the Oolite Unit, often can be intermixed
with siderite zones of the Siderite Unit and can be part of the underlying Silty Transition
Unit. Whether they are products of deep surface weathering, palaeo-weathering, fault
zones or mineral-related alteration remains to be resolved.

Ferruginous Clay Unit.

These are light grey, orange, yellow, brown and red coloured clays, often banded. They
generally occur beneath the Dark Clay Unit, although at Grieves they can be intermixed
with the Dark Clays. In some instances they are sericitic, in others they can be sandy (fine
grained quartz grains). They are heavily limonitic and their exact nature is unsure. It is
possible that the clays are part of the Silty Transition Unit or even the underlying Moina
Sandstone. Altemnatively they could be weathering products of mineralisation associated
with the dark clay unit.

Silty Transition Unit

This is the basal unit of the Gordon Limestone. It comprises of a series of partly
dolomitised limestones and fine grained arenaceous units with black siltstones. It appears
to have a well defined thickness of between 12-16m and in some instances overlies the
Moina Sandstone conformably. Mineralisation would appear to lie immediately above the
top contact of the Silty Transition Unit.

Moina Sandstone

This sandstone formation is characterised by a silicic quartzite with localised conglomerate
bands, often becoming a pink silicic quartzite.
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Appendix 1I

Summary of Previous Exploration

Competitor and CRAE
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Year 1

Year 2

Year 3

Year 4

Year 3
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38402#

Activities by Major Mining prior to CRAE’s involvement are detailed in the
relevant statutory reports.

Exploration by CRAE on EL 38/89 prior to 1/3/92 focussed on a compilation and
review of existing open-file data. These initial activities lead to a concentration of
effort on adjacent tenements EL 28/88 and EL 34/88, at that time considered to be
more prospective.

Parkinson (1993). Compilation of open-file wacker and costean geochemistry lead
to the recognition that significant amounts of Zn were accurnulating in surficial
black pug (decomposed limestone), above apparently weakly mineralised
carbonates at Grieves prospect. Wacker sampling defined three separate targets; an
1100m linear zone at the upper contact of the limestone, a 700m linear trend at the
base of the limestone, and a highly conspicuous single point anomaly in the middle
of the limestone.

It was thought that there may be potential for sufficient metal accumuiations to
justify evaluation. Rock sampling of infilled costeans, mineralogical studies, and
reverse-circulation aircore drilling traverses were completed in an effort to identify
areas of substantial secondary near-surface mineralisation.

Parkinson (1994). Additional detailed aircore traverses were completed at Grieves
to identify the extent of mineralised surficial clays. Significant intersections were
made over 500m of strike length at the lower Gordon Limestone - Moina
Sandstone contact. Better results included:-

48250N 2G123 5.5mto 24m EOH 18.5m @ 4.5% Zn
48200N ZG115 2.8mto 28.5m EOH 25.7m @ 4.8% Zn
48150N Z2G352 8.0mto 28.7m EOH 20.7m @ 3.6% Zn

47850N ZG180 2.5mto 16.0m 135m @ 8.5% Zn
47800N 2G54 6.0m to 22.0m 16.0m @ 13.7% Zn
47750N ZGi81 1.5m to 20.0m 18.5m @ 3.4% Zn

Diamond drilling confirmed the surface zone is the manifestation of underlying
primary stratabound Zn mineralisation. Better diamond holes returned:-

48200N ZG365 79.1m to 88.0m 8.9m @ 4.5% Zn
48000N ZG107 123.95mto 139.1m  15.15m @ 10.4% Zn
and

47800N ZG359 52.75m to 63.5m 10.75m @ 4.0% Zn
Initial interpretations showed the mineralisation to have several components:-

- surficial “black-pug” style, related to geochemical dispersion and
enrichment by near-surface processes.

- stratabound mineralisation associated with siderite alteration

- mineralisation within stratabound clays adjacent to the ankerite alteration
zone.

Parkinson (1995). Continuation of detailed aircore drilling ZG366-ZG400 amount
to 35 holes for 312m including the following results:-

Moina Sandstone - Gordon Limestone contact - Grieves Siding
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Additional 10m-spaced aircore drilling at Grieves on line 47700N returned:-

ZG368 2.0mto 12.1m EOH 10.lm @ 12.9% Zn 2.6% Pb
2G370 2.5mto 14.0m 11.5m @ 6.0% Zn

and

ZG371 18.0m to 30.5m EOH 12.5m @ 2.9% Zn

ZG372 28.0m to 34.0m 6.0m @ 3.5% Zn

Middle portion of the limestone - Grieves South

Aircore drilling at 10m spacing around 47100N in the middle section of the
limestone where hole ZG36 in early 1993 intersected 6.2m @ 5.4% Zn returned
best values of:-

ZG374 00mtw4.8mEOH 48m @ 14.2% Zn 3.7% Pb
ZG395 4.0m to 12.0m 8.0m @ 2.0% Zn 1.0% Pb

Diamond drilling at Grieves prospect consisted of two holes (ZG364 and 365)
totalling 201.5m. Additional diamond drilling results not previously reported are
included here:-

Intervals exceeding 1% Zn for results received during the period are:-

47800N ZG359 52.7mto 63.5m 10.8m @ 4.0% Zn
47800N  ZG360 71.1mto 74.8m 3.7m @ 2.3% Zn
47900N ZG361 46.4mto 54.5m 8.lm @ 24%$ Zn
and 78.6mto 85.4m 6.8M @ 2.0% Zn
48000N  ZG362  18.1m to 54.0m 359m @ 2.8% Zn
and 78.4mto 86.0m 7.6m @ 3.6% Zn
48000N ZG363 413mto 101.0m 59.7m @ 4.0% Zn
48200N  ZG364 54.0mto 65.2m 11.2m @ 3.5% Zn
482000N ZG365 79.1mto 88.0m 8.9m @ 4.5% Zn

Sulphur analyses indicate sphalerite to be present but probably subordinate to Zn
clay and Zn-Fe-Mn carbonate.

All altered and mineralised sections from Grieves boreholes drilled by EZ were
relogged. Any altered, mineralised or clay zones not previously sampled by EZ
were resampled. '

Best results in previously unsampled zones include (>1% Zn):-

48250N  Z2G1013  1055mto 119.0m 13.5m @ 3.3% Zn
48400N  ZGI1015 1108m1io 112.7m 1.9M @ 1.5% Zn
and 121.7mto 125.6m 3.9m @ 1.1% Zn

Additional mineralogical work included XRD analysis of high zinc yielding core
pulps and petrological inspections of selected altered limestones.

Other work consisted of a “back of the envelope’ study into the economics of a
predicted CRA-style orebody. Magnetic susceptibility studies on core samples
highlighted the weakly magnetic properties of the siderite. Reprocessing of
Amoco’s gravity data was also undertaken.

Further groundwork comprised:-

1. 57 wacker samples at 200 x 25m intervals - sampling concentrated on areas
outside of Grieves Siding.
2. 36 decomposed organic material samples - results were regarded as unreliable.
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( Tear 1996 ) Diamond Drilling consisted of 8 holes for 1317.6m at Grieves
South. The significant intercepts are shown below.

Hole No. from | Interval | Zn | Pb% | Ag 5% Comment
(m) (m) % ppm
DD95ZG402 | 8.95 2.55 2.471 4.03 6.2 3.97 Sphalerite in dark
grey/black clays
DD95Z2G402 | 275 | 2.5 1.88] 036 | <0.5 [ 3.58 Sphalenite in dark
' : grey/black clays
DD95ZG403 | 134 1.5 0.56]0.14 | 1.8 Probable sphalerite in a

dolomitised oolite unit
DD952G404 | [51 [.63 0.821 1.68 3.l 5.16 | Probable sphalenite and
galena in dark grey/black
clays

DDO5ZG406 | 115 10.6 141 <01 | <0.5 1.63 Possibly secondary zinc
{smithsonite); no siderite

visible.

DD95ZG406 | 162 1 7.8 | 8.2 66 12.9 Sphalerite and galena in
dark grey clays

DDY952G406 | 1643 | 1.7 2.1 L7 7 1.63 Zincian siderite and
sphalerite/galena in dark
grey/black clays

DD95Z2G407 | 99 5 48 | <01 [ <05 |43 Mixture of zincian sidenite
and sphalerite? in dark grey
clay

DD95ZG408 | 109.1 | 0.3 0941 <0.1 1 0.36 Zincian siderite?

DD952G412 | 39.4 | 0.8 339 1.27 1.7 0.33 | Zincian siderite in possible
fault zone

DDB5Z2G414 | 60.7 1.1 0.841 <D.1 0.7 0.65 Possible sphalerite in

dolomitised oolite unit
DD95ZG415 | 84.6 ] 0.95 1.92] <0.1 52 3.48 Possible sphalerite in
dolomitised oolite unit

The holes at Grieves Siding prospect designed to test the down dip plunge of near
surface mineralisation previously intersected. Overall, the results were
disappeinting. Despite the high values in DD96ZG406 the zinc is believed to be in
the form of zinc aluminium silicate which is not easily processed.

Two zinc tich horizons occur in drillholes. The lower zone is characterised by
elevated lead values. Mineralisation is thought to be a replacive style - replacing
dolomitised Oolite Unit.

At Grieves South 3 drillholes (DD957.G409, DD95ZG410, DD952G412) aimed to
test the lower sandstone/limestone contact along strike from Grieves Siding. No
significant mineralisation was intersected, although minor siderite alteration was
recorded.

DD95Z2G402 confirmed that a 3% Zn wacker bedrock anomaly was due to
sphalerite in dark grey clays.

A detailed helimag survey was flown over the Gordon Limestone of the Zeehan
area. Line spacing was approximately 60m with an average flight height of 30m
and sampling intervals were approximately every 3-4m. The flight lines were
flown perpendicular to the strike of the limestone.
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Appendix 111

Grieves -DD96ZG416 Diamond Drill Logs and Assay Results
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2G416_| DBREZGA16 Grlaves 38/89 1] 4.3 Gha
ZG416 | DDIGZG416 | 77400 | 5471201 Grloves 38891 43 [ 1.8 0.58 -5 36 30 -5 034 0.3 D.45 B3 13 15 Ogul
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ZG416 | DD96ZG416 Grigves 38/48 12 15 Ogmu
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ZG416 | DDREZG416 Grieves 38891 174 24 Ogmu
ZG416 | DDO6ZG416 | 77400 | 5471203 Grigvas 38/89 24 25.5 1.1 0.3 7 as 26.5 -3 0.87 0.47 2.98 126 -0 19 Ogmu
ZG416 | DDIEZG416 Grigves 38/89 | 255 | 2.2 Ogmu
ZG416 | DDO6ZG416 | 77400 | 5471204 Grieves 3889 | 322 7 315 1 0.668 14 a0 23.4 -5 3.13 0.47 1.97 91 10 20 Oqfz
ZG416 | DD962G416 Grieves 3By | 335 | 296 Cqglz
ZG416 | DDOBZGA16 | 77400 | 5471205 Griaves IBBI| 396 | 408 1.8 081 -5 37 28.4 -3 0.68 0.42 1.98 111 -10 13 Cqglz
ZG416 | DD96ZGA16 Grievas 38/89 [ 408 48 Ogfz
Z(G416 | DD96ZGA16 | 77400 | 5471206 | Grieves 38/83| 48 493 | 12 1.59 -5 68 233 | 5 1.06 ] 3.23 203 14 13 Qgul
25416 | DD9EZG416 Giriavas 3889 | 493 | 5B/ Cgul
ZG416 | DDBBZO416 [ 77400 | 5471207 Grigvas 3Je/Bg | BB.7 60 05 1.88 -] ar 25.3 -5 1.16 1.01 268 321 15 10 Ogu|
ZG416 | DDS6ZG4168 | 77400 | 5471208 Grievas 38789 50 608 [ -D.5 2.03 -5 80 21.4 -5 1.63 0.87 3.29 561 11 428 QOgul/Ogd|
2G416 | DDOBZGA4S | 77400 | 5471209 Grievas 38/89 | 60.9 &2.1 -05 1.64 23 58 184 -5 4.16 075 573 1220 18 18 Ogdl
ZG416 [ DD96ZG4A16 | 77400 | 6471210 Griavas J8/8% | 621 63.7 -0.5 1.1 -5 41 12.6 -5 3.96 0.5 5.66 1510 -10 88 Ogdl
ZG416 | DDO6ZGA16 | 77400 | 5471211 Grleves J6/89 ) €37 65.2 -0.5 0.89 ] -5 28 235 -5 3.04 0.38 5.21 1120 12 a1 Oqdl
ZG416 | DD96ZG418 | 77400 | 5471212 Grieves J8/B9 | 65.2 66.5 -0.5 1.93 -5 49 18.3 -2 3.36 0.64 596 1270 12 K] Qqdl
ZG416 | DD96ZG416 | 77400 | 5471213 Grigves Je/ea | 665 | 67.8 | -0.8 1.6 -5 43 20.4 -5 a.r 0.55 7.4 1340 13 44 Oqgdl
ZGA16 | DD96ZGA16 | 77400 [ 5471214 Griaves 38/B9 | 67.8 69 0.8 0.91 -5 30 18.4 -5 2.91 0.39 B.37 1020 -10 10 QOqdl
ZG416 | DDAGZGA16 | 77400 [ 5471215 Grigvas 38Mm3 69 70.5 0.6 0.92 -5 34 19 -5 3.41 Q.39 &8.79 1210 -1a 10 Dgdl
26416 | DDB62GA16 | 77400 [ 5471216 Grieves 38/489 | 705 .7 -0.5 .86 -3 an 19.7 -8 3.6 Q.41 0.49 1330 13 10 Cqdl
2G416 | DDGEZG416 | 77400 | 5471217 Grigves /A9 | .7 | 732 1.3 1.27 29 5t 261 -5 1.41 .59 1.86 115 13 108 QodliOgmy
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ZG416 | DDIGZGA16 | 77400 | 5471218 Grigves | 38/89 | B4.2 | B5.6 1.4 0.6 -2 28 21 -5 036 | 026 0.7 48 14 34 Ogmu
2G416 | DDBEZG416 Grigvas 38/88 | 85.6 95 Ogmu
ZG416 | DDBRZGA16 | 77400 | 5471210 | Grigves | 38/89 | @5 94.5 1.3 | 065 -5 28 34 | -5 061 0.34 1.32 129 15 30 Cgmu
Z2G416 | DDIEZG416 Grigves | 38/89 | 965 | 983 Ogmuy
ZG416 | DD9BZG416 Grigves a8/as | 983 [ 1044 Ogqul
ZG416 | DDBEZG4A1E [ 77400 | 5471220 Grisves 36/83 | 104.4 | 106.4 1.2 0.4 -5 15 304 -5 0.8 D.2 2.84 131 11 18 Ogqul
ZG416 | DDOEZGA16 Grigves | 38/89 [ 106.4 | 117.4 Ogul
ZG4168 | DDBEZA416 [ 77400 | 5471221 Griaves 38/89 [ 117.4 | 1184 1.4 1.12 -5 44 26.8 -5 0.9 0.52 1.04 279 13 24 Qglz
ZG416 | DDBEZA416 Grigves 38/89 ) 1184 | 123.2 Oglz
ZG416 | DOB62G416 Grieves | 38/89 | 123.2 | 130.1 Ogmu
ZG416 | DDO6ZG416 | 77400 | BaT1222 Grieves 38489 [ 130.1 | 132.1 2.2 D.22 76 10 32.4 -2 2,12 0.11 0.79 65 -10 3580 Cgmu
2416 | DDSBZG416 Grigvas 38/B9 [ 1321 | 136.4 Ogmu
Z(3416 | DDSB6Z0418 | 77400 | 5471223 Grieves 38/89 | 136.4 | 139.8| -05 1.7 7 61 24 17 1.84 0.51 3.02 400 30 774 Cqmu
ZG416 | DD9BZG416 | 77400 | 5471224 Grievas 38/89 | 1398 | 141 1.6 0.72 -3 25 ) -3 1.22 0.24 1.54 252 27 3760 Ogmu
ZG416 | DDGBZGA16 | 77400 | 5471225 Grigvas 38/89 141 144 0.6 1.03 18 5 25.9 -5 223 0.35 2.59 450 14 1960 Ogul
ZG416_| DDBBZGATE | 77400 | 5471226 Griavas VB9 144 | 1452 048 0.87 -9 38 [ 243 -2 212 0.3% 3.8 568 1 674 Qgul
ZGa16 | DDOBZG41E | 77400 | 5471227 Grlgvas 38/89 ) 145.2 [ 1463 -D5 | 1.25 -5 a7 | 211 5] 277y 048 1 394 699 18 1500 Qgdl
ZG416 | DDI6ZG4A16 | 77400 | 5471228 Grigvas J6/89 7 146.3 | 149.5 1 0.92 -5 38 258 -9 1.16 0.4 1.59 288 15 715 QOgul
ZG416 | DDO6ZG416 | 77400 | 5471229 | Grieves | 3B/B% | 1495 [ 151.7| 0.8 1.39 -3 63 252 | -5 | 098 | 067 | 085 j L] 12 Il Ogul
2G416 | DDE6ZG416| 77400 | 5471230 Grievas BB | 1517 | 1529 11 131 -5 58 28.4 -5 1.06 064 073 465 11 19 Ogul
ZG416 | DPI6ZGA16 | 77400 | 5471231 Griaves 3B/B% | 152.9 154 1.2 1.4 -5 62 2B.5 6 0.76 0.69 0.62 224 13 17 Qgul
2G416 | DDIEZG416 Grieves | J8/89 | 184 | 1657 Oqul
2G416 | DDR6ZG416 ] 77400 | 5471232 Grigves 18/B89 | 165.7 | 166 0.5 23 -5 B0 221 -5 2.84 0.82 353 1370 3B 1480 Cqgdl
ZG416 | DDYEZG416 Grigves 38/B9 ) 168 [ 1724 Onqut
ZG416 | DDI6ZGA16 Grieves 36/89 | 1724 | {74 : Ogoo
ZG416 | DDBEIGA16 | 77400 | 5471233 Griaves 38881 174 176 1 0.55 -5 19 283 -5 0.79 Q.22 144 ao02 2B 373 Ogoa
2G416 | DDYSZG416 | 77400 | 5471234 Griaves 38/89 | 176 178 07 a.93 -5 29 26.3 -5 2.06 0.34 262 900 33 436 Ogee
ZG416 | DDIBZQ416 | 77400 | 5471235| Grigves | 38/8%| 178 | 1787 | -05 7 22 251 11.8 [ 12 | 305 | 224 | 257 242 54 516 Ogfz
ZG416 | DD96ZG4AE | 77400 | 5471236 Griaves 30/89 | 1787 | 1797 0.9 2.03 -5 65 269 -5 1.66 0.68 166 406 78 1170 Ogfz
ZG415 | DDBGZG416 | 77400 | 5471237 Grieves | 26/89 | 174.7 [1806]) 08 | 0.58 -5 21 146 | -5 174 | 023 | 242 5790 53 2110 Ogsd
20416 | DDYEZGA16 Griaves 3a/89 | 1006 | 183 Ogsd

["2Ga16 | DDB6ZG416 | 77400 | 5471238 Grieves 38/89 | 183 [ 1845 -0.5 1.2 11 38 11.8 57 131 0.4 6.19 6730 3 4880 Ogsd
ZG416 | DD9BZGA16 [ 77400 | 5471239 Grievas 33/89 | 1B4.5 | 1855 -0.5 0.5 59 20 10.2 -5 15 a.21 5.55 5220 56 33500 2.6 Ogsd
ZG416 | DDI62GA16 [ 77400 | 5471240 Grieves 3849 | 1855 [ 1874 | 05 0.58 -5 20 129 46 12.1 Q27 7a7 5730 23 8500 0.44 Ogsd
ZG416 | DD962ZG416 | 77400 | 5471241 Grievas 38/m9 | 1974 | 1889 | -05 1.81 17 60 10.7 -9 16.3 083 5.85 5960 22 €300 0.54 QOgsd
ZG416 | DDREZG416 [ 77400 [ 5471242 Grieves 38/89 | 188.9 | 1904 | -0.5 1,52 9 51 10,9 -5 16.5 Q.67 5.69 5080 22 6130 Q.75 Ogsd
2G4A16 | DDBBZG416 | 77400 | 5471243 Grigvas 3g/89 | 1904 (191.8] -05 0.88 -5 32 7.2 -5 23.4 0.34 3.38 12100 24 22900 Q.49 Ogsd
26416 | DDBEZGA16 | 77400 [ 5471244 |  Grleves a6/89 ) 1919 | 193.2] -0.5 | 0.8 -5 28 1ny | -5 15.1 037 | 592 9740 26 20400 0,59 QgsL
2G416 | DD3B2G416 | 77400 [ 5471245 Grievas OB/B9 | 1932 (1944 ] 06 | 278 15 a7 133 | 15 | 627 ] 5.9% 2580 185 7960 0.87 Oglz
ZG41r6 | DDBEZGA16 [ 77400 | 5471246 Grieves 38/89 | 1944 | 1957 | 0.6 0.7 -5 20 19.6 7 5.28 0.17 10.7 2000 18 3699 Qgoo
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2G416 | DD9Y6ZGA16 | 77400 | 5471247 | Grieves | 36/B9 | 195.7 | 1864 | 0.8 | Qa1 | -5 6 | 202 | 6 | 521 | ag8 | 1 1780 71 2910 Ogoo
ZG416 | DDS62G416 | 77400 | 5471248 Grieves Jsmg f 1969 | 198.8| -0.5 Q.53 -5 iq 18.6 El 8.53 0.5 11.6 3ra¢ ag 5330 a4.25 Qgaa
| 2G416 | DDB62G416 Grigves 3o ! 1985 [ 201 Ogoo
| ZGa16 | DD9EZG416 | 77400 | ba71249 Grigves 3eme | 20 2031 | -05 Q.46 -5 22 19.5 25 6.13 Q.13 10.6 2300 a1 2850 Ogoc
2G116 | DD962G416 | 77400 : 5471250 Grigves 3989 | 203.1 | 2051 0.6 Q.14 -5 & 22.9 7 1.55 -0.05 13.6 744 54 619 QOgop
ZGd416 | DD9RZG416 | 77400 | 5471251 Grigvas 39/89 | 2051 | 2069 | -0.5 0.96 -& 33 i3 -5 4.5 0.26 10.8 1840 55 2550 QOgoo
ZG416 | DDO6ZG416 | 77400 | 5471252 Grigves 38/99 | 2069 | 2085 | 1.1 0.32 ) 7 19.6 -5 5.37 0.05 1.7 2310 48 3949 Ogog
2G416 | DD96ZGH416 | 77400 | 5471253 Grievas 39/89 | 208.5 | 210 039 0.13 -3 -5 209 5 2.5 -0.05 11.9 1350 34 2010 Ogoo
2G416 | DD96ZG416 | 77400 | 5471254 Grieves Jg/48| 210 [211.5| D& 0.04 -5 & 20.8 -5 1.99 -0.05 124 1010 ar 2260 Ogoo
ZG416 | DD962G416 | 77400 | 5471255 Griaves 38/89 | 2115 | 213 -0.5 g.08 -5 -3 18.6 6 4.63 -0.05 11.3 2260 44 3650 Qgoo
ZG416 | DD962G416 | 77400 | 5471256 Grlevas 38/89 | 213 | 2139¢ -05 0.11 -5 5 20.9 L] 1.1 -0.05 127 603 76 B35 Ogoo
Z(3416 | DD96ZG416 | 77400 | 5471257 Griaves 33/A9 | 213.9 | 2157 1.2 1.94 -5 73 17.9 B 4.29 0.57 9.8 1840 325 5130 0.5 PgooOpsy

|_2G416 | DO96ZG416 | 77400 | 5471258 Grieves 38/89 | 215.7 | 216 0.6 1.11 37 38 14.7 -5 B.eq 0.46 8.03 4550 269 8540 0.98 Ogsa
2G416 | DDSBZG416 [ 77400 | 5471259 Grievas 38/89| 216 | 218.3] DB 1,72 36 54 3.71 90 26.3 0.74 1.56 13100 1370 19400 1.2 Ogsd

2G416 | DDSEZGA16 | 77400 | 5471260 Grieves 38/89 | 2183 | 221.6 | B2 3.22 s0D 92 1.09 | &41 31.1 1.1 0.63 15800 4060 339G0 2.5 Qgsd
ZG416 | DDO62GA416 | 77400 | 5471261 Grievas 38/89 | 2216 | 2226 | 3.2 | 232 128 i D.7 946 | 328 077 0.44 15000 3390 21500 1 Ogsd
2G416 | DDOBZGA18 | 77400 | 5471262 Grigvas 36/89 | 2226 | 223.4 11 B35 | 1790 | 224 008 | 918 | 7.08 2.28 0,34 1230 3520 16000 6.1 Ogde
ZG416 | DD96ZG4A16 | 77400 | 5471263 Grieves 36/89 | 2234 |1226.2| -05 7.59 161 344 0.07 59 3.1 3.15 0.38 103 1610 7930 a.6 Ogdc
ZG416 | DDS6ZGA16 [ 77400 | 5471264 Grigvas 38/89 | 2262 | 2276 | -05 7.95 57 350 0.15 20 1.76 3.1 Q.43 70 284 2400 Ogdc
ZG416 | DD96ZG416 | 77400 | 5471265 Grieves 38/89 | 2276 | 229.1| 05 B.34 55 380 0.0 21 2.88 ]| Q.45 61 92 1450 Ogdc
ZGA16 | DDOEZGA16 | 77400 | 5471266 Grigvas 38/89 | 2291 {2306 | -05 5.85 1214 246 0.05 i9 3.13 2.19 0.34 68 154 2730 Ogsl
| ZG416 | DDSBZGA16 | 77400 | 5471267 Grieves 38/89 | 2306 | 224 -0.5 495 132 180 | -D.05 | 24 2.02 1.86 0.23 34 2370 4330 Ogsl b

ZG416 | DDIBZGA16 [ 77400 | 5471268 Girieves 38/89 | 234 | 2365 -0.5 .37 178 03 | -0.05 | 42 2 3,15 0.36 31 160 4670 Ogatl
Z{3id16 | DD9BZGA16 | 77400 | 5471269 Grievas 38/89 | 236.45 | 2395 | -05 6.31 16 229 | -0.05 | 17 a.52 2.54 .31 21 100 64 Om
ZG416 [ DDABZGA16 | 77400 | 5471270 Grigves 38/89 | 239.5 | 2425 -0.5 1.23 -5 47 -0.05 7 0.26 a5 0.06 23 40 25 Om

bvOv8E
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Appendix IV

Flow Sheet for Diamond Drillcore Analysis
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Sheetl

Diamond Drillcore Sampling Flowsheet

Logged Core

Diamond Drillcore : half core (diamond saw)
up to 3m sample interval weight up to 7kg

v

lSample for assay with 7 digit CRAE sample number [ Rejects discarded
1 month after
results received

| To Analabs in Burnie |

Dry, Crush to 1cm and Pulverise (all sample) - GP033 - to 75 microns (-200 mesh)
Large samples (>5kg}) are jaw crushed to 1cm, halved then pulverised to ~100 mesh
Sample is remixed and a subsample of 300g is pulverised to -200 mesh

o0g]

__|ICP-OES GlI211 Townsville Pulp to CRAE Storage in Bundoora
Ag, Al, As, Ba, Ca, Cu, Fe, K, Mg, Mn, Pb, Zn In kraft packets in separate boxes with
DPC number and sample number range
OME13 LECO furnace GI207
Sulphur Analysis ’ ‘ Zn, Pb, Mn over range
if Zinc>0.5% Townsville
Brisbane

Y

Modem/Fax Results to
Analabs, Burnie

{modem results via Perth)

- ==

Digital Copy Hard Copy
Floppy Disc
Ascii Text & Excel Format
To CRAE - Bundoora Geologist in charge CRAE Admin Qfficer
' CRAE - SE District ETal CRAE - SE District
Bundoora Bundoora Bundoora
Loaded into
Directory
To Geologist in charge
Loaded into Database
GlI211 - Aqua Regia/Perchloric/hydrofluoric acid : acid digest S..Tear August 1996

GI207 - Aqua Regia/Perchloric/hydroflueric acid : acid digest

Page 1
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DETAILS

Project Focus

CRA Exploration commissioned ATD to undertake a mineralogical and
metallurgical characterisation of the Grieves zinc prospect in Tasmania. The
objective of the research was to provide an evaluation of the processing
potential of the ore, to assist CRAE in thelR efforts to joint venture the
prospect with other exploration companies. Two samples of high grade ore
were subjected to a range of mineralogical and metallurgical testwork and
evaluation.

What is the processing potential of the Grieves ore?

Research Conducted

Two samples - 5471296 and 5471297 were received for characterisation.
Sample 5471296 was obtained from drill hole ZG107 at a depth of 154 to
163 metres, while sample 5471297 was obtained from drill hole ZG406 at a
depth of 115 to 126 metres.

Each sample was prepared by drying at 70° C and crushed to 100% passing
2mm. A representative sample was exiracted from each and pulverised for
subsequent chemical analysis and x-ray diffraction for mineral identification.

A separate subsample was extracted from each sample, ground to eighty
percent passing 200um and screened at 38,75 and 150um respectively. All of
the plus 38um size fractions were prepared as polished thick sections for
subsequent mineralogical examination by both optical and scanning electron
microscopy.

Mineralogical characterisation using the echniques mentioned above resulted
in mineral identity, liberation, association and grain size being quantified.
These properties directed the metallurgical research program and aided the
evaluation of the processing potential of these ore samples. Mineralogical
examination of metallurgical products was conducted on appropriate samples
to aid our understanding of the metallurgical performance.

Eight metallurgical bench tests were undertaken to assess the processing
potential of the Grieves ore. These included sulphide flotation, acid leaching
and gravity concentration techniques. Flotation and leaching were performed
on finely ground ore (<100um) while gravity concentration was performed
on relatively coarse samples (<500um).

N
l Melbourne
-
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Findings

IDENTIFIED PHASES

The Grieves ore is metallurgically complex

Both samples are metallurgically complex, different in character and will be
difficult to process. Because of this significant difference in character each
ore will be reported separately.

Sample 5471296

This sample contains the minerals Quartz,Galena,Sphalerite, Fraipontite
(Zn,Al)s(Si,Al),Os(OH), and Anglesite (PbSO,) and assays 12.2wt%Zn,
7.1wt%Pb and 3.1wt%S. The mineralogy is shown in the x-ray diffractogram
(XRD) shown as graph Nol below.

Graph No 1 XRD mineralogy - 5471296

Intensities: Linear

33-1161 S5-9592 S5-0566 24-G506 34-2782 =-25
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This graph shows quartz to be the dominant mineral in terms of abundance,
followed closely by fraipontite and moderate amounts of sphalerite and
galena and minor anglesite. Fraipontite is the only complex silicate in this
sample. Although clinochlore is suggested by XRD, it was not observed by
electron microscopy.

i,
l Melbourne
-



Grieves prospect characterisation 3 8 4 0 5 3 Page 3

Photomicrographs Nol and No2 show backscattered electron images of this
sample for a - 150pm +75pm size fraction. The brightest phase is galena with
bright grey phase being sphalerite. The most abundant mineral, fraipontite is
grey, while the darkest grains are quartz. All minerals with the exception of
galena are intimately associated with each other (poorly liberated) and are
fine grained.

Photomicrograph Nol - 5471296

White - Galena/Anglesite  Bright grey - Sphalerite
Grey - Fraipontite Dark grey - Quartz
_Photomicrograph No2 - 5471296
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IDEMTIFIED PHASES
5-9490 6-0263 0-0449 29-2696 S5~3566€ Llu-cidl

Sulphide flotation resulted in very poor lead and zinc recovery at low metal
grades. Using a flotation scheme based on the Century flowsheet, maximum
lead recovery to the concentrate was 15 % at an assay of 10wt % Pb while
maximum zinc recovery was only 7% at 13 wt% Zn grade. These grades and
recoveries show little if any selectivity for galena and sphalerite. The likely
causes of this poor metallurgical performance are ore oxidation, reagent
absorption onto fraipontite and poor liberation.

Gravity processing at a density of 3.3g/cc appears promising as a
preconcentration procedure as 32 % of this sample reported to the gravity
concentrate. Sphalerite and galena predominantly reported to the concentrate
(85% and 75% recovery respectively), however fraipontite recovery was
only 40%. As fraipontite is the dominant zinc mineral in this sample, only
55% of the total zinc reported to the concentrate.

Sulphuric acid leaching resulted in partial leaching of the sphalerite, however
fraipontite appears to be refractory to acid leaching. Zinc recovery to the
leach liquor was only 3%. A combination of all three metallurgical
techniques is unlikely to result in high lead and zinc recovery. This ore is
very soft and has a tendency to overgrind.

Sample 5471297

This sample contains the minerals Quartz, Illite, Sphalerite,
Smithsonite/Sideritt and Hemimorphite and assays 17.9wt%Zn,
<0.01wt%Pb and 1.8wt%S. The mineralogy is shown in the x-ray
diffractgram (XRD) graph No2 below

Graph No2 XRD mineralogy - 5471297

Intensities: Linear
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Grieves prospect characterisation 3 8 4 0 5 5 Page 5

This graph shows quartz to be the dominant mineral in terms of abundance,
followed by smithsonite/siderite and minor amounts of iltite and sphalerite.
Electon microscope examination of this sample shows the carbonate to be
neither smithsonite nor siderite but a solid selution mineral intermediate
between the two end members. Graph No3 shows the chemical composition
of a carbonate grain. Both zinc and iron are clearly present with a minor
concentration of manganese. The chemical composition of this carbonate is
highly variable.
Graph No 3 - Chemical composition of smithsonite/siderite,

BERYECE 2s Presets 2z Femain ngl D=
Feall 3= S35 Dead

el R g - 20 kel - o

-~ =

", - F . g . o -
Fe= 18 Y pEN e b us st

FER

Photomicrograph No3 shows a backscattered electron image of this sample
for a -150um +75pm size fraction.The brightest phase is hemimorphite with
the bright grey phase being smithsonite/siderite. The dark grey phase is
predominantly quartz with minor calcite and illite. A significant proportion of
the carbonate phase is locked with quartz.

A
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Photomicrograph No3 - 5471297

White- Hemimorphite Bright grey- Carbonates Grey- Quartz.

Sulphide flotation was not performed on this sample because of the lack of
sulphides present and the existence of thc mixed carbonate which was
unlikely to respond to sulphidisation and subsequent flotation.

Gravily processing at a density of 3.3g/cc appears promising as a
preconcentration procedure as 78% of the sample reported to the gravity
concentrate. A high recovery of the zinc minerals was achieved to the
concentrate (87%), however the zinc grade was low at 22% due mainly (o
the significant locking of quartz with the zinc carbonate. Gravity processing
is therefore only likely to be of value as a preconcetration procedure.

Sulphuric acid leaching resulied in high zinc recovery to solution with both
the carbonate and the hemimophite being leached. The major issues in
leaching are the very high level of acid consumption and the need for
extensive purification due to the high levels of both iron and silica leached.

Processing costs will be high.

Compared to conventional flotation, metallurgical extraction of lead and zinc
from this prospect will be expensive due the the complex mineralogy and the
need for multiple processing steps. High recoveries have not been achieved in
this study putting more pressure on the cost of production per tonne of
metal.

N
. Metbourne
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Implications

This ore will be difficult to process. There is no positive metallurgical
information that will aid a potential joint venture proposal.

a_—
REEREE] Velbourne
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ed Phases:
ST ML /X
194 14/4

Terr:50,150

83 5/1
Terr:506,150

58 4/2
Ierr:5¢,150

Tery:50,150
24 4/5
ierr: 50,150

35 9/8
ITerr: 50,150

384060

-1 s

pPLSM Repcit A 109
i d I d i & L
2.7 2.76B67 4.5 2.3951 1} 2.0357 b 1.
16 z.7050 A5 2. 383% 3-0 2.2188 2 1eh
33 2.6600 2.8 2.3141 1.7 1.8812 .B 1.5
14 2.6330 1.9 2.2844 9.8 1.9146 14 1.%
100 2.5917 1.7 2.237% 3.4 1.8198 5o S
6.2 2.5653 6.3 2.1893 1.3 1.782%9 .9 T4
34 2.5062 3.9 2.1647 2.2 1.7353 .40 1.3
11 2.4940 s 0 A O 3.6 1.70861 Thcie
25 Z2.4617 T.8 2.-31012 1.8 1.588 FaP)
1.6 2.4282 1.3 2.0723 6.7 1 5
At% Identity . . .
102 *Silicon Oxide / Quartz, syn = SiJZ2
derr:2.0 Bground:0.61 dmax/min:11.04/1.343
20 *Lead Sulfide / Galena, syn = PbS
derr:2.0 Bground:0.61 dmax/min:11.04/1.343
31 *Zinc Sulfide / Sphalerite, B = ZnS
derr:2.0 Bground:0.61 unax-hlr.l 04/1.343
39 Magnesium Aluminum Silicate Hydroxide /
Clinochlore-1MIIb, ferrocan =
(Mg5A1)(8i,A1)4010(0OH)8
derr:5.0 Bground:0.61 dmax/min:i1.04/1.343
47 Copper Zinc Aluminum Silicate Hydroxide /
Fraipontite-10 = {(Zn,Al,Cu)3(S1,A1)205(0H )4
derr:2.0 Bground:0.61 dmax/min:11.04/1.343
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CRA ADVANCED TECHNICAL DEVELOPMENT
Analytical Laboratory
Chemical Analysis Report
Report to: ROWLAND ONG Project code: F85TE
Department: MINERAL PROCESSING Request No’s: B1148

Date Received: 03/09/96 Job : F857E11
Date Required: 13/09/96
Date Reported: 13/09/96

Copy to Rob Walker

Invoice Amount $367.00

Unless otherwise specitied, all results are reported on an "as-received” basis
and to an accuracy and precision of + 5%.

Authorised by: Mﬁ;ﬂdqj Ra




CRA ADVANCED TECHNICAL DEVELOPMENT

roject Code: F85TE

Final

Analytical Laboratory

Analytical Results

384070

Request number:B1148

Analytes Zn Pb 5102 [-e

Units % % % %

Method ICP2 ICP2 ICP2 ICP2

Det Lim 0.01 0.01 0.01 0.01
F14785 7.32 0.58 45.8 10.1
F14786 12.1 7.09 42 .8 3.20
F14787 17.9 <0.01 345 8.80
F14788 4.73 2.94 60.7 2.70

Dup  F14788 4.69 2.88 60.0 2.69

Data page 1 of 2
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CRA ADVANCED TECHNICAL DEVELOPMENT

oject Code: F857E

Final

Analytical Laboratory

Analytical Results

Request number:B1148

Analytes S C

Units % %

Method CSl1 CSl

Det Lim 0.01 0.01
14785 4.67 3.70
F14786 3.11 1.79
14787 1.76 5.74
F14788 5.11 1.22

Dup  F14788 5.05 1.25

Data page 2 of 2



roject Code: F857E

CRA ADVANCED TECHNICAL DEVELOPMENT

384072

Analytical Laboratory

Request number: B1148

QC Check Results

Analytes Zn Ph 5102 I'e S
Units % % % % %
Method ICP2 ICP2 [CP2 1CP2 CS1
Det Lim 0.01 0.01 0.01 0.01 0.01
CSs -- 12.7 -- 145 --
Exp value 31.49 12 47 5.13 14.23 --

CS8 10.7 2.84 17.2 --

Exp value 10.44 2.76 16.49 28.97
-- -- 64.9 - --

1.035 0.206 63.1 8.62

l CS14
Exp value
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roject Code: F857E

384073

CRA ADVANCED TECHNICAL DEVELOPMENT

Analytical Laboratory

Request number: B1148

QC Check Results

Analytes

Units
Method
Det Lim

%
CS1
0.01

CS5
Exp value

CS8
Exp value

CS1i4
Exp value

---------
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|@ amdel

Amdel Limited Telephone  (08) 8416 5200
Mineral Services Laboratory Facsimile  (08) 8352 8243 3 8 4 0 7 5

Osman Place Telex AA 82520
A.C.N. 008 127 802 Thehartion SA 5031
AUSTRALIA PO Box 338

Torrensville Plaza SA 5031

30 September 1996

CRA ATD
1 Research Avenue
BUNDOORA VIC 3080

Attn: R Walker

REPORT G653600G/96

HEAVY LIQUID SEPARATION OF TWO SAMPLES

YOUR REFERENCE.

SAMPLE IDENTIFICATION:
MATERIAL.:

DATE SAMPLES RECEIVED:

DATE AUTHORISATION RECEIVED:
WORK REQUIRED:

INVESTIGATION AND REPORT BY:

att Hreoder

Dr Keith J Henley
Manager, Mineralogical Services

cyc

Note fro R Walker enclosed with samples
5471296, 5471297

+20 pm particulate material

19 September 1996

19 September 1996

Heavy liquid separation

Dr Keith J Henley

The resulls contained in this report relate only to the saimple(s) subniitted for lesting.
Amdel Limited accepis no responsibilities for the representivity of the sample(s) submitted.



ro:)amdel 384076

CRA ATD ;

HEAVY LIQUID SEPARATION OF TWO SAMPLES

1. INTRODUCTION

Two particulate samples (+20 um) labelled 5471296 and 5471297 were submitted by
CRA ATD (R Walker) for centrifugal heavy liquid separation.

2. PROCEDURE

Each sample was weighed and then separated centrifugally in a heavy liquid of specific gravity
33 using a density gradient and recycling the products according to the flowsheet given in

Appendix 1 The products were weighed and returned to CRA ATD by coutier on 24
September 1996. '

3. RESULTS

Sample Weight, g Weight, %

<33sp.gr. [=33sp gr.| Total Initial | <3.3sp gr.| >33 sp.gr.| Tortal
5491296 6.73 3.21 993 10.20 67.72 3228 100 00
5491297 8.02 28.09 36.11 36 45 2222 77.78 100.00
Report G6336000G/96 30 September 1996
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HLS

v v

Floats 1 Sinks 1

v

Floats 2 Sinks 2 ——%

Y
Top up and
recentrifuge
v
- Fioats 3 Sinks 3
V Q/

Note:
HLS means centrifugal heavy liquid separation with a density gradient
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CRA EXPLORATION PTY. LIMITED 384080
ACN 000 057 125

Preliminary Notes and Observations of the
Helicopter-borne Magnetic Survey
Zeehan, Tasmania

Author: SJ Tear
J Tesselaar

Date: July 1996
Submitted to: Chief Geologist, Vic/Tas

Copies to: Mineral Resources Tasmania
CRAE - SE District
CRAE - ETIG

CRAE - Zeehan
Allegiance Mining NL

Submitted by:

Accepted by:

“All rights in this report and its contents (including rights to confidential information and copyright in

text, diagrams and photographs) remain with CRA Exploration and no use (including use of
reproductions, storage or transmission) may be made of the report or its contents for any purpose
without the prior written consent of CRA Exploration.
© CRA Exploration Pty. Limited 1995

CRAE Report No. 22222
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1. Introduction

Drillcore from the Gordon Limestone of the Zeehan area shows zinc mineralisation being related to
weakly magnetic siderite alteration. This alteration predominantly occurs at the base of the
Limestone just above its contact with the underlying Moina Sandstone. Siderite alteration can
occur at the limestone's upper contact with the overlying Crotty Quartzite eg at Blackjacks and
Myrtle whiist intense alteration is also associated with limestones in the middle of the Gordon
Limestone eg the Oceana Mine and the Grieves South area. The magnetic response of the siderite
is weak, in the range of 50-200 x 10-5 SI, but is deemed detectable by an airborme magnetic
survey. Forward modelling indicated that the siderite would give weak aeromagnetic anomalies (1-
5nT). Thus a helimag survey was commissioned to fly over all the Gordon limestone outcrops of
the Zechan under licence to CRAE. '

The aim of the survey was to identify mineral-related siderite zones for follow-up diamond
drilltesting. The target is a stratabound zinc/lead orebody hosted by the Ordovician Gordon
Limestone with analogies to Irish-type Zn/Pb orebodies.

A separate survey was flown over the Gordon Limestone of McLean Creek. This area is known to
have a large magnetic anomaly - attributed to a magnetite skarn - known as the Avebury target. In
addition the nickel target areas at Melba Flats were also flown.

This report provides technical details of the survey and processing as well as some geological
nterpretations of the results. Locations of the prospects are shown in plan Tv1022.

The survey was flown in March 1995 by Universal Tracking Systems Pty. Ltd. with initial results
received in December 1995. Data processing and some interpretation was undertaken by Tony Doe
and John Tesselaar (CRAE - Orange).

Sub-divisions of the Gordon Limestone for drillhoie logging purposes have been made on a
lithostratigraphic and lithologic basis and is included elsewhere in this report.

2. Flight Survey and Data Processing Details

The flight line height was a nominal 30m with the line spacing approximately 60m with readings
taken every 4-5m. A total of 2400 line km was completed covering the following prospects :-
Sassafras, Blackjacks-Mariposa-Sunny Corner-Pyramid, Professor Range-Amber Creek-King
Billy-Leatherwood, Myrtle-Grieves-Baura-Firewood Siding-Rose Valley. New areas between
Leatherwood and Mariposa were also investigated and this included the Westerway and Tom
Creek areas. Flight line maps are shown in Appendix 1.

The data from the helimag survey was obtained as an XYZ file of easting, northing and total
magnetic intensity. No terrain clearance data was provided with the original XYZ file.

Over each area of Gordon Limestone to be interpreted, a small (<3kmZ2) data subset was selected.
These areas were designed to include all of the Gordon Limestone but as little as possible of the
surrounding rocks, particularly the Dundas Group which tended to 'swamp' the more subtle
magnetic data variations of the limestone. This data was then imaged.

The vertical derivative of the magnetic data was produced along the flight line using TRAKPAK.
This data was then imaged with the previously existing geology data superimposed. Some of the
small linear anomalies coincided with mapped siderite. Other lithological units were also mapped

July 1996  Helicopter-borne Magnetic Survey, Zeehan, Tasmania CRAE Rep. No, 22222 3
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eg the Moina Sandstone and the Crotty Quartzite.

Where applicable, magnetic inversion using MAGMOD was undertaken over the siderite-like
anomalies. In most cases, anomalies over 1nT were able to be successfully inverted. These
models should only be used as a guide as to the geometry of the source of the anomalies. This is
due to :-

. There is no account of terrain clearance;

. The anomalies have small amplitudes;

. Not all lines were perpendicular to strike;

. The problem of "non-uniqueness” in magnetic inversion.

3. Magnetic Interpretations

Initial raster images failed to highlight major zones of inferred siderite alteration (plan Tv1026).
Removal of regional gradients and the selective use of sub-area vertical derivative data greatly
improved the resolution (plan Tv 1027). From the modelling it was impossible to distinguish
between siderite zones and other stratabound weakly magnetic units.

As a result of this work a much better understanding was gained of the geology of the Ordovician-
Silurian sequence in the Zeehan area.

The Gordon Limestone is relatively more magnetic than the surrounding ciastic sequences whilst
the Siltstone Unit of the limestone is less magnetic than the limestone. The high magnetic
susceptibility of the surrounding Cambrian Dundas Group of sediments, volcaniclastics and basic
intrusions caused imaging problems. Major units which appeared as magnetic highs included the
Upper Dolomite Unit of the Gordon Limestone (possibly other dolomitic zones are relatively
magnetic but lack of geochemical surface contro! could not confirm them) and the Amber Slate of
the Silunan clastic sequence. Major structures are difficult to identify and follow. Interpreted
linears deemed to represent faults show a lack of continuity eg the Firewood Siding Fault and the
Little Henty Fault.

3.1 Grieves (plan Tv 1139)

. The clastic Siltstone Unit is a magnetic Jow compared to the surrounding limestone
particularly the dolomitised units, which locally are enhanced magnetically eg.
364250mE, 5350000mN.

. Many weak anomalies occur including one associated with the siderite drill
intercepts at the lower limestone contact at the Grieves Siding trial excavations
(364500mE, 5349250mN). However this anomaly is no different to some of the
sub-regionally enhanced Upper Dolomite Unit and the undifferentiated dolomite of
the upper third of the Gordon Limestone sequence. Further interpretative work is
required.

. The Crotty Quartzite at South Grieves/Baura appears to have a magnetically distinct
sub-unit within it which 1s not seen elsewhere. This may reflect a change in the
depositional environment in early Silurian times whish is related to syn-
depositional faulting (363350mE, 5349850mN).

July 1996  Helicopter-borne Magnetic Survey, Zeehan, Tasmania CRAE Rep. No. 22222 4

i s



384084

. A culturai-looking anomaly occurs at South Grieves close to siderite intersections in
drilicore including 7m @ 8% Zn. This anomaly lies close to an inferred E-W
striking mineralised structure which also occurs in DD96Z2G412. The anomaly is
not attributed to drillhole casing (363630mE, 5348900mN).

General Geological Interpretation Summary

The Amber Slate is a non-calcareous slate of Silurian age which is recognised in the dataset
as a magnetic high.

The Crotty Quartzite appears on the vertical derivative map as a magnetic low.

The Gordon Limestone appears as a magnetic high except for the non-calcareous,
argillaceous Siltstone Unit eg King Billy, Amber Creek, Grieves, Myrtle, Baura and
Firewood Siding. The Siltstone Unit is not apparent in the magnetic data at Blackjacks,
Mariposa, Sunny Corner Tom Creek and Pyramid.

The Moina Sandstone is a magnetic low near the overlying Gordon Limestone. At Grieves
this low unit is 200-300m thick before passing down sequence into a magnetic high. This
high unit may be part of the Owen Conglomerate.

The Owen Conglomerate is generally a magnetic high eg Professor Range and Pyramid.

Major, brittle faults are not readily identifiable, often disappearing along strike eg the
Balstrup Fault in the Pyramid and Tom Creek areas.

Parts of the Gordon Limestone display more continuously intense magnetic zones eg at
Grieves and Firewood Siding South. This may be a reflection on mineral fluids having
altered the limestone particularly via dolomitisation. Alternatively these highs may be a
reflection of powerful surface weathering producing surficial de-calcified clays. It is
possible to say that the rotting of variably composed limestone may give rise to differential
surface effects that have different magnetic susceptibilities.

The diamond driiling identified siderite zones at Blackjacks, Mariposa and Grieves can be
seen in the magnetic data. However numerous anornalies of a similar intensity occur
elsewhere, generally in areas of the Gordon Limestone considered as non-prospective.

There are several targets in the magnetic data that lie at the base of the Gordon Limestone
which require drill testing.

Simon Tear
John Tesselaar
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ABSTRACT

The Gordon Group in the Zeehan area comprises 3 conformable
formations; the Ugbrook, Myrtle (new) and Black Jacks (new). The Ugbrook Fm,
first defined in the Mole Creek area, was deposited in protected shallow subtidal
to low intertidal waters in an offshore bar to lagoonal to lagoonal-island
environment during the Early Caradoc.

The basal Ugbrook interdigitates with the siliciclastic Moina Fm and
suggests that the Early Caradoc shoreline was at or very close to Black Jacks. A
transgression shifted these environments northwards and eastwards during the
Caradoc and Ashgill.

The tidal flat complex of the Myrtle Fm developed throughout the area in the
mid-Caradoc and consists of fifteen 1m to 4m thick Punctuated Aggradational
Cycles (PACs) which can be correlated throughout the area. The Myrtle Fm is
similar lithologically, environmentally and chronostratigraphically to the Lower
Limestone Member of the Florentine Valley.

The Myrtle Fm is succeeded by mainly shallow to moderately deep subtidal
alternating micrites and shales with minor PACs, belonging to the Black Jacks Fm
which is similar to the Upper Limestone Member of the Florentine Valley. The
lack of PACs in the Upper Black Jacks and the very common occurrence of coarse
carbonates in the Myrtle stratigraphic drillcore suggests that the Myrtle area
might have been in a slightly deeper and more rapidly subsiding region. The
Lords Member of the Black Jacks Fm is present in several of the drillcores and, as
is normal elsewhere in the state, varies in thickness and lithology from
mudstones to coarse sandstones. Minor PACs and some faunal horizons help in
the correlation of the Black Jacks.
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INTRODUCTION

At the request of CRA, 8 full days in October 1995 were spent logging core
through Ordovician sedimentary sequences from drillholes in the Zeehan area.
An extta four days were allocated to plotting, drafting, report preparation and the
examination of thin sections and fossils. Logging concentrated on the Gordon
Group carbonates but short sections of the underlying Denison Group {Moina
Fm) and overlying Eldon Group (Crotty Fm) siliciclastics were also examined.

The Gordon Group carbonates are deformed and the extent of stratigraphic
loss or repetition is difficult to establish from the numerous veined and crushed
intervals. In any sedimentary basin analysis it would be desirable to plot
isopachs in order to define the basin shape and its evolution through time.
Unfortunately, depending on the relation of bedding to the principal axis of the
strain ellipsoid, bedding thickness may be increased or decreased substantially.
Tectostylolites, which are pervasive in the Zeehan cores, will decrease
stratigraphic thickness. They preferentially affect more argillaceous sections and
the amount of section loss will (as with cleavage) depend on their angle of
incidence with bedding. This problem is soluble but not within the confines of
this study. A full palinspastic study would also need to remove, in map view,

. the Devonian folding and the thrust faulting.

LITHOSTRATIGRAFPHY

Several major lithostratigraphic units are recognisable in the Zeehan cores.
The Gordon Group comprises the Ugbrook Fm, the Myrtle Fm (new name) and
the Black Jacks Fm (new name). The Black Jacks Fm includes the Lords Siltstone
Member (Fig.1). The positions and suggested correlations of these units are
shown in Fig. 5 (large diagram in pocket). All thicknesses are uncorrected
downhole distances rather than dip-corrected stratigraphic thicknesses.

Denison Group, Moina Formation

The Moina Fm of the Denison Group underlies the Gordon Group in
northern and western Tasmania (Fig. 2). The boundary between the Moina Fm
and the Gordon Gp is everywhere marked by a siltstone-mudstone transitional
zone that may be a metre thick or 30m thick. This transition is 200m thick in the
Florentine Valley and is known as the Florentine Valley Fm. The separation
between the Denison Gp and the Gordon Group is based on the dominance of
siliciclastics (Denison Gp) and limestone (Gordon Gp). The siltstone-mudstone
transition is therefore historically and pragmatically regarded as the topmost part
of the Moina Fm and the base of the Gordon Gp is defined on the incoming of
carbonates. However, where there is an interdigitation of siliciclastics and
carbonates, as in DB111, or where the lowest limestones are replaced by siderlte or
are mineralised then the placement of the boundary may be arbitrary. In all
sections, delineation of the boundary has to regarded as a matter of taste. In most
sections I have taken the boundary to be the first obvious and definite limestone.
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Fig.1 Summary of Ordovician lithostratigraphy in the Zeehan region.

Chronostratigraphic units are based on the standard North American scheme and the standard
British scheme. Correlations are most easily made to the American scheme but the British scheme
is used in the text because of its greater familiarity. -
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Ugbrook Formation (Burrett & Goede 1987, Burrett et al. 1989)

The siltstones of the upper part of the Moina Fm are succeeded by
alternating thin micrites and shales with, in some cores, siltstones and sands
(notably DB111). These centimetre-decimetre scale alternations are frequently
bioturbated and often nodular (due to sedimentary boudinage). Pelloids and
comminuted shells are very common. Asaphid trilobites are present but other
identifiable fossils are rare. Several sections have developments of biocalcarenites
and/or biosparites composed mainly of crinoidal debris. These sequences are
very similar to the Ugbrook Fm in Mole Creek (Burrett et al. 1989; Appendix C)
and, rather than erect a new name, 1 will use that term. This lithology is only a
few metres thick in DB 110 (possibly 40m thick if a sideritised zone is included)
and thickens towards Myrtle which also has a thick development of the crinoidal
biospararenite member.

Myrtle Formation (new name)

The Myrtle Fm consists of between 40-170m of micrites, biomicrites,
dolomitised micrites and minor calcarenites and shales deposited as upwardly
shallowing tidal flat cycles known as Punctuated Aggradational Cycles (PACs).
These were first recognised and used as a correlation tool by Calver (1977).
Unfortunately, he did not publish and PACs have since been recognised
worldwide as a useful correlation and palaecenvironmental tool. The PAC
concept is summarised in Appendix B and photographs of representative
lithologies are shown on the attached photographs (Plate 1). Calver (1977} used
PACs to correlate throughout the Florentine River Valley recognising 18 PACs
in the Lower Limestone Member of the Benjamin Limestone. In the Florentine
Valley, and in Zeehan, this correlateability is due to a basinwide or at least sub-
basinwide response to changing sea level. PAC boundaries may therefore be
regarded as essentially isochronous horizons. Fifteen PACs are recognised in the
Myrtle Fm. and each section has most of them. The extent of faulting in ZG 403
is clear as only the first PAC is present.

Black Jacks Formation (new name)

The Myrtle Fm is succeeded by the Black Jacks Fm which consists of
alternating micrites and shales with some biomicrites, calcarenites and
calcisiltites. Two PACs occur in the Lower Black Jacks but are not present in
every section. These are labelled BJ1 and BJ2 on Fig. 5. The Lords Member is a
thin (1m-15m) siltstone-shale-sometime sandstone unit that is surprisingly
variable on a kilometre scale for a unit that appears over most of western
Tasmania from Precipitous Bluff on the south coast to the Florentine Valley to
Zeehan to Mole Creek (Fig.2). The Lords Member equivalent at Mole Creek (the
Mole Creek Fm) is discontinuous (see p.7 of Appendix C ). A coarse, quartz
sandstone occurs at the appropriate stratigraphic level in ZF 37 (Firewood Siding).
The Lords Member is characterised, statewide, by a distinctive fauna consisting of
abundant Pliomerina trilobites, strophomenid brachiopods (Sowerbyites) and the
Tasmanian endemic ostracod Dominina.. The Lords Member lithology/fauna

does not appear suddenly but is preceded by a gradual deepening of both biofacies
and lithofacies.
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The Upper Black Jacks Fm is completely dolomitised in some holes (ZR
104) and partially in others (DTM 84-6, DTB 84-1). Complete dolomitisation is
unusual in the Gordon Group and increased porosity, including vuggy porosity,
is evident in ZR 104 due to the 12% volume loss when calcite is replaced by
dolomite. As dolomitised limestones are important petroleum reservoirs (and
therefore porous for ore forming fluids) it might be useful to plot the distribution
of dolomitisation within the Gordon Group at Zeehan (see Appendix A ).

Where undolomitised, there is an abundant coral-stromatoporoid fauna,
some of which is correlated to the widespread 'Den fauna'. A diverse trilobite-
brachiopod-bryozoan fauna, which in previous studies has been called the
'Smelters fauna' (Zeehan Smelters fauna described by Pitt (1961) and mentioned
by Banks and Burrett (1980), occurs below an 'upper peritidal member ". This
‘'upper peritidal member' occurs in ZF 37, DS 98, DTM 84-6 and DB 110 but is not
obvious in ZM190.

PALAEOENVIRONMENTS

Most sections of the Gordon Group were deposited in predominantly very
shallow subtidal to peritidal conditions on a mini-platform. due to a marine
transgression from the south, west and east towards the Precambrian/Cambrian
islands of the Tyennan and Rocky Cape regions (Fig. 3 ). Thick siliciclastic
sandstone sequences, followed
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Fig.2. Simplified stratigraphic columns showing diachronous base of the Gordon Gp and of the
Moina Fm. 1=Queenstown, 2=Vale of Belvoir, 3=Lower Gordon River,4=Mole Creek, 5=Florentine
Valley, 6=Ida Bay, 7=Precipitous Bluff, 8=Point Cecil, 9=Surprise Bay. (Burrett ¢t al. 1984).
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by thick carbonate successions were gradually built up. This transgression started
in the Tremadoc (in the Florentine Valley) and continued up to the Late Caradoc
or even Early Ashgill (Figs.2-3). Probably much of the Tyennan and Rocky Cape
regions were still emergent in the Late Ordovician (Ashgill). The timing of the
transgression is mainly determined from conodont dates on the lowest Gordon
Group carbonates with supplementary information from macrofossils in the
underlying Denison Group siliciclastics (Fig.2). In the north of the state, the
transgression moved towards the Tyennan and Rocky Cape regions from the
north and east possibly forming an east-west aligned gulf (Burrett 1978). In the
west, the transgression was from the south towards the west and north. Very thin
sequences of the Gordon Group are found at Duck Creek (just to the north of the
Heemskirk Granite) and at Heazlewood River. It is possible that a similar gulf to
the one in the northwest existed in the west of the state. The siliciclastic sands at
the Lords level in the Firewood Siding hole (ZF 37) also suggest proximity to
land. A solution to this palaeogeographic problem depends on studies on the
Ordovician around Queenstown, outcrops south of Grieves and the poor
limestone outcrops between Zeehan and the Vale of Belvoir and south of
Firewood Siding.
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The Ugbrook Fm thins dramatically from DB111 to DB 110 and there is no
suggestion that this is due to Devonian faulting. Unlike the other cores
examined, the Ugbrook in DB 111 has several coarse siliciclastic interbeds as well
as reddened tops to PACs in its basal part. The simplest explanation for this is that
the (irregular) shoreline was between DB111 and DB 110 in early Ugbrook time
(approximately mid-Caradoc or Blackriveran time) as shown in Fig.4, with clastic
debris being derived from the Tyennan region to the east. This date, or a slightly
younger one, also applies to the basal carbonates at Duck Creek and Heazlewood
River. The typical Ugbrook micrites and pelloidal bioturbated shales were
deposited in a lagoon formed behind (north of) a northerly or northeasterly
migrating offshore carbonate bar with the minor PAC carbonates formed on
intertidal islands within the lagoon (Fig.4). As the transgression continued, the
carbonate bar moved from Grieves towards Myrtle during late Ugbrook time.
Stabilisation occurred during Myrtle times (Upper Blackiveran) with the whole
Zeehan area covered with waxing and waning PACs. Probably by that time, the
shoreline (i.e. high suprandal limit) had moved north to Duck Creek and east
onto the Tyennan region.

Deepening occurred after Myrtle Fm times, probably due either to the
incapacity of the carbonate factory to keep-up with rising sea level or to an
increased rate of basinal subsidence. Open subtidal sediments were deposited
over the whole area with brief peritidal flat deposition (B] 1 and B]2) at Grieves,
Myrtle (ZM189) and at Black Jacks (DB110).

The Myrtle core, ZM189, is unusual in that coarse grained carbonates
including sparites, spararenites, calcarenites, biosparites are common through the
section. This is presumably the consequence of the production of large bioclasts
due to deposition further from the micrite producing tidal flats and due to the
preponderance of a good subtidal fauna such as crinoids.

The Lords event appears to be isochronous across the whole Tasmanian
miniplatform. It was a time of uplift in the Tyennan region leading to coarse
quartzite conglomerates being deposited within the middle of the Benjamin
Limestone Fm to the west of the Florentine Valley (in the Vale of Rasselas), a
deepening in most sections but a shallowing in the deepwater Surprise Bay
sequence (Burrett et al. 1984). The Lords event was clearly a significant but short
lived epeirogenic episode during the mid-Trentonian (Late Caradoc). Normal
shallow subtidal conditions resumed during the remainder of Black Jacks time
except for a widespread peritidal interlude in late Black Jacks time (Late
Trentonian/Early Ashgill). This upper peritidal interval is not found in the
Upper Black Jacks Fm at Myrtle (ZM190) which again may suggest that Myrtle
may have been in slightly deeper water. The upper peritidal member may
correlate to a similar shallowing interlude recognised in the Overflow Creek Fm
at Mole Creek.

11
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CONCLUSIONS

The Gordon Group sequence at Zeehan, although starting later during the
earliest Blackriveran rather than in the Chazyan, is similar to that at Mole Creek
and dissimilar to that in the Florentine Valley. It lacks the oncolitic Standard Hill
Fm but the fauna, lithofacies and interdigitation of the Ugbrook with the Moina
is very similar. The Myrtle Fm has similarities with both the thicker Lower
Limestone Member in the Florentine Valley and the Sassafras Creek Fm at Mole
Creek. The generally subtidal Black Jacks Fm is, though, closer to that of the
Upper Limestone Member of the Florentine Valley than to the dominantly
peritidal Dogs Head and Overflow Creek Fms at Mole Creek.

Interdigitation of the Moina with the Ugbrook and a greatly thinned
Ugbrook sequence at Black Jacks suggests that the Blackriveran (Early Caradoc)
shoreline was at about the position of DB 110, moving eastwards onto the
Tyennan region and northwards towards Duck Creek by the Late Blackriveran.

Identification of PACs or shallowing-upward sequences in the Myrtle Fm
and in the Upper Black Jacks Fm allows correlation across the region.

There are several argillaceous horizons present in some sections and the
identificafion of the Lords Member is helped by the identification of its
characteristic fauna and by the lithofacies deepening prior to its deposition.

RECOMMENDATIONS

Chronostratigraphic correlations in the Zeehan area could be improved
substantially by employing conodonts. Conodonts are rare in peritidal sections
but this study has shown that there are sufficient subtidal intervals that would
yield sufficient useable conodont elements per kilogram of core. If this was
coupled with an intensive study of the macrofossils then very reliable
chronostratigraphic correlations are possible. Conodonts also record the
maximum temperature that they have experienced and, more importantly, are
pitted in a characteristic manner by hydrothermal fluids. Such a study could
define flowpaths of hydrothermal fluids.

There are sufficient drillholes to define the extent of any basin or basins by
the use of isopachs. However, a complete palinspastic study is recommended that
takes into account extension due to cleavage and stratigraphic loss due to
tectostylolites as well as removing the effects of Devonian folding and thrusting.

The extent of pervasive dolomitisation in the Black Jacks Fm should be
plotted. This might reveal a zone of enhanced porosity/ permeability within the
Gordon Group into which hydrothermal fluids might have flowed (see
Appendix A).

12
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Dolomitization and its control on porosity and reservoirs in the Trenton

Limestone
(from North, 1985 p.198-199).

Appendix B

Peritidal Carbonates from Walker and James Eds 1992. Facies Models.
Geological Association of Canada.

Appendix C

Lithostratigraphy at Mole Creek , Burrett et al. 1989.

|

15



vEs EEvEE U s B cE Sy S oENR NS> S oE S NN A .

AFFan?r A

384104

RESERVOLIR ROCKS

recrystallization, and most commonly of dolomitization.
About 80 percent of all hydrocarbon reserves contained
in carbonate reservoirs in North America are in essen-
tially pure dolomites. This percentage is by no means
representative of other regions of the world, and
unquestionably reflects the number of North American
carbonate reservoirs that are Paleozoic in age. In the
Persian Gulf Basin, with the most prolific carbonate
reservoirs in the world, the proportion of dolomite
reservoirs is no more than 20 percent.

The replacement of CaCO; by dolomite involves a
loss of volume of about 12.3 percent, and a consequent
increase in porosity by that amouat, if the replacement is
molecule for molecule. It may not always be so, because
volume for volume replacement is also possible. Yet it
remains the case that in many fields having partially
dolomitized carbonate reservoirs the oil is restricted
entirely to the dolomitized portion. This portion is
favorable because of parrial dolomitization, preferen-
tially of the finer-grained components of the limestone,
and later leaching of the remaining calcitic parts which
are more soluble. The most-quoted example of this

~ phenomenon is the sprawling Lima—Indiana field south

of the Great Lakes (Fig. 13.52). The oil is confined to
porous dolomitic zones in the Ordovician Trenton
Group where it passes over the axis of the broad, bifur-

cating Cincinnati Arch. Updip, porosity disappears in
the unaltered limestone and only gas is recovered.
Among the fields providing case histories for this book is
the Jay field in Florida (Ch. 26), another example of
restriction of oil 10 the dolomitized part of a carbonate
formation. Up the dip, the undolomitized micritic lime-
stone lacks porosity and is barren of oil. Most carbonate
producing basins afford comparable examples.

An intriguing small example is provided by the Dover
field, at the southwestern extremity of Ontario in
Canada, like Lima—Indiana in the Ordovician Trenton
Group. During the 1920s, articles on oil-bearing struc-
tures quoted Dover as an example of the rare synclinal
trap. The syncline is controlled by an elongate fracture
zone (Fig. 13.53) along which migrating waters have
been able to dolomitize a considerable thickness of
strata; the oil is restricted to the porous dolemite and
therefore to the “syncline.” The Albion—Scipio
“trend”, in Michigan's part of the same basin, is very
similar and produces from the same formation (Fig.
13.52). From outside the normal concern of petroleum
geologists comes the parallel case of Mississippi Valley-
type lead—zinc deposits, in some of which it is estab-
lished that the brines, derived from evaporite deposits,
that deliver the metals also bring about dolomitization.

The selective pature of dolomitization extends to its

MICHIGAN

Figure 13.52 Michigan Basin in Middle
Ordovician time, showing the Cincinnati
Arch bifurcating inte ™wo arches as it
crosses the basin from the south. The
Trenton Group carbonates are dolo-

mitized over the arches and along linear

fracture zones; oil accumulations are re-

sticted to the dolomitized porions.
Dotted outlines on map dafineate prasent
Lakes Michigan and Huren. (After K. K.
Landas, Patroleum geology of the United
Statgs, New York: Wiley—Interscience,
1970; and G. V. Cohee, US Geol. Survay
Préfiminary Chart no. 8. 1945.)
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effects on skeletal remains. Aragonite is much more
=asily dolomitized than is calcite, so shells of gastropods,
:ephalopods, and corals are dolomitized earlier than
hose of brachiopods, ostracodes, or echinoids. Well
sorted crinoidal or shelly limestones are less dolomitized
han surrounding rocks which contain less coarse
naterial and more cement. Calcarecus algae are easily
dolomitized because high-magnesium calcite is depo-
“ited on them during their lives, and the algae them-
ielves reduce sulfate which would otherwise inhibit
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Figure 13.53 (a) Structure contours on the Ordovician Trenton
Group {reservoir rock) in the Dover field, between Lakes Ere and
Huron, southwestem Ontario, Canada. Contours at 20 m intervals
below sea level. Note apparent synclinal structure. (b} Cross section
along line A—B. to show dolomitized fracture zone creating a
“pseudo-syncline.” {From B. V. Sanford, Geol. Survey of Canada
Paper 60-26: Fig. 10, 1961.)

dolomitization (especially of calcite). The vast mats of
algae in the shallow epicontinental seas of the great
Paleozoic transgressions are undoubtedly a factor in the
prevalence of Paleozoic dolomites. There is very little
dolomite in the stratigraphic record since the early
Cretaceous, especially in the Northern Hemisphere.
This may be because the present oceans, originating at
that time, have a distribution and orientation different
from those of earlier oceans, and epicontinental seas in
low latitudes are highly restricted.
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INTRODUCTION

Limestones and dolostones composed
of calcareous sediment deposiled in
very shallow seawater and on muddy
tidal flats are probably the most con-

* spicuous carbonate facies in the rock

record (Fig. 1). The term peritidal (from
the Greek peri, meaning around or
near, and lidal, relating to tides) was
coined in passing by Folk {(1973) and
has proven a usefu! general name for
the spectrum of nearshore and shore-
line depositional environments and
facies.

What distinguishes these rocks is
their wide variety of features that can
be compared directly with modern
analogues, making them both easy to
recognize in the field and important pa-
leobathymetric indicators. The facies
are generally arranged vertically in a
shallowing-upward sequence (Jamles,
1984), now referred to as a shal-

Figure 1
Range, east-central Brilish Columbia. Distinctive "stripy” bedding of lawer unit, to the dght of
the small ice field, is from peritidal facies of the Snake Indian Formation. The unit in the
middle of the photograph is the Eldon Formation, consisting of locally dalomitized subtidal
limestones, and the lelt side comprises peritidal limestones of the Lynx Group.
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16. Peritidal Carbonates
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lowing-upward succession, in which
marine sediments are overlain succes-
sively by muddy carbonates deposited
in paleoenvironments subject to
varying periods of exposure. This ver-
tical stacking of peritidal and related
facies is a valuable record of the dy-
namics of carbonate platform develop-
ment, on both large and small scales. It
hints at extrinsic factors such as rela-
tive sea level change and climate, and
records the effect on periodically
exposed sedimeant of biotic evolution
through geologic time. Peritidal carbon-
ates are also economically important
because they host Ph and Zn deposits
and frequently {om hydrocarbon reser-
vGirs,

In this chapter, we first summarize
the tidal flat environment from a
Recent standpoint. We then discuss
how the record of carbonate tidal flats
may have changed through time in re-

Panorama of Cambrian shallow water limestones and dolostones, Dezaika

sponse to biological evolution and
provide ancient examples of com-
monly encountered peritidal facies,
with evidence for their interpretation.
Finally, we outline how peritidal facies
are preserved in the stratigraphic
record, describe current hypotheses
used 1o explain stratigraphic repetition
and suggest how these facies can
best be used in sequence stratigraphic
analysis.

THE PERITIDAL ENVIRONMENT
The understanding of tidal flat car-
bonate rocks underwent a dramatic
boast with the largely petroleum
company-funded research on Holo-
cene tidal flats during the 1950s and
1960s. This produced comprehensive
studies on shallow water sedimenta-
tion of south Florida (Ginsburg, 1956;
Gebelein, 1977; Enos and Perkins,
1979), Andros Island of the north-
ern Bahamas (Hardie, 1977), Belize
(Wantland and Pusey, 1975}, the Ara-
bian {Persian) Gulf (Purser, 1973), and
Shark Bay, Western Australia (Logan et
al., 1970, 1974). Observalions fram
these areas were quickly applied to
ancient examples (e.g., Beales, 1958;
Roehl, 1967; Matter, 1967, Laporte,
1967; Ginsburg, 1975; Schwarz, 1875),
which ushered in the modern era of
carbonate sedimentological thinking.
These Holocene examples, together
with more recently studied flats in the
Caicos Islands {Waniess et al., 1988)
and southern Australia (Burne and
Colweill, 1982; Belperio et al.. 1968) are
fundamental reference points for the in-
terpretation of carbonate rocks and il-
lustrate the wide variety of potentially
preservable peritidal enwironments. The
carbonate tidal flat is an easily acces-
sible area and students are encouraged
1o explore for themselves a modern
example.

Three bathymetric zones are recog-
nized in the nearshore seétting: sub-
tidal, intertidal and supratidal (Fig. 2).
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The subtidal zone is permanently sub-
merged and ranges from low-energy,
lagoonal environments to higher
energy shoals. Semimonthly neap
tides may briefly expose the shal-
lowest portions. The intertidal, or lit-
toral, zone lies between normal low-
and high-tide levels and is therefore
submerged on a diumnal or semidiurnal
basis. It is generally dissected by sub-
tidal creeks and dotted with brackish
or saline ponds. The supratidal zone is
above nomal high tide, and is flooded
only during storms and semimonthly
spring tides. It may become evaporitic
in semiarid and arid climates, and for
these supratidal flats the Arabic word
sabkha has been adopted by sadi-
mentologists (Chapter 19).

The three-fold enviranmental subdi-
vision is only an approximation, how-
ever, since tidal fiats are often geo-
graphically complex, and tidal range
can be modified by winds. While the

- environments are due to the variable

submergence and emergence brought
about by lunar tides, little sediment is
transported onto the flats by the daily
rise and fall in sea level. It is storms,
which stir up the adjacent offshore
sediments and drive sediment-laden
waters up the tidal creeks and onto the
{lats, that result in sediment deposi-
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tion. Even so, it is still the depositional
eanvironments, which are generated by
daily lunar tides, that contain the dis-
tinctive sedimentary features that
allow us to pinpoint facies so precise-
ly. One approach to the analysis of
environmental subdivision is lo assign
a specilic, quantitative “exposure
index” to lithologic features based on
Helocene examples (see Hardie,
1977), but few ancient deposits have
been described in this way (Smosna
and Warshauer, 1981).

Marine coastlines can be separated
into microtidal (<2 m), mesotidal {2-
4 m) and macrotidal (>4 m) settings.
Tidal range depends on basin shape
and walter depth. Strong tidal currents
are generated when water is forced
through relatively narrow straits or
mouths of bays or aver shallow shoals.
Modern peritidal carbonate envi-
ronments are exclusively microtidal.
There is as yet no safisfactory way of
judging ancient tidal range, but the
scarcity of sedimentary structures
formed by strong tidal currents sug-
gests that most ancient carbonaie per-
itidal settings were also microtidal.

Where do they form?

Carbonate sediment, generated most-
ly in the sublidal zone (the carbonate
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factory), can be subsequeny
ported and molded into tidal f|arg b

physical processes. In thig sense, “d:!
flats are repositories of allochthongyy
sediment, and accrete as wedges
along shorelines (e.g., Qatar, Shap
Bay. Spencer Gulf}, in the lge of
rocky islands (e.g., northem Bahamag
Caicos, Belize), spits {e.g., Florida) ang
reefs and shoals (e.g., Trucial Coasy,
and as discrete islands and banks jn
shallow saas (Fig. 3). This last setting
is inferred from ancient examples
because modem shelves are compara-
tively narrow and not directly anale-
gous to the broad epeiric seas that
were comman in the past.

For muddy tida! flais to form they
must be protected from open ocean
swells and such protection can be pro-
vided by a platform rim or in the case of
a ramp or unrimmed platform, by near-
shore carbonate sand shoals (Fig. 4).
Muddy tidal flats do not, therefore,
generally occur in the facies spectrum
of high-energy, unrimmed platforms, ex-
cept behind nearshore shoals or islands.

¥ ‘rans.

Holocene carbonate tidal flat
environments

Shallow subtids! and lower intertidat
The shallow seafloor oceanward of
modern tidal flats is generally a bic-

ELEVATED
SUPRATIDAL
SUPRATIDAL
ALGAL MARSH

CARBONATE
TIDAL FLATS

Flgurc. 2 Block diagram showing the main morphological elements of a carbonate tidal flat. Left: a hypersaline tidal flat with fow channels
bordering a desen and developing evaporite deposits (based on modem Parsian [Arabian] Gulf). Right: nomnal-marine tidal flat with many

craeks, or channels, and ponds in a humid lo sub-humid setting (based on modem Bahamas).



turbated and pelleted lime mud vari-
ably rich in shelly material from
benthic aganisms, and commonly sup-
ports a cover of sediment-stabilizing
sea grasses (Chapter 15). Protective
low-relief banks of cross-stratified
oglitic or bisclastic sand are present in

BACK-REEF/
BACK-SHOAL
TIDAL FLATS

16. PERITIDAL CARBONATES

some higher-energy nearshore areas
whera wave agitation is frequent.

In tranquil settings of normal salinity,
the lowermost intertidal zone tends
also to be a thoroughiy bioturbated
mixture of lime mud, pellets and bio-
clasts. This sediment is usually cav-

SHORE-FANGING
TIDAL FLATE

TIDAL FLAT
ISLANDS

CARBONATE
PLATFORM

Figure 3 Block diagram of a carbonate platform, with basinward 1o left and fandward to
right, showing possible locations of tidal flats: in the lee of reefs and carbonate sand shoals,

as islands, and as shoreline deposits.

beach & eolian dunes
supratidal

Bl ntertidal

[ subtidat

10 km

— 2

I ABU DHABI '

LAGOON

Figure £ Simplified map of modem tidal flat areas near Abu Dhabi, Persian (Arabian) Gulf;

based on Purser {1973).
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ered during low lide with an ephemaral
microbial (*algal™) slick that is the
sourca of food for grazing organisms
such as gastropads and worms.
Crabs, shrimps, worms and fish are re-
sponsible for the bioturbation in the
underlying sediment. Many fow-energy
flats are fronted by beaches of bio-
clastic sand winnowed from creeks
and ponds or the adjacent seafloor
during storms. Beach sands can be
partially lithified by synsedimentary
cement composed of aragonite fibres
or bladed and micritic high-Mg calcite,
farming gently seaward-dipping layers
of beachrock. Beachrock tends to be
erumbly and easily eroded, and sup-
ports a hard-substrate biota of en-
crusting and boring invertebrates,
plants and micraobes.

Intertidal flats

Higher in the intertidal zone, microbial
mat cover is mare permanent, and
forms thick, leathery carpels that can
be locaily shrunken, torn and folded
over {Fig. 5). These exhibit various
surface teatures such as pustules,
blisters, wrinkles, crenulations or
small, domical stromatolites. These
mats are composed of a variety of fila-
mentous and coccoid cyanobacteria
(“blue-green algae™) and bacteria, and
are responsible for the millimetre-scale
lamination exhibited by most of the
sediment beneath them. The taxo-
nomic makeup and surface appear-
ance of such mats varies with degree
of subaerial exposure and can be re-
flacted in the microscopic nature of the
underlying lamination. This type of
lamination was called “algal® or
cryptalgal” before geologists became
familiar with the detailed biclagical
nature of the mats; “microbial” seems
now tc be the preferred adjective.

Ponds and creeks

Ponds containing brackish or hyper-
saline water are a common feature of
the intertidal zone (Fig. 6), especially
in more humid climates. These contain
a resiricted biota of microbial mats,
foraminifera, gastropods, small bi-
valves, shrimps, ostracedes, and ne-
matode and polychaete worms that is
adapted to fluctuating salinity. This as-
semblage, living in a stressed environ-
ment, is typically one of high numbers
of individuals but low species diversity.
different from the immediate offshore



306

biota. Copses of mangroves are usually
present, excepl in the most arid areas.
Also characteristic of the intertidal
zone are permanently submerged tidal
creeks or channels that are the con-
duits for tidat flooding and draining
(Fig. 6). Such tidal creeks (leasl com-
mon i and settings) are up to several
metres deep and lens of metres wide,
and contain a basal lag of semilithified
intraclasts eroded from the sur-
rounding flats and flanking levees, and
bars of bioclastic sand winnowed from
the ponds. Supratidal levees protrude
above high-tide level and are micro-
bially laminated. Creeks migrate later-
alty, as they do in siliciclastic tidal flats,
and leave behind a vertical succession
of cross-stratified, intraclastic and bio-
clastic sand overlain in tum by biotur-
bated bioclastic and peloidal lime mud
and microbially laminated sediment.
The amount of lateral migration of
creeks and the proportion of the inter-
nal facies mosaic of interidal flats that
ts generated by such migration are not
well understood, but studies of modern
flats suggest that it may be consider-
able (Hardie, 1877).

Supratidal flats

Most of the sediment suriace in the
upper intertidal and supratidal zones s
covered by microbial mats that are
typically shrunken into desiccation poty-
gons and commonly dislodged into
chips or intraclasts. The laminated sedi-
ment beneath these mats is generally
fine grained with occasional coarser in-
tercalations that reflect deposition by
exceptional storms and, in some
regions, by winds blowing off the neigh-
bounng land surface. Beds and nodules
of anhydrite precipitate in these sedi-
ments in arid settings (Chapter 19). In
many areas, the supratidal zone is the
locus of widespread synsedimentary
cementation by microcrystalline arago-
nite, high-Mg calcite, or dolomite. This
forms lithified pavements a few cen-
timetres thick that are usually broken
Into intraclasts by forces exerted during
crystal growth, groundwater pore pres-
sure, or the roots of halophytic (salt-tol-
erant} plants such as grasses and
mangroves. Evaporating sea spray can
be responsible in some arid areas for
fans and isopachous tayers of fibrous
aragonite that encrust stable substrates
such as beachrock and shells, forming
objects termed coniatolites.

PRATT, JAMES COWAN

Landward parts ol the supratidal
zone grade inlo echan deposits. 5015
or treshwater marshes and lakes. or
onlap bedrock surfaces. depending on
the region’'s geography and chimate
Marshes and takes. which gxist in the
more humid areas and have fluctu-
ating waler chemistry. are character-
ized by microbial mats and stroma-
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wiltes; these are parially hthified py
high-Mg calcite cement and calcilica-
non of orgamic substrates, and are in-
terbedded with thin-bedded, locally
bioturbated lime mud and bioclastic
and peloidal carbonate sand deposited
duning storms. Much ol the microtaliy
laminated sedimen! shows fenesiral
tabric. 1.e.. the presence of millimetre-

Figure 5 Upper imeridal microbial mai mainty composed of filamentous cyanobacteria
{Microcoleus) that has shrunken into gesiccaton poiygans. Boca Jewfish, Banarre: trowel ts

about 25 cm long.

Figure & Oblique aerial photograph ol the tidal flats on the northeast coast of Andros
Island. Bahamas, looking nonh. Ottshore subtidal is 10 the leh. The white areas along the
channel edges are supratidal levees. The gark patches are interlidai microbial flats between
the levees and around the penphery of the manly subtidal ponds The lielg of view i5 about
3 km across
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to centimetre-sized subhorizontal, (Kendall and Warren, 1987). These
sheet-like pores formed as voids also contain complex generations of in-
bridged by microbial mats or as molds ternal sediment and aragonite and
of deqraded mats. Decimetre-scale high-Mg calcite cements.

tepee structures {Fig. 7), consisting of

disrupted and overthrust crusts of lithi- Geological evolution of
fied, tufa-like fenestral sediment giving peritidal facies
an inverted V-shaped cross seclion, Biolcgical and environmental develop-

form in areas of groundwater discharge ments through geciogic time have

Figure 7 The supratidal flat at Fisherman Bay, Spencer Guif, southern Australia. The
polygonal crusts are lithified and have been thrust into teepees by episodic groundwater
resurgence. Crusts in the foreground are roughly 30 cm across.

Figure 8 Outcrop of lenticular and wavy beds of wave-rippled peloidal grainsione (light
coloured) in argillaceous dolostone (dark coloured), probably deposited in the lower intertidal
zone. Petit Jardin Formation {Upper Cambrian), Port-au-Port Peninsula. western
Newfoundland; lens cap is 6 cm across.

1-----------
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exerted an imporant influence gn the
nature of carbonate fidal flats. This is
manifest in several ways, via 1) the in-
crease in diversity of carbonale-secret-
ing organisms and consequent change
in sediment type, 2} the evolution of
bioturbating and herbivorous inverte-
brates, and 3) the evolution of angio-
sperms.

The subtidal carbonate factory was
in its infancy during Precambrian time,
when CaCO, was extracted from sea-
water by inorganic and micrabial pro-
cesses only. Peritidal strala during this
phase in Earth’s history are composed
of ooids, intraciasts, stromatolites,
supratidal tufas, and varable amounts
of time mud. Some sublidal units are
entirely siliciclastic, and large-scale
cyclicity of altemating calcareous and
noncalcarecus facies (e.q., Grotzinger,
1986; Bertrand-Sarfati and Moussine-
Pouchkine, 1988) may have involved
basin-wide, or greater, changes in car-
bonate saturation of seawater. The dra-
matic increase in skeleton-secreting
and sediment-ingesting invertebrates
beginning in Cambrian lime meant
that the carbonate factory changed in
character and increased its output
manyfold. New types of sedimentary
particles appeared, in the form of
abundant shells, fecal pellets, and
carbonate mud from the breakdown of
fragile skeletons and other biologically
influenced precipitates. This no doubt
changed the nature of tidal flats by
causing increased mobility of the sub-
strate, making it less and less likely to
be cemented quickly or encrusted by
stromatolite-forming microbial mats
except in hypersaline areas (Pratt,
1982). tt has been commonly heid
{Garrett, 1970) that grazing inverte-
brates such as gastropods caused in-
tertidal stromalolites to become searce
after the Proterozoic, but the above
sedimentary reasons rather than eco-
logic pressure seem likely to have
been responsible for this decline.

Protergzoic tidal flat carbonates are
distinctive too because, in comparison
with other Precambrian carbonate
facies and younger sediments, they
were the preferred sites of diagenetic
silica precipitation and formation of
chert nodules (Maliva et ai., 1989).
These cherts are importan! because
they host the bulk of the Precambrian
fossil record (Knoll et al., 1991),

Bioturbation became a sediment-
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modifying process in Late Proterozoic
time. Diversification of microbes, espe-
cially those involved in the breakdown
of organic material, must have oc-
curred in tandem with inveriebrate di-
versification and the resulting ap-
pearance of new organic substances.
The organic content and therefore the
geotechnical properties of tidal flat
sediments surely changed in the early
Paleozoic. The effect of bioturbation
seems to have increased dramatically
after the {ate Paleozoic or earliest
Mesozoic (Thayer, 1983; Boftjer and
Ausich, 1986; Pratt, 1991). This was
heralded by the evolution of a more
diverse fauna including animals, such
as certain shrimps and crabs, capable
of burrowing as deeply as 1 m. Con-

~ sequently, tidal bedding that would

have been preserved in the Precam-
brian and early Paleozoic was com-
monly destroyed by infaunal activity,
except in the upper intertidal and
supratidal zones. Furthermore, inter-
tidal to supratidal sedimentary and
organosedimentary structures that
escaped destruction were ofien subse-
quently bioturbated when buried by
subtidal or lower intertidal sediments
with an active deeply burrowing
infauna. N
Evolution of angiosperms since
Cretaceous time has meant that the
disruption of tidal tlat sediments by
halophytic plants has become a char-
acteristic of Cenozoic deposits. In ad-
dition, shallow subtidal sea bottoms
are especially well stabilized by the
rhizomes (roots) of angiosperm sea
grasses (Thalassia, Posidonia, Cymo-
docea). Such grasses also support a
prolific encrusting biota that supplies
fine-grained carbonate sediment to
the factory. These carpets of sea
grasses, however, are disrupted only
by intense storms, causing “blowouts”
(Wanless, 1981}, and we suggest that
pre-Cenozoic subtidal sediments, es-
pecially sill- and sand-sized particles,
might have been more readily moved
onto tidal {lats than they are now,
because they were not bound by these
grasses. This is analogous to the sug-
gestion that the posi-Devonian pres-
ence of widespread terrestrial plant
cover, with its stabilizing, soil-forming
and weathering attributes, affected the
subaerial sedimentary system of the
Earth. It may parlly explain why some
early Paleozoic intertidal carbonates
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look so much like siliciclastic counter-
parts from settings that lack significant
seagrass communities.

especially when they contain features
unequivocally of subaerial origin,
However, some facies cannot be as.
signed confidently 1o a bathymetric
position, and for these Walther's Law
must be invoked. Furthermore, tida|
processes involve such a variety of
energy regimes, sedimenl sizes ang
climates that there may be a limi! as to

Ancient peritidal carbonate facies

Environmental interpretation of peri-
tidal limestones and dolostones is
easily achieved in the broad sense,

===

R gl

grainstone im

m stromatolites

stromatolitic rudstone

| CHANNEL I -

microbial laminite with desiccation cracks

g wavy-bedded carbonate with desiccation cracks

Figure 9 Simplified outcrop sketch of hypothetical channel or creek deposits cut into tidal
flat facies, based on examples from the Waterfowl Formation {Upper Cambrian, Rocky
Mountains, Alberta; Waters ef al., 1989} and Elbrock-Conococheague Formations {Middle
and Upper Cambrian, Virginia; Koerschner and Read, 1989).

Figure 10 Thin section photomicrograph of limestone composed of loosely packed micrite,
micrite peloids, articulated ostracode valves, and calcimicrobe (Girvaneiia) filamenls with
organic-rich walls. This sediment is interpreted to have been deposited in a tidal flat pond
because of the low-diversity biota and the calcification of filamentous cyanobacterial thatl,
Table Point Formation (Middle Ordovician), Port-au-Port Peninsula, westem Newfoundland;
scale bar is 1 mm.
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how precise an interpretation one can
make. The present level of detail is
generally at the scale of units decame-
tres to metres in thickness; few studies
have gone down to the scale of indi-
vidual beds and l[aminae.

Shallow subtidal and

lowermost intertidal facies
Precambrian subtidal rocks are the
most difficult to recognize, because the
carbonate was produced by inorganic
or microbially mediated precipitation,
and there were no distinctive skeleton-

Figure 11

16. PERITIDAL CARBONATES

secreting organisms. Such subtidal
tacies tend to be vanably sificiclastic, or
frequently dolomitized lime mudstone
with lacal colitic, peloidal or intraclastic
beds. Nearshore limestones of Phan-
eroZoic age are fossiliferous, com-
monly bioturbated lo some degree, and
may exhibit patch reefs and oolites.
Units of thinly interbedded bioturbated
lime mudstone and wackestone and
ripple or dune cross-laminated grain-
stone that are overlain by rocks ex-
hibiting clearly supratidal facies are
typical. Subtidal and lower intertidal

A bedding plane of desiccation-cracked polygons in which the edges of each

polygon are curled up, probably because the original microbial mats shrivelled upon expo-
sure. East Arm Formatign, Upper Cambrian, Bonne Bay, western Newloundland; hammer is

30 cm long.

Figure 12 A cross section of desiccation cracks in microbially laminated peritidal dolo-
stones: Providence Island Dolemite, Middle Ordovictan, Lake Charnplain, New York State.
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carbonates of Mesozoic and Cenczoic
age are commonly thick bedded and
totally bicturbated, reflecting the post-
Paleozoic increase in the diversity and
effect of the bioturbating fauna.

intertidal flat facies

Wavy-, lenticular- and llaser-bedded
peloidal lime mudstone or grainstons
{calcisiltite) and dolomitized argilla-
ceous lime mudstone (sometimes in-
terbedded with small hemispheroidal
stromatolites), arsing from the aitemna-
tion between slack water and sedi-
ment transport by both unidirectional
currents and waves under lower flow
regime, are particularly distinctive of
Precambrian and lower Paleczoic se-
quences (Fig. 8). This facies is directly
comparable to the tidal bedding in sili-
ciclastic peritidal deposits, inciuding
those forming in many modern set-
tings (sea Reineck and Singh, 1980).
The carbonate strata, however, com-
monly contain intraclastic horizons
which are absent in siliciclastic coun-

terparts. Phanerozoic intertidal facies -

frequently have bioclastic layers. Well-
sorted caquinas were likely washed
in from the subtidal zone by storms,
whereas poorly sorted shelly deposits
containing a low-diversity assemblage
of gastropods aor bivalves probabily
represent the in situ intertidal fauna.
Laminae that appear laterally eontin-
uous, undulating and uniform in thick-
ness, are typically intercalated in this
facies, and record periods of stabiliza-
tion or binding of the substrate by
a microbial mat. This tidal bedding
can be burrowed in Phanerozoic se-
quences, and in the lower Paleozoic
the trace fossil fauna is dominated by
a low-diversity assemblage ot hori-
zontal burrows and U-shaped forms
like Arenicolites and Diplocraterion. As
with subtidal deposits, post-Paleozoic
intertidal sediments are likely to be
thoroughly churned: bioturbated,
poorly fossiliferous lime mudstone
units may be interpreted as intertidal if
other criteria, such as vertically juxta-
posed beds with desiccation cracks,
are evident.

Tidal creek facies

Rocks specifically interpreted as hav-
ing accumulated in tidai creeks or
channels piercing intertidal flats are
relatively uncommeon, The reasons for
this are mainly 1) the rarity of laterally
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extensive exposures that intersect the
possible margins of channeis once
they stop migrating laterally, 2) the dif-
ficulty in distinguishing creek fills from
regressive packages with a basal,
higher-energy component that resulted
from tidal flat progradation, 3) the simi-
larity between bedforms and lateral-
accretion bedding from bar migration
in channels and inclined and tabular
cross siratification from migrating off-
shore carbonate sand shoals, and 4)
the difficully in separating creeks in
tidal flats from channels between adja-
cent offshore islands or shoals. The
presence of flat-pebble and blocky in-
traclasts derived from the surrounding
flats and levees, respectively, along
with bipolar (herringbone) cross strati-
fication typically exhibiting reactivation
surfaces and tidaf bundies (couplets of
sandy and muddy laminae), seem 1o
be diagnostic of creek or channel de-
posits (e.g.. Pratt and James, 1986).
Grainstone beds with erosional bases

i \.f-‘;
-
".'f -«

Figure 13 Polished slab of clotted and
peloidal lime mudstone showing microbial
lamination and fenestral fabnc of laminoid,
millimetre- 1o centimetre-sized, cement-
filled pores. This distinctive fabric probably
formed in the upper intertidal or lower
supratidal zone. Eldon Formation (Middie
Cambnan), Exshaw, Alberta; scale bar Is
teom,

PRATT, JAMES, COWAN

and containing stromatolite or throm-
bolite mounds in some Proterozoic
and Cambrian sequences are reason-
ably interpreted as channel deposits,
{Koerschner and Read, 1989; Wright
et al., 1990). Walers ef al. (1989) and
Cloyd et al. (1990) have mapped
Cambrian channels at least 10 m wide
and 1 m deep with erosional bases,
filled with laleral-accretion beds of
individually graded, locally bipolar
cross-laminated grainstone containing
desiccation-cracked lime mud drapes
and reactivation surtaces (Fig. 9).
Care must be taken in late Proterozoic
and early Paleozoic carbonates,
however, lo differentiate subaerial
{desiccation) cracks and other cracks
of submarine origin (Knoll and Swett,
1990; Cowan and James, 1992).

Beach facies

Beaches, which also have not been
reported frequently from ancient tidal
flat sequences, are characterized by
seaward-dipping, low-angle laminae
and thin beds of grainstone, often with
hardgrounds exhibiting bored sur-
faces. This facies passes laterally to
subtidal deposits in the seaward direc-
tion and tidal-bedded strata in the
landward direction {e.g., Inden and
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Moore, 1983: Walers et a/_, 1989).
Steeper shorelines, such as Tertiary
and Quaternary examples from the
Mediterranean and Red seas, are
often onlapped by gravelly beds of
well-rounded pebbles and large shells.

Pond facles

Recognition of schizohaline pond de-
posits ‘on humid intertidal flats may be
impossible in most rock sequences
untless the ponds were particularly
long-lived. In one example (Pratt,
1979), burrowed wackestone con-
taining ostracodes and horizontal
meshes of Girvanglia filaments with
organic-rich walls (Fig. 10) are interca-
lated within burrowed and microbially
laminated lim& mudstone and tidal-
bedded dolostone and ime mudstone.
The restricted biota of this deposit, the
well-preserved microbial remains, and
its lenticular geometry within a peritidal
sequence argue against a normal-
marine subtidal environnment.

Supratidal facles

Microbially taminated limestone or
dolostone, usually with desiccation
cracks and coarser rippled layers, is &
common peritidal rock type (Figs. 11,
12); such rocks, however, may be

Figure 14 Thin seclion photomicrograph of peloidal and clotted micrite containing bioclasls
(mainly ostracodes and gastropods) and exhibiting fenestral fabric. Upper pans of the
laminoid tenestral pores have pendant tringes of fibrous calcite cemant (grey coloured) sug-
gesting that this sediment was deposited in the upper interlidal zone and that the fibrous
calcite precipitated as marine or mixed walers percolated through the pares during low tides.
Tabie Point Formation {(Middle Ordovician), western Newfoundland; scale bar is 1 mm.
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upper interlidal or supratidal in origin.
in oider Phanerozoic sequences, a
supratidal setting might be inferred if
bioturbation is rare or absent, or there
is evidence for prolcnged subaerial ex-
posure such as evaporites. karst hori-
zons or paleosols. Intercalated within
many microbially laminated rocks are
intraclastic horizons, which are analo-
gous to pavements of microbial mat
chips or fragments of cemented crusts
in modern supratidal environments.
Fenestral lime mudstone and peloidal
grainstone (Fig. 13) are commaon
{Shinn, 1983b) and, by analogy with
tidal flats of Florida and the Bahamas.
were probably deposited in moist
supratidal “algal marshes” or around
ponds. This facies sometimes exhibits
features, such as pendant fibrous
cement (Fig. 14), brecciated crusts
and tepees, pisolites and pores with
geopetal sediment floors, suggestive
of flushing by downward-percolating
seawater and rainwater and upward-
flushing by groundwaters in a subaerial
environment. Precambrian supratidal
deposits often contain digitate stroma-
tolites, millimetres to centimetres in di-
ameter, which have been interpreted as
supratidal, tufa-like aragonite precipi-
tates (e.g., Grotzinger, 1986). Post-
depositional leaching of evaporites

16. PERITIDAL CARBONATES

causes collapse brecciation in supra-
tidal facies.

THE PERITIDAL SHALLOWING-
UPWARD SUCCESSION

Ancient pentidal carbonate lithofacies
are characteristically organized strati-
graphically into metre- to decametre-
thick, shallowing-upward successions
(Fig. 15) each with a basal subtidal
unit, intermediate intertidal facies, and
an upper supratidal unit with or with-
out a terrestrial horizon on the top
(James, 1984; Wright, 1984; Tucker
and Wright, 1990). Contacts between
the members are gradational or shamp
and may show evidence of local
synsedimentary scour. Walther's Law
tells us that, if there are no major de-
positional breaks, we can reconstruct
the ancient environmental masaic by
dealing out each facies like a deck of
cards. There are departures from this
ideal pattern, however, and it is not
unusual to find the supratidal member
overtain by intertidal facies, or compo-
nents missing because of nondeposi-
tion or erosion.

Characteristics

The lithologic nature of the subtidal —
intertidal — supratidal succession is
variable, reflecting the broad spectrum

Figure 15 A shallow pit excavated on the Holocene sabkha; Abu Dhabi, United Arab
Emirates. The roughly 1 m of section is composed of light-hued subtidal sediment at the
base. overlain in turn by conspicuous biack intertidal microbial mats with desiccation cracks

and light-coloured supratidal sediment and capped by eolian quartz-fich sands. Phota cout-
lesy P. Schoile.
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of intertidal and supratidal depositional
environments, the dictates of biotic
evolution and past changes in ocean
chemistry. Such peritidal shallowing-
upward successions can be subdi-
vided into two types, low energy (Figs.
16. 17) and high energy (beach; Fig.
18} , and both may show the effects of
climate, such as thin beds of evapor-
ites, especially anhydrite (Chapter
19).

In the simplest case, and referring
only to the Phanerozoic, [ow-energy
shallowing-upward successions have
a burrow-mottied, variably argillaceous
lime mudstone to wackestone or pack-
stone lowest member, often with a
basal bioclastic and intraclastic grain-
stone or rudstone as a transgressive
lag on top of the pre-existing succes-
sion (Fig. 16). Patch reefs may he
present in the subtidal member. The
imtertidat member exhibits thin-, lentic-
ular- and wavy-bedded, variably bio-
turbated lime mudstone and bioclaslic,
peloidal and sometimes oolitic grain-
stone, locally with smail domical stro- _
matolites. This grades upward to an
upper intertidal and supratidal member
that is usually a microbially laminated,
locally desiccation-cracked, slightly
argillaceous lime mudstone frequently
exhibiting fenestral fabric, with thin in-
terbeds of intraclastic horizons and
laminae of peloidal or bioclastic grain-
stong. If the sediments were laid down
in an arid climate, nodular to wavy
beds of anhydrite may displace and
replace sediment of the intertidal and
supratidal members (Fig.16). Higher-
energy cycles (Fig. 18) also have a
bioturbated subtidal bioclastic basal
member, but the intertidal component
is made up of bioclastic andfor locaily
colitic grainstones representing beach
deposits. These may exhibit inclined-
and cross-stratification and hard-
grounds. The upper intertidal and sup-
ratidal units are generally desiccation-
cracked microbial laminites.

Both kinds of shallowing-upward
SUCCessions can have a capping
horizon of marsh sediments, paleosol
or calerete. Successions may be sepa-
rated from overlying units by a karst
surface caused by subaertal weath-
ering, or an erosion surdace formed
during the environmental shift respon-
sible for the next succession. Supra-
lidal sediments may show the dia-
genetic effects of groundwater dis-
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charge, such as tepees, cements and
leaching of evaporites.

A warning! Tidal creek or channel
fills can look suspiciously like shal-
lowing-upward successions produced
by tidai flat progradation {Fig. 18).
Predictably, they should be composed
of a basal intraclastic, peloidal and
bioclastic grainstone lag or bar facies,
overlain by thin-bedded and biotur-
bated lime rmudstone and wackestone,
and capped by microbially laminated
lime mudstone, recording waning
energy conditions as the creek is aban-
doned {e.g., Waters et al,, 1989; Cloyd
el al., 1990). Unless a channel margin
or lateral-accretion bedding is ex-
posed, or blocky intraclasts from
margin collapse are present, these de-
posits could easily be misunderstood.

" Geometry

To interpret how any parficutar peri-
tidal shallowing-upward succession
may have developed there must

LOW ENERGY, PALEQOZOIC
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be firm local and regional lateral con-
trol on the distribution of units; bed
or event correlation must be demon-
strable. Besides walking or tracing out
individual beds, the lithologic features
that may be widely correlatable in peri-
tidal successions are subaerial expo-
sure horizons (karst surfaces, collapse
breccias and paleosols), evaporite
beds and siliciclastic horizons resulting
from sea level fall. We recognize two
geometries. Laterally continuous
metre-scale successions are wide-
spread, possibly platform-wide, and
correlatable. Laterally discontinuous
metre-scale successions are local in
exteni and noncorrelatable and supra-
tidal facies can be traced laterally into
intertidal and/or subtidal facies over kilo-
metre-scale distances.

Origin

An aspect of carbonate sedimentology
that has become a maxim over the last
decade, for Phanerozoic rocks at
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least, is tha! healthy carbonate plat.
forms, i.e., those not stressed by envi-
ronmental conditions like cold water,
hyparsalinity, turbidity or nutrient poi-
soning that hinder organism growth,
can produce enough carbonate sedi-
ment to aggrade, and commonly a
surplus, causing progradation, while
relative sea leval rises (Schiager,
1981). Shallow water sediments thus
overlie deeper waler facies. Each
shallowing-upward peritidal succes-
sion records the vertical and lateral ac-
cretion of a single tidal flat to a level
just exceeding high-tide mark; if there
was no subsidence or sea level
change, the thickness of the intertidal-
supratidal component might approxi-
mate the tidal range, but if there was
any relative sea level change, the
thickness is no indication of this at all.
There are currently three models
used to explain how a shallowing-
upward succession forms 1) as a pro-
grading wedge, 2) as a simultaneously
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Figure 16 Hypothetical vertical profiles of individual low-anergy, metre-scale, paritidal shallowing-upward successions. Left: from the lower
Paleozaic; upper Paleozoic examples might exhibit calcretes at the top. Right: an evaporitic example (Chapter 19). No scale is implied, but

sach succession is typically 1-10 m thick.
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aggrading sheet or, 3) as a mosaic of
tidal flat islands {Fig. 19).

The prograding wedge

Holocene shallow-marine and pentidal
environments are dynamic in that they
shift geographically over geologically
short periods of time in regponsea to
both local and regional changes in
climate, prevailing wind direction,
current pattern, and sediment supply.
A single coastiine, for example, may
possess tidal flats that are accu-
mulating and prograding, and tidal
flats that are dormant or are eroding

_ (e.g., Shinn et al., 1969; Strasser and

Davaud, 1986). Regardless, to gen-
erate a single, laterally extensive
wedge {hal has peritidal, shaliowing-
upward attributes throughout, the tidal
flat must prograde l[aterally from a
nucleus. Such accretion can develop
seaward from land, outward from
islands, or shelfward from platform
margin buildups and/or shoals. It must
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be stressed that deposition on the tidal
flat is a physical process. Sediment
generatad on the platform is swept
onto the flats by storms producing the
gradually prograding tidal flat wedge.
As such, the size and dynamics of the
peritidal wedge are primarily a function
of the heaith and nature of the source
area (the subtidal carbonate factory)
and the way in which sediment is re-
distributed on the platform (i.e., how
much is transported to the flats, how
much stays in place, how much is
transported offshore into deep water).
The Holocene record of sea level
change is one of rapid rse between 11
ka and 6 ka, followed by decelerated
rise from 6 ka to the present. There
are, unfortunately, few tidal flats that
have been cored in enough detail to
provide a good three-dimensional
stratigraphic picture of deposition
during this period. As a result of this
small data base it is difficult to make
generalizations. Nevertheless, at pres-
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ent there appear to be two styles of
progradation (Fig. 20), simple offlap
and staggered offiap {Hardie and
Shinn, 1986). Simple offlap is typified
by the gradually prograding wedge
along the southem coast of the Persian
(Arabian) Gulf. Staggered offlap
is characterized by the northern
Bahamas tidal flats. In the latter case
the tidal flat doas not seem to have
prograded but instead aggraded
behind a protecting beach ridge. The
vertical successior: is mainly burrowed
sediment, reflecting deposition in a
variety of pond, channel and intertidal
flat environments, capped by laminated
upper intertidal to supratidal sedi-
ments. It is thought that tidal flat sedi-
mentation began only when the off-
shore carbonate sand bar emerged to
become a barrier. Once the flat ag-
graded 1o sea level, progradation took
place by a series of jumps followed by
back filling (Hardie, 1986). Such suc-
cessions in the rock record should

LOW ENERGY, MESOZOIC
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Figure 17 Hypothetical vertical profiles of individual low-energy, metre-scale, peritidal shallowing-upward successions from the Precambrian
{teft) and Mesozoic (right). A comparison of these with the Paleozoic example in Figure 16 shows some of the lithologic changes exerted by

biotic evolution through geologic time.
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contain remnants of these barriers.
The Abu Dhabi sabkha is reporied to
have buried barriers {(Warren and
Kendall, 1985) and may have also de-
veloped, in part, through staggered
offlap.

For a wedge of tidal flat sediment to
prograde from the strandline acress an
entire plattorm, accumulation of sedi-
ment must occur under relatively stable
hydrographic conditions (i.e., sea level
and climate) for the length of time rep-
resented by progradation. A rapid rise
in sea level would flood the broad
supratidal flat and halt progradation,
whereas any fall in sea level would
strand the tidal fiat before transplatform
progradation was complete.

This style of accumulation has been
proposed to explain the extensive
Cambro-Ordovician peritidal strata of
the southern Appalachians {Hardie,
1986). Metre-scale peritidal shallowing-
upward successions of this epeiric plat-
form have been correlated (but not
traced) for distances greater than 100
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km parallel and perpendicular to depo-
sitional strike. Progradation at this
scale, however, would produce vast
areas of abandoned supratidal flats
behind the prograding shoreline, far
distant from the subtidal source of sed-
iment and exposed to protracted sub-
aerial diagenetic eflects. Since con-
stant and uniform subsidence wouid
inundate this supratidal surface, pro-
gradation must have taken place while
relative sea level was stationary or
gradually falling. If progradation was
simple offlap, then successions will
be laterally continuous. It progradation
was staggered offlap, successions will
be discontinuous and separated by
lenticular beach deposits.

Simultaneously aggrading sheet

In this situation, continuous in situ car-
bonate sediment production results in
aggradation of the seafloar steadily
to sea level. The entire platiorm be-
comes interidal and then supratidal,
and can be completely exposed before
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flooding and deposition of the nex
overlying succession (Fig. 19). There
are no Holocene analogues for thig
process; it is derived entirely from in-
terpretation of the rock record, and
therefore is poorly constrained. Plat-
form-wide peritidal exposure under
these circumstances cannot be intgr-
lidal per se, because it is unlikely that
tides cotild operate across such a vast
horizontal distance alt at once. In-
stead, alternating flooding and expo-
sure would have to be induced through
the movement of the sea surface by pe-
riodic storm surges or persistent winds.
Such a style of occasional exposure
and submergence may be difficult 1o
distinguish in the rock record from true
intertidal conditions. This hypothesis
demands that at least some sediment
be produced on the flats when the
whole platterm is in the intertidal-
supratidal environment Such acgretion
could predictably produce platiarm-
wide, laterally continuous, metre-thick
shallowing-upward successions, such
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as those inferred from Cambrian strata
by Koerschner and Read (1989).

Tidal flat-islands

An altemative model has heen postu-
lated to explain shallowing-upward
peritidal successions that are demon-
strably lateraily discontinuous {Pratt
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and James, 1986}. In this tidal fiat
island model deposition is envisioned
as taking place on a plattorm dotted by
a mosaic of exposed low-relief islands
and intertidal banks separated by sub-
tidal source areas (Fig. 19), with the
whole complex shifting laterally and
vertically through time in response to a
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Figure 19 Diagrams illustrating various ways in which a metre-scale, pentidal, shallowing-
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range of local and regional hydro-
graphic conditions. Such islands are
developed today in Florida Bay and il-
lustrate two modes of Holocene acoy-
mulation, 1) physically deposited mud
banks capped by prograding inlertidal
and supratidal sediments, and 2) en-
tirely supratidal deposition of a coastal
mud flat, later dissected by erosion
{Enos and Perkins, 1979; Wanless
and Tagett, 1989). These islands, how-
ever, have not migrated much during
the relatively shart pericd of Holocene
flooding. If viable, this tida! flat island
model severely limits the architectural
predictability of ancient platforms, as
the constituent facies, particulary the
supratidal caps, are of inherently
limited regional extent.

Asymmetry

Why is a metre-scale, peritidal shallow-
ing-upward.succession asymmetric?
The characteristic asymmetry of a
typical shallowing-upward succession,
i.e., subtidal (A}, intertidal {B) and
sypratidal (C) stacked in ABC —+ ABC
hemicycles (Figs. 16, 17, 18}, as op-
posed to full CBABC cycles, is gener-
ally attributed to problems with the
source area during platiorm inundation.
If the flooding which begins a succes-
ston were gradual, then the seafloor
duning initial submergence is thought to
have been loo wave swept and/or too
shallow or restricted to produce much
carbonate sediment. Thus there is a
“lag ime™ or Yag depth” (Hardie, 1986)
before the seafloor becomes deep
enough to actively produce sediment
that is subsequently moved onto the
tidal flats. In some successions this time
interval is represented by a coarse-
grained “transgressive” facies at the
base, whereas in others there is no
abvious record of this hiafus in deposi-
tion. Altematively, if flooding was rapid,
then supratidal facies {C) would be
rapidly drowned and intertidal facies {B)
would not have time to accumulate.

PERITIDAL CYCLOSTRATIGRAPHY
The stratigraphic record of ancient
peritidal carbonates tends to be one
of persistent repetition of the basic
metre-scale, shallowing-upward suc-
cession, imparting a characteristic
cyclic or, more appropriately, rhythmic
appearance to the sirata. While Holo-
ene tidal flats sometimes provide an
analogue for the generation ot one
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shallowing-upward succession, the
cause of stratigraphic repetition must
be derived frem the rock record. The
Pleistocene history of climate and sea
level change, although the most de-
tailed and besi understood of past
epochs, has left a stratigraphic record
of limited usefulness because sea
level fluctuations were so large that
they did not result in stacked metre-
scale shallowing-upward successions.
Consequently, there is currently much
discussion as to what causes the rhyth-
mic stacking into thick stratigraphic
packages of ancient shallowing-upward
successions. Debate has centred
around the question of whether the
new space made available for each
successive shallowing-upward succes-
sion is the result of 1) recurring sea
level changes (perhaps eustatic) at the
same scale and temporal rhythm as
the lithologic packaging; or 2) a high-
frequency packaging mechanism in-
lrinsic 1o processes of carbonate
sedimentation which are superim-
posed on a low-trequency or irregular
sea level rise. These are the allocyclic
and autocyclic mechanisms, respec-
tively, (see also Wilkinson, 1982). The
two stacking mechanisms are nol nec-
essarily mutyally exclusive, and it is
uncertain at the moment whether_or
not evidence for either mechanism can
be isolated in the rock record (Hardie
el al., 1991; Read et al., 1991).

There is good evidence that a
typical shallowing-upward succession
was deposited within a time span of
10-100 K.y. (Algeo and Wilkinson,
1988). This is a scale of resolution
beyond that provided by biostrati-

graphic methods. Much of the time-

represented by stacked shallowing-
upward successions, however, is ac-
counted for by hiatuses. Thus the time
of deposition for a given tidal flat suc-
cession may be only a small fraction of
the total apparent stratigraphic time;
Wilkinson et al. (1991) have sug-
gested as littie as 3-30 per cent for
S0rne Successions.

Autocyclicity

The driving force behind autocyclicity
is the dynamics of sedimentation on
the piatform. Assuming optimum con-
ditions, produclion rates for shallow-
marine carbonate detritus could
potentially provide enough sediment
over a period of 10-100 k.y. to account
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for tidal flat aggradation to sea level or
progradation of many tens to perhaps
hundreds of kilometres under essen-
tially stalic sea level condilions on a
gradient which experienced typical
passive-margin rates of subsidence
(see also Hardie and Shinn, 1986).
Progradation is inherently limited by
the sediment budget of the earbonate
platform. For example, in a mode! first
proposed by Ginsburg (1971; see
Bosellini and Hardie, 1973; Mossop,
1979), a tidal flat wedge is eavisioned
as prograding across a gently inclined,
gradually subsiding platform under
slatic or slowly changing sea level
(Fig. 19). As progradation covers the
platform, the subtidal source area for
tidal flat sediments hecomes increas-
ingly smaller (and deeper). Eventually
the source area is too small or too
deep to provide sediment for the tidal
flat, so sedimentation stops. If relative
sea level continues to rise, however,
soon the whole platform will once
again be subtidal and, atter a iag
period, the carbonate factory will be
robust enough for sediment produc-
tion, and the cycle will begin again.
The meagre areal coverage of
present-day tidal fiats makes it difficult
to envision a platform literally choking
itself off through hundreds of kilome-
tres worth of tidal fiat progradation
under steady-state sea level and sub-
sidence conditions. Furthermore, it
should be emphasized that interpreta-
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tions of platform-wide progradation in
ancient examples are usually based
on correlation of strata assumed 1o be
diachronous, not on continuous stratj-
graphic exposure.

Under conditions of platform-wide
aggradation it is thought that, once
flooded, a shallow platform could gen-
erate enough sediment in situ that the
whole sa2afloor would inexorably build
{0 sea level (Fig. 19). Fundamental to
this hypothesis is the ability of the *in-
tertidal” and “supratidal” environments
to produce sediment. The next eycle
would accrete once relative sea level
rise had submerged the piatiorm in
water deep enough for subtidal sedi-
mentation to begin again. Critics of
this hypothesis argue that, in order for
the sediment surface to intersect the
ait/water interface on a platform-wide
scale, there must be a sea level fall
(albeit minor — a metre or less?), be-
cause it is unlikely that the seafloor
would everywhere buitd right up to sea
level of its own accord. This model is
based on examples where shallowing-
upward successions are correlated on
a regional scale and assumed to be
synchronous deposits.

Tidal fiat islands are in part aggra-
dational and in part progradational and
their location is thought to shift through
time in response to changing hydro-
graphic conditions (Fig. 19). During in-
tervals of prolonged static sea level, or
slow sea level rise, they would, like the
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prograding wedge, gradually choke off
local source areas, eventuzlly be-
coming dormant. For sedimentation to
begin again after a period of local
stasis and prebably protracied expo-
sure of supratidal flats, there must be
creation of new accumulation space.
Under conditions of more rapid long-
term sea level rise, and continually re-
newed accumulation space, the is-
lands would form a series of laterally
discontinuous perifidal units.

These autocyclic models express a
basic premise that pervades current
thinking about peritidal carbonates.
Persistent and ubiquitous stratigraphic
repetition of the basic shallowing-up-
ward succession seems to indicate
that these systems are, at leas! in part,
intrinsically seif-governing.

Allocyclicity

The extrinsic factors of subsidence and
eustacy, which cause relative sea level
change, have long been assumed to
exer strong control on farge-scale peri-
tidal stratal patterns. High-frequency,
low-amgplitude sea level changes, the
fourth- and fifth-order fiuctuations of
sequence stratigraphy (Chapter 2), are
commonly invoked to drive the pack-
aging of metre-scale, shallowing-up-
ward peritidal successions {Grotzinger,
1986:; Koerschner and Read, 1989;
Aead et al., 1991). In this situation, a
metre-scale rise in relative sea level
provides a window of opportunity, in
the sense of both time and accumuia-
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tion space, for the generation of a
single shallowing-upward succession
(Fig. 21). Deposition occurs while sea
level is rising and at its apex, and is ar-
rested by sea level fafl.

Formation of the shallowing-upward
succassion in this window is envisioned
in different ways by different workers.
All three styles of accretion presented
above are viable within this scheme
{prograding wedge, Grotzinger, 1986;
aggradation, Koerschner and Read,
1989; and tidal flat islands, Strasser,
1988). Extrinsically controilad metre-
scale successions of many kinds, in-
cluding peritidal, have also been calied
punctuated aggradational cycles
{PACs; Goodwin ef al,, 1986} or more
recently melre-scale allocycles
{Anderson and Goodwin, 1990). Such
cycles are metre-scale units, bounded
by surfaces of abrupt change to deeper
or disjunct facies and comprising a
suite of contemporaneous facies, all of
which shallow upward. The peritidal
portions of such cycles are thought to
be aggradational, but there is no
reason why they could not be pragrada-
tional (either wedges or islands).

The most commonly postulated ex-
ternal controls to drive, or at least reset,
the system at the end of each shal-
lowing-upward succession are rhythmic
eustalic change or jerky subsidence.
While spasmodic subsidence with the
required shon frequency has been doc-
umented from seismicaily active areas
and for passive margins where listric
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taulting is common (e.g., Cisne, 1986:;
Hardie et af, 1991), the importance of
subsidence rate changes as a conirol
on stratigraphic rhythmicity in peritidal
shallowing-upward successions is
unclear. Sudden base level drops have
not been observed in modern passive
margin platforms, and ancient epeiric
settings, where much of the peritidat
record is found, seem unlikely to hava
experienced metre-scale, high-fre-
quency spasms of subsidence. Be-
cause there is currently no known
frequency 1o such tectonism, it is difficult
to use, and as yet impossibie to model!
this mechanism as a universal control of
stratigraphic rhythmicity. Nevertheless,
the mechanism should not be dismissed
as a potentigl control, especially in tec-
tonicaily active regimes (e.g., Fischer,
1964; Knight et al, 1991).

In the early to mid-1970s studies of
DSDP sediment cores and relict coral
reef terraces demonstrated that the
Pleistocene record of eustatic change
is ane of superimposed orders of sea
level variation (orders, in the sense of
both magnitude and frequency, Chap-
ter 2). Deep sea sediments were ana-
lyzed for oxygen isotopes {as proxy to
glacial ice volume) and revealed a
long-term (100 k.y.}, 100 m-scale,
asymmetric sea level oscillation.
Pleistocene fossil reef data suggested
that a_shorter term {20 k.y.) sea level
oscillation was superimposed on the
longer term fluctuation. These various
orders of eustatic change have been
correlated to those predicted for ice-
house glaciation driven by celestial me-
chanics, i.e., the Milankovitch rhythm
{e.g.. Fischer, 1986). t has been posty-
lated that the stratigraphic rhythmicity
apparent in ancient peritidal carbon-
ates reflects a similar composite
eustasy (Goldhammer et al,, 1987),
both icehouse and greenhouse, of ce-
{estal origin. |f astronomically forced
composite eustasy is indeed the
primary driver in the packaging of shai-
lowing-upward successions, then pre-
sumably modulation of various orders
of superimposed eustatic cycles could
have provided potentially limitless
rhythms to the stratigraphic record
{Bova and Read. 1987; Koerschner
and Read, 1989; Read et al., 1991).

The comman challenge to allo-
cyclicity is that extrinsic controls on
peritidal sedimentation are neither
demonstrable in, nor theoretically re-
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quired 10 generate metre-scale shal-
lowing-upward successions. Il is hard,
however, to imagine sea level remain-
ing static for a long period of time, and
therefore difficull, if not impossible, to
dismiss some extringic control on suc-
cession development. Aflocyclic, plat-
form-wide event stratigraphy should
not be underestimated, but its deter-
ministic role in peritidal cyclostratig-
raphy is still uncertain.

The search for controls and
rhythms

Significant eflort has recently been
devoted 1o unravelling the meaning of
possible stratigraphic rhythms in
stacked shallowing-upward succes-
sions by numerical analysis. Because
peritidat carbonates are so sensitive to
changes in climate and sea level, it
was widely suspected (hoped?) that
this rhythmicity might retain a causa-
tive signal of ancient climate and sea
level fluctuations. If allocyciic eustatic
conirol on stratal packaging is assurmed,
then reconstruction of the strata-
generating sea level curve ¢an be used
as a tool to correlate and explain tem-
porally correlative strata (Read and
Goldhammer, 1988}

At the current level of understanding
and data base, it is not possible. to
isolate unequivocal evidence in the
rock record for either allogyclic or auto-
cyclic control on most peritidal stratal
patterns. Reasonable-looking, syn-
thetic, one-dimensional stratigraphic
sections can, however, be generated
by varying the critical input parameters
of .cycle amplitude, duration and asym-
metry, pathymetry for each jacies, lag
time (depth), type of sediment, sedi-
mentation rate, regional ‘and local sub-
sidence, isostatic compensation, wave
damping, tidal range, and platiorm
slope and dimension (Grotzinger,
1986; Read ef af, 1986;: Goldhammer
et al.,, 1987; Spencer and Demicco,
198%). These sections can then be
compared to actual examples and
eventually a match may be achieved.
When similar modelling techniques
are used to simulate two-dimensional
{multisection) architecture it is often
tound that the time needed for a peri-
tidal wedge to prograde across the
platlorm is longer than that predicted
by Milankovitch rhythms, and the
wedges become stranded.

Technigues, such as relative time
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series analysis and Fischer plotling,
which made a good case for allocyclic
forcing of some examples of platform
carbonate rhythmicity, i.e., stratigra-
phic patterns attributable to rhyth-
mic Milankovilch composite eustasy
{Goldhammer et al., 1987, 1990), can-
not be used for the analysis of metre-
scale peritidal shallowing-upward
successions. Relative time series anal-
ysis to reveal the rhythms of sedimen-
tation are invalid for progradational
wedges, either local or platform-wide
in extent, because such deposits are
by nature diachronous, and thick-
nesses of resullant shallowing-upward
successions vary with position on the
regional gradient and/ar platform teo-
pography. Fischer (1964) presented a
graphic means of plotting time versus
cumulative thickness for laterally con-
tinuous, stacked, peritidal shaliowing-
upward successions. Fischer plots
have often been used in recent studies
of cyclic strata because they are de-
signed to reveal changes in accumula-
tion space which deviate from that
space generaied solely by subsidence;
these deviations are poslulated to re-
sult from changes in sea level. How-
ever, intetpretations of Fischer plots
are essentially model driven. For them
to be viable two assumptions must be
safisfied: 1) each peritidal succession
must have been deposited in the same
amount of time as every other succes-
sion in the ¢hain, and 2) there must be
few, if any, missing tidal flat succes-
sions. The use of Fischer plots is there-
fore dubious for any peritidal suc-
cessions which formed as prograding
wedge-shaped tidal flats. It is likely that
variations in both the tempo and mag-
nitude of changes in accumnulation
space, however they are caused,
account for stacks of shaliowing-
upward successions which vary in
thickness. Whereas demonstration of
allo- or autocyclic control of stratal pat-
terns in stacked shailowing-upward
successions appears out of reach at
this time, more sophisticated models,
particulany those which integrate peri-
tidal rhythms with coeval subtidal and
perhaps offplatform stratal patterns,
hold promise.

PERITIDAL SEQUENCE
STRATIGRAPHY

The concepts of sequance stratig-
raphy were developed in terrigénous
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clastic successions and carbonates
have only recently been analyzed in
this fashion (Chapter 14). Systematic
packaging of the basic metre-scale
shallowing-upward succession is less
common and seems less straightfor-
ward, or less well developed in car-
bonates compared t¢ siliciclastics.
This difference likely reflects the fun-
damen:al differences between car-
bonate and siliciclastic sediments gen-
erally. We have, therefore, avoided the
term parasequence in this freatment of
carbonate tidal flat deposits.

Peritidal deposits are not indicative of
any particular systems tract because
the controls on tidal flat development,
such as climate, platform circulation,
wind pattemns and tidal range, vary with
each platiorm's unique history and con-
figuration. Nevertheless, tidai ilat de-
posits are potentially useful in delineat-
ing sequences and their component
systems fracts in two ways, 1} geogra-
phic positicn of the tidal flat on the plat-
form may track long-term changes in
sea level, and 2) changes in large-scale
accumulation space, and thus se-
quences, can be recognized through
analysis of stacking pattems {(packag-
ing) of shallowing-upward successions.

Tracking sea level

Tidal flats can be the first facies over-
lying a sequence boundary, deposited
as the rate of relative sea level fall de-
creases and the sea slowly floods
back across the platform. As third-
order sea level fluctuates in response
to long-term, large-amplitude driving
forces, the location of the strandline on
the platform will change. i conditions
are favourable for their development,
land-fringing tidal flat deposits will
mark the position of coastal onlap
through the third-order eustatic cycle’
(i.e., the “ontap-offlap™ geometry of
Hardie, 1986; Fig. 22}. Sarg (1988)
documented the utility of tidal flats at
the outcrop scale in a sequence strati-
graphic context for the Permian of
New Mexico, where a sequence bound-
ary and shelf-margin wedge systems
tract were recognized in part by the
downdip, basinward position of onlap-
ping tidal flat deposits.

Stacking

The stratigraphic pattems of laterally
continuous, metre-scale, shallowing-
upward successions generated by pro-



grading tidal flat wedges, can be envis-
aged in the framework of long-term
changes in relative sea level. Third-
order sea lavel changes are thought to
“modulate” the higher-frequency,
fourth- and fifth-order sea level cycles
represented by the tidal flat succes-
sions. This has two consequences.
Long-term, third-order fluctuations in
sea lavel should carry the window of
opportunity in which each individual
matre-scale succession is formed
back and forth across the platform.
Depending upon the balance between
different rates of subsidence, eustasy
and sedimentation, the window will be

" geographically repositioned during

each consecutive fourth or fifth-order
change in relative sea level to result in
backstepping, offlapping or stacking of
peritidal shallowing-upward succes-
sions, Figure 22 illustrates, in a con-
ceptual way, how this might work on
an inclined sheli. If the rate of change
of long-term relative sea level is fow,
the geographic position of successive
windows should remain roughly the
same. Thus, peritidal successions in
lowstand {position 1) and eary high-
stand (position 3) systems tracts will
probably be stacked in one place and
will be relatively thin because the rate
of addition of new accumulation space

16. PERITIDAL CARBONATES

is low. If the rate of change is high, the
window should be forced backward
and {orward across the shelf. This will
likely result in either relatively thick,
backstepped tidal flat successions (po-
sition 2 ~ transgressive systems {ract)
or relatively thin successions which
offtap in a shingled fashion (position 4
— late highstand or early lowstand
systems tracts). It must be stressed
that the distance of progradation in
each case will be specific to each peri-
tidal package on each shell.

Long-term sea level rise should ac-
centuate short-term rises and sup-
press short-term falls; long-term falls in
sea level will have the opposite effect.
The refative proportions of subtidal, in-
tertidal and supratidal facies in suc-
cessive shallowing-upward succes-
sions may change systematically in re-
sponse to this long-term modulation of
shori-term changes in accumulation
space. This relationship is as yet
hypothetical, and interpretations of
such controls in ancient strata are nec-
essarily model driven.

SUMMARY

Peritidal limestones and dolostones
exhibit a large number of easily recog-
nized sedimentary and biosedimentary
structures. While some of these are in-
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dividually equivocal bathymetric indi-
cators (stromatolites or wave-rippled
beds, for example, can form in subtidal
areas), in most cases the leatures can
be used collectively to make a firn en-
vironmental conclusion. A boon to in-
terpreting ancient peritidal facies is the
wealth of knowledge gained from
modern settings. Very often a one-to-
one lithologic comparison can be
made, leading to a refined under-
standing of paleoenvironments and
paleoclimates in individual cases. A
hierarchy of modeis has been formu-
lated that deals with successive levels
of interpretation of peritidal carbonate
strata.

These kinds of rocks fall into two
main depositional systems, low-energy
tidal flats and higher-energy beaches.
The facies associations are fairly dis-
tinctive for each setting: this is the first
tier of models to guide basic interpre-
tations.

The vertical record of pentidal facies
commenly shows a trend from subtidal
limestane through intertidal sediments
to supratidal deposits, at a metre -
scale, as tidal flats aggrade to sea
level and prograde laterally. Peritidal
models are therefore shown as shal-
lowing-upward successions as a re-
minder of these dynamic processes.
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These models, as predictors, point to
departures from the norm and other ir-
regularities that might have important
implications regarding intrinsic or ex-
trinsic controls on deposition. They
also provide a framework within which
the diagenesis of the sediment can be
tracked.

Peritidal carbonates occur repeti-
tively in stratigraphic sequences,
often in a seemingly regular, or cyclic,
fashion. There is much debate about
whether these metre-scale, shallowing-
upward successions are platform-wide
responses to allogenic forces such as
spasmodic subsidence or episodic
eustasy, or whether they represent lo-
calized tidal flat shorelines and islands
shaped by autogenic, i.e., hydrogra-
phic, controls. Sedimentologists have
their work cut out for them by these
models; we are now charged with the
job of deciding, if possible, which one
best explains our own successions, or
if a new approach is necessary. It is an
exciting field of research, one that
weds careful and precise field observa-
tions with increasingly sophisticated
numerical modelling.
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Appendix VIII

The Timing and Style of Pb/Zn Mineralisation at Grieves Siding,
Western Tasmania
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Abstract | i

Base metal mineralisation at Grieves Siding in western Tasmania, is hosted by the 1100m thick
Ordovician (Early Caradoc to Ashgill) Gordon Group carbonates. At Grieves Siding the Gordon

"Group conformably overlies, and interdigitates with, the Ordovician (Llanvirn - Early Caradoe)

Moina Sandstone, and is disconformably overlain by the Late Ordovician-Silurian Crotty Quartzite.

Nine lithofacies associations have been recognised in the Gordon Limestone at Grieves Siding,
which have been configured into three conformable formations: the Ugbrook, Myrtle, and Black
Jacks Formations. The Ugbrook Formation was deposited in protected shallow subtidal to low
intertidal waters influenced by a rapidly migrating offshore carbanate bar. The Myrtle Formation
was deposited as a tidal flat complex during the mid-Caradoc, recognised by fifteen, 1 to 4 m thick,
Punctuated Aggradational Cycles (PACs). Shallow to deep subtidal micrites, argillaceous micrites
and biomicrites of the Black Jacks Formation were interrupted during the Late Caradoc by the
Lords Siltstone, with further periodic interruptions by peritidal carbonates,

Stratigraphic correlation across 23 diamond drill holes suggests carbonate deposition is related to
four main depositional sites on a carbonate platform, developed during an Ordovician marine
transgression. Carbonate sedimentation occurred in a tropical environment with a changing
Ordovician seawater composition (8180gyew -6 to -5 %e, and 815Cppp -2.5 to -1.7 %0), at a temperature
of ~25°C. Analogous deposition is seen on the Great Bahama Bank, and in the Persian Gulf.

Mineralisation comprises two stratabound lenses, termed the upper and lower mineralised zones,
which contain sphalerite, marcasite and galena within a dolomite-siderite gangue. Sulphide

oxidation, dolomite dissolution and remobilisation of HCO;™ resulted in the precipitation of

smithsonite, rhedochrosite and magnesite, with later hemimorphite overprinting other minerals.
Significant textural features of the mineralisation include: botryoidal and colloform sphalerite
spherules, open-space filling with minor carbonate replacement; possible mineralised bacterial
filaments; and evidence for repeated sphalerite dissolution and re-precipitation.

A manganese and barium halo is associated with the lower mineralised zone (LMZ}, which also
shows a 14 %o decrease in 813Cppg and a 10 %. increase in 6:2Qsmow towards mineralisation. Carben
and oxygen isotopes indicate sedimentary-derived hydrothermal fluids, and wallrock reaction
producing decreased carbon and increased oxygen values. A separate H:COs. dominated fluid is
indicated for mineralisation of the upper mineralised zone. A wide 534S isotopic variation contains
high values (31.5 %) attributed to Ordovician seawater, whereas lower values (-29.22 %) are
attributed to bacterial sulphate reduction. Intermediate values around 15 to 22 %o represent the
hydrothermal fluid composition, consistent with a mixed sulphur source. Lead isotope ratios plat
close to the edge of the Cambrian field, and outside (less radiogenic) that attributed to Devonian
mineralisation. This implies that the lead source is Late Cambrian, perhaps Ordovician in age. A
Late Cambrian source is favoured, with lead and other metals scavenged from underlying
Cambrian sediments of the Dundas Group.

A non-magmatic, low temperature (150°C), low salinity (3.5 wt% NaCl), basinal or connate brine,
and/or a modified seawater hydrothermal fluid, derived from compaction of Ordovician and
Cambrian sediments by the Late Ordovician (Llandovery) Benambran Orogeny, is invoked for
Ordovician mineralisation at Grieves Siding in a style consistent with MVT or Irish-type deposits.
Remabilisation of Ordovician mineralisation occurred during the Devonian Tabberabberan Orogeny.
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List of Plates ii

Plate Set 3.1

Plate3.1a: Lithofacies 1. Red beds (R), near the top of a (PAC) sequence.
The red bed appears to be oxidised carbonate that formed due to
surficial exposure.

Plate 3.1b: Drill core sample from DDH ZG410 showing an input of red silt
into a red bed. Rip up clasts (Rc) and normal grading indicates
the sequence is the right way up.

Plate3.Ictof: Compositonally zoned dolomites in a red bed of Lithofadies 1.
The large zoned crystals occur within finer grained, early
diagenetic dolomite. They are interpreted to have formed by
mixed marine and metecric waters.

Plate3.1g: Alternating argillaceous limestone and micrite (M) typical of a
protected lagoonal environment in the Ugbrook Formation. Small
patches of sparry calcite are seen in the micritic material. This
sample corresponds to Lithofadies 7.

Plate 3.1h: Punctuated Agradational Cycle (PAC). The cycle starts at the
top of the photomicrograph at (1), in argillaceous subtidal
limestone before grading into progressively lighter coloured,
high intertidal micrites, dismicrites (D) and algal laminated
micrites (AM) before sharply deepening into subtidal
argillaceous material near 346 m, A new cycle begins from 346 m
to the bottom of the photograph. PACs help define the Myrtle
Formation and include Lithofacies 7 and 2.

Plate Set 3.2

Plate 3.2 a: Argillaceous bioturbated calcisiltite of the Ugbrook Formation.
Burrows (B) have become elongate with the major cleavage.

Plate 32 b: Tetradium rich biomicrite in ZM1009

Plate32c and d: (c) Photomicrograph of Tetradium sp. fossils and {(d) now
replaced with sparry calcite plates.

Plate 3.2 ¢: Onco-biomicrite of Lithofacies 7. The algal layers of the oncoids
(AL) are selectively replaced by dolomite rhombs. Ooids are
also found in the sparry calcite matrix

Plate 32 f: Biomicrite of Lithofacies 6, containing a brachiopod shell
fragment and ooids cemented by a poorly washed calcite matrix

Plate32g: Dolomitisation of a sparse biomicrite, also showing bituminous
films along stylolites

Plate 3.2 h: Massive dolomite of Lithofacies 9 showing compositionally
zoned rthombs
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Plate 3.3 g and h:
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Oncoid of Lithofacies 5, nucleated around an echinoderm
fragment. The concentric algal filaments are assumed to be
Girvanella sp. Oncoids are deposited in low intertidal to
shallow subtidal environments.

Selectively dolomitised concentric algal layers of an oncoid in a
packed onco-biosparite of Lithofacies 3.

Packed pel-biosparite of Lithofacies 3 containing brachiopods,
ooids, and pelloids set in a poorly washed sparry calcite matrix

Packed biosparite of Lithofacies 3 contains gastropods, corals and
elongated ooids (Oo). Opaque material occurs in assocdation with
the tectonic stylolites.

Corraline algae in a micrite of the Ugbrook Formation.

Pel-bio-oosparites of Lithofacies 3 occurring with a large
colonial coral.

Pel-bio-cosparite of Lithofacies 3 in a well washed sparite
matrix. Selective dolomitisation of algal ooids occurs. Sparites
are assodated with the migrating carbonate bar responsible for
the calcarenite member.

Photomicrograph of the botryoidal, colloform, sphalerite
spherules (sp) from the Grieves Prospect.

Botryoidal, colloform, banded sphalerite from the Grieves
Prospect (DDH ZGP1). Pyrite (Py) fills the centre of most
spherules, followed by sphalerite (sp) forming the concentric
bands. Later stage low Fe sphalerite (sp) infills between
spherules.

Higher magnification view of the botryoidal sphalerite
spherules. Early stage pytite (Py) is overprinted by later
spherule growth(sp) producing the dendritic texture.

Dendritic texture produced by bacteria(?) in sphalerite spherules

Transmitted light photomicrograph of a sphalerite spherule
margin showing dendritic patterns attributed to bacteria(?)

High magnification photomicrograph of radiating bacteria(?)
near the margin of a sphalerite spherule.

High magnification photomicrograph of the dendritic texture
towards the margin of a sphalerite spherule.

SEM image of bacterial filaments responsible for producing the
dendritic textures seen in previous plates. The particles have
now been replaced by up to 8 pm sphalerite grains.
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Plate4.2 a:

Plate 4.2 b :

Plate 42 ¢:

Plate4.2 d :

Plate 4.2 ¢:

Plate 42 f:

Plate Set 4.3

Plated43 a:

Plate4.3 b:

Plate43c. d, e f g:

Plate Set 4.4

Plated4.4a:

Plate 44 b:

Plate 44 cand d:
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Euhedral pyrite (Py) showing growth zoning. Later spongy
pyrite has filled out into the cavity. Later phase galena (Gn)
filled a cavity within pyrite forming cusp and caries textures.

Fracture and cavity filling pyrite (Py) in dolomite of the Lower
Black Jack Formation. Later sphalerite (sp) replaces pyrite.

Mineralised Ugbrock Formation dolomite showing early pyrite
(Py), overprinted by galena (Gn) which forms cusp and caries
grain boundaries with both pyrite and later stage sphalerite
spherules {(sp). Calcite represents the latest stage in the cavity.

Paragenetic relationships between the first phase pyrite (Py),
then galena (Gn) and latest phase sphalerite spherules (sp).

Quartz-carbonate pressure shadow between pyrite (Py) crystals.

Higher magnification view of quartz-carbonate pressure shadows
between pyrite crystals.

Drill core sample from DDH ZG1012 showing a large vug in
dolomite of the Lower Black jack Formation filled by siderite,
sphalerite-galena and calcite. The nature of settling of sediment
in the bottom of the cavity gives suggests the beds are the right
way up.

Photo of the cavity wall of Plate 4.3a, showing the dolomite
wallrock being coated with large euhedral siderite (sid) crystals
forming a comb texture. Minor mineralisation (sphalerite and
galena) lines the dogtooth siderite terminaktions. Coarse calcite
plates {cal) line the cavity.

High magnificaion photomicrographs of sphalerite spherules
(sp) coating dogtooth siderite crystals and replacing earlier
formed galena (Gn). Paragenesis of the spherules involves a fine
grained massive sphalerite (sp) first coating the siderite,
followed by galena (Gn). Later sphalerite spherules (sp) replace
the earlier sphalerite and galena.

Angular dolomitised (dol} clasts in a calcite matrix (cal). This
angular breccia is a similar lithology to the host rocks of the
Oceana deposit.

Selective silicification of the calcite matrix and the
establishment of a cockade texture around dolomite clasts.

Selective silicification (qtz) of the once caldite matrix, producing
a classic cockade texture around dolomite clasts (dol).
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Plate 4.4 ¢:

Pilate 4.4 fand g:

Plate 4.4 h:

Plate 5.1

Plate5.1a:

Plate5.1b:

Pyrite (Py) comb texture defining the edges of a cavity that has
been replaced by radiating hemimorphite (Hm). Hemimorphite
replaces the wall-rock and the cavity

Radiating hemimorphite (Hm) nucleating on remnant wall-rock
forming a cockade texture.

Hemimorphite (Hm) veins cross cutting earlier veins and earlier
formed hemimorphite.

Photomicrograph of secondary fluid inclusions hosted in Low-Fe
sphalerite. Type I inclusions are the large rectangular shaped
inclusions occurring in healed fractures. Type II are more
isolated, irregular shaped inclusions (DDH ZGP2, transmitted
light, field of view = 0.25mm)

Secondary fluid inclusions occurring in a healed fracture (Type D).
The large irregular shaped inclusion (II) is a type II inclusion
(DDH ZGP?, transmitted light, field of view = 0.25mm).
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Introduction 1

Minor mineralisation at Grieves Siding has made it the target of three separate
exploration programs designed to investigate the lead-zinc potential of the Gordon
Group limestone south of Zeehan. Exploration elsewhere has uncovered
mineralisation previously attributed to Devonian granitoid emplacement;
however, recent studies on the southern Oceana deposit, (Taylor and Mathison
1990), 8 km north of Grieves Siding, suggest an older metal source. Emerging
evidence indicates the Zeehan Mineral Field may contain Precambrian to
Cambrian, as well as Devonian metals. This thesis examines sedimentological and
geochemical controls on mineralisation at Grieves Siding in an attempt to outline

implications for its timing and style(s).
1.1 AIMS AND PURPOSE

This investigation was undertaken to determine the stratigraphy and diagenetic
history of the Ordovician Gordon Group at Grieves Siding, in an effort to
delineate horizons most susceptible to mineralisation, and develop a genetic
model. Determination of the timing and style of existing mineralisation will assist
the formulation of a genetic model and help define exploration targets. Grieves
Siding is of particular interest because it possesses both a complete Gordon Group
stratigraphy of the Zeehan area, and hosts a small lead-silver prospect, worked
during the late 1800’s (Fig. 1.1).

1.2 LOCATION AND ACCESS

Grieves Siding is situated in western Tasmania 14.5 km south-southeast of
Zeehan, and approximately 23 kms north-northeast of Strahan. The study area
covers approximately 15 km?, cenired about 364500,534900 AMG (50); (Fig. 1.1).

Access is provided by the sealed Henty Road (Fig. 1.1), formally the Zeehan-
Strahan tramway of the late 1800’s, hence Grieves (Rail) Siding. A gravel road
provides access from the Henty Road to a disused sandstone quarry used in
construction of the Henty Road. An abandoned tramway provides access to the old
prospect workings at Grieves Siding.

Chapter 1: Introduction 1
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1.3 METHODS

Detailed mapping of the area has previously been undertaken by Blissett (1962)
and Electrolytic Zinc Co. (E.Z.} geologists in 1985. Consequently, only limited
detail, 1:5000 scale surface mapping was undertaken for this thesis (Fig. 1.2). The
majority of field work was spent logging thirty six diamond drill holes {combined
total length ~ 4500m), (Appendix 1). Ten holes were drilled by CRA Exploration
between 1994-5, with the remaining 26 holes drilled by E.Z. between 1984 and 1986.
A detailed sedimentological study was undertaken on drill core, and twenty two
stratigraphic sections have been compiled (Fig. 3.1 a & b).

Petrographic and geochemical samples were obtained from drill core, outcrop,
costeans and the old prospect at Grieves Siding. Thin sections and polished thin
sections were made for petrographic, and microscopy studies. Carbon and oxygen
stable isotope analysis have been undertaken on carbonate and siderite associated
with mineralisation, and systematically sampled within DDH ZG 406.
Conventional sulphur isotope studies have also been conducted on pyrite,
marcasite, galena and sphalerite, with lead isotope analysis obtained from galena
and pyrite. Fluid inclusion studies were undertaken on sphalerite found in a
sample from the Grieves prospect, and Scanning Electron Micrographs (SEM) were
taken of this same specimen. X-ray diffraction (XRD) has been undertaken on

many samples, together with as EM analysis.
1.4  PHYSIOGRAPHY

The topography of the area ranges from gently undulating lowlands, to extremely
steep escarpments and plateaus of the Permian ‘Henty surface’. Areas underlain by
limestone form topographic lows reflecting rapid weathering and decomposition
in the wet temperate climate. The limestone decomposes to a decalcified
blue/black clay locally known as “pug.” Relief in the south-east and north-west is
provided by resistant sandstone and quartzite ridges, which rise sharply from

contacts with the limestone to form prominent 200 m high plateaus.

Small tributaries of the Badger River drain the immediate Grieves area and join
the Badger River proper in the south-west as it drains the swampy buttongrass
flats (Fig. 1.1). Zeehan receives 2640 mm of annual average rainfall, most falling
between May and September with an average of 23 rainy days per month during

that period.

iy
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Sedgelands and wet scrub characterise the vegetation at Grieves Siding. The
Launceston Field Naturalists Club (1981) suggests that sedgelands occur where
heath, scrub and forest has been repeatedly burnt, or on poor peaty, acid soils
where the water table is high. Both scenarios exist at Grieves Siding. The marshy
sedgelands underlain by limestone are dominated by buttongrass (Gymnoschoeus
sphaerocephalus) but also host the waratah (Telopea truncata) and the pink
swamp heath (Sprengelia incarnata). The marshy plains provide habitat for
freshwater crayfish or yabbies which build elevated mounds up to 35 cm high out
of ‘pug’. The elevated sandstone and quartzite ridges host a diverse flora
encompassing species of Leptospermum (tea-tree) including the manuka tea-tree
(Leptospermum scoparium), species of Casuarina, and many other
heathland /forest species. Much of the quartzite strata hosts treed and significant
understory vegetation which is, however, restricted to pockets within the
sandstone units. The dominant eucalypt species is the Smithton Peppermint
(Eucalyptus nitida). The area has been burned for thousands of years which has
served to keep the swampy buttongrass plains open.

1.5 PREVIOUS LITERATURE
1.5.1 Gordon Limestone

Early geological investigations of the region included the reconnaissance work of
Strzelecki in 1845, in which he first described the Gordon Limestone. Numerous
workers have since studied the stratigraphy and palaeontology of the Gordon
Group Limestones. Gill and Banks (1950) described argillaceous, arenaceous, and
carbonaceous impurities in the limestone of the Zeehan area. Hill (1955) described
Ordovician corals in the limestone, and Banks (1957) reiterated observations of
impurities within the limestone of the Zeehan area. Pitt (1962) mapped the
Zeehan area in detail, which contributed to the Zeehan 1 mile series map and

Geological Survey Explanatory report of Blissett (1962).

The Gordon Limestone was defined as a formation by Banks (1962), and further
work by Corbett and Banks (1974) resulted in the limestone being given sub-group
status. Burrett (1978) undertook detailed palaeontological work on the limestone
and defined a number of conodont assemblages. Subsequently a preliminary
biostratigraphy of Ordovician rocks in Tasmania was published by Burrett and
Banks (1980). This was amplified by further publications concerning faunal and

]
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lithological successions in the Gordon Group, (Banks et al, 1981; Burrett et al.,
1981; Burrett et al., 1984). Work by Burrett et al. (1984) elevated the subgroup to
Group status. The Gordon Limestone presently forms part of the Wurawina
Supergroup which comprises litho-biostratigraphic correlates throughout the
Dundas Trough including the Moina Sandstone and the Crotty Quartzite. Ellis
(1984) studied the palaecenvironments and mineralisation in the Gordon
Limestone at Grieves Siding, Myrtle and Oceana prospects; and Rice (1985)
examined the environment of deposition and diagenesis of the Gordon Group of
the Zeehan area. Considerable information about the entire Gordon Group
sequence is complied in the publication “Geology and Mineral Resources of
Tasmania” edited by Burrett and Martin (1989).

1.5.2 Zeehan Mineral Field

After the discovery of the Zeehan Mineral Field by Frank Long in 1882, early
investigations were undertaken by Montgomery (1891 and 1893) and were
published as progress reports presented to the Tasmanian Parliament. Within ten
years of discovery, Zeehan “The Silver City of the West” had become the second
largest centre in Tasmania, with a population of nearly ten thousand people.
Twelvetrees and Ward (1910) produced a further progress report describing the
orebodies of the Zeehan mineral field, with further reports and publications being
produced as the Zeehan area became heavily worked between the late 1800’s and
early 1900’s. Williams (1968), and Both and Williams (1968) examined
hydrothermal zonation of lead-zinc ore deposits around the Heemskirk Granite,
and Both et al. (1969), Groves and Loftus-Hills {1968) and Williams (1974) studied
the composition of sphalerites from the lead-zinc deposits of the Zeehan area. Ellis
(1984) studied mineralisation at the Oceana prospect, which lead to further work
by Taylor and Mathison in (1990} and most recently, Peace (1995) studying the
origin of the Oceana lead zinc deposit.

i
I :
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Regional Geology and 2
Mineralisation

2.1 INTRODUCTION

At Grieves Siding, the Wurawina Supergroup, which contains the Denison
Group siliciclastics, the Gordon Group Limestone, and the fine siliciclastics of the
Eldon Group, forms a concordant sequence of predominantly shelf-deposited
sediment ranging in age from middle-Late Cambrian to Early Devonian (Banks,
1989). These rocks form the upper portion of the Lower Palaeozoic Dundas
Trough sequence, which records the marine sedimentary and tectonic evolution
of the early Tasman Fold Belt. A late Ordovician deformation correlating with the
Benambran Orogeny, preceded the Middle Devonian Tabberabberan Orogeny.
Tabberabberan deformation resulted in low grade metamorphism of the
Wurawina Supergroup, and regional-scale open folding with north-northwest
trending fold axes and associated steep reverse faulting (Berry, 1992). Deformation
preceded the intrusion of Devonian granitoids and associated mineralisation
between 367 and 332 Ma (Berry, 1992). This chapter is intended as a brief review of
the tectonic history, regional geoclogy, and mineralisation of the Zeehan Mineral
Field.

2.2  REGIONAL GEOLOGY

Passive rifting of continental crust in the Late Precambrian - Early Cambrian
produced a thin continental margin transected by rift basins along the modern day
Tasmanian west coast (Crawford and Berry, 1992). Early-Middle Cambrian
subduction produced an oceanic arc, east of the passive margin, which by the
Middle Cambrian (520 - 525 Ma) underwent arc-continent collision. Subsequent
ophiolite emplacement resulted in a downwarping of the foreland, and combined
with extension of the Precambrian crust, was responsible for the mid-Middle
Cambrian formation of the Dundas Trough (Crawford and Berry, 1992). Crawford
and Berry (1992) show Dundas Trough formation during the development of the

north-west Tasmanian Terrane (Fig. 2.1}.

Chapter 2: Regional Geology 6
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The Dundas Trough is a northerly trending, 20 - 30 km wide mid-Middle
Cambrian trough flanked by the Precambrian Rocky Cape and Tyennan Regions
(Corbett, 1989). A schematic map of the Tasmanian terranes (Fig. 2.2) shows the
position of the Rocky Cape and the Tyennan Regions relative to the Dundas
Trough. Basal Dundas Trough sediments consist of 3500 m of conglomeratic flysch
sequences {Jago and Brown, 1989) with ultramafic detritus derived Cambrian
volcanics. The Middle to Late Cambrian Mt. Read Volcanics form the eastern-
most part of the Dundas Trough, and interfinger westward within the Dundas
Trough sequences (Fig. 2.1). This 10 - 15 km wide belt consists of interbedded,
subaerial to subaqueous, felsic, intermediate and mafic volcanics (Corbett, 1989)
which host a number of world class polymetallic volcanogenic massive sulphide
deposits (Mt. Lyell, Rosebery, Hellyer, Hercules, Que River). These deposits are
believed to have formed on, or below the sea floor during volcanism, and some
appear to be associated with prior changes from subaerial to submarine

environments (Corbett and Solomon, 1989).

Cessation of volcanism and uplift in the Tyennan Region in the mid-Late
Cambrian - Early Ordovician resulted in rapid deposition of up to 2000 m of
Precambrian-derived coarse siliciclastic sediments into the Dundas Trough
(Brown, 1989). These sediments belonging to the Denison Group, unconformably
overlie the Dundas Group and the Mt. Read Volcanics. The Owen Conglomerate
and correlates (including the Mt. Zeehan Conglomerate), basal member of the
Denison Group, consists of siliceous siliciclastics, shallow marine to fluvial,
pebble to boulder conglomerate and quartz sandstone (Banks, 1989). Thickness and
grainsize variations suggest deposition as a series of continental alluvial fans
formed as piedmont deposits around the margins of the uplifted Tyennan block
in fault-controlled graben structures (Corbett and Turner, 1989). Crawford and
Berry (1992) estimate that less than 20 Ma elapsed from the time of arc-continent
collision, trough formation, voicanism, and the cessation of sedimentation. The
termination of sedimentation correlates with the Cambro-Ordovician Delamarian
Orogeny. The presence of worm castings, burrows, brachiopods, and gastropods in
the Upper Owen suggests a transgression to a marine environment in the Late
Cambrian-Early Ordovician (Banks, 1989).

In the Zeehan area, the Owen Conglomerate correlate is known as the Mt. Zeehan
Conglomerate (Blissett, 1962) and reaches a maximum thickness of 450 m.

'R
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PASSIVE MARGIN INTRA-QOCEANIC ARC

{3lLate Proterozoic (650Ma) —Middie Cambrian

Emplacament of Mafic—Ultramaflc Nappes Cofllapse of Margin and
F Sy, / Development of Foredeep

(bjMiddie Cambrian {c) PLATFORM SUBSIDENCE

ARG - CONTINENT COLUSION and FORELAND BASIN FORMATION
MT READ ‘ARC’
Relaxation Rift
DUNDAS TROUGH M {clowed by Backthrusting

{d}Middie to Upper Cambrian

Contirwed Backthrusting

‘Molasse’ Daposition

{e)Cambro-Ordovician

Passive margin sequence

D (Crimson Creek Form.and Dundas Group
Success Creek Group)
Bl Oceanic Crust Low-Ti Forearc Lavas
Proterozoic Continental =] Arc Voleanics
Bassment -
Mt Read Volcanics Owen Conglomerates etc.

Figure 2.1: Stages in the development of the N-W terrane, including the mid-
Middle Cambrian formation of the Dundas Trough (from Crawford
and Berry, 1992).
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Southwest of Mt. Zeehan, the conglomerate is conformable with the underlying
Dundas Group, and ripple marks and palaeocurrent directions indicate south
flowing currents (Pitt, 1962). The Mt. Zeehan Conglomerate is thought to have
been deposited via a large alluvial fan in a depositional trough in the Zeehan -

Professor Range area (Blissett, 1962).

The Owen Conglomerate and correlates are overlain by 10 - 20 m of well-sorted
siliceous sandstone of the Pioneer Beds and correlates (Banks, 1989). The Early
Ordovician Pioneer Beds are the upper units of the Denison Group and were
deposited during a period of quiescence and shallow water sedimentation that
lasted from the Ordovician to the Middle Devonian (Banks, 1989). They consist of
interbedded sandstone and siltstone units with some conglomeratic beds, and
show cross-bedding, ripple markings and bioturbation. Banks (1989) suggests a
littoral to sub-littoral marine depositional environment for the Pioneer beds. In
the Zeehan area this sandstone unit has been mapped as the Moina Sandstone
(Blissett, 1962). Thickness variations in the Zeehan area of approximately 100
m/km from Mt. Zeehan to Professor Range suggests very rapid downwarping or

down-faulting contemporaneous with deposition (Banks, 1989).

Conformably overlying and or interdigitating with the Pioneer Beds (and thus the
Denison Group) is the Ordovician to Silurian Gordon Group carbonates. The
Gordon Limestone was first described by Strzelecki (1845) and consists of a
sequence of fransgressive shallow marine, ramp-deposited interbedded
limestones and dolomitized limestones with minor siliciclastics (Banks and
Burrett, 1989). The Gordon Group has a measured thickness of up to 2.0 km and is
distributed widely in western Tasmania, west of 147°E (Banks and Burrett, 1989). It
is the thickest and most stratigraphically continuous Ordovician {Arenig to

 Ashgill) sequence in the southern hemisphere (Banks and Burrett, 1979; Banks

and Baillie, 1989; Rao, 1990). Deep to medium subtidal limestones form the basal
Gordon Group, which are followed by upward shallowing limestones that show
cyclicity (punctuated aggradational cycles PACs). Carbonate deposition was
relatively rapid, with the dominant carbonate type being micrite (Calver, 1989).
The sequence is interrupted by a thin silt layer (Lords Siltstone and correlates)
deposited in the Caradoc (Late Ordovician), which is regionally traceable over
much of the Tasmanian west coast (Burrett, 1995). The Gordon Group, in places, is
richly fossiliferous with the biota present indicating warm, clean, shallow water
deposition (Banks and Burrett, 1989). Syngenetic Pb-Zn mineralisation has been

Chapter 2: Regional Geology 9
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recognised in several places near the northwest and western margins of limestone

deposition (Banks, 1989).

The Gordon Group is overlain conformably or disconformably by the shallow
marine clastic sequence of the Eldon Group. The disconformity correlates
temporally with the Benambran orogeny. The Eldon Group is a Silurian to Early
Devonian sequence that contains interbedded quartz sandstone and mudstone
with subordinate limestone (Baillie, 1989} and is at least 2.3 km thick.

MorHinna beds
(Ord -Dev)

Crdovicion— Devonian

eo-Cambrian — Cambrian

¥ v ¥| mMr Read Volcanics and
A 10 carrelotes

Q S0 um
Precambrian - comparotively e—————m—
wnmeramerphosed
% Precambrian - metamorphosed
Ultramafic = mafic comolen | Lear. Scm |
| '
el |

Figure 2.2: Schematic geological map of Tasmania, showing Precambrian and
Lower Paleozoic strato-tectonic units in the western Tasmanian
terrane (modified from Brown, 1989).
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The Eldon Group was formally defined in the Zeehan area where it comprises the

following formations (Baillie, 1989):

Bell Shale 420 m (top)
Florence Quartzite 490 m
Keel Quartzite 120 m
Amber Slate 240 m
Crotty Quartzite 490 m

The Eldon Group and correlates are the top sequences of the Wurawina
Supergroup of which sedimentation was interrupted by mid-Devonian

deformation.

Berry (1992) has argued that the Cambro-Ordovician Delamarian Orogeny caused
the cessation of rapid sedimentation of upper Dundas Trough sediments. A
period of quiescence and shallow water sedimentation followed from the
Ordovician to Middle Devonian times. Two main stages of Devonian
deformation are recognised in the Wurawina Supergroup. A Middle Early
Devonian deformation resulted in low grade metamorphism (Burrett, 1984). The
Middle Devonian Tabberabberan Orogeny produced regional north-northwest
trending open folds with steep reverse faults, and later wrench reactivation
(Berry, 1989). Devonian granitoids intruded the sequences between 332 and 367 Ma
during and after northeast-southwest compression (Berry, 1989). Intrusive
lamprophyre dykes which intruded some sequences are thought to be Devonian

or younger in age (Reid, 1975).

The Tabberabberan Orogeny was followed by a period of quiescence with minor
terrestrial and shallow marine sedimentation. Permian glaciation and associated
tillites, together with glaciomarine sequences proceeded Jurassic dolerite
intrusions related to Mesozoic wrench faults (Berry, 1992). A widespread
unconformity representing a pre-Permian landscape, known as the Henty surface,
occurs in the West Coast Range (Colhoun, 1989). Mesozoic and Cenozoic
structures are related to the breakup of Gondwana, and were followed by Tertiary
basaltic activity. Further glaciation in the Pleistocene added to the modern day
topography, otherwise Holocene alluvial deposits can be found on the modern

day surface.

Chapter 2: Regional Geology 11
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23  MINERALISATION

Low grade sub-economic Pb-Zn-Ag mineralisation is known in three stratigraphic
positions (top, middle and bottom) within the Gordon Group sequence (Taylor,
1989). Small quantities of galena have been found in a number of places and
significant Pb-Zn-Ag mineralisation occurs at Bub’s Hill, and in the Zeehan
Mineral Field. Several deposits in the Zeehan Field are large enough to have
supported mining operations (Both and Williams, 1968). The following section is

a summary of a review of mineralisation in the Gordon Group by Taylor (1989).

Mineralisation at Bub’s Hill in western Tasmania occurs in three distinct 2 - 3 m
thick, variably dolomitised horizons in the upper part of the Gordon Group
sequence. It comprises sphalerite with subordinate galena, barite and dolomite in
open space fillings of veinlets, cavities, and intraclastic areas of tectonic breccias. It
is suggested that the mineralisation represents a Mississippi Valley style deposit;
however, as it is located in the Franklin-Gordon World Heritage listed reserve no

resource data has been accumulated.

A number of deposits in the Gordon Group of the Zeehan area, notably Mariposa,
Montagu, Despatch, Tasmanian Crown and Austral, were mined for Pb-Ag during
the 1890’s (Table 2.1). These deposits are predominantly open space in-fillings of
veins, cavities, lithological contacts, and tectonic and hydraulic breccias. The
mineralising fluids are thought to be derived from the Heemskirk Granite,
emplaced at the end of the Devonian Tabberabberan Orogeny. Production in the
Zeehan mineral field according to Both et al., (1969) was 200 000 tons of lead, 2700
tons of zinc and 27 000 000 oz (839.8t) of silver.

The most significant and interesting deposit in the Gordon Group sequence is the
Oceana deposit, located 3 km south of Zeehan. This prospect was initially mined
in 1890 with further intermittent attention up until 1925. In the late 1940's a
North Broken Hill / Broken Hill South joint venture rehabilitated the mine and
from 1954 to its closure in 1960, Oceana produced 130 843 tons at 11.6% Pb and
14.66 g/t Ag (Taylor, 1989). Renewed exploration in the vicinity of the Oceana
workings by Amoco Minerals between 1978 and 1983 defined a resource of 4
million tons at 2% Pb, 8% Zn, and 80 g/t Ag. The mineralisation was defined in

two separate areas which were characterised by different styles.

R

Chapter 2: Regional Geology 12
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Table 2.1:  Characteristics and production from some deposits of the Zeehan
Mineral Field hosted in Gordon Group carbonates (after Blissett,
1962; and Taylor,1989).
DEPOSIT MINERALISATION PRODUCTION

Tasmanian Crown

|

Fissure fillings of low grade galena

and sphalerite with a siderite gangue.

15 737 ozs Ag
113.34 ton Pb

Austral Valley

Hosted in faulted grits and quartz

863 ton of galena (800t Pb)

conglomerates of Moina Sandstone 100 ton of sphalerite (50t Zn)

overlain by silicified Gordon 9 ton of pyrite
Limestone, associated with a ferro - {33 000 ozs Ag

manganiferous gossan.

Despatch no recorded production

230 ton of galena {115 ton Pb)
1500 ozs Ag

Galena ore contained 33-65% Pb
12 to 26 ozs Aght

Montague Three parallel veins of galena with

other smaller veins.

Mariposa Westerly dipping fissure lodes
striking NNW near the contact with
the Crotty Quartzite.

In an area north of the Oceana Fault the mineralisation occurs as massive lenses
of generally coarse galena, sphalerite, and siderite with traces of pyrite and
chalcopyrite in open space in-fillings of veins, cavities and intraclastic areas of
tectonic and hydraulic breccias (Taylor, 1989). The mineralisation is grossly

disconcordant with the host rocks, which consist of grey silicified dolomitised

limestone.

South of the Oceana Fault the mineralisation comprises two separate stratiform
horizons (Fig. 2.3) which strike northwest and dip northeast, conformably with
the host sediments (Taylor, 1989). Semi-massive beds of typically fine-grained
galena, sphalerite and siderite are found in a distinctive 30 m thick limestone
breccia (Taylor and Mathison, 1990). The breccia comprises a chaotic accumulation

Chapter 2: Regional Geology 13
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of angular to sub-rounded, dolomitised limestone and fossil fragments set either
in a matrix or a clast-supported fashion in a fine-grained carbonate mud (Taylor,
1989). They have been interpreted as submarine debris flow breccias caused by
gravity slides triggered by periodic movement of the Oceana Fault during

carbonate deposition (Taylor, 1989).

i
i
1
|
' The southern mineralisation differs from the northern zone in having a lower
Pb/Zn ratio, a lower Cu content, only patchy weak dolomitisation, and possessing
I textures indicating carbonate replacement rather than open space filling (Taylor,
1989). The carbonate replacement textures and conformable stratiform nature of
{I the southern mineralisation, casts doubt on the previously accepted genetic model
| proposed for the Oceana mineralisation. This model invoked mineral deposition
in structurally controlled fissure veins from mineralising fluids evolved from the
' Heemskirk Granite at the end of the Devonian Tabberabberan Orogeny.
. Alternatively, the deposit is now regarded as a variant of the sedimentary
l exhalative. class, possibly Irish-type. The stratiform mineralised layers are
: therefore interpreted as syndiagenetic replacements of sub-seafloor shallow water
i
|
1
i

carbonate muds prior to lithification.
i

This is supported by the occurrence of the submarine debris flow breccias
associated with the mineralisation. Taylor (1989) suggested that the
mineralisation, tectonic setting and host lithologies resemble parts of the Irish
type sedimentary exhalative deposits at Silvermines and Navan. Lead isotope
determinations from the Oceana southern zone undertaken by Ellis (1984)
indicate Oceana Pb is less radiogenic than Pb from Devonian granite-related
mineralisation, and suggest, an Ordovician age for the southern zone
mineralisation. Ellis (1984) suggested a Precambrian to Cambrian source for
Oceana metals. This supports the Irish-type origin for the southern mineralisation
(Fig. 2.3).

F

5,
-
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Figure 2.3: One of the genetic models proposed by Ellis (1984) for the
development of the Oceana mineralisation. The time period is
post Gordon Group (ie. Cincinnatian) and pre-Tabberabberan (ie.
Early Devonian). Arrows indicate possible movement patterns

for basinal fluids.

2.4  DISCUSSION

The western Tasmanijan terrane has evolved into a very complex package. The
combination of Precambrian passive rifting, Early to Mid Cambrian subduction,
Middle Cambrian arc-continent collision, ophiolite emplacement, deformation,
and extension leading to the formation of the Dundas Trough contributed to this
complexity. The Gordon Group is part of the Wurawina Supergroup, a concordant
sequence of middle-Late Cambrian to Early Devonian, predominantly shelf
deposited sediments. Devonian (Tabberabberan) deformation and the intrusion of
Devonian granitoids served to mobilise fluids responsible for much of the
significant mineralisation in the Dundas Trough. Earlier mineralisation, not
attributed to these fluids, may occur in the Zeehan field (Taylor and Mathison,
1990). The sedimentology and geochemistry of a small part of the Gordon Group
may well confirm the existence of this earlier phase of mineralisation.

tiy
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Local Geology, Stratigraphy 3
and Basin Analysis

3.1 INTRODUCTION

Nine lithofacies associations have been constructed from detailed
sedimentological analysis of Gordon Group Limestones at Grieves Siding.
Carbonate sedimentation is related to four main depositional sites on a mini-
platform which developed during an Early to Mid-Ordovician transgression.
Lithostratigraphic units have been established to define these environments and
their products. Lithofacies are documented in this chapter in order to assign
them to lithostratigraphic units and examine their depositional environments.

3.2 METHODOLOGY

Diamond drill core was sampled for the detailed sedimentological analysis and
complimented with outcrop and costean samples (Fig. 1.2). Additional material

was also collected from the Grieves Prospect.

Selected samples were split and either thin sectioned or polished for detailed
analysis. Thin sections were stained with potassium ferricyanide using an
adaptation of Dickson’s (1965) method. Staining allows the distinction between
calcite, dolomite and ferroan calcite to be made with confidence. Thirty eight

thin sections were studied.

The results of handspecimen and thin section analysis is summarised into nine
lithofacies (Table 3.1 and 3.2) to allow easy interpretation and recognition of rock
types and depositional environment. The carbonate rock classification of Folk
(1959 and 1962) was used to define rock types, with lithofacies described according
to a criteria described in Appendix 2. Biota were used as indicators of
depositional environments by using an adaptation of a scheme produced by
Burrett (1978; Appendix 2).

Chapter 3: Local Geology, and Basin Analysis. 16
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Table 3.1: Summarized lithofacies of the Gordon Limestone at Grieves Siding.
Variation in depositional environments are accounted for by
inferred boundaries.

DEPOSITIONAL
ENVIRONMENT

LITHOFACIES

Peritidal to upper
intertidal

Upper Intertidal

Upper Intertidal
to shallow subtidal

Subtidal

Low Subtidal

Protected Subtidal

1. Red Beds: consist of large compositionally
zoned dolomite rhombs in a reddened, oxidised
micrite and dolomite matrix. Contains siliciclastic
red silt with rip up clasts and scouring,

2. Pale Micrites and dismicrites: Pale grey
homogeneous micrites, and irregular (1-4 mm)
sparry ‘birdseyes’ in a micrite matrix.

3. Sparites and Pelbiosparites: White to light grey
unsorted and often poorly washed biosparites,
oosparites, oncosparites, and pelbiosparites.

4. Calcarenites and Biocalcarenites: Mostly
homogeneous calcarenite, strongly crinoidal and
contains comminuted shell debris.

5. Oncobiomicrites: Large 0.5 - 2cms oncoids set in
a dark grey-black argillaceous matrix with
comminuted shell debris.

- 6. Biomicrites: Dark grey to black, richly to

sparsely fossiliferous micrites. Contains a diverse
fossil assemblage with pelloids and ooids.

7. Argillaceous micrites and mudstones: Dark
grey to black massive, bioturbated, micrites and
mudstones with bituminous impurities.

8. Nodular Limestone: light grey micritic and
calcisiltite nodules cemented in a dark grey to
black argillaceous matrix. Contains well

preserved as well as comminuted shell debris.

9. Dolomites - Selective and persuasive, primary
and secondary diagenetic.

Chapter 3: Local Geology, and Basin Analysis. 17
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recognised at Grieves Siding. (After Tucker, 1982).

Basin, deeper water

Carbonate Platform

Summarised depositional environments of the nine lithofacies

deeper water/stopne

Carbonate plattorm-epeiric sea

open platform

lagoons

tidal flats
sabkhas

wave base——— ——— —
boundstanes- bio-pel-micrites, | bio-co-pel bio-pelmicrites, pelmicrites with
biolithites, wackastones, sparites/ wackestonas + tenestrae, algal
rudstones- bio-oo-sparites pack-stones, grainstonas, restricted fauna mats, dolomite,
floatstones, with cross diversa fauna, packstones with possibly evaporites
biomicrites, bedding much crass badding
slumps bipturbation
| | Inter-tidal Sub-tidal
Lithofacies Supra-tidall High| Medium | Deep | Shallow| Medium| Low
1. Red Beds
. |
2. Pale Micrites and 1
Dismicrites FiG
3. Sparites and
: Pel-biosparites
!
4. Calcarenites and
. Bio-clacarenites
5. Oncobiomicrites !
6. Biomicrites :
7. Argillaceous Micrites =
and Mudstones !
8. Nodular Limestone | =
T i
9. Dolomite TSR R | ;
A
Chapter 3: Local Geology, and Basin Analysis. 18
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Lithofacies were incorporated into either of three lithostratigraphic formations
defined in the Gordon Limestone by Burrett and Geode (1987), Burrett et al.,
(1989), and Burrett (1995). The Ugbrook, Myrtle and Black Jacks Formations
coupled with intra-formational members were overlayed onto 22 stratigraphic
sections for Grieves Siding (Fig. 3.1a & b). Formation boundaries and members
have been correlated to allow an analysis of basin stratigraphy. Figure 3.2
contains a summary stratigraphic section of Grieves Siding. Sedimentary
stylolitisation, and significant deformation, produced pervasive
tectostylolitisation with numerous veined, crushed and decomposed intervals.
This served to decrease stratigraphic thickness, consequently all thicknesses are
uncorrected downhole distances, rather than dip corrected thicknesses. Criteria
used to determine depositional environments of each lithofacies are those of
Wilson (1975), Rao (1990), Tucker (1981) and Flugel (1982).

3.3  LITHOFACIES DESCRIPTIONS

The Gordon Group comprises a sequence of carbonates and minor siliclastics
ranging in age from Early Ordovician to Early Silurian (Banks and Burrett, 1989).
It is the thickest {(~2.0 km) and most stratigraphically continuous Ordovician
(Arenig to Ashgill) sequence in the southern hemisphere {(Banks and Burrett,
1979; Banks and Baillie, 1989; Rao, 1990). The Gordon Group conformably overly
and/or interdigitates with the Early Ordovician Denison Group, and is overlain
conformably or disconformably by the shallow marine clastic sequence of the

Silurian-Devonian Eldon Group.

Gordon Group carbonates consist of a sequence of transgressive, shallow marine,
ramp deposited, interbedded limestones and dolomitized limestones with
minor siliclastics (Banks and Burrett, 1989). They were deposited in subtidal,
intertidal, supratidal and tidal channel environments at a palaeolatitude of
about 10°N (Rao, 1990). The biota contains abundant corals, oncoids, calcareous
algae, and stromatoporids, suggested by Rao (1990) to be similar to the modern
tropical Chlorozoan assemblages. Non-skeletal grains, including intraclasts,
pellets, ooids and aggregates are common with abundant micrite and some
sparry calcite. Moderate to deep subtidal limestones form the basal Gordon
Group which are overlain by upwardly shallowing cyclic limestones (Punctuated
Aggradational Cycles - PACs; Banks & Burrett, 1989). The sequence moves

Chapter 3: Local Geology, and Basin Analysis. 19
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Figure 3.2: Summary of Ordovician stratigraphy at Grieves Siding. Both the
American and British time period classification schemes are

employed.
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towards deeper water lithofacies and biofacies before interruption by the Lords

Siltstone. Deeper open subtidal limestones proceed the ‘Lords’ event.

Work by Burrett et. al., (1987) and Burrett (1995) served to subdivide these
sequences into lithostratigraphic units for the interpretation and correlation of
depositional environment. These units have been recognised at Grieves Siding
and correlated across 22 stratigraphic columns (Fig. 3.1 a & b). The
lithostratigraphic units are composed of several lithofacies associations. This
section outlines the detailed characteristics of these lithofacies associations before
assigning them to the lithostratigraphic units of Burrett et. al., (1987) and Burrett
(1995).

3.3.1 Lithofacies 1: Red Beds

This lithofacies occurs as rusty red to brown, 5 to 50 c¢m beds that are well
represented in DDH ZG 410 (Plate set 3.1). The red beds are commonly associated
with extensive calcite veining on and around bed surfaces (Plate 3.1a). Scoured
bedding surfaces, red mudstone rip up clasts and some laminations showing

cross-bedding occur (Plate 3.1b). Normal grading, (fining up) is also present.

The red beds are mostly carbonate, containing large primary dolomite rhombs
that have been oxidised. Compositional zonation is often seen in dolomite
rhombs (Plates 3.1¢, d, e, and f) and varying degrees of dolomitisation are seen in
the matrix. Strong dolomitisation is observed with large 3-4 mm
compositionally zoned euhedral to subhedral rhombs. Smaller equigranular 0.4
mim euhedral to subhedral, strongly zoned rhombs are also evident

Interpretation.
Some red beds represent a very minor siliclastic input of red silt into a shallow,
supratidal to peritidal environment. This may signify deposition during storms
or may represent siliclastic debris being derived from the uplifted Tyennan and
other regions. The scoured bed surfaces and rip up clasts are assumed to have
formed during transportation and reworking of sediment into the depositional

environment.

Most red beds consist of oxidised, equigranular dolomite rhombs that form a

dolomitic mudstone. Where present they represent the very top of PAC

Chapter 3: Local Geology, and Basin Analysis. 21
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Plate 3.1b :
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Plate3.1g:
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Lithofacies 1. Red beds (R), near the top of a (PAC)
sequence. The red bed appears to be oxidised
carbonate that formed due to surficial exposure.

Drill core sample from DDH ZG410 showing an
input of red silt into a red bed. Rip up clasts (Rc) and
normal grading indicates the sequence is the right
way up. (Length of speciman = 10cm)

Compositionally zoned dolomites in a red bed of
Lithofacies 1. The large zoned crystals occur within
finer grained, early diagenetic dolomite. They are
interpreted to have formed by mixed marine and

metéoric waters. (DDH ZG410, transmitted light, field

of view = 2 mm)

Alternating argillaceous limestone and micrite (M)
typical of a protected lagoonal environment in the
Ugbrook Formation. Small patches of sparry calcite
are seen in the micritic material. This sample
corresponds to Lithofacies 7.

Punctuated Agradational Cycle (PAC). The cycle
starts at the top of the photomicrograph at (1), in
argillaceous subtidal limestone before grading into
progressively lighter coloured, high intertidal
micrites, dismicrites (D) and algal laminated micrites
(AM) before sharply deepening into subtidal
argillaceous material near 346 m. A new cycle begins
from 346 m to the bottom of the photograph. PACs
help define the Myrtle Formation and include
Lithofacies 7 and 2.
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sequences (Plate 3.1a) culminating in a high intertidal to peritidal environment
periodically exposed and therefore oxidised. This occurred very close to the
shoreline, with surficial exposure occurring as the shallowing up PAC cycles
developed. No evaporites are found associated with the red beds. Where red
beds mark the top of PAC sequences, they are analogous to the silty grey-green
dolomitic mudstones that mark the top of the Duperow cycles of the Devonian
Williston Basin, North Dakota, U.S.A. The upper Duperow cycles show
intertidal and supratidal sedimentary structures (Wilson, 1975) similar to the
scouring, cross-bedding and rip up clasts observed in some red beds.
Compositionally zoned dolomite rhombs are indicative of mixed marine and
meteoric diagenetic fluids. Calcite veining may be tectonically associated as the

oxidised units could have been brittle and susceptible to later calcite veining.
3.3.2 Lithofacies 2: Pale micrites and dismicrites

This lithofacies represents an almost pure orthochemical rock composed of
white to light grey micrite. It does however, contain very minor bioclastic and
sparry intraclasts comprising less than 3% of the rock (Plate 3.1h). It displays a
conchoidal to sub-conchoidal fracture pattern, and often shows a strong tectonic
stylolitization that overprints a weaker sedimentary stylolitisation. A poorly
developed cleavage is sometimes present sub-parallel to bedding although

bedding is often obscured and not always obvious.

The homogeneous pale grey micrites are non-fossiliferous and can reach bed
thicknesses of up to 20 m. Although not seen in handspecimen, moderate
dolomitisation is present with zonal (0.2 mm) subhedral to euhedral rhombs.
Minor (2%) pyrite cubes (0.3 mm) occur throughout the dolomitized micrite.
Dismicrites rarely exceed 1 m in thickness and are recognised by ‘birdseye’
structures, composed of circular to irregular (1 - 4 mm) patches of sparry calcite
in micrite. They are considered (Tucker, 1981; Flugal, 1982) to be representative
of subaerial exposure, and are formed as the sediment undergoes dessication,
with escaping gasses leaving pore spaces in the micrite. The pore spaces are later

filled with sparry cement.

Interpretation
This lithofacies is autochthonous and was primarily deposited in a shallow

marine, low subtidal to high intertidal environment. The massive pale micrites

Chapter 3: Local Geelogy, and Basin Analysis. 23
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represent lime mud deposition in a quiet exposed environment, with a
noticeable lack of fauna. Studies of recent carbonates (Pratt et al., 1992) show that
lime mud precipitates in great volumes on very shallow, quiet platforms as on
the Bahama Bank, and in quiet back reef lagoons in the Persian Gulf and in
Florida Bay. The dismicrite was deposited in an intertidal to supratidal
environment. Dismicrites are especially useful in determining the top of PAC
sequences (Plate 3.1h) acting as indicators of intertidal to supratidal

environments.
3.3.3 Lithofacies 3: Sparites and Pel-bio-oosparites.

This lithofacies occurs in horizons up to 4 m thick and consists of white to light
grey, unsorted, rounded and often poorly washed biosparites, oosparites,
oncosparites and pel-bio-cosparites (Plate set 3.3 and 3.2). It displays an uneven
fracture pattern and appears resistant to stylolitization. Bedding surfaces can be

gradational but are mostly uneven, and may be somewhat scoured.

The non-homogeneous, fine to coarse grained matrix consists of moderate and
poorly washed sparite with over 50% allochems (Plate set 3.3). It is often mildly
dolomitised. Bioclasts include brachiopods, gastropods, bryozoa, crinoids,
echinoderms and corals (Plate 3.3e) that can be well preserved, highly
fragmented and/or recrystallised to spar. Intraclasts include pelloids, (Plate 3.3h)
oncoids and ooids which comprise up to 40% of allochems. Some small (0.2
mm) pyrite cubes and minor (4%) dolomite rhombs are found in the matrix
(Plate 3.3b). Sub-rounded to rounded micritic and sparry patches are also present.
Ooids can be slightly elongate (Plate 3.3c) and were formed around coral,
echinoderm, brachiopod and gastropod fragments as well as dolomite rhombs.
Allochems exhibit a range in grain-shapes from sub-angular to rounded, and

poorly to well sorted. No grading or imbrication is present.

Interpretation
The removal of lime mud to allow sparry calcite cementation implies a shallow
water, moderate to high energy depositional environment (Flugal 1982).
Random orientation of fossils confirms a high energy environment of
deposition. The ooids formed in such an agitated, shallow subtidal, to intertidal
environment, with the presence of such large ooid shoals indicating the

influence of tidai“currents. The ooid shoals could be associated with a carbonate
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Plate 3.2 c and d:

Plate3.2¢e:

Plate3.2f:

Plate3.2g:

Plate3.2 h:
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Argillaceous bioturbated calcisiltite of the Ugbrook
Formation. Burrows (B) have become elongate with
the major cleavage. '

Tetradium rich biomicrite in ZM1009

(c) Photomicrograph of Tefradium sp. fossils and (d)

now replaced with sparry calcite plates. (DDH ZG410,
transmitted light, field of view = 2 mm)

Onco-biomicrite of Lithofacies 7. The algal layers of
the oncoids (AL) are selectively replaced by dolomite
rhombs. Ooids are also found in the sparry calcite
matrix (DDH ZG412, transmitted light, field of view =
1 mm).

Biomicrite of Lithofacies 6, containing a brachiopod
shell fragment and ooids cemented by a poorly
washed calcite matrix (DDH ZG1012(A), transmitted
light, field of view = 2 mm).

Dolomitisation of a sparse biomicrite, also showing
bituminous films along stylolites (DDH ZG1007,
transmitted light, field of view = 4 mm)

Massive dolomite of Lithofacies 9 showing
compositionally zoned rhombs (DDH ZG414,
transmitted light, field of view = 1 mm)
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bar that was breached in several locations to allow entry of currents suitable for
ooid formation. Pelloids would have also been formed in an intertidal zone and
then washed into the shallow subtidal depositional environment. The
lithofacies as a whole is most likely represented by a shallow subtidal to
intertidal depositional environment. Qoid-dominated sparites may have also
formed in intertidal ooid shoals (Tucker, 1981). Those sparites containing highly

fractured and/or rounded allochems may have been deposited in tidal channels.
3.3.4 Lithofacies 4: Calcarenites and biocalcarenites

This lithofacies occurs as light grey to blue, 0.5 m beds, or as a massive sequence
up to 30 m thick. Tt displays an uneven fracture pattern with very minor
stylolitization. Beds sometimes show weak fining up and bedding surfaces can be

uneven.

This lithofacies consists of mostly homogeneous calcarenite (0.63 - 2 mm),
however it may contain crinoid and echinoderm fragments and some shelly
lags. Bioclasts are dominated by crinoid fragments with lesser brachiopod and
gastropod fragments. It sometimes contains thin argillaceous lenses, and some
sparry calcite patches (5 %) up to 3 mm. It shows either weak (4 %) selective
dolomitisation, or pervasive dolomitisation (Plate 3.2g), which commonly
results in vuggy porosity. Dolomitisation can persist for up to 7 m. Apart from

some normal grading, no sedimentary structures are seen.

Interpretation
The smaller 0.5 m beds are interpreted as tidal channel sediments, deposited into
shallow subtidal to high intertidal environments. Such channels truncate the
preceding sediments and have negligible lateral extent. They are common
towards the top of PAC sequences but occur throughout the entire sequence. The
massive calcarenite member was deposited in a medium to shallow subtidal
environment, some distance from the micrite producing tidal flats (Burrett,
1995). The calcarenite member is intimately associated with ooid shoals forming
a rapidly migrating carbonate bar. The bar was compromised in several locations

allowing tidal current to produce extensive ooid shoals (Fig. 3.1a &b).
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3.3.5 Lithofacies 5: Onco-biomicrites.

The onco-biomicrite lithofacies occurs in beds up to 1.5 m thick and is recognised
by large 0.5 - 2 cm oncoids set in a dark grey - black argillaceous matrix (Plate 3.2e
and 3.3a). The rocks exhibit an uneven fracture pattern, often with séoured bed
surfaces. Oncoids mostly show no orientation, but can be weakly imbricated into
layers up to 3 cms thick. These layers are preferentially stylolitised, however

stylolitization overall is minimal.

The matrix is non-homogeneous (55%) and composed of dark argillaceous
micrite and lesser calcisiltite. A poorly washed sparry matrix is also present. Both
matrices can be mildly to strongly dolomitized. Oncoids dominate the allochem
component of the lithofacies comprising 50% of the rock, with bioclastic material
representing 5%. Fragmented bioclasts include brachiopods, corals, gastropods,

trilobite and echinoderm fragments.

The ellipsoidal oncoids are composed of micrite and algal filaments
(Girvanella?) that have concentrically grown around a coral, brachiopod,
gastropod or most a commonly echinoderm nuclei (Plate 3.3a). Some algal
filaments show intense selective dolomitisation (Plate 3.3a). The size of the
oncoids (0.5 - 2 cm) suggests they may be Girvanella oncoids (Flugal, 1982; Banks
and Johnston, 1957). The individual concentric layers are wavy and are oriented
slightly off centre around the nucleus. The oncoids represent micrite oncoids
derived from agglutination of micrite grains on the surface of algal filaments
(Flugal, 1982).

Interpretation
The oncoids formed in a shallow marine, agitated, lower intertidal setting.
Gastropod, coral, and brachiopod nuclei, important for oncoid formation, were
most probably transported into this environment from a nearby shallow subtidal
to intertidal environment by the prevailing currents. The large size of the
oncoids suggests a depth close to wavebase (Rice, 1985). The argillaceous matrix
and weak imbrication of some layers suggest the oncoids have been transported
into a deeper subtidal environment and assumed an argillaceous matrix before
diagenesis. Preferential dolomitisation of the algal filaments occurs in response

to the argillaceous (higher Mn) content of the filaments.

ot ]
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3.3.6 Lithofacies 6: Biomicrites

This lithofacies contains up to 55% allochems, of which bioclasts comprise up to
40% followed by lesser intraclasts, pelloids and ooids (Plate 3.2f). Bioclasts are
predominantly corals and brachiopods with minor gastropods, ostracods,
echinoderms, stromatoporids, bryozoa and trilobite fragments (Plate 3.3e and f).
Corals include Bajgolia contigua, Rhombotrypa sp.,, Thamnopora and
?Monticulipora mammulata. Most samples are strongly pelloidal with some
oncoids and ooids present. Bioclasts are mostly poorly sorted (Plate 3.3c), very
angular and not orientated, apart from rare brachiopod geopetal structures (up to
1.5 cm), and some imbrication of brachiopod shells evident in DDH ZG 1011.
Comminuted shelly debris layers are also present. Fossil preservation is adequate
with little fragmentation, however some sparry recrystallisation of fossils is
evident (Plate 3.3d). Calcite veining is common, cross- cutting both matrix and
allochems. The matrix is mostly argillaceous micrite and mudstone showing
very minor (1%) dolomitisation and is selectively stylolitised (Plate 3.3d).

Stylolites are refracted around bioclasts and intraclasts.

Tetradium rich biomicrites
A significant subunit in this lithofacies is the Tetradium rich packed biomicrites.
They form horizons up to 50cms thick and contain Tetradium up to 1 cm long
and 2mm in width (Plate 3.2b, ¢ and d). Most Tetradium have been recrystallised
into sparry calcite (Plate 3.2 ¢ and d), and rarely retain the diagnostic ‘tudor rose’
cross section revealing the inward pointing septa. Tetradium skeletons have
been filled with euhedral calcite plates on the margins and a finer grained spar
centre.Tetradium comprises up to 60% of these packed biomicrite horizons and
are cemented by a micrite or argillaceous matrix. Weak dolomitisation has often
selectively replaced small portions of the micritic groundmass. Burrows have
also been filled with 0.2 mm dolomite rhombs. The sparry recrystallisation
results in Tetradium duplex being the only identifiable species in thin section.

Hand specimen investigation identified Tetradium cribbiforme.

fnterpretation
The faunal diversity suggests an unrestricted, dominantly medium to shaliow
subtidal depositional environment. Tucker (1982) suggests biomicrites occur
below wavebase, and the comminuted shell debris represent storm reworking.

The presence of corals, bryozoa, pelloids, trilobite fragments and Tetradium
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Plate 3.3 a:

Plate3.30b :

Plate3.3 ¢:

Plate3.3d:

Plate33e:

Plate 3.3 f:

Plate 3.3 g and h:
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Oncoid of Lithofacies 5, nucleated around an
echinoderm fragment. The concentric algal
filaments are assumed to be Girvanella sp. Oncoids
are deposited in low intertidal to shaliow subtidal
environments (DDH ZG1001, transmitted light, field
of view = 2 mm).

Selectively dolomitised concentric algal layers of an
oncoid in a packed onco-biosparite of Lithofacies 3
(DDH ZG1011, transmitted light, field of view = 4
mm).

Packed pel-biosparite of Lithofacies 3 containing
brachiopods, ooids, and pelloids set in a poorly
washed sparry calcite matrix (DDH ZG1012,
transmitted light, field of view = 4 mm).

Packed biosparite of Lithofacies 3 contains gastropods,
corals and elongated ooids (Oo). Opaque material
occurs in association with the tectonic stylolites
(DDH ZG1012(A), transmitted light, field of view =~ 4
mm).

Corraline algae in a micrite of the Ugbrook
Formation (DDH ZG1001, transmitted light, field of
view = 4 mm).

Pel-bio-oosparites of Lithofacies 3 occurring with a
large colonial coral (DDH ZG412, transmitted light,
field of view =~ 4 mm).

Pel-bio-oosparite of Lithofacies 3 in a well washed
sparite matrix. Selective dolomitisation of algal
ooids occurs. Sparites are associated with the
migrating carbonate bar responsible for the
calcarenite member (DDH ZG1011, transmitted light,
field of view (g) = 2 mm, (h) = 1 mm).
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supports with this environmental interpretation. Tetradium inhabit medium
subtidal to medium intertidal environments. Walker (1972), Calver (1977), Page
(1978) and Ellis (1984) agreeing on a shallow subtidal depositional environment
for this lithofacies.

3.3.7 Lithofacies 7: Argillaceous micrites and mudstones

This dark grey to black lithofacies lacks sedimentary structures and displays an
uneven fracture pattern except where cleaved (Plate 3.1g). Cleavage is more
pronounced in this unit due to the competency of the argillaceous material
which is common in these beds (Plate 3.2a). Allochems are dominated by large
bioclasts with lesser intraclasts. Large colonial corals (up to 10 cm), coraline algae,
stromatoporids and bryozoa are common with lesser brachiopods, gastropods
and trilobites. Fragmented bioclasts are also common, especially in shelly
bioclastic lags, which form layers up to 7 cm thick. Intraclasts are predominantly
pelloids, and pale micrite fragments.

Bed thickness is highly variable and ranges from centimetre to metre scale (Plate
3.3g). Rare laminations (up to 4 mm} are seen in some mudstone dominated
horizons. Bedding surfaces sometimes show load casts, and can be considerably
scoured. Some sedimentary boudinage is present with lighter coloured

calcisiltite / micrite boudins set in a dark argillaceous matrix.

The mostly homogeneous matrix is composed of dark grey micrite / calcisiltite
and/or mudstone, and comprises up to 50% of the lithofacies. Some horizons
are purely mudstone or argillaceous micrite and have been heavily bioturbated
(Plate 3.2a). Intensely burrowed units persist for up to 7 m, and where cleaved,
the burrows elongate to form ellipsoids (Plate 3.3a). Individual burrows are
mostly 6 mm in diameter and up to 4 cm in length. Some have been selectively

replaced by 0.2 mm dolomite rhombs.

Interpretation )
The argillaceous nature of this lithofacies and the presence of a subtidal fauna
suggests deposition in a low energy, medium to shallow, subtidal environment.
Variation in fossil abundance and diversity separates depositional
environments between restricted subtidal or open subtidal. Mudstone intervals

may represent a minor siliclastic influx. Argillaceous micrite/mudstone often ™
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forms alternating associations with pale micrite, resulting in repetitious
argillaceous-pale micrite sequences. Such a sequence is diagnostic of a high
intertidal lagoonal deposits (Burrett, 1995).

3.3.8 Lithofacies 8: Nodular Limestone

This lithofacies contains light grey micritic and calcisiltite nodules cemented in a
dark grey-black argillaceous matrix. It possesses an uneven fracture pattern even
in those samples displaying cleavage. If present, bedding is undulose and grades
into loosely packed nodular bodies within the matrix. Bioturbation and the
deformational nature of the bedding, obscures bedding surfaces, such that this
lithofacies becomes a more massive sequence. Significant stylolitization is
preferentially developed in the argillaceous matrix with the micritic and

calcisiltite clasts remaining less affected.

The non-homogeneous argillaceous matrix is a finely crystalline (0.03 - 0.06 mun)
calcisiltite, and is never sparry. Small (0.3 - 1 mm) rip up clasts of micrite and
calcisiltite are present ‘floating’ within the matrix. It is commonly dolomitic
with anhedral to subhedral dolomite rhombs up to 0.4 mm and contains minor
sparry ferroan calcite plates up to 3.5 mm. The matrix is often bioclastic, with
comminuted shell fragments of brachiopods, gastropods, corals and bryozoa.
Well preserved bryozoa are also present. Borrows are commonly filled with
dolomite rhombs showing minor imbrication. Bituminous films often occur on
the sides of burrows. with pyrite cubes (0.2 mm) also present in some
dolomitized burrows.

Micritic and calcisiltite nodules range in size from 3 mm to 10 cm and can be
either homogeneous or non-homogeneous calc-bioclastic. Nodular intraclasts
contain shell fragments, small (2 - 5 mm) sparry patches, and fragments of
calcisiltite and micrite. The nodules are angular and show no noticeable
imbrication. They can be either discontinuous seams or exist as fitted nodules.
The nodular nature of the limestone has been accentuated by tectonic

stylolitization.
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Interpretation

A plethora of interpretations exist as to the origins of nodular limestones. The
most accepted explanations include slumping of differentially lithified layers
(Seyfried, 1980, Weber 1965). Sub-solution during deposition, and late burial
diagenesis processes in connection with pressure solution are also proposed for
the origin of the nodules. Concretional growth due to diagenetic differentiation
of carbonate and argillaceous material was offered by Hildebrand (1929),
Schindewolf (1925) to explain the process. The most credible explanation
involves sedimentary boudinage and differential compaction (Fig. 3.3) as cited by
Born (1921), McCrossan (1958) and Nichols (1966).

Figure 3.3: Stages in the development of sedimentary boudinage. Modified
after McCrossan (1958).
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The depositional environment of nodular limestone at Grieves Siding is either
medium to deep subtidal, or restricted subtidal. Differentiation between these
two environments is achieved by using faunal elements. A restricted subtidal
environment contains diverse, and abundant fossils compared to a more open
subtidal environment comprising more bioclastic fragments, poorly preserved
and less abundant fossils. The nodular lithofacies is proceeded by a gradual

deepening of both depositional environment and biofacies.
3.3.9 Lithofacies 9: Dolomites.

Although not evident in hand specimen, much of the Gordon Limestone is
variably dolomitized. Dolomite is abundant in intertidal and supratidal
environments and to a lesser extent in some subtidal carbonates. Small scale
dolomite is present along many stylolites and selectively replaces small
carbonate patches in argillaceous matrices. Selective dolomitisation of burrows
is also present. On a broader scale, dol-biomicrites with selective matrix
dolomitisation and dol-oncomicrites with selective algal filament
dolomitisation is evident. Fine grained equigranular subhedral to euhedral
dolomite rhombs (0.1 - 0.4 mm) are dominant, with larger grains (up to 0.7 mun)
showing compositional zonation. Those dolomite rhombs associated with
stylolites are often set in a dark bituminous or graphitic matrix. Pervasive
dolomitisation is seen in massive micrite and argillaceous carbonates. Limited

primary dolomite is observed in association with oxidised red beds.

Interpretation
The selective preservation of sparry calcite patches and calcite veins suggests
dolomitisation occurred during early diagenesis, both before and during spar
cementation. Four major models of dolomitisation are considered to be
significant at Grieves Siding. Hypersaline dolomitisation during intense
evaporation in sabkhas, and shallow subtidal dolomitisation by marine and
hypersaline fluids are important processes, but the amount of dolomitisation
produced by these methods is minimal. Mixing zone dolomitisation and burial
dolomitisation is considered more important (Rao, 1990). Marine solutions
mixed with meteoric waters, abundant in a tropical environments, are
undersaturated with respect to calcite, and supersaturated with respect to

dolomite (Rao, 1990). They could act as early diagenetic dolomitising fluids at

“Grieves Siding. The selective dolomitisation of burrows, oncoids, ocoids, algae
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and the extensive replacement of micrite, coupled with the preservation of
intraclasts and spar patches indicates early diagenetic dolomitisation. Burial
dolomitisation and leaching of Mg from argillaceous material (section 3.5.2)
could be responsible for pervasive dolomitisation. Texturally destructive
dolomitisation is restricted to two stratigraphic positions with thicknesses up to
120 m. These sequences are referred to as the upper and lower dolomite, with

minor pyrite and galena mineralisation associated with the lower dolomite.

34 LITHOSTRATIGRAPHIC UNIT DESCRIPTIONS
3.41 MOINA SANDSTONE

The Moina Sandstone is the uppermost member of the Denison Group and
forms a prominent plateaux along the eastern margin of the field area. It
conformably overlies the Mt. Zeehan Conglomerate and forms a sequence 1.2
km thick at Grieves Siding. Thickness increases to the south-west at
approximately 100 m/km (Banks, 1989).

Although the nature of the upper contact with the Gordon Limestone is
conformable, its exact position is contentious. Burrett (1995) suggests the
delineation of the boundary is arbitrary because throughout the Florentine
Valley, and areas southwest and north of Mole Creek, the contact exhibits a
transitional, interdigitating contact, marked by a siltstone - mudstone
transitional zone up to 30 m thick. X-ray diffraction of this transitional zone
(Table 3.2) at Grieves Siding shows a high abundance (>60%) of a kaolinite group
mineral interpreted as dickite. Dickite [Al25i205(OH)4} usually occurs in
hydrothermal veins (Gary et al., 1977; Bottrill, pers. com.) and coupled with the
presence of illite, sphalerite, hematite, geothite, and crandallite may suggest that
the siltstone - mudstone transitional zone represents hydrothermal alteration of
the Gordon Limestone. Major mineralisation at Grieves Siding is situated just
above this transitional zone (Fig. 3.1a &b). Siderite gangue associated with the
mineralisation is often altered to geothite and hematite (Nesse, 1991), so
whether the mineralisation has contaminated the underlying silts or whether
they are a pure hydrothermal alteration product remains unconfirmed pending
further work. The most likely explanation invokes a combination of silts from

an interdigitating contact which have been overprinted by hydrothermal
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alteration related to mineralisation. Fluids responsible for the mineralisation

would have permeated along the Moina Formation - Gordon Group contact.

The variable interdigitating nature of this contact makes the boundary between
of the Denison Group and the Gordon Group difficult to define. It has therefore
been placed at the last obvious appearance of consolidated sandstone (Fig. 3.1a
&b). In the field (Fig 1.2) the contact is marked by a rapid change in topography as
the elevated (500 m) plateaux suddenly drops 100 m into the limestone valley.

The typical Moina Sandstone is a well sorted siliceous sandstone with some
conglomeratic beds. Fresh surfaces have a pink colouration weathering to white
-grey. Modal grainsize (0.25 - 1.5 mm) is medium to coarse sand with
conglomeratic beds containing sub-angular to sub-rounded quartz clasts up to 4
mm. Some clasts are weakly imbricated. Thin (5 cm) laterally discontinuous
mudstone interbeds occur within the unit, as well as minor lithic fragments and

quartzose beds.

Cross bedding, ripple marking and intensely bioturbated beds are common and
indicate beds are right way up (Banks, 1989). Vertical worm burrows
perpendicular to bedding have been attributed to Arenicolites sp. Anhedral,
quartz-filled en-echelon tension gashes are found in association with a poorly
developed cleavage, not evident in thick sandstone beds. Arenicolites sp. have
been interpreted by Banks (1989) as indicating a littoral or sub-littoral
depositional environment. Detailed depositional environment interpretation is

discussed in Section 3.6.

3.4.2 GORDON LIMESTONE

UGBROOK FORMATION

The Ugbrook Formation was first defined at Mole Creek by Burrett et al., (1989).
At Grieves Siding the Ugbrook Formation includes alternating micrites,
argillaceous micrites, biomicrites and mudstones of Lithofacies 6, 7, and 8. It also
contains Lithofacies 3, 4, and 5. The Ugbrook Formation encompasses
mineralised sections up to 14 m thick along the contact with the Moina
Sandstone. It also includes various sparites, calcarenites and a lower dolomite

member, forming a vuggy massive dolomite sequence up to 10 m thick.

g
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Centimetre to decimetre scale alternation of lithofacies occurs forming repetitive
sequences up to 20 m thick. Such sequences are strongly pelloidal and show a
subtidal fauna dominated by corals, gastropods, and brachiopods. These
sequences are commonly nodular (Lithofacies 8) with sparites and pel-biosparites
of Lithofacies 3 also common. Development of a calcarenite member (Fig. 3.1a
&b) containing features consistent with Lithofacies 3 and 4 occurs sporadically
throughout Grieves Siding but intensifies towards the south where the Ugbrook

Formation thins.

The calcarenite member is commonly proceeded and preceded by oosparite
shoals. The member itself often contains ooids, oncoids corals and comminuted
shell debris that can exhibit a sparry matrix. Onco-biosparites and oosparites of
Lithofacies 3 are therefore well represented in the calcarenite member. It can be
variably dolomitised, with dolomitisation more pronounced in the north. No
significant mineralisation is associated with dolomitisation. The calcarenite
member signifies an easily recognisable and correlateable member within the
Ugbrook Formation. It is often proceeded by subtidal argillaceous micrite and
calcisiltite, commonly containing corals, brachiopods and gastropods.

The Ugbrook Formation at Grieves Siding averages 100 m in thickness reaching
a maximum thickness in the north of ~230 m. It thins slightly, thickening again,
before thinning to 50m in the south (Fig 1.2; Fig. 3.1a &b)

MYRTLE FORMATION

The Myrtle Formation was established by Burrett (1995) and describes a sequence
of micrites, argillaceous and bioturbated micrites, biomicrites, dolomitised
micrites, minor calcarenites and shales. It contains representatives of Lithofacies
1, 2, 6 and 7. The Myrtle Formation forms upwardly shallowing tidal flat cycles
known as Punctuated Aggradational Cycles (PACs), 20 to 160 m thick.

PACs are metre-scale upwardly shallowing units bounded by surfaces of abrupt
change to deeper of disjunct facies (Pratt et al., 1992). Minor scouring and rip up
clasts are seen on such boundaries. A typical PAC sequence consists of subtidal
mudstones and argillaceous micrites grading into bioturbated micrites, pale
micrites, intertidal microbial laminated micrites and domal stromatolites. They

often terminate in ‘birdseye’ dismicrites witlt some terminating in red beds,
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(Lithofacies 1). These indicate oxidation in a very shallow, possibly exposed
peritidal environment. The peritidal portion of the cycles are thought to be
aggradational (Pratt et al,, 1992). PAC sequences may be interrupted at any stage
by tidal channels (Fig. 3.1a &b) and are thought to be reset by either rhythmic
eustatic change or jerky subsidence (Pratt et al., 1992). Calver (19?” ) suggests the
cyclicity was probably developed by the repeated buildup to sea level and
progradation of a tidal flat complex. '

Fifteen PACs are recognised in the Myrtle Formation. Faulting, stylolitisation,
dolomitisation and poor core recovery can collectively act to conceal PACs,
making the recognition of all 15 at any one place difficult, and broad correlation
between individual PACs unreliable. The Myrtle Formation is intermittently
crosscut by tidal channels which also act to conceal PACs.

The Myrtle Formation presently crops out in the north, therefore, without a
constrained upper contact, thicknesses are indeterminable. Towards the south
the formation thins (Fig. 3.1a &b) such that only 6 of the 15 PACs are clearly
recognisable. Whether deformation and stratigraphic loss has hidden these
missing PACs or if they were indeed deposited remains in doubt. The formation
then thickens again revealing all 15 PACs. Red beds of Lithofacies 1 are also seen
on the peritidal tops of some PACs before the sequence becomes dramatically
thinned in the very south. In the south, the Myrtle Formation contains two
separate, roughly correlateable oo-biosparite and comicrite shoals with minor
oncoids (Fig 3.1b).
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BLACK JACKS FORMATION

The Black Jacks Formation consists of alternating micrites, argillaceous micrites
and mudstones together with biomicrites, calcarenites and calcisiltites. It has
been subdivided into the lower and the upper Black Jacks Formation, which are

separated by the Lords Siltstone Member.
lower Black Jacks Formation

The lower Black Jacks Formation contains two peritidal members which include
two PACs, labelled as Black Jacks 1 (B] 1) and Black Jacks 2 (BJ2). Black facks 1 and
2 correlate well across the basin (Fig. 3.1a &b). The lower Black Jacks Formation
consists of calcarenites, minor sparites, biomicrites, argillaceous micrites,
mudstones, and nodular limestone. It contains some silty interbeds and shows
weak dolomitisation. It is also crosscut by many (0.5 to 2.5 m) tidal channels
with Lithofacies 3, 4, 6, 7, and 8 represented. The lower Black Jacks Formation is
conformably overlain by the Lords Siltstone Member, which contains angular

rip up clasts presumably of the underlying lower Black Jacks Formation.
LORDS SILTSTONE

Regionally the Lords Siltstone is a thin discontinuous (1-20 m) micaceous
siltstone - shale and fine sandstone that appears within the Gordon Limestone
over much of Western Tasmania (Burrett, 1995). It sometimes contains
calcareous nodules and beds of dark grey to black micritic limestone with
bituminous films (Weldon, 1974). It is characterised by a distinctive non- diverse
fauna consisting of abundant Pliomerina trilobites, strophomenid brachiopods,
and the Tasmanian endemic ostracod Dominina (Burrett, 1995). Abundant
bryozoa, orthids, rhynchonellids, gastropods, bivalves, echinoderms and some
large cephalopods and trilobites are present throughout the unit.

At Grieves Siding, the Lords Siltstone forms a discontinuous, however traceable
ridge throughout the field area. [t ranges in thickness from 5 - 20 m and is
faulted in the south (Fig. 3.1a &b). Two distinct traceable ridges are seen for up to
60 m in the south (Fig 1.2), however outcrop is nonexistent so the origin of the
second ridge remains questioned. The Lords Siltstone supports a dense and

varied heathland vegetation concealing outcrop. In drill core the unit is
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predominantly a dark grey to green micaceous siltstone and fine sandstone,
which is commonly bioturbated. The lower contact often contains angular rip up
clasts of Gordon Limestone (Ellis, 1984) with a sharp upper contact into
carbonate. Fossils recorded at Grieves Siding include Sowerybites brachiopods,

corals and asaphid trilobites.

The Lords Siltstone is thought to have been deposited below wave base, with the
silt and sand grains having by-passed the shallower carbonate tidal flats and
shallower sea floor (Banks and Burrett, 1989). The Lords lithology and fauna
does not appear suddenly, but is proceeded by a gradual deepening of both

lithofacies and biofacies.
upper Black Jacks Formation

The upper Black Jacks Formation exhibits massive texturally destructive
dolomitisation of Lithofacies 9 (Fig. 3.1a &b}. Minor galena and pyrite is
associated with the dolomitisation (Chpt. 4). Those sequences not dolomitised
consist of pale, argillaceous and bioturbated micrites and alternating biomicrites |
of Lithofacies 2, 6 and 7. Calcarenites of Lithofacies 4 are also present and show
moderate dolomitisation producing vuggy porosity. Calcarenite tidal channels
are also present. The upper Black Jacks Formation contains a subtidal to
intertidal fauna especially corals, stromatoporids and the large oncoids of
Lithofacies 5. Weaker dolomitized peritidal horizons can be distinguished and
reveal some PACs. An additional peritidal assemblage, referred to as the upper
peritidal member (Fig. 3.1a &b) by Burrett {1995) contains up to 5 PACs.

34.3 CROTTY QUARTZITE

The Crotty Quartzite lies on the western side of the mapped area (Fig. 1.2) and
forms the basal unit of the Silurian Eldon Group (Baillie, 1989). It exhibits a
disconformable basal contact with the underlying Gordon Limestone, and has a
gradational conformable upper contact with the Amber Slate. Rolled fragments
of Tetradium sp. from the Gordon Limestone are used as evidence by Pitt (1962)
for the presence of the disconformity. Zeehan is the type area for the Crotty
Quartzite where it reaches its maximum thickness of 487 m (Banks, 1989). The

unit was named after the Crotty township, established by Irishman James Crotty
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in 1891. It outcrops strongly at Grieves Siding, to form a sharp elevated ridge. A
dense vegetation cover and surficial weathering conceals exposure to fresh rock,
subsequently most fresh exposure is restricted to road cuttings, creeks, and
disbanded drill pads.

At Grieves Siding the typical Crotty Quartzite is a relatively homogeneous, well
bedded unit consisting of quartz sandstones, quartz clastic pebble conglomerates
and minor mudstones. Fresh surfaces exhibit a pink colouration, dulling to
white-grey in weathered specimen. Quartzite beds are most commonly pink in
colour and display a sugary appearance with grains between 0.5 - 2mm. Quartz
clastic pebble conglomerates or ‘grits’ are matrix supported, moderately sorted,
with sub-angular to sub-rounded 1 - 6 mm quartz clasts. The matrix consists of
finer sand grains. Quartz sandstones and quartz clastic pebble conglomerates
have variable bed thicknesses (10 cm - >1 m), and are often cross bedded,
conversely interbedded grey-brown micaceous mudstones - shales are thinly
bedded and laminated. Cross bedding occurs up to metre scale and indicates a

tentative northerly palaeocurrent direction.

Pitt (1962; p. 62) compiled a complete stratigraphy of the Crotty Quartzite in the
Zeehan area, recognising four constituent members (Fig. 3.4). Member A
disconformably overlies the Gordon Limestone and consists of current bedded
coarse grained silts, calcareous sandstones, quartzose sandstones, and fine pebble
conglomerates (Pitt, 1962). Brachiopod moulds were the only fossils recognised.
Member A is conformably overlain by Member B which consists of strongly
current bedded, poorly sorted quartzose pebble conglomerates, pebbly arenites,
thinly bedded well cleaved siltstones, and current bedded pale grey sandstones
(Pitt, 1962). Some slump structures occur and some beds contain worm casts sub-
parallel to the bedding surface. Other fossils retrieved include Tetradium sp.
fragments, the brachiopod Camarotoechia synchoneua. as seen by Gill (1950),
trilobite pygidia, pelecypods, and unidentified brachiopods. Member C consists of
homogeneous coarse grained clay rich siltstones, and is overlain by Member D,
the uppermost member. It is composed of pale pink strongly cross bedded quartz
sandstones, with interbedded silts and muds, and cobble conglomerates (Pitt,
1962). It fines up towards the top of the sequence which indicates these beds are
right way up. Arthropod tracks and scattered tubicolar bodies along with
planispirally coiled gastropods, cephalopods, and pelecypods are found in this
member (Pitt, 1962). | -
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C-a

discomformity GORDON LIMESTONE

Figure 3.4: Stratigraphic section for the Silurian Crotty Quartzite. The sequence
reaches a maximum thickness of 487 m and has been divided into
four members by Pitt (1962). (Modified after Pitt, 1962).

" Previous work by Gill and Banks (1950) described tubicolar structures normal to
bedding planes, with Blissett (1962) noting moulds of large crinoid ossicles in a
number of places. Biostratigraphic correlations by Gill (1950) suggested the Crotty
Quartzite is Upper Silurian in age.

-y
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3.5 STRATIGRAPHY AND PALAEOENVIRONMENTS

The Early to Middle Ordovician Moina Sandstone was deposited during a period
of quiescence and shallow water sedimentation (Banks, 1989). Cross bedding and
ripple marks indicate a southerly palaeocurrent direction on what may have
been a shallow, subtidal to peritidal flat. The presence of Arenicolites sp. is
suggested by Banks (1989) to represent a littoral to sublittoral marine
environment. The Moina Sandstone overlies slope or basinal deposits and
shallow marine alluvial fans (Mt Zeehan Conglomerate) in a sequence suggested
by Banks (1989) as indicating a Late Cambrian regression. Cessation of sandstone
deposition and the initiation of limestones may suggest a depleted sandstone
source or signify the start of the Early to Middle Ordovician transgression.

Carbonate sedimentation at Grieves Siding occurred on a mini-platform, and
was related to 4 main depositional sites: (i) intertidal-supratidal flats, (ii)
lagoonal and restricted lagoonal, (iii) intertidal-subtidal bars and shoals, (iv)
shallow to medium subtidal open shelves and platforms. Such conditions
existed during a marine transgression from the south, west and east towards the
Precambrian - Cambrian Tyennan and Rocky Cape regions (Burrett, 1995). The
transgression started in the Tremadoc and continued into the Late Caradoc or
even Early Ashgill (Burrett, 1995). Carbonate sedimentation occurred in a
tropical environment with an Ordovician seawater temperature between 23 and
25°C (Rao, 1990). Modern analogues of this depositional environment can be
seen on the Great Bahama Bank and in the Persian Gulf. Suitable depositional
models would be that of Irwin-Lees (1965; Fig. 3.5), and Tucker (1981; Fig 3.6a &b).

Carbonate deposition on the Great Bahama Bank occurs on an extensive
platform in water depths of less than 8 m. The climate is humid and subtropical
with a latitude between 22° and 28°N. It has very little terriginous input which
allows the formation of platform carbonates (Rao, in press). Subtidal, intertidal
and supratidal carbonates occur on the platform, with the facies present very
similar to those at Grieves Siding. The flora is dominated by calcareous algae
with fauna including corals, echinoderms. Non-skeletal grains are dominated by
ooids, pellets, intraclasts and aggregates (Pratt et al., 1992). Apart from modern
day biota and climate, the Bahama bank represents an environment analagous

to the lower sequences at Grieves Siding.
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Open Sea Bars Lagoons Sabkha
LITHOLOGY
{alcilutite Calcaranite ——— Dolamits-Evaporite
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TEXTURES
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Infauna
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Figure 3.5: Simplified representation of the Irwin model (1965) for carbonate
sedimentation, (From Tucker, 1982).

Tidal complex carbonate deposition similar to that inferred responsible for the
formation of the middle Grieves sequence (especially the Myrtle Formation) is
observed in the Persian Gulf. Although the Persian Gulf is situated in arid
subtropical latitudes (24" to 30°N), carbonate deposition is analogous. The Great
Pear! Bank acts as a coastal barrier which allows the formation of coastal lagoons,
tidal channels, intertidal flats, and a coastal sabkha. Along with modern fauna,
lagoons in the Persian Gulf contain gastropods and pellets. Intertidal areas
contain abundant algal mats while supratidal areas contain muds, evaporites
and algae. The sabkha contains many different forms of gypsum, anhydrite, and

halite along with dolomite.
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Environmental factors and sediment formation according
to the [rwin model (1965).

Basin, deepar water/slope
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Figure 3.6 (b):

Principal marine depositional environments of carbonate

sediments and their facies characteristics (From Tucker, 1982).
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3.5.1 Lithostratigraphic Unit deposition

Lithofacies of the Ugbrook Formation were deposited in subtidal and protected
subtidal lagoons formed behind northerly or northeasterly migrating carbonate
bars (Burrett, 1995). Pelloidal and bioturbated argillaceous micrites, mudstones
and biomicrites of Lithofacies 6 and 7 were deposited in such an environment
with nodular limestone of Lithofacies 8 also present. A rich subtidal fauna
dominated by corals, stromatoporids and brachiopods was also developed in
these lagoons. The calcarenite member and associated oosparites and pel-
biosparites formed in association with these migrating bars. Significant ooid
shoals associated with the calcarenite member formed at the mouth of tidal
channels which connected lagoons and the open shelf. The formation of these
isolated sparites and ooid shoals suggests the bars were breached in several
locations (Fig. 3.7). Ooids together with skeletal carbonate sands may have also
formed barriers and shoals on the carbonate bar (Fig. 3.8). The rounded and
subrounded nature of clasts in some sparites suggests deposition in less than 5 -
10 m (Tucker, 1981). Otherwise ocean and tidal currents provided the energy
required for a sparry matrix and ooid shoals. Further ooids and minor PACs
observed in the Ugbrook Formation were deposited on intertidal, tidal flat
islands within the lagoon (Burrett, 1995; Fig. 3.7).

As the transgression continued the carbonate bars moved north from Grieves
into Myrtle during Late Ugbrook time (Burrett, 1995). Further work by Burrett
(1995) in the north suggests stabilisation of the migrating bars occurred during
the Upper Blackriveran (Early Caradoc) which resulted in the Ugbrook
Formation being covered by the Myrtle Formation. Radiometric age
determinations show a clustering of ages about 445 Ma (Early Caradoc} which
could correspond to fault movement (Banks, 1989). Faulting could have ended
Ugbrook Formation deposition by producing significant shallowing, thus
allowing the formation of PACs. Alternatively faulting assisted or caused the
stabilisation of the carbonate bars allowing the development of PAC sequences of

the Myrtle _qumation.

The Myrtle Formation was deposited on an upper intertidal to supratidal flat
during the Blackriveran. With a transgressive sea level and a stabilised
carbonate bar, the Ugbrook Formation was soon covered with argillaceous

micrites calcisiltites and biothicrites as the carbonate factory kept up.
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(a)

Migrating Carbonate Bar

Figure 3.7: Early Caradoc environmental reconstruction of the Ugbrook
Formation. Deposition was influenced by a either traditional
migrating carbonate bar (a), or an extensive migrating offshore bar
complex (b).

(b)

Intertidal Islands

7
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BACK-REEF/ TIDAL FLATS
BACK.SHOAL
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TIDAL FLAT
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CARBONATE
PLATFORM

Figure 3.8: Block diagram of a carbonate tidal flat and platform showing

locations of tidal flats, carbonate sand shoals, and tidal flat islands.
Similar depositional environments are invoked at Grieves Siding
for the Ugbrook Formation. (From Pratt et al., 1992).

Burrett (1995) suggests the upper supratidal shoreline at this time had moved
north towards Duck Creek and east onto the Tyennan Region. Therefore Grieves
Siding would have formed an upper intertidal to peritidal flat allowing the
formation of PACs. [ suggest a high water mark shoreline close to DDH ZG 410
in which accretion of PAC sequences occurred. Calver (1977) suggests this upper
intertidal to peritidal flat represents a prograding tidal flat (Fig. 3.9), repeatedly
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renewed by apparently abrupt upward changes in sea level relative to the
depositional surface. An upward abrupt change in sea level causes a second
prograding tidal flat sequence to be deposited over the first (Calver, 1977), and
thereby building the Myrtle Formation.

PROGRADATION l==}>

sea lavel
5ediment ansport  w % « "factory”

»*

PROGRADING TIDAL FLAT WEDGE

&aa laval (ponds)

sea leval

AGGRADATION

SIMULTANEQUSLY AGGRADING SHEET

LATERAL SHIFTING
EROSION

4_—=: PROGAADATION

AGGRADATION

TIDAL FLAT ISLANDS

Figure 3.9: Diagrams illustrating various ways in which metre-scale, peritidal,
shallowing up successions can form. A prograding wedge may
have initiated from a location near DDH ZG 406. (From Pratt et al.,
1992)

Chapter 3: Local Geology, and Basin Analysis. 43



B

IHE N I N BN A B BN D I B SN DD e A O e B =

384191

A significant deepening event ended deposition of the Myrtle Formation.
Burrett (1995) suggests an increased rate of basin subsidence or an inability of the
carbonate factory to keep up with a rising sea level as a cause of deepening.
Alternatively, movement on a fault (Firewood Siding Fault?) could cause a
significant deepening. Corbett (1985) suggests activity on the Firewood Siding
Fault in the Late Cambrian - Early Ordovician, perhaps movement in the
Blackriveran produced this deepening. Radiometric age determinations of faults
show multiple movements relevant to the entire sequence at Grieves. Faulting
is therefore likely to have initiated and ceased sedimentation of some of the
units. The maximum concentration of ages occurs around 475 Ma with another
population at 455 Ma (Banks, 1989). These represent significant periods during
the deposition of the sequence at Grieves Siding and deserves more attention.

The probability of mineralisation being related to such fault activity is high.

Open subtidal argillaceous micrite, biomicrites, oncomicrites and mudstones of
the Black Jacks Formation were deposited over the Mpyrtle Formation.
Deposition was largely below wavebase with graded units and shell lags being
produced by periodic storms. Open shallow subtidal conditions briefly gave way
to lower intertidal deposition of calcarenites and oncoids and brief high
intertidal to peritidal deposition of two separate PACs, (BJ1 and B]2). These could
represent deposition on tidal flat islands or a peritidal flat. A deepening in both
lithofacies and biofacies occurs in the Black Jacks Formation before the

interruption of the Lords Siltstone Member.

The Lords Siltstone was deposited during the mid-Trentonian (Late Caradoc) in
response to uplift in the Tyennan region (Burrett, 1995). It is thought to have
been deposited below wave base, with the silt and sand grains having by-passed
the shallower carbonate tidal flats and shallower sea floor (Banks and Burrett,
1989). It appears over the whole Tasmanian mini-platform, and is thought to
represent a significant but short lived tectonic event. Burrett (1995), suggests it

could represent an epeirogenic episode during the mid Trentonian.

Shallow subtidal conditions resumed after the Lords event which resulted in the

deposition of the remaining Black Jacks Formation consisting of Lithofacies 5,6,7,
and 8. A significant interlude within the formation saw the deposition of a
peritidal sequence consisting of up to five PACs. This upper peritidal member
(Burrett, 1995) is likely to represent deposition on a short lived peritidal flat
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before the resumption of shallow subtidal deposition. The development of this
peritidal flat may have been fault related as it suddenly appears without

shallowing of lithofacies or biofacies.

The entire limestone sequence at Grieves Siding is similar to the shoaling
upward sequence of Tucker (1982; Fig. 3.10). Tucker (1981) suggests these
sequences are typically several metres thick. Perhaps Grieves Siding represents a

very thick shoaling-up sequence.

Sediments Intarpretation

palaeosoil * palaeokarstic

supratidal/emergence
surface * calcrete P g

fenestral biopelmicrites _ tidal flat
wackestones + stromatolites

biopel- & oo-sparites/grain- low intertidal-
stones, + cross bedding (etc.} shallow, agitated
subtidal

local bioherms + biastromes

biopetmicrites/wackestones deeper-water
t terrigenous ciay. much subtidal

bioturbation, storm beds
reworking during

i mational conglom. .
basal intraformatio g transgression

Figure 3.10: Shoaling up limestone sequence of Tucker (1982). Such sequences
are typically several to many metres thick. Grieves Siding may
represent a shoaling up sequence, 1 km thick, developed during a
transgression. (From Tucker, 1982).

Gordon Group carbonates are either conformably or disconformably overlain by
the Crotty Quartzite. The disconformity has been correlated by Pitt (1962) to the
Late Ordovician (Llandovery) Benambran Orogeny. It signifies the beginning of
uplift in the Ashgill that rapidly spread clastic material over the carbonates
(Banks, 1989). The Benambran Orogeny was well developed in New South
Wales and Victoria, and correlates temporally with the disconformity under the
Crotty Quartzite. The Crotty Quartzite was deposited rapidly with little
subsequent reworking (Pitt, 1962). Large scale cross bedding and faunal elements

indicates a shallow marine, littoral to sublittoral depositional environment. The
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deposition of dominantly shallow marine interbedded quartz sandstones,
mudstones and subordinate limestones of the Eldon Group continued until the

Tabberabberan Orogeny in the Devonian (Banks, 1989).
3.5.2 Dolomitisation

Both syngenetic and epigenetic dolomitisation occurs in the Grieves Siding
stratigraphy. Syngenetic dolomitisation was seen with large compositionally
zoned dolomite rhombs and finer grained matrix dolomites in supratidal
lithofacies. As in the Bahamas, Florida and the Arabian Gulf, these could have
precipitated on hard grounds in the supratidal zone and occur to a depth of
around one metre (Tucker, 1981). The large rhomb size (3 - 4 mm) and
compositional zonation suggests slow recrystallisation rates. Finer grained
matrix dolomite in supratidal units is most likely penecontemporaneous or

early diagenetic.

Epigenetic dolomitisation occurs as both selective and pervasive dolomite.
Various mechanisms could be responsible for producing these dolomites.
Evaporative pumping producing evaporative-supratidal dolomitisation could
produce a widespread dolomite horizon (Tucker, 1981). Alternatively
dolomitisation resulting from mixing of seawater and meteoric water could
account for widespread texturally destructive dolomites. The weakly mineralised
dolomite horizon immediately below the Lords Siltstone could have formed by
a process suggested by Kahle (1965) invoking increasing the Mg/Ca ratio of
porewater with no salinity increases. This could occur by leaching of Mg
adsorbed on to clays and siits of the Lord Member. Other scattered dolomite
rhombs seen in some lithofacies, especially those containing argillaceous
material could form from this process. Perhaps the pervasive dolomitisation
seen in the upper Black Jacks formation resulted from Mg derived from the
argillaceous lagoonal to subtidal lithofacies observed within the formation. In
non-argillaceous lithofacies, the scattered rhombs could reflect a local source of
Mg from high Mg calcites (Kahle, 1965). Pervasive dolomitisation in the upper
Black Jacks Formation and below the Lords Siltstone member could also be
related to fluids associated with faulting and perhaps mineralisation.
Implications of faulting, dolomitisation and mineralisation is described in
Chapter 4.
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3.6 SUMMARY

The lithologies occurring at Grieves Siding are contained within the Wurawina
Supergroup, which consists of a concordant sequence of predominantly shelf
deposited sediment, including the Denison Group, the Gordon Group, and the
Eldon Group. The Moina Sandstone, uppefmost member of the Denison Group
has a conformable, often interdigitating contact with the Gordon Group
carbonates. The positioning of this contact is contentious as it is marked by a
siltstone-mudstone transitional zone that is often mineralised. This study
defines the contact between the Denison Group and the Gordon Group as the
last appearance of consolidated silt, and the first appearance of limestone.

Nine lithofacies associations recognised in the Gordon Limestone at Grieves
Siding have been configured into three formations, and five intra-formational
members. The mid-Ordovician Ugbrook Formation represents subtidal and
protected subtidal lagoons influenced by a rapidly migrating carbonate bar. The
mid-Caradoc, (Mid to Late Ordovician) Myrtle Formation consists of up to 15.
Punctuated Aggradational Cycles (PACs) deposited in shallow subtidal to
peritidal conditions. The Myrtle Formation precedes deposition of the
dominantly subtidal Black Jacks Formation, which was interrupted during the
Late Caradoc by the Lords Siltstone. The Lords ‘event’ signifies the response to
uplift in the Tyennan region, representing a short lived epeirogenetic event. It
was proceeded by a return to subtidal limestone deposition, periodically
interrupted by peritidal carbonate deposition. Stratigraphic correlation suggests
carbonate deposition is related to four main depositional sites on a carbonate
platform. Carbonate sedimentation occurred in a tropical environment with an
Ordovician seawater temperature of 25°C. Modern analogous depositional
environments are seen on the Great Bahama Bahama Bank, and in the Persian
Guif.

ket
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Mineralisation 4

4.1 INTRODUCTION

This chapter characterises the setting, morphology, mineralogy and paragenesis
of two lenses of mineralisation found in the Gordon Limestone at Grieves
Siding. High grade Zn-Pb mineralisation occurs towards the top of the
ferruginous and kaolinitic siltstones that mark the contact between the Moina
Sandstone and the Gordon Group carbonates (Fig. 4.1). This mineralisation has
been intersected in diamond drill core and is exposed on the surface where it
supported a small prospect. Further mineralisation has been recognised away
from this major zone. Sphalerite, 'galena' and pyrite have been found in
dolomites of the lower Black Jacks Formation, marcasite has been recognised in
costeans, and minor disseminated pyrite occurs throughout the sequence.

4.2 LOCAL AND STRUCTURAL SETTING OF MINERALISATION
42,1 Lower Mineralised Zone

Mineralisation occurring at the contact between the Moina Sandstone and the
Gordon Group carbonates is herein referred to as the Lower Mineralised Zone
(LMZ). The LMZ is a discontinuous lens that occurs above the lower silt
member and appears to be stratabound (Fig. 4.2}. The mineralised lenses and the
lower silt member occur in beds dipping between 40° and 70° to the north-east
and are folded around a large (~3 km) synform with an inferred fold axis
orientation of 70-110°. Brittle deformation produced apparent sinistral slip-
strike offset on the Grieves Fault displacing the LMZ approximately 40 m. The
LMZ crops out on the surface at the abandoned prospect, proximal to the
Grieves Fault. Although now totally overgrown, the prospect can still be found
by following an abandoned tramway from the Henty Road (Fig 4.2). Minor
exploitation of this prospect occurred during the late 1800°s, however details of
the operation are unknown. Mineralisation above the LMZ occurs in vuggy
dolomite of the Ugbrook Formation. Textural and paragenetic similarities

results in it being included in the same discussion.
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4.2.2 Upper Mineralised Zone

Sulphide mineralisation below the Lords Siltstone in dolomites of the lower
Black Jacks Formation (Fig 4.2), is herein referred to as the Upper Mineralised
Zone (UMZ). The UMZ may occur as conformable discontinuous lenses,
however a lack of outcrop and the discontinuous nature of mineralisation has
obscured its full extent. Alternatively, it could be a series of isolated occurrences.

It is commonly associated with significant siderite alteration.

4.3 LOWER MINERALISED ZONE (LMZ)
4.3.1 INTRODUCTION

Mineralisation in the lower mineralised zone (LMZ) consists of sphalerite,
galena, barite, pyrite and chalcopyrite with a siderite - dolomite - hemimorphite
gangue. Smithsonite, rhodochrosite, magnesite, and covellite are also present.
The LMZ occupies a lens above the lower silt member that appears to be
stratabound (Fig. 4.1). Mineralisation is discontinuous, occurring in lenses that
reach a maximum thickness of 24 m in diamond drill hole ZG 406 (Fig 4.1). The
lower silts extend laterally north from Grieves Siding for up to 50 m. The best
intersections from this zone were 10.6 m @ 17.8% Zn, (including 0.4 m @ 37.4%
Zn), and 4 m @ 5.4% Zn, 5.4% Pb, in diamond drill hole ZG 406 (Fig. 4.3).

Comb and cockade textures are common throughout the LMZ (Plate 4.4e),
however colloform growth-banded sphalerite spherules are the most common
and spectacular sulphide texture (Plate set 4.1). They provide useful insights

into the genesis of sulphide mineralisation.

4.3.2 MINERAL PETROGRAPHY OF THE ILMZ

Mineralogical and textural variations throughout the LMZ necessitates samples
collected from different intervals to be discussed separately. Subsequently the
mineral petrography of the LMZ intersected in drill core is described first, before
describing high grade Zn-carbonate mineralisation and textures seen at the
Grieves Siding Prospect. Mineralisation above the LMZ in vuggy dolomite of
the Ugbrook Formation is not apart of the LMZ proper, but is included in this

discussion.
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Generalised location of mineralisation at Grieves Siding.
(a) Lower Mineralised Zone; (b) Abandoned Grieves Prospect;(c) Marcasite
and the UMZ; (d) Silicified dolomite breccia.
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4.3.2.1 Diamond Drill Hole Intersection

At its thickest point in DDH ZG 406 the LMZ contains white to light grey semi-
massive sulphide mineralisation. The semi-massive sulphides contain
remnant dolomite and carbonate wall rock in addition to sulphides, siderite

and hemimorphite.
1) Pyrite

Pyrite occurs as 0.3 mm euhedral crystals growing into cavities, and as 0.1 mm
fractured subhedral aggregates (Plate 4.4e). Pyrite framboids are common, and
occur as circular, elongate, and as partly recrystallised aggregates or spherical
grains up to 0.1 mm in diameter. Disseminated pyrite also occurs throughout
remnant dolomite. Pyrite comprises up to 60% of the sulphides present, and
together with minor (<1%) galena contributes to the comb texture.

2) Sphalerite

Sphaleri'te exists as small (0.025 mm) spherules occurring around pyrite and
into cavities off siderite and other wallrocks. Anhedral, partly replaced
sphalerite occurs locally. Sphalerite comprises up to 40% of the sulphides
present. The small, circular, honey-coloured spherules of sphalerite have

formed tightly packed aggregates between pyrite, accentuating the comb texture.
3) Cal cite

Fine grained calcite (0.04 mum} has coated the walls of some cavities and occurs
on the margins of pyrite and sphalerite crystals that have defined the comb
textures. Calcite also occurs as euhedral to subhedral crystals in some cavities.
Fine calcite (1pm) commonly coats euhedral (0.04 mm) calcite crystals.

5) Hemimorphite

Radiating, fibrous hemimorphite {Zn4Si207{OH)2.H20] fans and veins cross-cut

~and replace most of the gangue phases (Plate 4.4h). Hemimorphite needles have

replaced the walirock in some places, and filled cavities elsewhere. It occurs as
radiating bow-tie and fan-shaped crystals (FPlate 4.4f and g) up to 0.7 mm in
diameter. The hemimorphite veins and host carbonate appear to have been
folded and fractured during later tectonic activity (Plate 4.4h).

iy
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4.3.2.2 High grade Zn- carbonate mineralisation

Massive grey to light brown, zinc carbonate mineralisation occurs toward the
top of the LMZ. The non-sulphide mineralised zone consists of a fine grained
intergrowth of calcite, siderite, dolomite, smithsonite (ZnCO3), rhodochrosite,
and magnesite. Altered and mineralised samples have very high specific
gravity, are hard, and occur in a 0.4 m interval in DDH ZG 406 that grades at up
to 37.4% Zn. Dolomitisation and a siderite overprint obscure remnant carbonate
textures, and in many intersections the carbonate mineralised zone has partly
decomposed to a distinctive dark grey to brown clay, which retains the high zinc
grades. XRD analysis of these clays (Appendix 3) suggests they are dominated by
a kaolinjte group mineral dickite [Al35i205(OH)4], (>60%), with lesser quartz
(50%), illite (30%) and hematite, geothite, crandalite, and rutile (<5%).

43.2.3 The Grieves Prospect

Excellent examples of colloform textures are found at the surficial expression of
the LMZ at the Grieves Prospect (Fig. 4.2). Colloform, growth-banded sphalerite
spherules, and botryoidal sphalerite are intimately associated with galena and
pyrite (Plate 4.1). Sphalerite is the most abundant sulphide, with XRD analysis
suggesting it comprises between 40 and 60 % of mineralisation, with 25 - 40 %
galena. Pyrite, chalcopyrite and covellite make up less than 5 % of the rock.
Barite comprises 5 - 10 % of the gangue with kaolinite comprising less than 5
wt% (Appendix 3)

1) Sphalerite

Sphalerite spherules up to 2 cms project from the wallrock into cavities (Plate
set 4.1). The comb textures seen in the LMZ in drill core is also present at the
surface, however the large growth of sphalerite spherules has distorted and
overprinted the texture (Plate 4.1c). A thin (up to 1 mm) lining of siderite on
the dolomite wallrock is overgrown by the 0.1 mm to 2 cm sphalerite spherules.
Up to four different phases of sphalerite are present (Plate 4.1a and b). Initial
minor massive sphalerite, was preceded by galena precipitation. The second
phase resulted in deposition of colloform sphalerite spherules. The third phase
produced massive sphalerite which forms cusp and caries textures with galena.

The cusp and caries textures grade into well developed relict textures. The third
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Plate 4.1
Plated4.1a:

Plate4.1b :

Plate4.1c:

Plate4.14d:

Plate 4.1 ¢:

Plate 4.1f:

Plate 4.1 g:

Plate4.1h:
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Photomicrograph of the botryoidal, colloform,
sphalerite spherules (sp) from the Grieves Prospect
(DDH ZGPI, reflected light, Field of view = 1 mm)

Botryoidal, colloform, banded sphalerite from the
Grieves Prospect (DDH ZGP1). Pyrite (Py) fills the
centre of most spherules, followed by sphalerite (sp)
forming the concentric bands. Later stage low Fe
sphalerite (sp) infills between spherules (DDH ZGP1,
transmitted and reflected light, field of view = 4mm).

Higher magnification view of the botryoidal
sphalerite spherules. Early stage pyrite (Py) is
overprinted by later spherule growth(sp) producing
the dendritic texture (DDH ZGP1, transmitted light,
field of view = 1 mm).

Dendritic texture produced by bacteria(?) in sphalerite
spherules (DDH ZGP1, transmitted light, field of
view = 1mm).

Transmitted light photomicrograph of a sphalerite
spherule margin showing dendritic patterns
attributed to bacteria(?) (DDH ZGP1, transmitted
light, field of view = 2mm).

High magnification photomicrograph of radiating
bacteria(?) near the margin of a sphalerite spherule
(DDH ZGP1, transmitted light, field of view = 0.5
mm).

High magnification photomicrograph of the
dendritic texture towards the margin of a sphalerite
spherule (DDH ZGP1, transmitted light, field of view
= 0.5 mm). '

SEM image of what have been interpreted as bacterial
filaments responsible for producing the dendritic
textures seen in previous plates. The particles have

now been replaced by up to 8 um sphalerite grains.

.
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phase sphalerite has in-filled spaces between spherules and within spherules. A
fourth phase of light coloured, semi-translucent (low-Fe) sphalerite occurs on
the outside of, and between spherules (Plate 4.1a). It forms fracture in-fill

textures between spherules, and contains large (0.05 mm) fluid inclusions.
2) Pyrite

The colloform banded spherules contain fibrous, radiating pyrite that have
relict and fracture in-fill textures. Anhedral and fractured pyrite occurs as 0.1 -
0.4 mm grains that form a radiaﬁng, fibrous pattemn in the spherules (Plate 4.1c).
Some fractures within the pyrite are filled by massive sphalerite and galena.
Others contain 2.5um circular, deep honey-coloured sphalerite grains that have

replaced what have been interpreted as mineralised bacterial filaments (Plate

- 4.1e to h). These filaments form a dendritic pattern in the pyrite and galena,

adding to the fibrous appearance (Plate 4.3d). Scanning electron microscopy of
the particles could not positively identify what these structures where, but they
are now replaced by fine grained sphalerite (Plate 4.1h). The size and shape are
consistent with bacteria, however overprinting by mineralisation makes
identification difficult.

3) Galena

Galena has formed cusp and caries textures with dendritic pyrite, producing a
fracture in-fill texture. Massive to semi-massive galena crystals (up to 1 mm)
occur in and around sphalerite spherules (Plate 4.1a}, as well as in a distinctive

band that has overgrown the first comb texture.

4) Chalcopyrite

Chalcopyrite occurs on some fractures within late stage, low Fe sphalerite where
it has formed weak cusp and caries textures. Chalcopytite occurs as subhedral 0.8
mm grains which are typically fractured and contain angular sphalerite
inclusions. Chalcopyrite is also found close to the edge of some sphalerite
spherules, where it is locally decomposed to contain secondary covellite.

Covellite occurs as 2.5 mm grains in fractures with chalcopyrite.
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4.3.2.4 Ugbrook Dolomite Mineralisation

A vuggy porosity in dolomites of the Ugbrook Formation has been exploited by
mineralising fluids (Plate 4.2). Sulphides have filled cavities, fractures, and
concentrated along stylolites. This mineralisation occurs above the lower silt
member, near the southern LMZ. It is not part of the LMZ proper, but the
textures and close proximity to the LMZ see it included within this discussion.
Pyrite (80%) dominates the sulphides followed by sphalerite (15%) and galena
(5%). Although the amount of sulphide mineralisation is minimal, it assists
understanding of the textures of the LMZ.

1) Sphalerite

Sphalerite occurs as 0.1 - 0.3 mm anhedral grains in cavities, fractures, along
stylolites and as 0.2 mm botryoidal spherules (Plate 4.2c and d). Anhedral
sphalerite has cusp and caries textures with galena, and vein - replacement
textures with pyrite. Minor botryoidal sphalerite has formed spherules on

siderite and dolomite wallrock, and around pyrite grains (Plate 4.2c).
2} Pyrite

Pyrite has formed euhedral to subhedral crystals up to 1 mm, some of which
have compositional growth rings (Plate 4.2a). Pyrite has filled cavities and
fractures in the dolomite and exploits available open spaces, resulting in a
stringy set of pyrite veins forming a dendritic texture (Plate 4.2b). Pyrite has also
grown in comb textures out from the dolomite and siderite wallrock but it has
only completely filled cavities in a few locations. Large (0.8 mm) euhedral to
subhedral siderite crystals commonly formed a cavity lining upon which the
pyrite cockade textures have grown in larger cavities. Fracturing and dolomite
inclusions are common in pyrite which has cusp and caries textures with galena
and sphalerite (Plate 4.2c). Pyrite also forms vein and replacement textures
within sphalerite crystals. Spongy pyrite occurs on the margins of some
euhedral pyrite crystals and in stylolites. It contains many dolomite inclusions
and has anhedral grain boundaries.

3) Galena

Galena occurs as euhedral crystals up to 1 mm on the margins of euhedral to

stibhedral pyrite grains. Galena forms part of the cockade texture and comprises

3842032

Chapter 4: Mineralisation 61

R i T T




Plate 4.2

Plated4.2 a :

Plate4.2b:

Plated.2 ¢:

Plate4.24d:

Plate 42 e:

Plate 4.2 f:

384208,

Euhedral pyrite (Py) showing growth zoning. Later
spongy pyrite has filled out into the cavity. Later
phase galena (Gn) filled a cavity within pyrite
forming cusp and caries textures (DDH ZG1007,
Reflected light, field of view = 1 mm).

Fracture and cavity filling pyrite (Py) in dolomite of
the Lower Black Jack Formation. Later sphalerite (sp)
replaces pyrite (DDH ZG1007, reflected light, field of
view = 2mm).

Mineralised Ugbrook Formation dolomite showing
early pyrite (Py), overprinted by galena (Gn) which
forms cusp and caries grain boundaries with both
pyrite and later stage sphalerite spherules (sp).
Calcite represents the latest stage in the cavity (DDH
ZG1007, reflected light, field of view = Imm).

Paragenetic relationships between the first phase
pyrite (Py), then galena (Gn) and latest phase
sphalerite spherules (sp) (DDH ZG1007, reflected
light, field of view = 0.25mm).

Quartz-carbonate pressure shadow between pyrite
(Py) crystals (DDH ZM1008, transmitted and reflected
light, field of view = 2mm)

Higher magnification view of quartz-carbonate
pressure shadows between pyrite crystals (DDH
ZM1008, transmitted and reflected light, field of view
= 1lmm)
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up to 5% of the sulphide assemblage (Plate 4.2d). It has cusp and caries grain
boundaries with pyrite but the grain boundaries that project into open cavities

are euhedral.
4) Calcite

Clear calcite rhombs up to 0.4 mm form the innermost lining to some cavities
(Plate 4.2¢). This lining can be up to 0.6 mm thick and stacked with euhedral to
subhedral calcite rhombs.

4.4: UPPER MINERALISED ZONE
4.4.1 INTRODUCTION

Additional mineralisation that appears to be associated with the Lords Siltstone
forms the Upper Mineralised Zone (UMZ}. The UMZ includes fractured pyrite
in calcite veins; isolated massive marcasite; and galena, sphalerite and pyrite
associated with pervasive dolomitisation of the lower Black Jacks Formation.
The occurrence of a silicified limestone breccia in the south (Fig. 4.2) may also
contain sulphide mineralisation, as the Oceana deposit is associated with a
similar lithology. The following descriptions outline the characteristics of

mineralisation in the UMZ.

4.4.2 MINERAL PETROGRAPHY OF THE UMZ
4.4.2.1 Diamond Drill Hole Infersection

Minor galena and sphalerite associated with the lower Black Jacks Formation
was intersected in diamond drill hole ZG 1012 (Plate 4.3a). The sulphides occur
below the Lords Siltstone (Fig 4.2). Large vugs and cavities have been filled by a
0.5 - 3 mm thick siderite lining, and coated with minor galena and sphalerite.

The sulphide mineralisation is associated with extensive siderite alteration.
1) Siderite

Siderite occurs as large (up to 2mm) light brown euhedral crystals that project
from the dolomite wall rock into the cavity (Plate 4.3b). They have dogtooth
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terminations and define a comb texture. The siderite crystals are coated by small

colloidal, sphalerite spherules that range in size between 0.05 - 0.2 mm.

o~

2) Sphalerite

Two sphalerite phases are recognised in the UMZ. The first massive phase has

nucleated onto siderite crystals and has been partially replaced by small (0.1

mm) anhedral galena crystals, and the second sphalerite phase (Plate 4.3 ¢,d and

E . ,]

e). The massive sphalerite is attached to the siderite and galena grain

)

boundaries, forming cusp and caries textures. A second phase of sphalerite has

formed colloidal spheroids up to 0.2 mm in diameter. Spheroids with internal

-,
g

.

growth banding have overgrown galena grains and formed replacement and

relict textures.

Fin
s

G

3) Galena

Galena occurs as 0.01 to 0.2 mm anhedral grains along the outermost sections of
the cavity walls (Plate 4.3d). Some grains are partially replaced by sphalerite
spheroids, with cusp and caries textures between sphalerite and galena. Relict
anhedral galena blebs occur in sphalerite.

4 B "

4) Calcite

s

—

Calcite has filled the remaining space in the cavities, forming large (up to 1.2
cm) calcite plates. The plates are subhedral and show no twinning (Plate 4.3e
and f).

4.4.2.2 Massive Marcasite

Massive marcasite was found in costeans above and below the Lords Siltstone.
Below the Lords Siltstone, marcasite occurs in a costean at 47100N, 61170E (Fig.
1.2). Tt is cubic, up to 7 mm in diameter and associated with siderite and

dolomite. It forms a mineralised matrix surrounding dolomite clasts and has

been weathered to geothite and magnesite. A sphalerite clast surrounded by a

3t
i

‘ gy . . — .

3t

marcasite matrix was collected by Dr. G. Green of Tasmanian Development and
Resources. Above the Lords Siltstone a more radiating form of marcasite occurs
\_) with individual blades up to 15 mm in length. It is not associated with siderite

or dolomite.
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Plate 4.3

Plate4.3 a:

Plate 4.3b :

Plate43c¢ d e f g
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Drill core sample from DDH ZG1012 showing a large
vug in dolomite of the Lower Black Jack Formation
filled by siderite, sphalerite-galena and calcite. The
nature of settling of sediment in the bottom of the
cavity gives suggests the beds are the right way up.

Photo of the cavity wall of Plate 4.3a, showing the
dolomite wallrock being coated with large euhedral
siderite (sid) crystals forming a comb texture. Minor
mineralisation (sphalerite and galena) lines the
dogtooth siderite terminations. Coarse calcite plates
(cal) line the cavity (DDH ZG1012, transmitted light,
field of view = 4mm)

High magnification photomicrographs of sphalerite
spherules (sp) coating dogtooth siderite crystals and
replacing earlier formed galena (Gn). Paragenesis of
the spherules involves a fine grained massive
sphalerite (sp) first coating the siderite, followed by
galena (Gn). Later sphalerite spherules (sp) replace
the earlier sphalerite and galena (DDH ZM1012,
transmitted and reflected light, field of view = Imm)}
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Interpretation
Marcasite below the LQrds Siltstone occurs in the Lower Black Jacks Formation,
and could be associated with the cavity-filling fine grained galena and sphalerite
found in dolomites of the Lower Black Jacks Formation. It may represent the
surface expression of the cavity in-filling mineralisation seen in drill core. If
this is the case, further mineralisation in a stratabound discontinuous lens may
occur between this site, and DDH ZG 1012, forming an intermittently
mineralised horizon below the Lords Siltstone (Fig 4.2). The association of this
mineralisation with a mineralised breccia, and the close proximity to a black

matrix carbonate breccia, gives this area potential.
4.4.2.3 Fractured Pyrite and Calcite Veins

Highly fractured pyrite can occur in some calcite veins parallel or sub-parallel to
bedding and along stylolites in all units. Minor dolomitisation has occurred
along stylolites that contain pyrite. In some veins, the pyrite is highly fractured
(0.3 mm - 1 em) and filled with pits, tension gashes and calcite grains. Other
calcite veins contain less fractured euhedral, (0.2 - 0.7 mm) inclusion-free pyrite
that contains partially recrystallised framboids. Undulose quartz-carbonate
pressure shadows occur around large pyrite grains as leaf like aggregates (Plate
4.2 e and f)). The calcite veins have mostly cross-cut micrite and at least two
separate veins are present. One vein set is associated with pyrite, and is cross-cut
by a second barren vein set. Some of the later barren calcite vein sets have crack-
seal vein textures, with up to 8 individual crack-seal events recognised. The

crack-seal veins may be related to the Tabberabberan Orogeny.
4.4.2.4: Black matrix Dolomite Breccia

Radiating marcasite occurs in close proximity to a black matrix dolomite breccia
(Fig. 4.2; and Fig 1.2). The breccia contains highly angular to sub-rounded,
unsorted (2 - 20 mm) dolomite clasts set in an argillaceous micritic - dolomitic
matrix (Plate 4.4a). The original composition of the clasts is unknown; however
they now consist of 0.1 to 0.7 mm, subhedral to anhedral dolomite rhombs.
Both matrix and clasts contain small, angular (0.01 mm) anhedral quartz clasts.
The matrix is preferentially stylolitised and may shows significant silicification
(Plate 4.4 c and d). The argillaceous matrix locally contains 0.05 - 0.1 mm quartz

grains that have grown from dolomite clasts into cavities forming classic
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Plate 4.4

Plated4.4a:

Plate 4.4b:

Plate 4.4 c and 4:

Plate 44 e:

Plate 4.4 fand g:

Plate 44 h :

384211 -

Angular dolomitised (dol) clasts in a calcite matrix
(cal). This angular breccia is a similar lithology to the
host rocks of the Oceana deposit. The proceeding
photomicrographs document the progressive
silicification of the breccia from north Grieves to
south Grieves Siding - Baura prospect (DDH DB110,
transmitted light, field of view = 2mm).

Selective silicification of the calcite matrix and the
establishment of a cockade texture around dolomite
clasts (Sample BO42600, transmitted light, field of
view = Zmm).

Selective silicification (qtz) of the once calcite matrix,
producing a classic cockade texture around dolomite
clasts (dol) (Sample BO4, transmitted light, field of
view = 2mm).

Pyrite (Py) comb texture defining the edges of a cavity
that has been replaced by radiating hemimorphite
(Hm). Hemimorphite replaces the wall-rock and the
cavity (DDH ZG406, transmitted and reflected light,
field of view = Tmm).

Radiating hemimorphite (Hm)} nucleating on
remnant wall-rock forming a cockade texture.

Hemimorphite (Hm) veins cross cutting earlier
veins and earlier formed hemimorphite (DDH
ZG406, transmitted light, field of view = 1mm)
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cockade textures (Plate 4.4 ¢ and d). Small (up to 0.05 mm) subhedral to euhedral
quartz crystals occur closest to the dolomite clasts, grading into coarser (0.1 mm)
subhedral to anhedral crystals towards the centre of the cavity. Fine grained
quartz veins have cross-cut some dolomite clasts. Varying degrees of

silicification are seen in the matrix of the breccia.

Further to the south (Fig 4.2) a completely silicified breccia was found. The

matrix retains the cockade textures, and the clasts are completely silicified. The
breccia can show remnant bedding however the exact nature of its contact with

the Gordon Limestone is unknown. The black matrix breccia occurs to the

P
I k;i

north of the Firewood Siding Fault, whereas the completely silicified breccia

I
oy

occurs to the south of this fault. (Fig 4.2). The progression from a calcite matrix
to a totally silicified unit is illustrated in Plates 4.4a to 4.4d.

4.5: PARAGENESIS

A paragenetic scheme for the Lower Mineralised Zone is summarised in Table
4.1. The paragenesis of mineralisation above the Lower Mineralised Zone in
dolomite of the Ugbrook Formation is summarised in Table 4.2. Interpreted

paragenetic relationships for the UMZ are summarised in Table 4.3.

4.5.1: Lower mineralised Zone (LMZ)

Sedimentary pyrite framboids were the first sulphides to form in the LMZ. They
indicate the presence of sulphur-reducing bacteria in a reduced anoxic
environment (Sweeny and Kaplin, 1973). Protected subtidal lagoons of the

Ugbrook Formation would have provided a suitable habitat for such organisms.

The sulphide mineralisation in the LMZ formed after diagenic and
hydrothermal dolomitisation, as the sulphides occupy cavities formed during
dolomitisation. The time elapsed between dolomitisation and mineralisation

was discussed in Chapt. 3; However, dolomitisation was probably early

+ ' " i - - . - B -\-
.o ’ N . - Lo oo " . . : .- N A . . g i

a5
it

-diagenetic with some further dolomitisation caused by hydrothermal alteration,

A
o

prior to the mineralising event (Table 4.1}). The resultant cavities were initially
filled by euhedral siderite crystals up to 2 mm. They formed the foundation for

development of open space filling, and comb textures seen throughout most of

the LMZ. Th_? dogtooth siderite terminations were initially coated by minor,
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Table 4.1:  Interpreted paragenetic relationships of ore and gangue minerals from the 38:42‘11—\-
Lower Mineralised Zone at Grieves Siding.

Mineral Pre-Mineralisation| Sulphide Mineralisation |Post-Mineralisation
early middle late
‘R Pyrite IR
| Dolomite D
/ix Siderite —
Sphalerite . -
(I\ Galena L
(™ |Chalcopyrite —
I Calcite |
. o Covellite —
I Smithsonite p—
: Rhodochrosite —
I Magnesite —
i‘:"—.:'::‘ Hemimorphite

Table 4.2: Interpreted paragenetic relationships of ore and gangue minerals from dolomite in
the Ugbrook Formation, just above the Lower Mineralised Zone.

' Mineral Pre-Mineralisation| Sulphide Mineralisation Post-Mineralisatio;
early middle late _|
Dolomite L
5 Siderite — ‘i
’ Sphalerite | I
Pyrite I
Galena .
Calcite F-
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Table 43:  Interpreted paragenetic relationships of ore and gangue minerals from the Upper Mineralised

l Zone at Grieves Siding.
(M

EMineraI Pre-Mlnerallsation! Sulphide Mineralisation |Post-Mineralisation
¥ ¥ | early middle late
(Ix Dolomite [

Siderite L
i‘“ Sphalerite : | | ]

Galena I
)
l’.l ; Calcite N—
:./r
I Table 4.4: Generalized paragenetic sequence of mineralisation in the Irish Pb-Zn deposits (After

Hitzman, 1995).

&

'\ Mineral Pre-Mineralisation| Sulphide Mineralisation |Post-Mineralisation
early middle late
S Hyrothermal

carbonates |

Iron Formation
Iron oxides and silica I

~.

I B Barite —‘ |—
Pyrite / marcasite *
Sphalerite |

_(

I
Galena : ﬂ
Cu-Ag-As sulphides ._

Ij
(-
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semi-massive sphalerite that formed 0.1 mm anhedral to subhedral crystals.

- Sphalerite growth was closely followed by the precipitation of galena (Table 4.1).

Deposition of small colloidal textured sphalerite spherules proceeded galena
deposition. The galena formed soon after early sphalerite, and has been
overprinted by later spherules. Relict pyrite, which formed radiating textures in
some spherules from the prospect, may be an early 'pyrite phase, or may signify
the concentration of passively-enriched biogenic pyrite during dissolution of
the carbonate (Ellis, 1984). Possible concentration and recrystallisation of
framboidal pyrite was seen in DDH ZG 406 where it lined cavity boundaries.
Disseminated pyrite in the host carbonate could have recrystallised and mixed
with framboidal pyrite to produce this concentrated pyrite. Alternatively, an
input of a reduced sulphur-rich fluid could have caused early pyrite
precipitation. Relict pyrite observed in spherules would have been produced as
the growth-banded spherules grew and overprinted earlier pyrite, thereby
producing the radiating textures.

Further colloidal textured sphalerite growth continued after galena deposition
(Table 4.1). Spherule growth incorporated the galena such that it now occurs in
and around the spheroids. The dendritic texture seen in the cores of some
spherules (Plate 4.4d) was probably produced by growth of the colloform banded

spherules or by the action of bacterial filaments.

Precipitation of a light honey coloured, translucent, low-Fe sphalerite, around
and between spherules, may have resulted from repeated sphalerite
dissolution and re-precipitation (Table 4.1). Chalcopyrite occurs along fractures
in the light-coloured sphalerite and is interpreted to be younger than sphalerite
(Table 4.1). Covellite has partially replaced the chalcopyrite and is interpreted to
be supergene in origin. Late stage calcite occurs as an inner lining of the comb
textures, and as the final in-fill phase of the cavities. Evidence for two separate
episodes of calcite precipitation are seen in DDH ZG 406, with later precipitated,
fine grained (3um) calcite lining the earlier coarser grained (0.04 mm) calcite.

Smithsonite, thodochrosite, and magnesite along the top of the LMZ may have
formed by oxidation of sulphide mineralisation, producing a high grade cap.
Oxidised groundwaters may have permeated along the interdigitating Moina
Sandstone - Ugbrook Formation contact, allowing the leaching and

Y
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precipitation of secondary Zn, Mg and Mn minerals. Sulphide oxidation and
remobilisation of HCO3~ could therefore initiate the precipitation of

smithsonite, rhodoch_rosite, and magnesite. The fibrous, radiating zinc silicate,
hemimorphite which typically occurs associated with smithsonite (Nesse, 1991),
formed after smithsonite, rhodochrosite, and magnesite, as it occurs in cavities
and veins that have cross-cut and replaced all other minerals (Table 4.1).
Hemimorphite veins have been fractured and deformed, indicating they have
probably been affected by the Devonian {Tabberabberan) orogeny. Weathering
and formation of secondary carbonates may therefore have occurred in the

Palaeozoic between the Ordovician and mid-Devonian.
4.5.2: Ugbrook Dolomite Mineralisation

Sulphide mineralisation precipitated in the vuggy dolomites of the Ugbrook
Formation, above the LMZ, display similar textures to that seen in the LMZ.
This mineralisation shows a vaguely similar paragenetic relationships to that of
the LMZ, except for the abundance and timing of pyrite (Table 4.2). Therefore, a

separate paragenesis has been constructed for this mineralisation.

Sphalerite has formed a cusp and caries, and replacement texture with galena,
pyrite, and later stage sphalerite. It is interpreted to have been the first sulphide
precipitated after pervasive hydrothermal dolomitisation. An isolated example
of siderite that has lined a cavity, suggests it grew before sphalerite, however, in

the majority of cases, sphalerite has grown on dolomite wallrock.

Comb textured pyrite has grown outwards from the dolomite wallrock. It has
cusp and caries textural relationships with sphalerite, indicating pyrite was
deposited after early sphalerite precipitation. Pyrite exploits fractures, vugs and
cavities, resulting in a dendritic texture (Plate 4.4b), that grades into
compositionally zoned (up to 1 mm) euhedral crystals. A later stage of rapid
pyrite precipitation produced spongey textured grains full of small impurities.
Pyrite shares cusp and caries grain boundaries with a later stage galena which

has euhedral margins into open cavities.

Botryoidal sphalerite spherules occur on siderite, dolomite, sphalerite, pyrite
and galena crystals, indicating they precipitated late in the paragenesis. The
small spherules are restricted to pockets and fractures within minerals of the
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comb texture. Clear 0.4 mm diameter calcite rhombs occur as the innermost
lining of some cavities forming bands up to 0.6 mm thick. Calcite was the last
I phase to precipitate in the cavities (Table 4.2)

4.5.3: Upper mineralised Zone (UMZ)

Interpreted paragenetic relationships of ore and gangue minerals in the UMZ

- !
I/T‘

are summarised in Table 4.3.

o

A vuggy porosity in dolomite of the lower Black Jacks Formation may have

been caused by the 13% volume loss incurred when calcite is replaced by

dolomite (Tucker, 1982). This reduction only occurs with secondary

dolomitisation, subsequently a second hydrothermal dolomitisation is

envisaged to have produced the large cavities (Plate 4.3a). Siderite was the next

mineral to precipitate, and has coated the vugs.

Fine grained massive sphalerite (Table 4.3) was the first sulphide to precipitate
forming the first sulphide lining of the cavity. Contemporaneous or marginally
later precipitation of galena produced the second sulphide cavity lining.

N

Renewed sphalerite deposition, perhaps caused by sphalerite dissolution and re-

(——

precipitation, formed spherules that overprint galena, and earlier sphalerite
(Table 4.3). Late stage calcite was the last mineral to fill the cavity, forming large
anhedral plates (Table 4.3).

kS

4.6: GEOCHEMICAL VECTORS

Ten element geochemical analysis of diamond drill hole ZG 406 distinguishes
the LMZ from the Gordon Limestone by having elevated Mn, Fe, As, and Ba

concentrations and dramatically lower Ca and Mg values (Fig. 4.3). A

N

Gy

manganese halo is especially recognisable in a very small alteration envelope
defined by geochemical and isotopic evidence (Chapter 5). Manganese halos and
Ba halos are also seen in the Irish-type zinc lead deposits (Hitzman, 1994).

i t L P PEN - | . 0 -

[
N

Abundances of Zn, Ag, Cu, and Pb show expected increases, (Fig. 4.4) especially
in two parallel horizons in the LMZ. The lower horizon corresponds to
ferruginous and sideritic clays in the lower silt member. The well consolidated
‘massive’ cap at the top of the LMZ forms the upper horizon which shows high

zinc grades.
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greatest abundance in the lower Silt member.
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Downhole geochemistry of metals in DDH ZG 406. A dramatic
increase in zinc associated with secondary mineralised carbonates

occurs at the top of the LMZ, whereas lead and copper have the
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4.7: ZINC RATIO

Comparison of the ‘Zinc Ratio’ [100 Zn / (Zn + Pb)] (Huston and Large, 1987) of
various styles of mineralisation, with the zinc number from this study indicates
Grieves Siding data is consistent with ratios in MVT deposits (Fig. 4.5). Leach
and Sangster (1994) show most MVT deposits are zinc rich compared to lead,
with zinc numbers between 50 and 100%, and a distinct mode at 80%. The Zinc
number calculated at Grieves Siding has a mode at 80% and a very similar
overall shape to that of MVT deposits. the dominance of zinc in the LMZ is
reflected in the zinc ratio. Depending on the position of the LMZ to the
hydrothermal feeder zones, the zinc number may be reflecting a distal zinc
dominated, lower temperature zone, suggesting a higher temperature lead zone
ﬁ1ay be in close proximity. Coupled with fluid inclusion data (Chapt. 5), the zinc
number provides useful information about the origin of mineralisation. Zinc
numbers from Tasmanian Cambrian stratiform sulphides (Fig. 4.6) bear the
greatest resemblance to the Grieves Siding data, however the Grieves Siding

zinc number is typically unique in Tasmania.

201

B Zn number

Frequency

0 25 50 75 100
100 Zn/(Zn + Pb)

Figure 4.5: Zinc Ratio [100 Zn / (Zn + Pb)] (Huston and Large, 1987) from
Grieves Siding is consistent with ratios in MVT deposits.
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CAMBRIAN STRATIFORM SULPHIDES DEVONIAN VEIN DEPOSITS
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Figure 4.6: Zinc ratio histograms from Tasmanian Cambrian stratiform
sulphides and Devonian vein deposits. Data from Grieves Siding
resembles Cambrian trends, rather than Devonian signatures.
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4.8: DISCUSSION

The pattern of dolomitisation and hydrothermal alteration at Grieves Siding is
similar to that at the Lisheen Irish-type deposit. Sulphide textures at Grieves
Siding are consistent with textures seen in most MVT deposits. The following
section relates the sequence of hydrothermal alferation at Lisheen, and sulphide
mineral textures in MVT deposits to the paragenetic and textural relationships

of mineralisation at Grieves Siding.

Hitzman (1995) indicates regional dolomitisation at Lisheen has been replaced,
and brecciated by a series of hydrothermal dolomites spatially associated with
massive sulphide bodies. A black matrix dolomite breccia is a distinctive
hydrothermal alteration product, and commonly contains disseminated

sulphides near massive sulphide lenses.

The black matrix dolomite breccia at Grieves Siding occurs close to massive
marcasite and may be related to the UMZ. The marcasite matrix surrounding
dolomite and sphalerite clasts may be indicative of a nearby ore lens, similar to
patterns seen at Lisheen. Sulphide mineralisation at Lisheen is hosted in the
black matrix breccia, with sulphides replacing both matrix and clasts.
Silicification of the breccia occurring near southern Grieves Siding close to the
Baura prospect (Fig. 1.2), is spatially related to the Firewood Siding Fault. It may
represent the product of fluids emanating from the fault, however temporal

relationships are unclear.

The sulphide mineral assemblage at Lisheen consists of pyrite, marcasite,
sphalerite, galena with minor chalcopyrite and tennantite. Sphalerite forms
concentrically zoned colloform masses that commonly enclose early sphalerite
spheres. A distinctly later generation of sphalerite is coarser grained and dark to
light amber coloured. Gangue minerals are principally dolomite, with some
barite, siderite, calcite and very small amounts of quartz and illite (Shearley et
al., 1995). The sequence of alteration and mineralisation at Lisheen and other
Irish-type deposits is similar to mineralisation at Grieves Siding (Table 4.4). The
paragenetic sequence in the Irish Pb-Zn deposits involves: (i) pre-sulphide
carbonate precipitation; (ii) iron sulphide deposition; (iii) sphalerite
precipitation (iv) mixed sulphide deposition (sphalerite, galena, pyrite, copper
sulphides etc); and late carbonate precipitation (Table. 4.4).
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A generalised paragenesis for Grieves Siding has: (i) hydrothermal
dolomitisation (ii) pre-sulphide siderite precipitation; (iii) pyrite remobilisation
and precipitation; (iv) galena and sphalerite deposition and perhaps dissolution
and precipitation; (v) and late carbonate (calcite) deposition. Aspects of the
paragenetic sequences at Grieves Siding, especially colloform banded sphalerite
and repeated sphalerite dissolution and precipitation are similar to Irish-type

deposits.

Sulphide textures in Irish-type deposits form in three types: fine grained
disseminated ore, coarser grained colloform banded ore; and complex fine
grained replacement ore (Shearley et al., 1995). Typical MVT ore formed as open
space filling of fractured breccias, and a variety of vugs (Leach and Sangster,
1994). Replacement of carbonate host rocks is generally minor except in areas of
high grade mineralisation. Botryoidal colloform sphalerite is commonly

intergrown with dendritic galena (Leach and Sangster, 1994).

Open space fill textures and minor carbonate replacement by high grade Zn-
carbonate minerals occurs in the LMZ. Botryoidal sphalerite is common
throughout the upper and lower mineralised zones, and is well developed at he
Grieves Prospect. The paragenetic and textural features of mineralisation at
Grieves Siding is consistent with features of Irish-type and MVT deposits.

49: SUMMARY

Significant high grade mineralisation at Grieves Siding occurs in a
discontinuous stratabound lens referred to as the LMZ. It reaches a maximum
thickness of 24 m and is exposed on the surface proximal to the Grieves Fault.
Comb and cockade open space fill textures are common and minor carbonate
replacement has also been noted. Colloform and botryoidal growth banded
spherules of sphalerite and galena are the dominant sulphide texture. There is
evidence for multiple periods of sphalerite dissolution and precipitation, with
up to four separate sphalerite generations present. Barite could have formed by
oxidation caused by the mixing of reduced Ba-rich fluids with fluids containing
SO4 bearing groundwater. Bacterial filaments form the nucleus of some
spherules may indicate bacterial sulphate reduction occurred in this sulphur
poor, reduced system. These filaments have subsequently been replaced by

sphalerite. Pyrite framboids concur with a reduced mineralised environment.
: Y
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~ Smithsonite, rhodochrosite and magnesite formed when secondary oxidised

sulphur deficient fluids permeated along the interdigitating Moina Sandstone -
Ugbrook Formation contact. These minerals form a high grade cap to the
sulphide mineralisation. Cross-cutting relationships indicate hemimorphite
was the last zinc mineral to precipitate an is an important component of the

oxidised cap.

Sulphide mineralisation in the lower Black Jacks Formation is similar to the
LMZ, but is distinguished by the abundance and timing of pyrite and the
occurrence of marcasite. Colloform sphalerite spherules are present, but are
very fine grained. The lateral extent and nature of this mineralisation is
obscured by lack of outcrop and drill hole information. It could form
stratabound discontinuous lenses below the Lords Siltstone, or isolated

mineralised pods in the limesfone.

Since deposition, the LMZ has been folded around a large synform, and has
undergone brittle deformation on the macro and micro-scale. Mineralogy and
mineral textures are unlike those seen in other deposits in the Zeehan Mineral
Field. The deformation of mineralisation constrains the timing to prior mid-
Devonian (Tabberabberan Orogeny). Geochemical evidence is used in the
following chapters to constrain the timing and further define the style of this

mineralisation,
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Fluid Inclusions 5

5.1 INTRODUCTION

Understanding the physiochemical conditions of ore mineral deposition is
essential for determining the timing and style of mineralisation at Grieves
Siding. Information about fluid composition have been obtained by
microthermometric analysis of fluid inclusions in sphalerite collected from the

Grieves Prospect. This chapter documents the data obtained from fluid

_inclusions before discussing implications for ore genesis.

5.2  CLASSIFICATION OF FLUID INCLUSIONS

The correct interpretation of fluid inclusions relies on the understanding of the
temporal relationships between the inclusions and their host minerals.
Roedder (1984) recognised that distinguishing between primary and secondary
inclusions is critical in understanding such temporal relationships. Criteria
listed in Roedder (1984) has been used to classify fluid inclusions obtained from
Grieves Siding as secondary inclusions, based on their occurrence in cross-
cutting trails.

Two types of fluid inclusions were recognised (Fig. 5.1), with Type I the most
common. Type I inclusions are two phase (liquid + vapour), liquid-rich
inclusions (Fig 5.1a) that homogenise via vapour disappearance. They comprise
60 % of the fluid inclusions and occur as part of trails outlining healed fractures
(Fig 5.2). Type [ inclusions average between 3 - 4 um in size. Type II inclusions
are two phase (liquid + vapour), vapour-rich inclusions (Fig 5.1b) that also
homogenise via vapour- disappearance. Type II inclusions comprise 30 % of

those present, and occur as single inclusions that average 8 um in size.

Fifty percent of both Type I and II fluid inclusions are rectangular in shape,
however irregular, amoeboidal, flat and equant shapes were also present.
Volume percentage of the vapour phase rangéd from 1 to 5% in both inclusion
types. Representative Type I and Type II fluid inclusions are illustrated in Plate
5.1.

)
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INCLUSION TYPE PHASES AT 25°C HOMOGENISATION
BEHAVIOUR
Vapour
(a) Typel Liquid + Vapour Vapour disappears
Liquid
Vapour

(b} Typell Vapour + Liquid

Liquid

Figure 5.1a & b:

Vapour disappears

Summary of fluid inclusion types, phases present at 25°C,

and homogenisation temperature behaviour.

et

b

Figure 5.2: Healing of a crack in a crystal resulting in secondary inclusions. If
healing occurs with falling temperatures, individual inclusions -
will have a variety of gas - liquid ratios producing varied results
{From Roedder, 1984).
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Plate 5.1

Plate5.1a:

Plate 5.1b :
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Photomicrograph of secondary fluid inclusions
hosted in Low-Fe sphalerite. Type [ inclusions are
the large rectangular shaped inclusions occurring in
healed fractures. Type II are more isolated, irregular
shaped inclusions (DDH ZGP2, transmitted light,
field of view = 0.25mm)

Secondary fluid inclusions occurring in a healed
fracture (Type I). The large irregular shaped
inclusion (II) is a type Il inclusion (DDH ZGP2,
transmitted light, field of view = 0.25mm).
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53 MICROTHERMOMETRY

Heating/freezing microthermometry was performed at the University of
Tasmania using a modified version of the Reynolds Stage (Shepherd et al,
1985). The stage was calibrated using synthetic fluid inclusions accurate to
within + 1.0°C for heating and * 0.3°C for freezing. Salinity estimates were
calculated from final melting temperatures using an algorithm of Brown and
Lamb (1989). Homogenisation temperatures have not been pressure corrected;
therefore homogenisation temperatures are minimum trapping temperature

estimates.

'..‘-\ ra

-,

The behaviour of Type [ and II fluid inclusions during microthermometry was
identical, therefore the following results refer to both inclusion types.

5.3.1 Salinity and Temperature of Homogenisation (Tp).

Secondary fluid inclusions found in a sample of honey-coloured (low Fe)
sphalerite (ZGP 2) collected from the surface expression of the LMZ had

-

PN
\l
.

relatively well-constrained temperatures of homogenisation between 130°C
and 173°C, averaging 150°C. Freezing point depressions of -2.6°C to -1.5°C
(average -2.2°C) correspond to calculated salinities between 2.5 and 4.3 wt%
NaCl. Frequency histograms of homogenisation temperatures and salinities are

shown in Fig. 5.3 a and b.

Eutectic temperatures were inconsistent, with some inclusions having
temperatures around -55°C and others around -37°C. Eutectic temperatures at -
55°C are consistent with a fluid containing NaCl, H20 and CaCla. Temperatures
around -37°C are consistent with a fluid containing K, Na, H20, and K2COs3,
(Sheppard, 1985).
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1
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-
Q
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3
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0 r : .
0 1 2 3 4 5

Salinity wt% NaCl

Figure 5.3 (a & b): Frequency Histograms of homogenisation temperatures (a)
and salinities (b) observed from secondary fluid inclusions

in sphalerite from Grieves Siding.

-~
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Figure 5.4: Homogenisation vs salinity plot. Type [ and Type II fluid

inclusions can be weakly distinguished by different

temperatures and salinities.

54  DISCUSSION

Microthermometric studies of secondary fluid inclusions indicates
mineralisation at Grieves Siding may have precipitated from low temperature
(130-173°C), low salinity (2.5 - 4.3 wt% NaCl) fluids. The fluid contained
significant Cl, Ca, Na, and K. Two types of secondary fluid inclusions have been
recognised, some occurring in healed fractures and others occurring as single
isolated inclusions. Minor variations in the temperature of homogenisation

and salinity occurs between these populations.

;NN R N R ER R N S NS W R NN Em .

Low salinity and low homogenisation temperatures are consistent with a mixed

l _ meteoric seawater fluid source (Fig 5.5). The data plots just outside values
- indicative of connate brines, and closest to Sedex and Mississippi Valley Type
. - deposit values (Fig. 5.6).
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Magmatic Water
& g
o (1]
& =
-4
Connate Brine
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100 I T — T
0 2.5 5 7.5 10 12.5
Salinity (wt% NaCl)
Figure 5.5: Temperature - salinity plot for different fluid sources. Black dots indicate fluid

inclusions from Grieves Siding that have a mixed meteoric and seawater source.

350
Magmatic
-
300 £
— -~
)
—~ 250
Y
T
2 :
= 200 Irish Type
[
@ . )
3 )
ﬁ 150"1 ,;
MVT
100
50 T T T T T T T
0 5 10 i5 20 25 30 35
Salinity (wt% NaCl)
Figure 5.6: Temperature - salinity plot representing values from different styles of

mineralisation. Data from Grieves Siding has a similar temperature to Sedex,
MVT and Irish Type deposits but has insufficient salinity (Modified after Zaw
and Cooke, 1995).
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Mississippi Valley Type deposits (MVT) have fluid salinity values between 15
and 35 wt% NaCl, and temperatures of formation between 90 and 150°C. The
relative abundance of ions is Cl > Na > Ca > K > Mg > B, in almost all MVT
deposits (Roedder, 1985). Sedex deposits have salinities, between 6 and 12 wt%
NaCl, and temperatures of formation between 120 and 245°C (Zaw and Cooke,
1995). Irish style deposits formed from moderately saline (7 - 24 wt% NaCl),
slightly acid, relatively sulphur poor fluids which had temperatures of 120 to
280°C (Hitzman, 1985).

The temperature and chemical composition of Grieves Siding fluid inclusions
are consistent with those seen in MVT deposits. Salinity results are just below
those indicative of connate brines, and plot outside those of typical MVT

deposits.

The results of fluid inclusion studies have important implications for the
timing and style of mineralisation at Grieves Siding. The low salinity of the
fluid would equate to low metal solubilities as chloride complexes.
Temperatures of formation are consistent with Sedex, MVT and particularly
Irish type deposits. The validity of results obtained from secondary inclusions is
questionable, however when compared with the Zinc number from Grieves
Siding, it appears that the secondary fluid inclusions represent the composition
of the original mineralising fluid. A mean zinc number of approximately 80
was obtained from geochemical data at Grieves Siding. Combined with a
salinity value of ~3.5 wt % NaCl (corresponding to ~1.5 m NaCl), the
temperature estimate derived from Fig. 5.7 of 150°C is consistent with
temperatures of homogenisation obtained from fluid inclusions. This indicates
a low salinity, low temperature fluid was responsible for precipitation of
sphalerite, and presumably other mineralisation at Grieves Siding. The low
metal solubility of this fluid therefore contribute the minor amount of
mineralisation discovered at Grieves Siding, and has important implications

for further exploration.
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l Figure 5.7: Effect of temperature on the zinc ratio for salinities of 0.5, 1.0, 1.5 m
- NaCl. Grieves Siding has a mean zinc ratio of ~80, a salinity

l equivalent to 1.5 m NaCl, and therefore a temperature of 150°C.
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Stable Isotopes 6

6.1 INTRODUCTION

Stable and radiogenic isotopes have been employed at Grieves Siding to assist in
the developmenf of a genetic model, and to determine the likely fluid and metal
sources. Transportation and mineral deposition mechanisms, coupled with age
determinations have also been eluded to by the application of isotopes.. This
chapter outlines the use of isotopes in characterising the timing and style of

mineralisation at Grieves Siding.

6.2. CARBON AND OXYGEN ISOTOPES
6.2.1 INTRODUCTION

Carbon and oxygen stable isotopes were used to characterise the Gordon
Limestone at Grieves Siding, and provide additional information on the
conditions at deposition and palaeotemperature. This study was also used to
locate isotopic gradients resulting from physiochemical change due to
mineralising fluids. Such gradients exist above the Lower Mineralised Zone.
Siderite associated with mineralisation was also analysed to characterise the

hydrothermal fluids.

Samples were drilled from rocks collected from diamond drill hole ZG 406.
Siderite was obtained from the LMZ, and from samples associated with
mineralisation in the UMZ. Twenty one carbonate samples were analysed for

carbon and oxygen isotopes; fourteen from limestone and seven from siderite.

6.2.2. PROCEDLRE

A dentist drill was used to collect calcite and siderite from selected samples.
Analyses were derived from whole rock samples which included allochems,
intraclasts and matrix carbonate. The resulting fine powder was reacted in 4cc’s
of 100% phosphoric acid and placed in a water bath at 25°C for 72 hours. The
time spent in the water bath depended on the minerals ability to produce COaz.

Some samples liberated H2S during the reaction. Carbon dioxide released from
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the samples was trapped in a liquid nitrogen cooled (-190°C) vacuum line to
separate the non-condensables. The remaining sample of frozen gas was heated
and refrozen with a mixture of dry ice and acetone to remove any water present.
The CO2 was then frozen separately with liquid nitrogen, and ice remelted and
pumped away. Once purified the carbon dioxide was analysed for 180/160 and
13C /12C using a VG Micromass 602D mass spectrometer at the Central Science
Laboratory, University of Tasmania. The $13C and §180 values are expressed in
conventional per mil 8 (%) notation, relative to PDB and SMOW standards.
The precision of data, established with duplicate analyses for both oxygen and
carbon is £ 0.1 %..

6.2.3. RESULTS

The carbon and oxygen isotopic composition of the Gordon Limestone at
Grieves Siding is presented in Table 6.1. Siderite compositions associated with
mineralisation are given in Table 6.2, and both limestone and siderite analysis
are plotted in Figure 6.1. Three separate populations are disernable on Figure 6.1,
which are described separately below.

Population A represents values from unaltered Gordon Limestone sampled
systematically down DDH ZG 406. Population A has §13Cpps values between
-1.8%0 and 0.3%, with 31BOsMow values between 18.4% and 23.7%.. Results

from previous isotopic investigations of the Gordon Limestone conducted in the
Florentine Valley by Rao and Wang, (1990) are overlayed upon data from this
study (Fig 6.2).

Population B has §13Cpps values that range from 0.9%. to 4.5%., with 3180smow

values between 14.6%. and 22.1%.. These values were derived from siderite

associated with sphalerite, galena, and marcasite of the UMZ.

Population C has varying results ranging from 813Cppg values between 0.16%. to
-13.3 %o, and 8180 values between 22.7% and 31.4%. relative to SMOW. These
values were derived from siderite associated with mineralisation in the Lower

Mineralised Zone.
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The results of systematic sampling down DDH ZG 406 are seen in Fig 6.3. Initial
samples were recovered every 10 - 20 m up until a depth of 109.5 m, from which
samples were taken every metre to the top of the LMZ at 119 m. Values for the

Gordon Limestone remained constant between 813Cppg -1.8% to 0.3%., and
8180smow values of 18.4% and 23.7%.. Upon entering the lower mineralised
zone, 813Cppp values decreased sharply from 0.16 to -13.3 %o before increasing

slightly to -11.5 % (Fig 6.3). Corresponding 8180smow values increased
dramatically from 22.7 to 31.5, a gain of 8.72 %e.

Table 6.1:  Carbon and oxygen isotopic composition of the Gordon Limestone
at Grieves Siding. Samples were collected systematically down
DDH ZG 406, from the LMZ to the Myrtle Formation.

W

.{-‘._‘;‘:"

Sample No. |Del 13C PDB| Del 180 PDB| Del 180 SMOW
ZG 406 #1 -5.454 -2.348 28.44
ZG 406 #2 0.161 -7.858 22.759
ZG 406 #3 0.384 -7.817 22.802
ZG 406 #4 0.172 -8.719 21.872
ZG 406 #5 -0.193 -7.633 22.991
ZG 406 #6 -0.623 -8.799 21.789
ZG 406 #7 -0.68 -6.927 23.719
ZG 406 #8 -0.457 -9.355 21.218
ZG 406 #9 -0.537 -7.388 23.244
ZG 406 #10 0.174 -7.527 23.101
ZG 406 #20.5 -1.853 -8.563 22.033
ZG 406 #40 -0.121 -12.063 18.424
ZG 406 #55 0.319 -8.173 22.435
ZG 406 #75 0.348 -8.663 21.93
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Table 6.2:  Carbon and Oxygen isotopic composition of siderite associated
with mineralisation at Grieves Siding.
Sample No. Del 13C PDB | Del 180 PDB! Del 180 SMOW
41700N (A) 1.677 -10.348 . 20.193
41700N (B) 4.563 -8.495 22.103
ZG 1002 {(A) 1.052 -15.69 14.686
ZG 1002 (B) 0.904 -13.573 16.868
LMZ #1 (mine) -10.952 -2.077 28.718
LMZ #2 (ZG 406-119m) -13.315 0.186 31.051
LMZ #3 (ZG 406-119.5m} -11.584 0.603 31.481
> o]
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Figure 6.1: Carbon - oxygen isotope plot of siderite and whole rock carbonate at
Grieves Siding. Three distinct populations can be defined (a)
Unaltered whole rock Gordon Limestone; (b} Siderite from
the UMZ; (c) Siderite from the LMZ.

oy
Chapter 6: Stable isotopes




Lt T .

T NI TR EE R OEE SR W EE BN SN B SR N

Figure 6.2:

2"
) \ 384240
N A
1+ L
a
| F
/,/ + ++\ 7
3 -
§ 0+ (t I g
& ] ~a 4
O \
- \ A
R \ / 2
1+ Whole Rock (G.S) v /e
\ f %
. . ¥
22~ Micrite (F.V) g g
1 O Whole Rock (F.V)
o
_3 T T T Ll —' T L] Ll Ll I L] L L] L] I
=20 -15 -10 -5

5180 SMOW%.
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Figure 6.3 Systematic sampling down DDH ZG 406, which is marked by a sharp increase in
8180, corresponding to a sharp decrease in §13C upon entering the LMZ.
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6.2.4 DISCUSSION

(i) Gordon Limestone

The 813C and 8180 data for the Gordon Limestone at Grieves Siding are
compared (Fig 6.2) to data for the Gordon Limestone in the Florentine Valley of

!

.\
B

Rao and Wang, (1990). The tendency for economic geologists to use §180 relative

L

to SMOW, whereas sedimentologists use 3180rpB, can be overcome by using a

conversion factor of:

-

Py

$180sMow = [(1.03086 x 8180ppE )+ 30.86 ]

N
| B

— s .

Whole rock limestone data from Grieves Siding can help to quantify changing
atmospheric CO2 concentrations during the Middle to Late Ordovician. Slightly

lighter 313C and 8180 (up to 3 %. lighter) values from whole rock data in the
Florentine Valley can be explained by differing depositional environments and

Ordovician seawater values.

Theoretical carbonate (HCOj3") curves have been constructed for the Ugbrook and

e

Myrtle Formations, and the average Gordon Group at Grieves Siding (Fig 6.4).
These curves assume an Ordovician seawater temperature of 25°C, and were
constructed according to the fractionation equation of O’Neil et al., (1969) for
813C and the equation of Deines et al., (1974) for 6180. Estimated fluid values

from these curves suggest a Middle Ordovician seawater value responsible for

deposition of the Ugbrook Formation of 8180smow = -6 and 813CppB -2.5. A

AR

second curve constructed for the Myrtle formation indicates a Mid to Late
Ordovician seawater value of §180smow = -5 and 613Cpps -1.7. The average
Gordon Group sequence at Grieves Siding was deposited from an Ordovician

seawater value of 818Qspmow = -6 and d13Cppg = -2.

Table 6.3 lists Middle, Mid to Late, and Late Ordovician seawater compositions,
from this study and work in the Florentine Valley by Rao and Wang, (1990).
Middle Ordovician §180 values from the Ugbrook Formation at Grieves Siding

correspond to values of Rao and Wang, (1990). Differences in carbon values (up

Chapter 6: Stable isotopes %
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"(a) Theoretical carbonate {HCO3") curves constructed for

comparison of Ordovician seawater compositions, relative to the

Myrtle and Ugbrook Formations. (b} and whole rock Gordon

Limestone.
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to 3.5 %} are attributed to argillaceous and organic matter being deposited in
protected subtidal lagoons of the Ugbrook Formation, serving to decrease the
carbon value. Analyses from the Mid to Late Ordovician Myrtle Formation
define an intermediate seawater composition between Middle and Late values

published by Rao and Wang (1990). The results confirm an increase in

Tids

atmospheric CO2 concentration occurred between the Mid to Late Ordovician,

increasing the amount of COz in the sea.

. “r

Table 6.3: Middle, Mid to Late, and Late Ordovician seawater compositions,
from this study and work in the Florentine Valley by Rao and
Wang, (1990). The Myrtle Formation provides an intermediate
Mid to Late Ordovician seawater composition between the
published Middle and Late Ordovician values of Raoc and Wang

o A

(1990).
Period Oxygen Carbon Reference
(seawater) | (seawater)
-
Middle Ordovician -6 2.5 This study
1 Rao and Wang (1990)
Mid to Late Ordovician -5 -1.7 This study
@e Ordovician | -3 1 Rao and Wang (1990)

This increase continued until the late Ordovician, producing a seawater
composition 380gmow -3 %o and 613CppB +1 %.. This increase correlates to an

icehouse climatic period during the Mid to Late Ordovician (Rac and Wang,
1990) that lead into glaciation during the Late Ordovician (Late Caradoc). Rao
and Wang, (1990) suggest atmospheric COz concentrations during Middle and

1
(@]

Late Ordovician limestone deposition were similar to present day
concentrations. The positive shift of +3.5 %. in 8180 is comparable to the +1.2 %o
shift during Permian and Quaternary glaciation (Rao and Wang, 1990).

(ii) Lower Mineralised Zone

L

[....- .4“ N .
Liadl 3 . e
R

Siderite values in the Lower Mineralised Zone are similar to early phases of ore
deposition in the Pine Point MVT deposit. Oxygen values are also consistent
with MVT deposits. A theoretical hydrothermal carbonate (H2COj3) curve was

-
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calculated for Population C assuming a temperature of mineralisation of 150°C,

determined from fluid inclusions (Chapter 5). Fractionation factors were not

available for 813Cpps siderite-H2C Q2 therefore the 813Cpps calcite-H2C O3

fractionation equation of Deines et al., (1974) has been used. The fractionation
equation of Carothers et al., (1988} was used for 8180 siderite values. The

estimated fluid value for the LMZ (813C = -14, 8180 = +18) does not explain the

observed trend in values, therefore the mineralising fluid must not have been

m -

H2CO3 dominated. It indicates the fluid or fluid source interacted with organic

L

matter, imparting an organic carbon signature (~ -25%.). The oxygen fluid value
is consistent with a sedimentary carbonate, shale, or sulphate source.
Subsequently siderite was precipitated from a sedimentary derived fluid, perhaps
similar to basinal or connate brines in MVT deposits.

(iii) Additional Mineralisation

Mineralisation away from the LMZ has higher carbon values than those of the
LMZ. Higher carbon values (4.5 %o) are consistent with Mississippi Valley
CaCQO3, whereas lower values around 0 %. are indicative of marine limestones.
Oxygen values between 14.6 and 22.1 %o relative fo SMOW are also consistent
with a sedimentary rock source. A theoretical hydrothermal carbonate (H2CO3)
curve has been calculated for this siderite using the same method as for the LMZ
(Fig. 6.5). Estimated fluid values from siderite associated with this

mineralisation indicates a fluid composition of 813Cpps = -4, and 3180smow = +1

at 150°C. This data produces a coupled C-O trend (Fig. 6.5), and plots in a marine
limestone and marble field. The oxygen fluid value is consistent with oxygen
found in hydrothermal quartz, carbonates, and sulphates. The H2CO3 dominated
fluid cooling curve matches the trend in siderite values producing a positive

coupled C-O trend. Mechanisms responsible for producing this curve include:

k“‘

‘ ‘ ‘, ,\
N A E N N N NN O e
. . " - v . . . B K B v i . "‘.' B

carbonate deposition along a temperature gradient in H2CO3 dominated fluids;
mixing between two carbonate or fluid sources; and wallrock reaction between a

fluid and rock {Davidson, 1990). All of these mechanisms may have occurred,

s

however mineralisation is mostly likely attributed to a separate {Devonian?)

fluid or fluid mixing.

‘\"

Y
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Figure 6.5: Estimated hydrothermal fluid value for the Upper and Lower

Mineralised Zones. Fluid values are given in Table 4.6.

Table 6.4: Estimated fluid values for the unaltered Gordon Limestone, and

siderite associated the two stratabound mineralised horizons.

FLUID VALUE GORDON LIMESTONE UPPER MINERALISATION LMZ
di13C(PDB) -2 -4 -14
‘ d180(SMOW) -6 i 1 1 18

(iv) Isotopic Halos

It has been concluded that oxygen - carbon isotopic halos around MVT deposits

[ s
; T
: e _

S

are usually too small to be of practical use as an ore indicator (Davidson, 1995). In
certain instances, however, oxygen - carbon isotopic zonation is the only
technique which provides a vector to mineralisation. This is the case at Grieves
Siding where a very small alteration halo helps define the LMZ (Fig. 6.3). The

.
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halo is indicative of isotopic exchange between the wall rock carbonate and the

mineralising fluid.

Alteration halos up to 60 m wide around two Upper Mississippi Valley deposits
are suggested by Hall and Friedman (1969) as representing decreasing

Ll

temperature gradients away from the orebody. Sverjensky (1981) and Zheng and
Hoefs (1993) suggest the halos can be explained as a function of progressively

s

increasing water to rock ratios (W/R).

-

) Water - Rock Reaction

Figure 6.5 is a plot of carbon and oxygen isotopes from unaltered Gordon
Limestone and siderite of the LMZ. A curved trend is seen in the data that can be

explained by progressively increasing water to rock ratios. Calculations were

done at 25°C and 150°C for open and closed systems according to an equation
modified from Shelton, (1983), after Sverjensky (1981).

The calculated curves are not particularly sensitive to temperature changes up to

1+50°C, however they are very sensitive to the initial isotopic composition of the
water and rock (Sverjensky, 1981). The initial §13C isotopic composition of
bicarbonate in the fluid at 23°C is assumed to be -18 %, with a siderite value =
0%o. At 150°C the initial 813C water value is -18 %o and the initial calcite value =

0 %o. Oxygen values for initial water was +15 %o, and an initial siderite value of
+22%o.

.

The calculated curves at 25°C and 150°C (Fig 6.5) show a decrease in §13C
composition of siderite associated with mineralisation as a function of W/R
interaction. The shapes of the curves for the data, and the calculated W/R curves
are similar (Fig. 6.5) indicating wall rock reaction was responsible for the carbon
decrease. The degree of wall rock reaction is expected to decrease away from the
mineralisation (Sverjensky, 1981; Fig 6.3). This phenomenon is reflected in the
isotope values remaining unaltered (Fig. 6.3) away from the mineralisation as

the extent of isotopic exchange decreases. Sverjensky, (1981) suggests the extent

Ta

of isotopic exchange depends on: the relative proportions of oxygen in the fluid,
to that in the rock; on the initial isotope values of the fluid and the rock; and on

- o h . 1 - - s .

temperature dependent fluid-rock isotopic fractionation factors. High

concentrations of oxygen (+18 %), high initial isotope values, and a temperature

.t
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of mineralisation of 150°C have undoubtedly influenced isotopic exchange in
the LMZ. Water rock reaction can therefore explain isotopic exchange associated
with mineralisation, and has helped to understand the origin of the
hydrothermal fluid.

The chemical and isotopic compositions of the ore forming fluids have
progressively changed during their passage through.the wallrocks. The
interaction between wallrocks and fluids produces hydrothermal alteration
(Sverjensky, 1981). Perhaps the lower silt member above the LMZ which
contains dickite, geothite, and illite is indicative of hydrothermal alteration at
Grieves Siding. Bones (1987) observed newly formed and 'recrystallised
phyllosilicates (mostly illite) in wallrocks at the Bad Grund MVT deposit, which
were attributed to hydrothermal alteration.

The textures and occurrences of ore minerals in the LMZ also support wall rock
reaction. Open-space filling of fractures and cavities was important during
mineralisation, indicating ore forming fluids could have exploited such
openings in the host carbonates.

5 -

Gordon Limestone

e e o R T R

|
w
L

"

513C (PDB) %o

10 4

® Siderite be

G
15 20 25 30 35

5180 (SMOW) %« _

Figure 6.6: Calculated curves at 25°C and 150°C show a decrease in 813C
composition of siderite associated with mineralisation as a
function of W/R interaction.
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6.2.5 SUMMARY

Carbon and Oxygen stable isotopes have helped record a changing Middle to Late
Ordovician seawater composition (8180smow -6 to -3 %, and 813Cpps -2.5 to 1 %o)
corresponding to an icehouse climatic period that preceded glaciation.
Mineralisation in the Lower Mineralised Zone was precipitated from a non-
magmatic, sedimentary derived fluid perhaps similar to the mineralising basinal
and connate brines of MVT deposits. Water rock reaction is assumed to have
produced lower carbon isotope values (from 813Cpps 0.1 to -13.3 %) in siderite,
and was perhaps responsible for hydrothermal alteration of the Ugbrook
Formation above the LMZ. Mineralisation away from the Lower Mineralised
Zone was caused by a separate H2CO3 dominated fluid or was produced by
mixing of two separate fluids. A Devonian, magmatic fluid could have accessed
the same pathways, remobilising Cambrian and Ordovician mineralisation to
form the UMZ. The dominance of marcasite in the UMZ, not observed in the

LMZ clearly separates these fiuids.

&y
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6.3 Sulphur Isotopes

6.3.1 INTRODUCTION

A lack of suitable samples has resulted in a limited sulphur isotope study of
mineralisation at Grieves Siding. Additional results from the adjacent Myrtle
Prospect have been kindly supplied by Dr. G. Green of the Tasmanian
Department of Development and Resources. Eight conventional sulphur
isotopes analyses were undertaken in order to determine the source(s) of

sulphur associated with mineralisation, and to constrain genetic interpretations.
6.32 SAMPLING AND ANALYTICAL PROCEDURE

Only six samples from Grieves Siding were suitable for conventional sulphur
isotope analyses: two from pyrite of the LMZ (DDH ZG 406); two from massive
marcasite; and two from galena and sphalerite found at the abandoned prospect.
Two analyses supplied by G. Green, were obtained from galena and barite found
in costeans on the Myrtle grid, 5 km south of Grieves Siding. |

Samples collected for this study were hand drilled with a dentist drill, and the
sulphide material analysed at the Central Science Laboratory (CSL), University of
Tasmania. The powdered sulphides were combusted with excess Cu2O in a

vacuo to produce SO2, and the sulphur dioxide gas separated to determine the
345 / 325 ratios. A VG Isogas mass spectrometer was used to determine the

sulphur values. Results are expressed as standard & per mil (%) relative to the
troilite reference standard from the Canon Diablo iron meteorite (CDT).
Analytical uncertainty is estimated at + 0.2 %o.

6.3.3 RESULTS

Galena and sphalerite samples from the Grieves Prospect have §34S results of
21.4 %o and 20.9 %o respectively (Fig. 6.7). Large variation was seen in results
obtained from pyrite of the lower mineralised zone. Values of 16.4 %o and -29.2

%o represent a very wide sulphur variation in the LMZ. Further variation was
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seen in sulphur values from marcasite above and below the Lords Siltstone.

Below the Lords Siltstone marcasite had a §34S value of 15.4 %o, however, above

B . P

the siltstone, marcasite had a 8345 value of 31.5 %.. The results of sulphur

isotope analyses of one sulphate and seven sulphide samples are summarised in
Table 6.4 (a & b), and Figures 6.7, and 6.8.

L
e

The degree of fractionation between 834S1195. fAluid and sphalerite and galena was

calculated from equations given in Ohmoto and Rye (1979). Sphalerite and

galena at Grieves Siding were precipitated from a fluid composition of
approximately 20.3 % and 17.9 % respectively (Fig. 6.6). This assumes an
equilibrium fractionation for sphalerite-H3S, and galena-HjS, of 041 % and -5 +1
%o respectively.

Table 6.4a: Sulphur Isotope analyses for Grieves Siding.

Location DDH Depth | Mineral [d34 S (CDT) %o
\ Grieves Siding 42600N | outcrop - marcasite 315

Grieves Siding 47100N | outcrop - marcasite 15.4

LMZ ZG406 | 119 m | pyrite 16.4

LMZ ZG 406 | 118.3 m pyrite -29.2

Grieves Prospect outcrop - galena 21.4

Grieves Prospect outcrop - sphalerite 20.9

‘- ; . . y . _ n

Table 6.4b: Sulphur Isotope analyses supplied by G. Green for the Myrttle

prospect.
Location DDH | Depth | Mineral |d34 S (CDT) %.
I Myrtle 50500N costean - galena 17.6
L Myrtle 50600N costean - barite 30.1
|
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Sulphur isotope signatures from Irish-type Zn-Pb deposits
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Sulphur Isotopes

§ 345 9,
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1 1 ke 1
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Oceana and Myrtle

Tynagh, Ireland

-y - -

Grieves Siding

Figure 6.8: 8345 values from Grieves Siding relative to western

Tasmanian deposits, and the Tynagh Irish-type deposit.

524 DISCUSSION

A very limited sulphur isotope study has yielded results consistent with those
from Mississippi Valley Type (MVT) deposits. This discussion relates the main
features of this study to those observed in MVT deposits before outlining
similarities.
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(i) Variation and Range

The wide range in sulphur isotope compositions is incompatible with a
magmatic source and is similar to patterns seen in MVT deposits (Leech and
Sangster, 1994). The sulphur isotope pattern is heavier than those other deposits
in the Zeehan Mineral Field, or Heemskirk Granite Sn deposits (Fig. 6.8). Kyser

(1987) lists 834S isotopic variation in MVT deposits between -8 and +35 %o.
Hitzman (1995) shows isotopic variation in values from the Tatestown Irish-type
deposit in Ireland ranging from -24 %. to +14 %.. Grieves Siding has a very wide
range between -29.2 and +31.5 % with most sulphide data ranging from 14 -
22%. Many factors may have contributed to the variation in 3345 values. The
observed range is consistent with derivation of the sulphur from a variety of
sources including sulphur bearing organic matter, H>S reservoir gas, basinal
brines, connate seawater and diagenetic sulphides (Leach and Sangster, 1994).
Alternatively the wide range may reflect: mixing of sulphur from different
sources; isotopic fractionation as a function of mineral species; temperature, and
chemical environment (Leach and Sangster, 1994). It is very unlikely that the

data can be explained by a single source of sulphur in a homogeneous fluid.
Kyser, (1987) suggests that §34S variation may be due to reservoir effects (limited
supply of H3S), kinetic isotope fractionation, and reiterates mixing of isotopically
different sources. Such a mixing of sources was seen in the Appalachian districts

with addition of inorganically reduced seawater sulphate to a fluid dominated by
leached biogenic sulphide (Ohmoto et al., 1987).

Biogenic reduction of sulphate is commonly invoked to explain the wide range

of 834S values, but the temperatures of ore deposition commonly exceed those
which can sustain bacterial metabolism. Leach and Sangster, (1994) suggest
biogenic reduction must occur separately in time or space from sulphide
deposition. The presence of diagenetic pyrite framboids at Grieves Siding
concurs with this argument, indicating bacterial sulphate reduction occurred

prior to mineralisation.
(ii)  Biogenmic Sulphur Reduction

Bacterial reduction is the principal low temperature control (below 50°C) on

sulphur isotope fractionation (Rollinson, 1994). It is used herein to explain the
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very low (-29.2 %) value obtained from pyrite in the LMZ. Biogenic pyrite
framboids seen in the LMZ indicate a reduced environment containing
anaerobic sulphate reducing bacteria such as Desulfuribrio desulfuricans.
Bacteria could have lived in an open sulphur system such as a large body of
seawater, eg. a protected subtidal lagoon of the Ugbrook Formation (Chapter 3).
Sulphate reducing bacteria operating in such waters would have produced H3S

extremely depleted in 345 (-29.2 %) compared to typical Ordovician seawater

with 8345 effectively unchanged (31.5 %.; Rollinson, 1994). Bacterial filamants
which may have been fossilised and later mineralised occuring at the Grieves

Prospect is consistent with the presence of sulphate reducing bacteria (Plate 4.1h).

The sulphur composition of Ordovician seawater determined from the sulfate
seawater curve was approximately 30 %.. In a protected subtidal lagoon this
seawater value may have elevated slightly, because of progressive closure and
removal of sulphate. Therefore the value of 31.5 % recorded from marcasite

above the Lords Siltstone is considered indicative of an evolved Ordovician

seawater source. Barite at Myrtle has a 8345 value of 30.1 % which has been
interpreted by G. Green (pers. com.) to represent Ordovician seawater. Barite in
Irish style deposits records values between +17 % and +22%., attributed to
Carboniferous seawater (Hitzman, 1995), consistent with Green’s hypothesis.
Barite may not necessarily be giving Ordovician seawater values, instead it could
be recording the sulphate value of water derived from Cambro-Ordovician

basinal brines.

Bacterial sulphate reduction of this sulphur source could explain lower 3345

values and contribute to the variation seen in results. Leach and Sangster (1994)

suggest the 8345 values of most MVT sulphides are typically slightly less than
those for seawater contemporaneous with the host rocks. They attribute this to
isotopic fractionation during various sulphate reduction processes. Mixing of
seawater sulphate, perhaps slightly fractionated, with bacterially reduced
diagenetic sulphur could therefore help to explain the variation and
intermediate range in sulphur isotope results from Grieves Siding.
Thermochemical sulphate reduction, which produces a ~7-10 %. lighter shift,

could also explain intermediate values.

"y
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(iti)  Sulphur Sources

Four out of the six 334S results plot between 15.4 and 21.4 %.. This range is
consistent with sediment hosted massive sulphides and MVT deposits. It is also

consistent with Tasmanian Cambrian polymetallic massive sulphide deposits

which have a spread in 834S values in the range of +5 to +20 %.. These
correlations must consider a changing seawater sulphate composition, however
they indicate similar sources and processes may have occurred in the genesis of
Grieves Siding. As in many sediment hosted deposits, pyrite at Grieves Siding
shows the greatest range in 84S, whereas sphalerite and galena show a restricted
range (Large, 1995). Pyrite from Grieves Siding exhibits a very wide variation in
3345 values, between -29.2 to 16.4 %o, whereas galena and sphalerite are restricted

between 20.9 and 21.4 %. A restricted range of 8345 is often interpreted as
indicating an isotopically uniform source of suiphur, however Kyser (1987)
suggests, that although sphalerite and galena exhibit a narrow 8345 range, pyrite
often does not. Kyser (1987) interprets this to be due a variety of factors,
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including admixture of biogenic sulphur (eg. as HS, FeSy).
Application of MVT sulphur isotope theory to Grieves Siding.

At least two sources of locally derived sulphur are inferred at Grieves Siding.

These underwent mixing to produce the mineralising fluids. Ordovician

seawater sulphate was completely reduced, to produce marcasite with a §34S

value of 31.5 %.. Diagenetic pyrite in the form of framboids were formed by
bacterial sulphate reduction, most likely of Ordovician seawater sulphate. They
are represented by the very low -29.2 % value obtained from the lower
mineralised zone. The intermediate sulphur values from pyrite and marcasite
(15.4 %o and 16.4 %) are attributed to either mixing of these sources by the
mineralising fluids and/or perhaps an additional input of sulphur from these
fluids. Recrystallisation of framboids was observed in thin section from the
LMZ, indicating remobilisation of this pyrite by later fluids. This would
undoubtedly change 8345 values perhaps to intermediate values seen in the
| LMZ. Sverjensky (1986) recognises that not all of the reduced sulphur in MVT
- deposits was transported with the metal bearing fluids, and suggests some was

locally derived. This can help to explain isotopically light sulphur (-29.2 %) at

3
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Grieves Siding as being locally derived from diagenetic pyrite in the host rock.
Heavier sulphur (around 15 %) was brought in by hydrothermal fluids.
Speculation can only be made about the source(s) of sulphur in this fluid. An
analogy may be in the Kildare District in Ireland, as discussed below.

(iii) Analogies

Analogies can be made between the deep seated sulphur source in the Kildare
District, and hydrothermal fluid source at Grieves Siding. Additional

comparisons can be drawn between the relatively narrow range in 84S for ore

fluids that deposited sphalerite and galena in Upper Mississippi Valley deposits.

Consistent 8345 values from four prospects in the Kildare District ranged
between -10 to +30 % with a cluster between +5 to +15 %o (Hitzman, 1995).

These high 834S values are similar to values of sulphides in the ‘feeder’ zones of
other Irish zinc-lead deposits (Hitzman, 1995). They are interpreted by Hitzman
(1995} as suggesting sulphides in these deposits were derived from ‘deep-seated’
sulphur rather than seawater sulphate. Interestingly data from Grieves Siding
has a cluster of pyrite and marcasite values around +15 %o, consistent with these
values. Sulphur isotope abundances from twenty three MVT deposits plotted
relative to contemporaneous seawater sulphate also cluster around +15 %
(Leach and Sangster, 1994). The ‘deep seated’ source in the Kildare District is of
similar composition to the hydrothermal sulphur source at Grieves Siding,
perhaps suggesting mineralisation at Grieves represents a feeder zone. The
source and evolution of mineralisation could therefore be analogous to that of
the Irish Style deposits in the Kildare District.

Sulphur isotope studies in the Upper Mississippi Valley show a relatively
narrow range in 3348 for ore fluids that deposited sphalerite and galena (+22 %o
and +23 %o respectively; Leach and Sangster, 1994). Sphalerite and galena at
Grieves Siding were precipitated from a §34Sgy35 fluid composition of 20.3 %o
and 17.9 % respectively and galena at Myrtle has a mineral value of 17.6 %.
These results are similar to fluid values for sphalerite and galena deposition in

the Pine Point district (+22 % and +23 % respectively). Sverjensky (1986)

interpreted these results to represent derivation of sulphur from single sources
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or well homogenised multiple sources. Work by Anderson (1990) obtained §34S
values of -14 %. in shales at Queen Hill, north of Zeehan. Values around -14 to -
16 could therefore be indicative of sedimentary sulphur sources in the Zeehan
area. Subsequently, the source of galena and sphalerite at Grieves Siding is
interpreted as being derived from either a single (?sedimentary) source, or well
homogenised multiple sources. This source is analogous to the ‘deep seated’
source suggested by Hitzman (1995) for the Kildare District provinces. The
variation in results therefore comes from two sources of sulphur, the mixing of
which does not contribute to the sphalerite value, which was derived from one

source, with marcasite and pyrite derived from another source.

The uniformity of the calculated values of 84Sy for the Pine Point district is

paralleled by the uniform lead isotopic compositions from galena (Sverjensky,
1986). Lead isotopes from galena at Grieves Siding also shows uniformity
(Section 6.4).

6.3.5 SUMMARY

Sulphur isotopes from Grieves Siding show a wide variation in §34S values

consistent with MVT deposits. Although a sulphur poor system was present, the

results indicate at least two sulphur sources were exploited. High §34S values
(31.5 %o} have been interpreted as representing evolved Ordovician seawater.
Low values (-29.2 %) are attributed to bacterial sulphate reduction and
diagenetic pyrite. Intermediate values around 15 and 20 %. are attributed to a
hydrothermal fluid perhaps analogous to that in the Kildare District prospects
and those seen in feeder zones of some Irish Style deposits. Sphalerite and
galena recorded very similar values reflected in many MVT and sediment
hosted deposits, with fluid values similar to those of the Pine Point deposit. The
source of sulphur in this fluid may have been derived from well homogenised

multiple sources, or a single source, perhaps derived from sediments.

These results reflect the variation and complex nature of sulphur sources at
Grieves Siding. These characteristics are reflected in many MVT deposits and
some Irish Style zinc-lead deposits. They indicate that more work is needed to
further constrain sulphur sources to assist genetic interpretations. The initial

results are however, very encouraging.
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6.4 Lead Isotopes

6.4.1 SAMPLING AND ANALYTICAL TECHNIQUE

Two galena, one pyrite and two marcasite samples were analysed for their
radiogenic lead compositions. Pyrite was collected from the LMZ, with galena
obtained from both the Grieves Prospect, and mineralisation intersected in DDH
ZG 1007, below the Lords Siltstone. Marcasite was obtained from the UMZ. In

order to avoid contamination by other sulphides, individual grains were hand-
drilled for analysis.

s e S g ; - - -
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Lead isotope values were analysed by dissolving the samples in 3M HCl and

processing through an anion-exchange resin bed to purify the lead. Mass-
spectrometric analyses were performed on a VG354 multi-collector mass
spectrometer housed at Curtin University, under the supervision of Dr. Neal
McNaughton. The data was normalised to NBS-981, and Broken Hill galena Pb
used as a reference standard. Analytical uncertainty is #0.15% (95 % confidence

level) in all ratios.

e .
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6.4.2: RESULTS

Lead isotopic ratios obtained from samples collected at Grieves Siding are
presented in Table 6.5, and plotted in Figure 6.9. Pyrite from the LMZ and
marcasite from the UMZ have 206Pb/204Pb values between 18.37 and 18.42;
207Pb/204Pb values between 15.63 and 15.67; and 208Pb/204b ratios between
38.33 and 38.44 (Fig. 6.9). Galena from the Grieves Prospect {surface expression of
the LMZ) is contained within values from pyrite. Galena from DDH ZG 1007,
below the Lords Siltstone also plots within this range.

Table 6.5: Lead isotope sample localities, and ratios.
]
Sample |Mineral| 206Pb /204 Pb ! 207Pb / 204Pb | 208Pb / 204Pb
Grieves Prospect galena 18.34 15.62 38.29
ZG 1007 galena 18.36 15.63 38.31
Lower Mineralised Zone pyrite 18.37 15.66 38.45
Upper Mineralised Zone |marcasite 18.42 15.63 38.33
Upper Mineralised Zone |marcasite 18.38 15.67 38.44
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Figure 6.9: Lead isotope compositions of samples obtained from Grieves Siding. Growth
curves of Cummings and Richards (1975} are used as a reference. (Modified
after Gulson et al., 1987)
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Figure 6.10: Lead Isotope data for western Tasmanian ore deposits (after Gulson et al., 1987). Data
from Grieves Siding is less rediogenic than the Devonian Field, and plots towards
the edge of the Cambrian field.
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Lead isotope ratios from this study are plotted on a 207Pb /204Pb vs 206Ph /204
diagram (Fig. 6.10) together with western Tasmanian lead isotope fields defined
by Gulson et al.,, (1987), and Gemmell et al., (1990). The data plots slightly above
the growth curve of Cummings and Richards (1975), and between data

considered representative of Cambrian and Devonian mineralisation.
6.4.3 DISCUSSION

Lead isotope signatures of mineralisation in western Tasmania generally fall
into two main fields attributed to Cambrian and Devonian mineralisation. A
Precambrian source age is implied by Guison (1984) for Cambrian mineralisation

whereas Devonian mineralisation is attributed to granitoid emplacement.

Lead isotope ratios obtained during this lstudy (Fig 6.9} plot towards the edge of
the Cambrian field, and well outside (less radiogenic) that attributed to
Devonian mineralisation. This implies that the lead was sourced from Late

Cambrian sediments, or perhaps an Ordovician source.

Cambrian, Ordovician, and Devonian mineralisation lies on a single linear
trend within experimental error. This linear trend on the 207Pb /204Pb vs

206pPp /204Pb plot intersects the growth curve of Cummings and Richards (1975)
for massive sulphide deposits at approximately 1000 Ma. This indicates a similar
source for lead, even though the two major” phases of mineralisation are
Cambrian and Devonian (Ellis, 1984).

The overlap in isotopic signatures from Grieves Siding with Hellyer and Que
River may suggest a common source for lead in these deposits. This source is
unrelated to Devonian plutonism. In a model explaining the sulphur and lead
isotope characters of the Hellyer stringer zone, Gemmell et al., (1990} suggest
Cambrian seawater (8345 = 30 %) entered a convection system that initially
scavenged lead from the footwall sequence andesite volcanics. As the convection
system intensified it sourced lead derived from clastic sediments and felsic rocks
of the Central Volcanic Complex and probably the Precambrian basement
(Gemmell et al., 1990). This fluid is considered by Gemmell et al., (1990) to be
dominant in the formation of the Hellyer VHMS deposit.
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A similar fluid accessing similar sources could have been responsible for

mineralisation at Grieves Siding. Metals could be derived from ‘deep seated’
sources in the Crimson Creek and Oonah Formations. Remobilisation and/or
leaching of metals by basinal or connate brines is envisaged to emplace the

metals into the Ordovician carbonates.

Lh e

38

Taylor and Mathison, (1990), and Large, (1983) suggest the southern Oceana

-
)

deposit is representative of a sediment hosted stratiform class orebody. Using
lead isotopes, Taylor and Mathison, (1990), show that south Oceana leads are less
radiogenic than leads from known Tasmanian Devonian (Tabberabberan)

granite related mineralisation. This implies that stratiform Oceana

mineralisation is Ordovician in age (Taylor and Mathison, 1990). Taylor and
Mathison, (1990) suggest the Devonian phase of lead-silver-zinc-tin
mineralisation in the Zeehan Mineral Field has been superimposed on an
earlier, previously unrecognised mineralising episode in the Ordovician. Lead
isotopes in this study would confirm this interpretation.

Lead data from this study is consistent with the interpretation of Taylor and
Mathison, (1990). Ordovician mineralisation is seen at Grieves Siding in a style

still emerging in sections of the Zeehan Mineral Field.

Evidence from stable and radiogenic isotopes is combined with sedimentological

and mineralogical data to develop a genetic model in Chapter 7.
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Genetic Model, Summary and 7
Conclusions

71 INTRODUCTION

The aim of a sedimentological basin analysis and geochemical study of Grieves
Siding has been to provide usable information on; (a) the source of the ore-
forming components; (b) the mechanisms for metal concentration and
transportation, and (c) the mechanism of metal deposition. This chapter
summarises the results of this study before proposing a genetic model that
attempts to explain the results and outline their implications for exploration.

7.2  GEOLOGICAL SETTING

The lithologies occurring at Grieves Siding are contained within the Wurawina
Supergroup, which consists of a concordant sequence of predominantly shelf
deposited sediment, including the Denison Group, the Gordon Group, and the
Eldon Group. At Zeehan the Moina Sandstone, uppermost member of the
Denison Group has a conformable, often interdigitating contact with the
Gordon Group carbonates. The positioning of this contact is contentious as it is
marked by a siltstone-mudstone transitional zone that is often mineralised.
This study defines the contact between the Denison Group and the Gordon
Group as the last appearance of consolidated silt, and the first appearance of

limestone.

The Gordon Group carbonates are the thickest and most stratigraphically
continuous Ordovician (Arenig to Ashgill) sequence in the southern
hemisphere. Nine lithofacies associations recognised in the Gordon Limestone
at Grieves Siding (Chapter 3) have been configured into three formations, and
five intra-formational members. The mid-Ordovician Ugbrook Formation
represents subtidal and protected subtidal lagoons influenced by a rapidly
migrating carbonate bar. The mid-Caradoc, (Mid to Late Ordovician) Myrtle
Formation consists of up to 15 Punctuated Aggradational Cycles (PACs)
deposited in shallow subtidal to peritidal conditions. The Myrtle Formation
precedes deposition of the dominantly subtidal Black Jacks Formation, which

ha']
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was interrupted during the Late Caradoc by the Lords Siltstone. The Lords
‘event’ signifies the response to uplift in the Tyennan region, representing a
short lived epirogenetic event (Chapter 3). It was proceeded by a return to
subtidal limestone deposition, periodicaily interrupted by peritidal carbonate
deposition. Stratigraphic correlation suggests carbonate deposition is related to
four main depositional sites on a carbonate platform. Carbonate was deposited
in a tropical environment with a seawater temperature between 23 and 25°C
(Chapter 5). Modern analogous depositional environments are seen on the
Great Bahama Bahama Bank, and in the Persian Gulf (Pratt, et al., 1992)

Carbon and oxygen stable isotopes from the Ugbrook and Myrtle Formations
record a changing Ordovician seawater value (Chapter 5) indicating deposition
during an icehouse period from the Mid to Late Ordovician. This proceeds an
Early Ordovician greenhouse period, and precedes Late Ordovician to Early
Silurian glaciation. Light carbon values at Grieves Siding represent organic
material in the depositional environment, (Chapter 6) prevalent in protected

subtidal lagoons of the Ugbrook Formation.

The Gordon Group is disconformably overlain by the siliciclastics of the Eldon
Group, represented by the Crotty Quartzite at Grieves Siding. The Crotty
Quartzite signifies rapid deposition of approximately 500 m of quartz sandstone,
clastic pebble conglomerate and minor mudstones in a littoral to sublittoral
environment. It represents uplift during the Ashgill (Late Ordovician) that

correlates temporally with the Benambran orogeny.
7.3  MINERALISATION

Two mineralised zones are recognised at Grieves Siding. The Lower
Mineralised Zone (LMZ) occurs on the interdigitating contact between the
Denison and Gordon Groups. It forms a stratiform lens, most pronounced in
the north, which has been displaced 40 m by sinistral strike slip movement.
Mineral textures in the LMZ are indicative of open-space filling and minor
carbonate replacement. Paragenetic studies (Chapter 4) suggest early diagenetic
dolomitisation was overprinted by hydrothermal dolomitisation associated
with mineralisation. Dolomitisation was followed by iron carbonate (siderite)
deposition and pyrite/marcasite in-filling. Sphalerite and galena precipitated
almost contemporaneously, followed by repeated sphalerite dissolution and
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precipitation producing botryoidal colloform sphalerite spherules (Chapter 4).
Four generations of sphalerite are recognised, the latest phase being iron-poor,
and containing large fluid inclusions. Minor barite, chalcopyrite, covellite and a
late phase calcite are recognised throughout the LMZ. Later sulphide oxidation
and remobilisation of HCO3- resulted in the precipitation of smithsonite,
rhodochrosite and magnesite. Hemimorphite cross-cuts and replaces all other
minerals, and precipitated last.

The Upper Mineralised Zone (UMZ) is associated with the Lords Siltstone
which may have acted as a cap for mineralising fluids. Similar mineral textures
and paragenetic relationships occur in the UMZ, however massive marcasite
and sulphide clasts in a marcasite matrix breccia separates it from the LMZ.
Carbon and oxygen isotopes separate the UMZ from the LMZ and suggests a
magmatic HzCO3 dominated fluid may have been responsible for
mineralisation. A Devonian magmatic fluid is perhaps responsible for
overprinting and or remobilising the Cambrian metals. The addition of pyrite /
marcasite to the upper mineralised zone by well be explained by addition of a
magmatic fluid, that exploited the same pathways as Ordovician
mineralisation. A Devonian overprint is suggested at Oceana, and at the South
Comet mine. remobilisation at Grieves Siding may also be possible. The
proximity of a black matrix dolomite breccia in the north, that becomes
progressively silicified in the south represents a situation perhaps analogous to
the host black matrix breccia in Irish-type deposits and a carbonate breccia

associated with mineralisation at Oceana.

Paragenetic studies have defined mineralogies and mineral textures consistent
with Irish-type and MVT deposits. Botryoidal colloform sphalerite spherules,
open-space filling with minor carbonate replacement; and evidence for repeated

sphalerite dissolution and precipitation are consistent with these deposits.
74  GEOCHEMICAL ANALYSIS

Stable isotope evidence confirms a non-magmatic source for mineralising
fluids. Carbon and oxygen isotopes suggest sedimentary derived fluids, perhaps
analogous to mineralising basinal and connate brines in MVT deposits.
Wallrock reaction and minor carbonate dissolution is responsible for lower

carbon values associated with mineralisation, whereas oxygen values increased.
. "y
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Table 7.1;

Summary of the characteristics of MVT and ltish-type Zn-Pb deposits with respect to mineralisation Grieves Siding.

Data from Hitzman (1993), Leach & Sangster {1994) and Russell, (1987); (TSR-thermochemical sulphate reduction).

Feature

Metal Grades

Mineralogy

Characleristic
Textures

Characteristic
Form

Association wilh
Dolomitisation

Metal Source

Sulphur Source

Temperature of
Formation

Fluid Salinity
Fluid-Flow
Mechanisms

Timing of
Mincralisation

4= e R

Irish-type

Grieves Siding

MVT
Zn: 2 - &6 wi%; max=16 wt%
Pb:1-3wl%
Ag:<dlg/ft
Cu:low

Sulphidw: low Fe sph, gal, py, marc £ cp, bn

Ganguwe: dolomite, calcite, minor qtz + fl, ba

Colloferm sulphides, "snow-on-roof”, open
space fill, carbonate replacement, breccia
rims, multipte sph
dissolution-precipitation, internal
sedimunts

Irregular breccias, veins, lesser carbonate
replacement and semi-massive slratabound

Many districts associated with a
pre-mineralisation dolomite

Sediments &/ or basement

Variable. TSR of evaporites or seawater
sulphate; many districts probably had
mixing of heavy and light, biogenically
reducedsource

90°C - 150°C
15 - 25 eq.wt% NaCl

Topography, tectonic, ¢pisodic,
overpressuring, thermal convection

Late diagenetic or younger; most probably
related to tectonic events much younger than
deposittonal age of host successions

o 2- 13 wi%h
Pb:0.2 - 6 wi%
Ag:<40g/t
Cutlow

Sulphide: tow & high Fe sph, gal, py, mare,
minor ten, cptbn

Gangue: dolomite, calcile, minor qtz + ba, sid
Massive sulphides, carbonate replacement,

colloform sulphides, multiple sph
dissolution-precipitation, + internal sediments

Massive stratabound to stratiform lenses with
associaled "fecder” zones typically with halo of
veinlel and disseminated mineralisation

Inlimatu relationship of regional and alteration
dalomitisation

In dispule: sediments or basement

Probably two sources: i) isotopically heavy
reduced source transported with metals; ii)
isotopically light biogenically reduced source

100°C - 280°C
10- 24 eq.wt% NaCl

Deep conveclion or topography (Russell, 1987;
Hitzman, 1995)

Probably diagenetic related to tectonic uplifi.
Some workers favour a synsedimentary or early
diagenetic age

Zn: 10.6m @ 17.8%
Pb: 4m @ 5.4%
Apg:low

Cu:low

Sulphide: low Fe sph, gal, py, marc : cp, bn, covellite

Smithsonite, magnesite, rhodochrosile

Gangue: dolomite, siderile, + ba, calcite,
hemimorphite

Colloform sulphides, open space fill, minor carbonate

replacement, multiple sphalerite
dissolution-precipitation

Stratabound lenses, with minor Mn, and Ba halo.
Black matrix dolomite breccia variably silicified

Diagenvtic and pre-mineralisation dolomite
Sediments &/ or basement

Probably three sources: i) modified scawater source;
i) inorganically reduced source; iii) biogunically
reduced 7diagenetic source

130°C - 173°C, mean = 150°C
25 -4.3 eq.wt% NaCl mean =35
Convection, topography, diagenetic compaction

Late diagenetic related to Benambran Orogeny

e
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l Sulphur isotopes record a wide 8345 variation consistent with MVT deposits.
high values (31.5 %) are attributed to Ordovician seawater as recorded in barite,

I whereas lower values (-29.22) contributing to the variation in results are
attributed to bacterial sulphate reduction. Intermediate values around 15 to

l 22 %o represent the hydrothermal fluid composition. This value signifies a
10%. shift from Ordovician seawater, due to sulphur isotope fractionation at

3 150°C via inorganic reduction, or resulted from a separate hydrothermal fluid.

The new fluid is derived from either a well homogenised source, or a sediment

derived source.

Lead isotope ratios plot towards the edge of the Cambrian field, and well outside
(less radiogenic) that attributed to Devonian mineralisation. This implies that
the lead is Late Cambrian, perhaps Ordovician in age. A Late Cambrian source is
more likely, with lead and other metals scavenged from underlying Cambrian

sediments of the Dundas Group.

Secondary fluid inclusions suggest a low salinity (3.5 wt %), low temperature
(150°C) fluid was responsible for mineralisation. The temperature of
homogenisation is consistent with MVT, and Irish-type deposits (Table 7.1), but
low salinity, fluids at Grieves Siding would have low metal solubility of the
fluid separates Grieves Siding from these deposits. The zinc number for Grieves
Siding is consistent with MVT deposits (mean 80), and suggests the secondary

I'_* fluid inclusions are indicative of the main mineralising fluid.
l 7.5:  GENETIC MODEL

Sedimentological and geochemical evidence implies the timing of
mineralisation at Grieves Siding was Ordovician, and the style is consistent
with MVT and Irish-type deposits (Table 7.1)

The source of the mineralising fluids are envisaged as either; (a) basinal and

connate brines generated by basinal compaction and dewatering during the Late

Ordovician Benambran Orogeny; and/or (b) deep circulating modified seawater.
I A fluid temperature of 150°C is consistent with a basinal brine, and the low
) salinity fluid can be explained by a lack of evaporites, and or membrane
filtration in the source regions. This maintained the salinity of the brine to 3.5

« wt % NaCl, similar to seawater.
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Figure 7.1: Genetic Model for mineralisation in the Lower Mineralised Zone
during the Ordovician, and remobilisation during the Devonian
responsible for the UMZ. The best exploration target at Grieves
Siding is the silicified dolomite breccia o the south.
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The metals transported by the the mineralising fluid could be derived from two
possible sources. One possibility is an Ordovician source. Lead isotopes plot
towards the edge of the Cambrian field, and slightly overlaps into the
Devonian. If Ordovician mineralisation exists, it would surely have a lead
signature plotting in a similar location to the data from Grieves Siding. A lack
of magmatism in the region during the Ordovician, and the occurrence of a
stable carbonate platform is unlikely to introduce a new metal source into the

system. Subsequently a new Ordovician metal source is unlikely.

Remobilised Cambrian metals accessed by circulating brines or seawater could
provide a suitable metal source. Dewatering of the Cambrian sequences below
the Wurawina Supergroup may have released some metals before the
Ordovician, however the size and thickness of the sequences implies that they
contained enough metals to mineralise Grieves Siding. The extent of fluid
circulation restricts the accessibility of the fluid to metals. A small convection
system could have accessed the Moina Sandstone and underlying Cambrian
sediments of the Dundas Group, producing the minor mineralisation at grieves
Siding. A larger convection cell, accessing more sediments, such as the Crimson
Creek Formation and the Success Creek Formation, would have access to more

metals, and produce more mineralisation.

Small convection systems are suspected to produce Irish-type deposits. A
similar system is envisaged at Grieves Siding. A small convection system
accessing metals from the Dundas Group, and being transported along the
Moina Sandstone - Gordon Limestone contact and the Grieves Fault is
envisaged to be responsible for mineralisation. A mixture of basinal brines and

a modified seawater fluid may have been responsible.

Precipitation primarily occurred by chemical processes and was initiated by
either mixing between the hydrothermal fluid and groundwater, or due to an
increase in pH caused by interaction with carbonates (Figure 7.2). An increasing
pH causes precipitation in the Pb - Zn window. A temperature decrease is also

envisaged to have perhaps caused precipitation,

This genetic model implies that mineralisation was emplaced during
diagenesis, prior to complete lithification. Mineralisation preceded early

diagenetic dolomitisation by mixed marine and meteoric waters. At this time
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Figure 7.2: Oxygen fugasity - pH diagram illustrating the lead-zinc ore
window. Precipitation at Grives Siding is assumed to have

occurred in response to increasing pH.

the Moina Sandstone may have been porous enough to act as an aquifer for the
brines, that precipitated upon reaching either groundwater or the carbonates of
the Ugbrook Formation. Hydrothermal alteration and minor replacement of
the Ugbrook Formation by the mineralising fluids is consistent with similar
alteration at the Bad Grund MVT deposit. The morphology of the stratiform
mineralised lenses is the result of the interdigitating Moina Sandstone-Gordon
Limestone contact acting as a conduit to hydrothermal fluid flow (Fig 7.1).

The mineralising system at Grieves Siding shows similarities with MVT and
Irish-type deposits (Table 7.1). Metal sources, transportation and deposition
mechanisms, mineralogy and mineral textures, and age relationships with the
host rocks are consistent with these deposits. The distinction of mineralisation
as either Irish-type or MVT cannot be made because of a lack of study material.
Investigations to further define metal sources and transportation mechanisms
are needed, however for“this to occur, further mineralisation must first be
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found. The implications for further exploration in the area, provided by this

study may yield economic mineralisation.

7.6: EXPLORATION IMPLICATIONS

o

Although mineralisation at Grieves Siding supported a small prospect during
the late 1800’s, the deposit is currently uneconomic, with barely enough
material collected for this study. Nevertheless the implications of this study to
further exploration in the area, and the possibility of further mineralisation at
Grieves Siding remain important. The definition of remobilised Cambrian
metals emplaced into Ordovician carbonates is a significant recognition for the
Zeehan Mineral Field. Exploration models can be modified to account for, and
perhaps target MVT and Irish-type mineralisation instead of focussing on
mineralisation attributed to Devonian granitoids. The matrix marcasite
associated with sulphide clasts near the UMZ, and the close proximity of a
progressively silicified dolomite breccia, provides the greatest potential for

further mineralisation at Grieves 5iding (Fig. 7.1).

Emerging evidence indicates remobilised Cambrian metals are responsible for
more significant mineralisation in the Zeehan Mineral Field. By modifying
exploration programs to account for this style of mineralisation, a new type of

orebody may be found in the Zeehan area.
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Appendix 1
Zeehan, Grieves (ZG) Drill Logs
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Appendix 2
Sedimentological Data sheets
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LITHOFACIES ANALYSIS 384306

COLOUR: Fresh surface:
Weathered surface:
FRACTURE PATTERNS: Conchoidal Uneven

Subconchoidal Cleavage

BEDDING AND SEPIMENTARY STRUCTURES:

Bedding types: Horizontal Cross bedding Lenticular
Biogenic Deformational

Bedding Surface: Even Uneven Ripple Marks
Scour Marks Pits Imprints
Load casts Current marks

Within Beds Laminations Sizes Bioturbated

Bed Thicknesses and Sed Structures.

MATRIX:

Composition:

Lime Mud Matrix Sparry Calcite Matrix

Homogeneous or Non-homogeneous

Grainsize: Maxdrmimm mm Wentworth
Minimum mn Wentwarth
Modal mm Wentwaorth
ALLOCHEM COMPOSITION:
Type Proportion__ %.
SORTING: Well Sorted Moderately Sorted Poorly Sorted
GRAINSHAPE: Well Rounded Subrounded Angular
Rounded Subangular Very Angular
ORIENTATION: Not QOrientated Graded
Imbricated ete.
FOSSILS: Species
Abundance
Preservation
MATURITY Immature Submature
Mature Supermature
Dunham Texture:

Folk Texture:

Tty




L

L

ey ' e

e

[
e

I
{ e

L ! .
. AV

:- ¢ - { -
i Q-

384307
DEPOSITIONAL ENVIRONMENTS

SUBTIDAL INTERTIDAL SUPRATIDAL
Deep Medium Shallow Low Medium Hi gh
oncolites—
oolites

asaphid trilobite

trilobites

nodular limestone

brachiopods
chitinozoa
gastropods
pelloids
scolecodonts
Tetradium
cephalopods
pelecypods
bryozoa
vertical burrows
burrows
stromatolites
algal mats

birds eye limestones

mud cracks

Modified after Burrett, 1978.
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GRIEVES SIDING -HAND SPECIMEN DESCRIPTIONS 308
LOCATION: .DATE:
GRID REFERENCE:
SAMPLE No:
QUTCROP:
100 90 70 60 50 40 30 20 10
ORIENTATION: Strike . Dip
Folding
Faulting
COLOUR: Fresh surface:
Weathered surface:
GRAINSIZE: Maxdmum mm Wentworth
' Minimum mm Wentworth
Modal mm Wentworth
SORTING: 7 wWell Sorted I Moderately Sorted [ Poorly Sorted
GRAINSHAPE: L[] Well Rounded [0 Subrounded O Angular
] Rounded [] Subangular [ Very Angular
INDURATION: [ Low 0O Med O High
ALLOCHEM COMPOSITION: '
MATRIX COMPOSITION: [0 Lime Mud Matrix [0 Sparry Calcite Matrix
MATURITY: O immature [] Submature
Mature [0 Supermature
MAJOR CLAST TYPES:
Type Proportion %
Rock Fragments O votcanic [0 Sedimentary [0 Metamorphic
Dunham Texture:
Folk Texture:
Structures:
COMMENTS:
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Appendix 3
X-Ray Diffraction Results
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TASMANIA DEVELOPMENT AND RESOURCES

Industry Safety and Minas Dlvision

Clleni: D. Glover

Sample Locallen: Zeehan
Analyais: Approximate Mineralogy
Meihod: X-Ray Diffraction

Resudts {approx wi %)

Sample >60% 40-60% 2540% 15.25% 10-15% 510%

<3%
208.2 Kaofinita, Quartz Nita Sphalerite Crandallile-lype, 3.25A. 7
2G6.4 Kaolinite' Iliite Hematite, Goethite Crandaliite-type, 3.25A
2G6.5 Kaolinite' Mite Quartz, Crandallite-fype, 73.25A
2G6.8 Quartz Kaotinile’ llite Hemalite, 73.25A
2G6.7 Quartz, Kaolinlta® line Hematite, Goethite, 72.25A
2G6.8 Quarz llite Kaolinite Goethite, Crandallite-type, 3.25A

1 probably Dicldie
The peak at 3.25A may reprasent Rutlle or K-Feldspar )
Amorphous minesals {e.g. hydrous fron oxides) or minerails present in frace amounts may nol be detecied

Dats: 8 December 1993

Qierse
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TASMANIA DEVELOPMENT AND RESOURCES

L~
; .

" Glient: D. Glover
Sample Location: Zsehan

Method: X-Ray Diffraction

Industry Safety and Mines Division

Analysis: Carbonate Composition

Sample Carbonates (Major Peaks)
ZB 1007 416m 2.776A, 3.028A

ZB UNK 200m 2.794A

ZIWG 1145 2.774A, 3033A

ZG 1014 280m 2.811A

ZG 6.9 119.4 2771A

Quartz used as an internal standard for calibration purpozes

Mineral Major Peak
Siderite 2.795A
Smithsonite 2.75A
Calcite 3.038A

' Dolomite 2.888A
Magnesite 27423
Rhodachrosite 2.84A

£h h/m{é?/

Analyst R.N. Wooliey
Date: 13 Degcember 1995
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TASMANIA DEVELOPMENT AND RESOURCES

Mineral Resources Tasmania

Client: D. Glover

Sample Location: Grieve's Siding, Zeehan
Analysis: Approximate Mineralogy
Method: X-Ray Diffraction

Results - Small Chip (approx wt %)

40%-60% 25%-40%  15%-25% 10%-15% 5%-10% <5%

Sphalerite Galena Barite Kaalinite

Peak overlap may interfere with identifications
Minerals present in trace amounts, or amorphous minerals, may not be detected

Large Specimen
Circled area - confirmed as Sphalerite

Sample peaks; Standard values:
dA Intensity - dA Intensity
3.122 100 3.123 100
2.704 8 2.705 10
1.913 58 1.912 50
1.632 30 1.633 30
1.562 2 1.581 2

by

Analyst: R.N. Woolley
Date: 17 April 1996
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 Stratigraphy of the North Grieves Siding Area,

- Western Tasmania
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Argillaceocus micrite, calcisiltite and minor mudstone

—r l -

Ll with comminuted shell debris. Nodular in part with a
predominant subtidal fauna. Includes Lithofacies 7 and 8.

—T= Nodular limestone, consisting of micrite and calcisiltite

L= nedules in an argillecous matrix. Contains some comminuted
shell debris and represents Lithofacies 8. '

—T— Upwardly shallowing Punctuated Aggrigational Cycles (PACs),

] representing Lithotacies 1,2,6 and 7. Consists of subtidal
mudstones grading into bioturbated micrites, pale
micrites, microbial laminated micrites and doma!
stromatolites, terminating in dismicrites.

Micrites, argillaceous and bioturbated micrites, and -

N .
I T 1 alternating biomicrites of Lithofacies 2,5,6 and 7. Contains
subtidal to low intertidal fauna .
— Calcarenites, sparites, bio-pel-posparites etc. corresponding
- I 3 | 1o Lithofacies 3 and 4. Includes insitu and tidal channel (C}
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CRA Exploration Pty. Ltd.
N.S.W. District

Memorandum
To: R. Parkinson O eno

Copy to: A. Doe

T. McConacy
From: J. M. Tesselaar
Date: 26 October 1995

um of Griev ANOTEM

umm

One line of NANOTEM was conducted by Zonge Engineering over the Grieves prospect,
near Zeehan during May of this year.

The NANOTEM was conducted as a trial survey to determine if it could detect variations
in the thickness of the black pug layer. It has been found that where this layer is the
thickest, mineralisation is the most well developed.

Extensive drilling on this line enables me to make a comparison between the geological
section and the NANOTEM inversion.

The NANOTEM inversion proved successful in determining the thickness of the black pug
layer.

This technique I believe could be used in similar areas as an exploration tool.
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Details

During May of this year Zonge Engineering undertook a NANOTEM survey over line
48200N of the Grieves prospect.

NANOTEM is an EM system designed for high resolution near the surface. In order to do
this, small loops are used and the system is designed to read the EM signal from very early
times. The main use for this system is in environmental geophysics.

This survey was designed to determine the thickness of the Black Pug layer. This layer is
very shallow (often <5m deep), and relatively thin (5-20 m thick). Mineralisation is best
developed in the thickest zone of this clay layer (plan Tv1006).

The NANOTEM was ran as a trial survey to determine if it could resolve the thickness of
these clays. It was ran over Line 48200N because ths line had a lot of geological control,
obtained from drilling.

The NANOTEM was inverted by Zonge Engineering to produce a conductivity depth
section. The inverted section and geological cross section are presented in plan Tv1006.

The NANOTEM inversion has been successful in determining the thickest (mineralised)
clay zone. A conductivity low is evident between 61100E and 61140E. This zone
corresponds to the thickest clay zone. The most conductive point on the NANOTEM
however does not maich the deepest point on the clays.

Discussion/Recommendations
The NANOTEM has been very successful in determining the thickest zone of the black

pug clays.

On the bass of this test line, I believe that the NANOTEM would prove useful for
determining the thickness of the black pug clays in other areas near Grieves.

Regards,

Z2

J.M. Tesselaar
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Zinc Mineralisation of the Gordon Limestone

CRAE'’s exploration and research activities directed at locating carbonate-hosted Zn-Pb
mineralisation within Gordon Limestone at Zeehan have led to a number of mineralisation styles
being recognised. The following discussion is a synthesis of CRAE’s current level of knowledge,
grained from work throughout the Zeehan area.

CRAE’s exploration activities in the Zeehan area have indicated that Zn-Pb mineralisation within
the Gordon Limestone may be pre-Devonian in age, and therefore unrelated to the Tabberabberan
Orogeny. On this basis, it is possible that carbonate-hosted Zn-Pb mineralisation may be more
widespread than that presently under evaluation at Zeehan.

The Gordon Limestone originally occupied a large area, deposited at the close of a major period of
tectonic activity that produced the metal-rich Mount Read Volcanics. During and immediately
before carbonate deposition the tectonic regime was still unstable, evidenced by rapid changes in
stratigraphic thickness of Ordovician strata. Hydrothermal systems may have continued to emit
metals into this system, focused by basement irregularities and syn-sedimentary faults. Basin-
bounding syn-sedimentary faults in the Zeehan area are WNW-trending, and include the Firewood
Siding Fault on the SW side, and Professor Range and Balstrup Faults on the NE side.

The present Gordon Limestone exposure is a vestige of Devonian deformation. Ordovician
mineralisation may have a distribution totally independent of the well-documented Devonian
systems,

Five targets are recognised for the carbonate-hosted Zn mineralisation in Gordon Limestone at
Zeehan, subdivided by the stratigraphic interval in which they are hosted (Figure):-

- stratabound at the lower limestone-sandstone contact
stratabound at the upper limestone-quartzite contact
- stratabound within a sub-unit in the middle of the limestone sequence
- structurally controlled discordant mineralisation
- surficial “clay-hosted” accumulations developed above primary mineralisation.

Stratabround at the lower limestone-sandstone contact
Mineralisation at Grieves and Mariposa falls into this category. Alteration located at Blackjacks,
Pyramid and Professor Range may also belong to this deposit type.

This position is characterised by carbonaceous and/or ferruginous clays resting on the Moina
Sandstone, in turn overlain by a massive siderite zone. The siderite zones passes stratigraphically
upward either gradationally or abruptly into unaltered and unmineralised limestone. The clay layer
may be up to 50m thick and the siderite zone up to 25m thick. Both may contain Zn mineralisation
up to several percent. The clay and siderite zone are laterally quite uniform and it may be that the
mineralisation is actually stratiform.

Mineralisation of this style has an alteration halo that is both visually and geochemically distinct.
This halo, characterised by vughy, broken or massive recrystallised Fe-carbonate and Fe-rich
clays, may extend laterally hundreds of metres beyond the main Zn mineralisation, and thus
present a considerably larger target than the mineralised core. Lateral alteration geochemistry is
reflected by Fe-Mn-As-Zn. Stratigraphy above the mineralised core is a weaker halo of elevated

Zn (£ As).
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Ore mineralogy, based on work at Grieves, is complex with a mixture of zincian siderite and
minor sphalerite in the siderite zone, and a Zn-clay with minor to moderate amounts of sphalerite
in the siderite zone, and a Zn-clay with minor to moderate amounts of sphalerite in the clay zone.
It is not known whether this is a regional characteristic of this position. It could be possible that
the complex clay mineralogy is a supergene weathering process acting on an original sphalerite-
pyrite mineralised black shale. The siderite may be capping the sulphide systems, preserved in its
primary form due to its low porosity and permeability.

The stratiform character, replacive style of alteration/mineralisation, intense Fe-Mn alteration, and
reasonably predictable geometry suggest similarities to Navan or Reocin.

Stratabound at the upper limestone-quartzite contact
Low-grade but widely anomalous zones from Firewood Siding, Grieves, Professor Range,
Sunny Corner, and Mariposa are examples of this type.

Upper zone mineralisation occurs near the contact between the limestone and overlying Crotty
Quartzite. Mineralisation is not closely bound to the upper quartzite contact, but may “wander” up
to 100m stratigraphically below the contact.

Mineralisation appears characterised by widespread but low-level Zn in the 0.1% to 2% Zn range.
None of the prospects tested has revealed a higher-grade core, although given the limited drilling it
is entirely possible high-grade cores may exist. Limited mineralogy suggests all Zn to be as
sphalerite.

Aircore drilling shows the mineralised zones to be comprised of clays and decomposed carbonate.
Rare fresher material is usually a granular recrystallised dolomite, and can be ferroan. Intense
siderite alteration is absent. A detailed geochemical study of the alteration has not been completed.

The upper zone style may be occurring within karstic structures formed by Ordovician weathering
before deposition of the Crotty Quartzite. This setting is analogous to Bleiberg or Cracow-Silesia.

Stratabround in a middle sub-unit of the limestone sequence
Currently two occurrences fall into this grouping, Grieves middle zone, and Oceana. Apart from
their stratigraphic concurrence, these two deposits may not share many other similarities.

The mineralised middle sub-unit is equidistant from the upper and lower contacts, although facies
variations may affect the location at other prospects. Mineralisation is breccia hosted, and in the
case of Grieves has a linear aspect. For Grieves there is very little indication of proximity to
mineralisation as there is virtually no alteration outside the breccia zone itself.

Mineralogy at Grieves is a mixture of zincian siderite and sphalerite. Oceana is dominated by
galena with subordinate (?) sphalerite. There is also intense siderite alteration at Oceana,
presumably containing Zn?

Zinc grades at both prospects are high, locally forming massive sulphide.

There has been insufficient work completed at Grieves middle zone to suggest any controlling
mechanisms,

Structurally controlled discordant mineralisation
Most mineralisation in the Zeehan area is structurally controlled. Mineralisation at the historic

Mariposa mine, and at Myrtle belong to this type. Possibly some of the mineralisation at Oceana
is also structurally controlled.
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Structurally controlled mineralisation may occur at any stratigraphic level. It appears to be late-
stage filling of brittle fractures. Alteration of wall-rocks is absent, and the gangue to
mineralisation may be pure calcite. Mineralisation within the structures is patchily distributed.
Ore minerals are coarse-grained sulphides.

Devonian deformation is the likely cause of the fracturing and mineralisation. Potential deposit
size is small, although the presence of discordant mineralisation may indicate a nearby stratabound
source. Late-stage structurally controlled deposits per se are not currently considered a valid
CRAE target.

Surficial “clay-hosted” accumulations developed above primary mineralisation

Surficial Zn accumulations within decomposed carbonate was CRAE’s original target for
carbonate exploration in Zeehan. 'All currently tested prospects were selected due to the presence
of known surficial mineralisation.

It has now been conclusively demonstrated that the surficial mineralisation occupies the surface
trace of underlying stratabound mineralisation. Geometry of the surficial deposits are therefore
dependent on the shape and extent of this underlying mineralisation. Depth extent of the Zn-rich
clays and decomposed carbonates averages 10m to 20m, but have been reported to be over [00m
at Oceana.

A thin layer of decomposed carbonate exists over large areas of limestone, but this layer only
thickens and becomes substantially Zn-rich as “basement” mineralisation is approached. Areas of
+0.1% Zn in the clay layer are regionally extensive, indicating substantial dispersions from the
primary zone. Clay thickness and Zn grade may be usefu! vectors toward primary zones.
Geochemically inert peat and gravels up to 5m thick obscure the clays and limestone over virtually
the entire trace of the Gordon Limestone.

Zinc ore mineralogy is dominantly to exclusively sphalerite.

Because of their restriction to the surface zone, the potential size of the surficial deposit is
somewhat limited. They are probably unlikely to be a CRA target in themselves. Their main
attraction is their usefulness as an indicator of the underlying primary mineralisation. If a large
primary deposit suitable to CRAE’s requirements can be identified, then the surficial deposits
would possible be an easy way to generate short-term cash-flow whilst the major deposit was
being developed.

Zinc-rich clay deposits overlying primary carbonate mineralisation have been described at Tynagh
and Silvermines.

R.G.Parkinson
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