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. Abstract

Exploration has continued on EL 34/88 (Zeehan 2) for carbonate hosted base-metal deposits
within the Gordon Limestone of the Zeehan area, West Tasmania.. Analogies with Irish-style
carbonate hosted ZnlPb deposits are being used to guide exploration.

Worl> undertaken in the 12 month period to 9 November 1996 consisted of diamond drilling at
King Billy prospect (l hole for 113.7m); reconnaissance wacker bedrock sampling at Rose Valley
(14 holes for 37m) and reconnaissance soil and stream geochemistry southwest of King Billy.

Diamond drilling at King Billy failed to intersect significant base-metal mineralisation. However,
siderite alteration and ferruginous clays with elevated zinc values were intersected at the base of
the limestone, in contact with the underlying Moina Sandstone. Major faulting is associated the
sandstone contact.

Results from the detailed helimag survey were received. They highlighted complex but discernible
geology and zones of siderite alteration.

One major north-south linear magnetic anomaly at the southern margin of the King Billy prospect,
hosted by Cambrian sediments, was subjected to a reconnaissance geochemical programme. No
significant results were obtained.

A basin analysis study was completed using Geosea Consultants (Dr Oive Burrett). Three
formations have been recognised in the Gordon Limestone corresponding to differing carbonate
depositional environments.

Recommendations are:-

• Continued interpretation of the helimag data for the King Billy and Firewood Siding areas.
• Diamond drill test a gravity anomaly and silicic breccias south of the Firewood Siding

Fault.
• Further diamond drilling of the lower limestone contact in the west of King Billy, near an

area with major dolomitisation and inferences of syn-sedimentary faulting.

Rehabilitation consisted of replacing vegetation removed for the drill-site, ripping of compacted
ground around drill-sites and the removal of rubbish and cuttings.

Expenditure for the 12 month period was $117,128.

Total expenditure for this licence to 31st October 1996 is $749,791.

This licence is currently being offered for 10int Venture.
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1 , Conclusions and Recommendations

Two carbonate-hosted Zn-Pb targets were tested: King Billy and Firewood SidingIRose Valley.

Activities included diamond drilling, geochemical sampling (including bedrock wacker, soil, rock

and stream sediment sampling), and a contract basin analysis study by Dr Clive Burrett of Geosea

Consultants.

No significant base metal mineralisation was intersected at King Billy. However, important

geological information was gathered, in particular the presence of siderite alteration at the Moina

Sandstone / Gordon Limestone contact.

Silicified breccias within the Gordon Limestone near the Firewood Siding Fault are highly

significant. They are of special interest as the breccias envelope a small gravity high (EZ data) on

the downthrow side of the Fault.

Results from the helimag survey were received and highlighted significant anomalies within

limestone at Firewood Siding, Professor Range and King Billy. A 1.5 km x 200m north-south

linear magnetic anomaly is hosted in Cambrian sediments at the south western extent of King

Billy. This is known as the King Billy magnetic anomaly, centred on 368350E 5350900N

(AMG). Initial geochemical reconnaissance indicates a mafic, volcanic breccia unit.

The basin analysis study indicates that the Firewood Siding area was near the basin margin during

Ordovician carbonate deposition.

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 should be put into the three dimensional geometry of the limestone and

the unique pattern of carbonate deposition.

Recommendations for 1997 include:-

• Diamond drilling to test a coincident gravity anomaly and silicified decalcified breccia unit

at Firewood Siding.

• Diamond drilling to test the lower sandstonellimestone contact at the western end of King

Billy.

• Further processing of the detailed helimag data to better delineate further drill targets,

particularly the basal limestone contact at Firewood Siding and Professor Range.

November 1996 EL 34/88 Zeehan No.2 CRAE Rep. No. 22209
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2. Introduction

Zeehan 2, EL 34/88 covers 34 km2 10cated near Zeehan on the Tasmanian W coast (plan Tv 1025).

EL 34/88 was granted to "His Grace, The Most Noble, The Duke of Avram" on 9th December

1988, and transferred to Major Mining Ltd on the 23rd November 1989. CRA Exploration Pty.

Limited entered into a joint venture agreement with Major to explore EL 34/88, commencing on

23rd April 1991. Major Mining Ltd divested its interest in the joint venture to Allegiance Mining

NL, with the exploration tenements transferred to CRAE (90%) and Allegiance (10%) as tenants in

common on 22nd January 1994.

During the period under review, the eighth year of tenure, CRAE has a statutory obligation to

spend a minimum of $68,000 in exploration. This report details all exploration activities

conducted within EL 34/88 by CRAE for the twelve month period 9/11/95 to 9111/96.

CRAE's principal focus in the Zeehan area is zinc mineralisation within the Ordovician Gordon

Limestone, considered prospective for Irish-style carbonate-hosted Zn-Pb deposits.

Prospect targets which have undergone exploration include King Billy, Firewood Siding and Rose

Valley (Plan Tv 1022).

Sub-divisions of the Gordon Limestone have been made on a lithologicllithostratigraphic basis for

utilisation in drillhole logging. Explanation of formation codes is in Appendix I.

See Parkinson (1992,1993 and 1994) and Tear (1995) for regional setting, prospect geology and

mineralisation.

3. Review of Previous Work

See Appendix II.

November 1996 EL 34/88 Zeehan No.2 CRAE Rep. No. 22209 2
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4.1.1 Diamond Drilling

Diamond Drilling Summary

Wacker Bedrock Sampling Summary

600 to 1800 (AMG) TD 113.7m Drillrig: LY38 - Helirig

(Diamond Drilling of Tasmania Pty. Ltd.)

DD96ZKI23

Aim ofhole

Diamond drill test of elevated surface geochemistry (up to 1.35% Zn) at the lower

limestone/ sandstone contact and down-dip test of helimag surface anomaly.

32100';'

Work on this prospect consisted of two diamond drill holes. One hole however, is located

on EL 45/92 and is reported in CRAE report number 22159.

King Billy is 3 km east of Amber Creek, in the eastward continuation of the Gordon

Limestone from Professor Range. King Billy is divided by the EL 34/88 - 45/92 boundary

(Plan Tv 998).

4.1 King Billy

For a description of the analytical method see Appendix III.

For a description of the analytical method see Appendix III.

4 . Exploration Completed in the 12 Month Period Ending 9/11/96

Depth Zinc Lead

Prospect No. of Range Average Max. Mean Max. Mean

Samples (m) (m) (ppm) (ppm) (ppm) (ppm)

Rose Valley 14 0.8-9.5 2.7 242 73 533 52

DDH Prospect East North AMG Elev T Depth Azim Dip Date Details

AMG AMG Zone (m ASL) (m) (AMG) Drilled Appendix

DD96ZKI23 King Billy 371212 5351970 55 145m 113.7 180 60 2013/96 III

Total 113.7m
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Results

This hole tested a potential sulphide target at the Moina Sandstone I Gordon

Limestone contact (Plan Tv 1155). Shear zones, inconsistent bedding angles and

poor correlation with wacker bedrock sampling data confirms the presence of

faulting. Siderite alteration zones intermixed with sandy ferruginous clays occur

immediately above the Moina Sandstone. A maximum zinc value of 950 ppm (375

ppm Pb) occurs within the ferruginous clays. The Oolite Unit of the Ugbrook

Formation is only partly represented in the hole. Minor dolomitisation is present.

(Appendix IV).

4.1.2 King Billy Magnetic Anomaly

The King Billy magnetic anomaly is centred on 368350E, 5350900N (AMG) at the

south western extent of King Billy. It is approximately 1.5 km long by 200m

wide, striking in a north-south direction. The vertical derivative magnetic signature

of the anomaly is >7 nT.

The magnetic anomaly was followed up with reconnaissance stream sediment

sampling, rock chip sampling and a single soil sampling line (Plan Tv 998)

(Appendix V).

Stream sediment assays returned high iron values (up to 5%) with slightly elevated

copper (51 ppm), gold (16 ppb) and platinum (6.8 ppb). Major element analysis

indicated the stream drained a mafic lithology. The rock sampling identified an

unrecognisable mafic unit with 2.4 ppb Pt and 5.6 ppb Pd plus elevated values for

other mafic related elements.

The soil sampling help to define a mafic unit coincident with the magnetic high.

Copper values at the centre of the anomaly yielded up to 1610 ppm with iron values

up to 12%, gold up to 12 ppb, platinum up to 1.3 ppb and palladium up to 4.1 ppb.

4.2 Firewood Siding I Rose Valley

Field inspection of Gordon Limestone outcrops south of the Zeehan - Strahan Highway

showed some small hummocks to be silicified breccias, possibly carbonate breccias

(although there was no reaction with dilute hydrochloric acid).

November 1996 EL 34188 Zeehan NO.2 CRAE Rep. No. 22209 4
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A single reconnaissance wacker bedrock sample line was completed south of the Firewood

Siding area, within the Rose Valley prospect. This line confirms the presence of limestone

in that area, and provides some geological control for the detailed helimag data (Plan Tv

1156). (Appendix VI).

Detailed Helimag Survey

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) are included in Appendix VII.

This report was written just after CRAE decided to seek a joint venture partner for EL

34/88. Minimal interpretation was made and none has been transferred to geological maps.

Areas requiring further interpretation and follow up include a number of magnetic highs

within the limestone at Professor Range, the series of magnetic highs at the lower contact

of the limestone at King Billy and the large elevated zone at South Firewood Siding lBaura.

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

positional inference of syn-sedimentary faults.

This was achieved very successfully with one hole from the Firewood Siding area

indicating proximity to a basin margin and hence potential sites for base metal

mineralisation.

A copy of the report is included in Appendix VIlL Holes examined from within EL 34/88

included DD95ZRI03.

November 1996 EL 34/88 Zeeban No.2 CRAE Rep. No. 22209 5
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5 . Discussion of Results

5.1 King Billy

• Diamond drill hole DD96ZK123 intersected sideritic alteration, which is the most

distal known occurrence (in the horizontal plane) of siderite away from the

Heemskirk Granite. This may imply that siderite alteration is not related to the

Devonian intrusion.

• Significantly, the lack of dolomitisation at the basal contact in DD96ZK123 is

accompanied by low zinc values.

• The unpredicted shallow depth of Moina Sandstone in hole DD96ZK 123 highlights

the structural complexity of the King Billy area.

• No explanation was found for the 1.35% Zn surface bedrock wacker anomaly.

• More widespread alteration, in particular dolomitisation, occurs at the western

margin of King Billy. This is coincident with limestone thickness variation along

strike from the King Billy magnetic anomaly. Galena, minor sphalerite and pyrite

are found in aircore samples in this western area.

• The limestone's eastern margin has not been defined by CRAE work.

• Further interpretation of the helimag data will assist geological delineation.

5.2 Firewood Siding I Rose Valley

• The gravity anomaly associated with the silicified (carbonate) breccias is important.

If it can be proved that the breccias occur at the point of maximum downthrow on

the Firewood Siding Fault (a key Irish concept), then this is a very strong target.

• Some of those breccias bear resemblance to the black matrix breccias intimately

associated with ZnlPb orebodies of the Irish carbonates.

6 . Environment and Rehabilitation

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

diamond drilling at King Billy (helicopter supported)

wacker sampling at Rose Valley

November 1996 EL 34/88 Zeehan No.2 CRAE Rep. No. 22209 6



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

321011

Rehabilitation of surface disturbance included:-

capping of diamond drill hole collars

raking of drill sites

recovering drill sites with cleared vegetation

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 and grid line will naturally revegetate. No permanent new access tracks were created.

Where possible, low-impact technologies were employed in exploration.

The King Billy diamond drillhole required helicopter support and several trees needed to be felled.

Clearance of the drill site for the helicopter was kept to a minimum..

November 1996 EL 34/88 Zeehan No.2 CRAE Rep. No. 22209 7
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eRA Exploration Ply Limited

DPO Register

EL 34/88 Zeehan 2

DPO LAB Batch Lab Name DPO Office Geologist Tenement Tenement Sample Number of 250,000 100,000
Number Number Location Date Number Name Type Samples Map Sheet Map Sheet
77399 11633 Analabs Zeehan 17/2/96 S. Tear 34/88 Baura Rock 6 SKSS-5 7914
77397 11589 Analabs Zeehan 30/1/96 S. Tear 34/88 King Billy Rock/Soil/SS 28 SKSS-5 7914
82156 11833 Analabs Zeehan 18/4/96 S. Tear 34/88 Rose Valley Bedrock 14 SKSS-5 7914
82157 11831 Analabs Zeehan 18/4/96 S. Tear 34/88 Kinjl; Billy Half DD/HQINQ 40 SKSS-5 7914
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The Gordon Limestone Lithostratigraphy



Zeehan Carbonate Project

Drill Hole Logging Formation I Lithology Codes

I) The Crotty Quartzite

CAMBRIAN

ORDOVICIAN

SILURIAN

This formation is a sequence of deltaic quanzites 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 DD9SZMI90 the sequence passes from white massively bedded

sandstone into interbeddedlinterlaminated sands, shales and silts before finally passing into

dark shales (fissile) and clays (possible fault gauge). This is possibly matched in

DD9SDS98 but there are considerable thickness variations.

Sc '= Crotty Quartzite

Ogud '= Upper Dolomite

Ogsi '= Siltstone Unit

Ogul '= Undifferentiated limestone

Ogdl '= Undifferentiated dolomite

Ogmu '= Laminated Micrite Unit

Ogoo '= Oolite Unit

Ogsd '= Siderite Unit GORDON

LIMESTONE

Ogdc '= Dark Grey I Black Clay Unit

Ogfc '= Ferruginous Clay Unit

Ogms '= Massive Sulphide Unit

Ogst '= Silty Transition Unit

Om '= Moina Sandstone

00 '= Owen Conglomerate

Ed '= Dundas Group (undifferentiated)

An explanation for the sub-divisions is given below.

In the Zeehan sub-basin the Gordon Limestone has a thickness of SOOm (DOH ZB 1007).

Drilling by CRAE has subdivided this formation into lithologic and lithostratigraphic units. These

subdivisions have been utilised in the drillhole logging and are displayed below.
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2)

3)

4)

5)

6)

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 DD95ZR 104 and down to 25m in

DD95ZM 190. It is possible that the dolomitisation is fault related, the fault being the

Crotty Quartzite/Gordon Limestone Contact.

The Siltstone Unit (Ogsi)

This is an argillaceous calcsiltite 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 argillaceous material. The units have an

upper thickness limit of generally <3m ex.cept 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.
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7) 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.

8) Siderite Unit (Ogsd)

The Siderite Unit is an alteration facies imposed on and replacing limestone (?dolomitised)

at the base of the Gordon Limestone. It is regarded as being part of the alteration

associated with the replacement ZnlPb mineralisation.

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

Siderite is also present at the upper sandstonellimestone contact at Blackjacks

(DD95DB 110) and Myrtle (DD95ZMI90).

9) Dark GreylBlack 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 (DD95DB 110). 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 (DD95ZR I03). 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.

10) 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. Alternatively they could be weathering products of mineralisation associated
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11)

12)

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 l2-16m 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 II

Summary of Previous Exploration

Competitor and CRAE



Exploration by Major Mining Ltd / CRAE Prior to 9/11/95
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Year 1 & 2

Year 3

Year 4

Activities by Major Mining prior to CRAE's involvement are

detailed in the relevant statutory reports. Field activities included a

gradient array IP survey covering a small part of the Firewood

Siding area.

Exploration by CRAE on EL 34/88 prior to 9/11/91 focused on a

compilation and review of existing open-file data (Kratochvil,

1991). Emphasis was placed on identifying areas of limestone not

explored in detail by Amoco-EZ. CRAE's initial exploration

strategy aimed to test two under-explored blocks of Ordovician

limestone, the Fen Creek and McLean Creek areas. This approach

was abandoned when it was realised there were more prospective

targets with considerably easier access in the Badger River Valley.

CRAE's exploration strategy in 1992 aimed to test for primary

carbonate mineralisation in Gordon Limestone where the unit was

cut by the Firewood Siding Fault (Parkinson, 1992). Incomplete

Amoco-EZ bedrock sampling returned up to 1.45% Zn in this area.

The Firewood Siding Fault may have been a conduit for metal-rich

fluids passing into the limestone, and as such the areas of the

faultllimestone contact is a prime focus for exploration.

Bedrock wacker sampling, dipole-dipole IP surveys, ground

magnetometer traverses and reinterpretation of existing gravity data

were completed. Line 9600E, between 5225N and 5400N showed

over 0.1 % Zn, up to 0.47% Pb and 0.32% Zn. Amoco-EZ

produced 1.45% Zn from sampling in this vicinity. IP surveys

identified several anomalies but it is unclear how they relate to

known structure and stratigraphy. A circular gravity feature remains

unexplained.
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Year 5

Year 6

Year 7

CRAE continued to test for primary carbonate mineralisation in

Gordon Limestone in the Firewood Siding area (Parkinson, 1993).

Bedrock wacker sampling returned significantly elevated Zn-Pb up

to 1.39% Zn and 1.09% Pb at or near the Gordon Limestone ­

Crotty Quartzite contact on the N side of the Firewood Siding Fault

over a distance of 800m. Arsenic and Fe values were also enhanced

coincident with the high Zn-Pb, suggesting a geochemical alteration

halo may be developed around underlying mineralisation.

Wacker sample depths were commonly over 10m, and locally over

20m, suggesting thick development of potentially mineralised

decomposed carbonate.

At the end of year 5, EL 34/88 was reduced from 68 km' to 34 km'.

Aircore drilling and end-of-hole sampling was completed at

Firewood Siding. A total of 35 holes were drilled.

At Professor Range 102 aircore drillholes totalling l578m were

drilled. End-of-hole samples were collected and geochemically

interpreted.

At Baura 30 wacker samples on a 200m x 25 grid were taken,

mainly across the Moina Sandstone/Gordon Limestone contact.

(Tear 1996) One diamond drill hole (TD 218m) was drilled at

Firewood Siding, following up aircore drilling from the previous

year. Elevated zinc values were found in association with the

sandstone/limestone upper contact.

Two reconnaissance lines of deep overburden sampling were

completed at the south east end of the Professor Range prospect.

Maximum values of 5800 ppm Zn and 655 ppm Pb were returned.

Two diamond drill holes (total 522m) were designed to test the

upper and lower sandstonellimestone contact. Best result was O.3m

@ 0.8% Zn from 217.8m in DD95ZR104
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At Baura, two diamond drill holes (total 105m) were targeted at the

intersection of the Firewood Siding Fault and the lower

limestone/sandstone contact. Best zinc values were 0.37%

associated with a 2m siderite dark grey clay in DD95ZB I.

132 deep overburden samples were completed at the Amber Creek

prospect. Results show that the lower sandstone/limestone contact

contains anomalous concentrations of base metals and siderite.

Deep overburden sampling at King Billy (55 samples) highlighted

anomalous base metals (6700 ppm Zn and 3750 ppm Pb) associated

with the lower limestone/sandstone contact. 23 reverse circulation

air core drill holes totalling 782m were completed. Best recorded

value was in hole AC95ZK39; 3m @ 2.64% Zn and 1.3% Pb from

9m. Zinc and lead assays for the bottom of hole sampling were

relatively low (maximum zinc value of 850 ppm, maximum lead

value of 4840 ppm). Relative to other areas, the King Billy prospect

contains higher concentrations of lead.

The Gordon Limestone in the Zeehan area was flown over as part of

a sub-regional helicopter magnetic survey. Line spacing was

approximately 60m with an average flight height of 30m. Sampling

intervals were approximately every 3-4m. A feature of the survey

was that the flight lines were aimed at being perpendicular to the

strike of the limestone.
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Appendix III

Analytical Methods for Drillcore and Bedrock Wacker Sampling
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Sheet1

Diamond Drillcore Sampling Flowsheet

Logged Core]•Diamond Drillcore : half core (diamond saw) I
up to 3m sample inteNal weight up to 7kg•Sample for assay with 7 digit CRAE sample number I Rejects discarded.- 1 month after

results received
To AnaJabs in Burnie A...-

Dry, Crush to 1cm and Pulverise (all sample) - GP033 - to 75 microns (-200 mesh)
Large samples (>5kg) are jaw crushed to lcm, halved then pulverised to -100 mesh
Sample is remixed and a subsample of 300g is puiverised to -200 mesh• ~
5-20gl•~ ,ICP-oES GI211 Townsville

I
Pulp to CRAE Storage in Bundoora

Ag, At, As, Ba, Ca, Cu, Fe, K, Mg, Mn, Pb, Zn In kraft packels in separate boxes with

l' T DPO number and sample number range

OM613 LECO furnace GI207
Sulphur Analysis ~ ~ Zn, Pb, Mn over range
if Zinc >0.5% .. .... Townsville
Brisbane

,..
Modem/Fax Results to
Analabs, Burnie
(modem resulls via Perth)

""" ~HardCOPYDigital CoPy
Floppy Disc . .- .......Ascii Text & Excel Format
To CRAE - Bundoora Geologist in charge CRAE Admin Officer

CRAE - SE District ET&I CRAE - SE District
Bundoora Bundoora Bundoora

.,
Loaded inlo I
Directory

~
To Geologist in charge I
Loaded into Database

I
I
I

GI211 - Aqua RegiaiPerchloriclhydrofluoric acid: acid digest
GI207 - Aqua RegiaiPerchloriclhydrofluoric acid: acid digest

Page 1

S.J.Tear August 1996
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Sheet1

Bedrock Wacker Sampling Flowsheet

I
I
I
I

Sample for assay with 7 digit CRAE sample number

Dry, Crush and Pulverise (all sample) - GPOSS - to 75 microns

I
I
I
I

ICP-oES GI211 Townsville
Ag, AI, As, Ba, Ca, Cu, Fe, K, Mg, Mn, Pb, ln

GI207
ln, Pb, Mn over range f---------.I
Townsville

Remaining pUlp to CRAE Storage in Bundoora
In kraft packets in separate boxes with
DPO number and sample number range

I
I
I
I
I
I

Dig~al Copy
Floppy Disc
Ascii Text & Excel Formal
To C AE - Bundoora

To Geologist in charge
Loaded into Database

Modem/Fax Results to
Analabs, Burnie
(modem results via Perth)

Geologist in charge
CRAE - SE District
Bundoora

CRAE
ET&I
Bundoora

Admin Officer
CRAE - SE District
Bundoora

I
I
I
I

GI211 - Aqua RegiaiPerchloric/hydrofluoric acid: acid digest
GI207 - Aqua RegiaiPerchloriclhydrofluoric acid: acid digest

Page 1

S.J.Tear August 1996



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

321033

Appendix IV

King Billy - DD96ZK123 • Diamond Drill Logs and Assay Results
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eRA EXPLORATION PTY. LIMITED
DRill-HOLE SUMMARY LOG
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HOLE NAME: DD%,Z¥.I23

PROSPECT: KING 31u-Y

•.:.E:::L::.·_-'Z=E"'E:,lt<:u:!A.:.;N:-62'--__EL"31#/gg

I
DATE DRlu.ED: 20IW~b__

I LOGGED BY: S. A;:s .1l....ss£U..

DRlWNG CO.: DD TA 5

IDRlLL'l'YPE: DIAMOND

DRILL RIG: l...'1:'8 - +t,J;.copt_
I LOC DRILL CORE: Zffiu.O\oJ

OBJEc:nves OF HOLE:
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I
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C.R.A. EXPLORATION PTY. LIMITED I SHEET NO.3I!f"·
DRI LL CORE LOG TENEMENT NAME.k- ..N~ ..61.lLf No ..
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SHEET No 1+./4-
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C.RA EXPLORATION PTY. L1MITEO

((;Mer DRI LL CORE LOG
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BIram '10 " ,,' ,..

~
,co t-""- .1, ok • ,m, -;OJ- '" .. MRTlhh

bliola rullddn amMO - ProsnACi elram '10 .or ~
..,,, ok MRll/1I1OPO El • ob' "a ", a am' a" ..

21<123 0096ZK123 ", Billy ",,,a 0 1.' Qha
ZI(123 ODe6ZK123 Kin

~"
",,,a 1.5 12.4 0"

ZK123 DD96ZK123 82157 5652501 K' Bill 3418a 12.4 13.7 1.4 056 -5 110 32.4 ·5 0.79 0.' 1.49 416 84' "3 0"
ZK123 DD96ZK123 KI Bill 341611 13.7 " "ZK123 0096Z1(123 82151 5852502 KI Bill 3418e " 24 1 0.23 ·5 32 304 ·5 1.55 0.12 122 43' " " "ZI<123 DD96ZK123 62157 SB52S03 K Bill 34/86 24 26 0.' 014 5 " 32.1 ·5 134 .07 0.68 365 69 70 "ZI<123 DD96ZKI23 K' Bill 3418a 26 305 0/0 ,
21(123 0096ZK123 82157 5852504 Kin Billy 34/88 305 31.2 0.' 0.13 ., 10 34.5 ·5 164 009 0.62 427 52 00 0"
ZI(123 0096ll(123 Kin Bill 34/88 31.2 39 0"
11(123 0096Z/<l23 82157 5852505 Kin Bill 34186 39 <10.1 0.' 0.' ., 40 32.3 ·5 1.21 0.32 1<14 507 " " 0"
ZK123 0096ZK123 I<in Bill :W66 401 .. 0, m
ZK123 0096ZI<123 62157 5652506 Kin Bill 34166 .. .017.7 -0.5 216 ., '" 25.5 ., , , 2.33 "0 " " Om
ZK123 0096Z/(123 62157 5652507 Kin ~ "'''' 47.7 " -0.5 1.29 -, .. 28.2 ., 1., 0.67 1.<15 '" 30 60 0,'
Z/(12J 0096Z/(123 82157 6852508 K~Billy' "'''' 61 53.6 -0.5 1.' ·5 __

~
23.4 ~-~ 2.06 0.&8 1.16 503 43 _. 297 Qgul

ZK123 OD96Z/(123 82157 5852509 Kina Billv 34188 53.6 57 -0.6 1.82 -, 91 32.7 ·5 --~-4~9-~ 391 23 53 Oaul
ZK12J 0098ZK123 82157 5852510 "Ie Bill 34188 57 60 0.' 0.64 ., " 31.6 ~ 0.78 0.36 0.17 297 39 303 0"
ZKI23 0096Z/(123 82157 6852511 "Ie Billy 34188 60 " 0.7 068 -5 4' 32.4 ~ 067 0.39 0.7 '" " 117 Ogul
Z/(123 00962/(123 62157 5862512 I<~B~IL 34188 " " 09 095 ., 00 322 -, 0.84 0.52 101 350 31 53

~~ZKi23 0096Z/(123 82157 58525;5- Kin Bijly 34168 " 69 0.' 0.77 ., 57 31.7 ~ 0.65 0.43 066 '" " .. -OOm,
ZK123 0096Z/(123 82157 5852514 Kle Bill "'" " 717 -0.' 0.69 ., 69 28.8 ., 0.75 0.48 104 311 " <3 m,
ZI<123 0096Z/(123 82157 5852515 Kin Bill 34/68 71.7 75 -0.5 20' ., 117 23.1 ., 0.116 1.12 1.. 377 " 94

"ZK123 0096ZK123 82157 5852516 Kle Bill 34/86 75 77 -0.5 1.99 -, 107 19.6 ., 0.82 1.09 119 '" 30 ,,, 0"
ZI<123 0096ZK123 82157 5852517 "Ie Bill 34188 77 788 -0.5 609 15 314 10.7 " 195 3.22 093 ,,, 93 '87 0"
ZK123 0096Z1<123 82157 5852518 Kin B~ 34/68 78.8 8011 -0.' 8.72 .,

'" 042 24 3.02 4042 093 500 107 47S 0 ,
ZK123 0096ZK123 8.2157 5852519 Kin Billv 34/88 00.' 81.3 -0.5 1.82 " 145 1.73 ., 33.1 0.99 0.16 10200 69 eo 0,"

~~23 0096ZK123 82157 5852520 .!S!!!fIBili 34/88 81.3 8204 -0.5 6.75 ., '60 1.18 '3 1.77 3.56 0.28 397 14' m 0
ZK123 0096ZK123 62157 5852521 Kin Bill 34/88 82.4 8304 -0.5 195 , ". 3.57 ., 24.2 1.06 1.05 6350 39 54 o ,d
ZK123 0096ZK123 62157 5852522 Kin Bill "'08 03.4 84.1 -0.5 6.95 57 ". 0_21

"
1.74 3.79 1.52 3280 49 33' r,

ZK123 0096ZK123 82157 5852523 Kin Bill 34/BB 64.7 05.5 -0.5 5.24 ., '" 0.16 10 , ,., 068 35 .. '" "ZI<123 0096ZK123 82157 5852524 Kill Billy "'''' 05.' " -0.5 5.71 ·5 '04 0.23 , 156 , 0.51 '030 '01 747 I,
ZK12] 0096ZK123 82157 6852525 Kin .!!!!!l" '4108 87 87.6 -0.5 4.66 , '67 0.21 " 401 2.62 0.52 400 243 ", I,
ZK12] 0098ZK12J 82157 5852526 Kro Bill ""08 87.6 88.6 -0.' 4.96 .,

'" 0.17 '0 2.97 2.62 0.5 1130 79 SO, "ZK123 0096ZI<123 62151 5652527 K', Bill "'''' 86.6 90 -0.5 3.06 ., r05 0.26 , 4.91 1.61 0.32 1730 9B 364 I,

~~123 0096ZI<123 82151 6652628 K', Bill., 34IOIl 90 91.9 -0.5 4.03 ., '26 0.24 '0 674 2.12 0.4 3070 ", 527 "ZK123 0096ZK123 62151 68525~9 K', Bill "'''' 91.9 93 -0.5 6.29 17 '" 0.' "
665 3.12 0.54 11 10 '94 717

"ZK123 0096ZK123 82157 5852530 K" Bill ""08 93 94.5 -0.5 6.11 10 "" 001 " 5.26 3.14 0.56 373 '" 950 0"
ZK123 0096ZK123 82157 5652531 Kin Bill 34J08 94.5 9B -0.5 4.06 , '06 0.05 .. 1.8 '.1 0.35 "' " 26' "ZK123 0096Z1<123 82157 5852532 K', Bill 34/88 " 99.5 -0.5 3.' 104 '98 0.06 " 772 1.84 0.25 4" 14' 474 "ZK12] 0096ZK123 82157 5652533 "ro Bill "'" 99.5 10' -0.5 1.21 163 93 0.08 115 16.5 0.55 015 1200 '" '" I,
ZI<123 0096ZK123 82157 5852534 Kro Bill "'''' 10' 101.6 ·0.5 5.1l6 11 333 006 " 3.55 2.76 0.41 247 115 69' "ZI<I23 0096ZI<123 82157 5652535 Kin Bill "'" 1016 103.8 -0.5 6.66 , ,,, 0.05 27 2.19 3.16 041 00 " "' "~?3 0096ZK123 82157 5852S3§. ~.Blll "'''' 103.8 104.6 -0.5 6.59 , ,,, 0.08 52 9.93 2.97 0.4 173 4S 400 "ZK123 ODi8ZK123 82167 5852537 ~~BIII "'" 104.6 107 ·0.5 6.74 " 303 0.07 37 6.37 3.03 0.36 470 " 20' "ZK123 0096ZK123 62157 5852538 Kin Billy "'''' 107 109 ·0.6 6.01 ., '94 0.05 15 3.69 2.82 0.37 114 12 93 Om
ZK123 0096ZK123 82157 5852539 Kill Bil "'''' 10' 111 ·0.5 '.33 ., '36 0.05 , 3.03 1.B9 0.29 ,,, ·10 OS Om
ZK123 0096ZK123 62157 565254-0 Kill Bil "'''' 11' 1137 '0.5 2.96 ., '69 -005 ·5 2.96 1.29 019 74 10 " Om
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Appendix V

King Billy Soil, Rock Chip and Stream sediment sampling

Logs and Assay Results



So no Loco< localll AMGE AMGN Som T Do 111 MRIUIh FleldlD Texture AJI/Mln CoIoul Comments I
547Q:.27 0 500 366400 5350700 SOU 0' Licht Drown 10 oron dll hi en st/aaks Small rock fragments - on lor, ond lor ermore rounded eDDIes. 00 .,,8 soft and "able.
5470026 " 500 368425 5350700 SOU 06 Dark brown and oro a Cia Small rock fro menl$

5470029 50 500 '6B450 5350700 Soli O. QrOl"'lQ8 ol"ld brown ClOY. very soft and plKlble. Small fock fraomenls

54'0630 " 500 306475 5350700 Soli 0.' LI hI 'a, rovel- V8 soft-and wet. 51TJ:)1I rOCk fro ao'
547lYJ31 100 500 36600) &350700 Soli I Predomlnantlv lIohl blown ckJv wtlh oranns/led. dark brown and orean Ie~. Very soft and o~tty

5470032 125 500 366525 5350700 Soli 06 000 Cia - very com oct and lIoble.but ulle st1ll. L hI '" lenses with small rOCk fro 0"
5470033 150 500 368550 5350700 Soli 0' L1ohlore ravel· an lJc. roCk frooments
5II1re34 "5 500 366575 5350700 Soli 05 1I hI Cfay ofC1llsl· on u10r roCk fragmenls
5470635 200 500 366600 5350700 Soli 0' " hI ,a, lOVel . an LJlar rock fra ments
5470636 225 500 366625 5350700 Soli 0' Uoht Olav arCNsl- anaulor roCk rlOaments
547Cl637 250 500 366650 5350700 8m1 0' Uchl crey alavel- an u10r rock 'ragments
5470638 275 500 366675 5350700 8m1 04 U I a, ravel - angular rock Ir ffilants
5470639 -25 500 366J75 5350700 8m1 0.' UQht orev ravel· an ulor lock fragments
5470640 ·50 500 ''''50 5350700 8m1 0.' """ 10 ravel - on ulor lock I moon
5470641 -75 500 36aJ25 5350700 8m1 0.' " I 10, ravel - on ulor lOck II menn
5470642 -100 500 ""00 5350700 Soli 0.' light grey cravel - onoular lock Iragments
5~7Q0.4J -125 500 368275 5350700 Soli 0.5 LI I 10 ravel - on 001 rock" mao.

I I
""1'4' 100 500 "'''I;) 53_0 Rock chi
5470645 100 500 368390 53_0 Rockchlo Quartzl1e - hJJlchly silicified with hvdralhermCJlveln. white to po.lrple In colOlJr wlttJ Iron o.-Ide or monconese
5470646 100 500 368355 5350672 Rock chi

5~7Q6.47 0 0 368230 5351180 Stream --
5~70648 0 100 306260 5351050 Stream
5470649 0 200 368270 53510X1 "'aom
"70650 0 "5 368300 53'"'''0 "'aom
5470651 0 <00 368270 5350500 "'aom
5470652 0 500 368390 5:l50710 "'aom
$470653 0 515 368325 .,""'" "'aom -
5410654 0 515 368300 5"""" Slreom

Assa Results for the Kin •• M Ar.omo A
77397 AI '" Co Cd Co CO F. K U M Mn Mo " No PI> • 10 C, W "" Be n V Ao PI Pd

5470627 ·5 ,.,50 -10 15' -2 1010 15 46560 7980 25 5850 170 -10 " 562 ·50 " " 12' ·5 -, Hl' "" '" 12 -05 1.7
547~26 ·5 74700 ·10 189 -2 '" 15 123200 6650 " 11200 2" ·10 " '" ·50 15 " '" -5 5 " 106~0 "I

, 1.' 4.1
547Ctl29 -5 37330 ·10 I" -2 " 5 53650 "'0 21 3~70 '7 -10 22 I" ·50 16 " 112 -6 , 57 6727 162 1 -OS I
5470630 -5 6l9O ·10 119 -2 7 ·5 '480 2210 7 5" " -10 ·10 96 ·50 7 ·5 " ·5 , " "'" " -I -0.5 1 ,

S47~31 ·5 75820 -10 17' -2 " 11 "6QO 12080 46 7310 1" -10 73 '" ·50 " 66 217 ·5 4 " 12319 257 -1 0.' 1.6
547~32 -5 2BOJO ·10 15' ·2 , -5 20100 '''0 12 1610 " -10 10 "5 ·50 " 11 "' ·5 , J5 1203' 146 1 0.' 1.7
547~33 ·5 "'" -10 225 -2 10 -5 7<120 1650 ,

'" 48 -10 ·10 '" ·50 6 12 70 -, -, 22 "M " ·1 -0.5 -0.5
547~J4 -6 9430 -10 104 -2 , ·5 QQQO ~230 7 760 48 -10 -10 257 -50 11 7 "

., -, .. 3704 .. -1 -0.5 -0.5

5470635 -5 12180 ·10 107 -2 , -5 '12il 3520 12 5" 25 -10 -10 155 ·50
"

·5 " -6 -, 22 ..12 " ·1 -0.5 -05
547CtJ36 -5 10440 -10 " -2 I' ·5 "60 "2il 6 '50 " 10 -10 I" 50 20 11 " -, -, 37 2859 2Q -1 -0.5 -0.5
5470637 ·5 "20 -10 190 -2 , -5 "50 1330 8 210 " -10 10 206 ·50 27 6 32 -5 -, 27 1963 " ·1 -05 -0.5
54706~ -, 12420 ·10 '" -2 6 -5 41JQO 4630 12 550 " ·10 ·10 "" -50 " , " 5 -, 70 3969 l' -I -05 0.5
5470639 ·5 12590 -10 " ·2 , -, 4060 "2il 10 '''' " -10 ·10 "I 50 l' , 58 -5 -, 56 3290 28 , -0.5 ·0.5
5~7064J ·5 10660 -10 M ·2 8 ., 5030 4080 9 ,.,

" -10 ·10 '" ·50 16 ,
" -, -, 56 16<2 17 ·1 -0.5 -0.5

5~706<l1 -5 19340 -10 102 ·2 -5 -5 4610 '550 10 52? " -10 ·1Q "2 ·50 2Q '~( -5 , " 2832 " ·1 -0.5 -0.5

5470042 -5 21610 -10 173 -2 10 ·5 "50 5760 6 '" " -10 -10 990 ·501-51 , 56 -5 -, " 4691 48 -1 -05 -05
5~7064J -, 12960 -10 67 -2 , -5 ..50 '''0 9 '" " -10 -10 605 -50 " -5 " 5 -, 56 2086 21 -1 -05 -05

547C\6.44 -5 65210 ·10 "40 ·2 ,.
" 79610 ICllOO 46 2"20 712 -10 92 106J() ·50 " 130 248 -5 5 89 11115 '00 1 " 56

5470645 ·5 2270 -10 9'1 -2 12 , 32840 -500 , 137 ", -10 ·10 10' ·50 ,
" 12 ·5 -, " 55 25 -1 -0.5 -05

""1M' -5 780 -to 76 -2 6 9 23130 ·500 2 50 2" -10 ·to -50 -50 2 6 9 -5 -, 18 -50 19 -1 -0.5 -O.~

5470647 -, 8770 -10 172 -, 6 -5 "00 3160 12 12~0 92 -10 10 an ·50 6 2Q 1653 -5 -, ,. 4012 " -1 -05 -0.5
547C\6.46 -5 11760 -10 190 -2 11 -5 12260 41/30 " 1950 118 -10 -10 1020 -50 9 27 1529 -5 -, " 4513 " -I -05 ·0.5

~
-5 14630 -10 201 -2 21 -, 16060 5110 15 2QBO 152 -to " 1130 ·50 10 " 868 ·5 -, " "" 53 -1 ·0.5 -0.5

54706ffl -5 15910 -10 24i -2 "
, 22960 4550 16 3110 222 ·10 15 1560 ·50 " 6l "05 ·5 -, 21 6085 82 -I -0.5 -05

5470651 -5 17960 -10 "I ·2 " 6 26920 6<'" 15 ,.50 '" -10 19 ,,<0 ·50 " 61 0 0 0 0 0 0 -I -05 -0.5
54706~2 -5 24620 -10 285 -2 19 , 26220 6220 18 5160 229 -10 " 1550 -50 12 55 0 0 0 0 0 0 -1 '8 -0.'
50470653 -5 27600 -10 '86 -2 51 " 50150 4560 " 65/0 "5 -to 32 ogt:b) ·50 32 107 0 0 0 0 0 0 15 " I.'
547CtJ54 5 24760 -10 251 ·2 '0

, 31670 6710 " 5760 268 -10 26 1980 -50 " 65 0 0 0 0 0 0 -I 1.2 07

-
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Appendix VI

Rose Valley Wacker Sampling Geology and Assay Results
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" "" " '"5852486 "'" ROSE VAllEY ,... ,., .."" ""... WACKER 1.3Y • '" "'" 'G Mk:rite "'"'' .. ,." ., " 293 , ..'" 1.01 0.41 '" " '"6652487
~}5a ROSE VAllEY ,." '" 361073

~~~~~
WACKER " QIj" '" """ 'G ",.. 5852487 ., l.Bl " .. 293 , 1.12 0.69 104 " ~l~6652488 "". RoSE VALLEY ,... 360 361048 WACKER. 1.3 Y • '" tr 'G POlII. m~ril(: lmellone • c.~le velnl 6852488 " US • " 21.1 ., 0.31 00 U.l? "~2489 "". ROSE VALLEY ,." "S 381024 !hW7974 WACKER 1.4 N • '"

,. GD, o.srbJrdon/be(lrod< + len lnous ~ mBllls !>B52489 ., 4.51 " ". T." • 1.14 1.14 D" .. " '"6&52490 "'" ROSE ""llEY 28188 ,.,
""" 53HB78 WACKER 9.li Y .. '" ," W'G Bull colour bLII ve.., rBBCli..e 6852490 "

, • " .. • 047 0.46 0.46 '" " en
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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 whilst 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 airborne 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 Zeehan under licence to CRAB.

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 ZnJPb 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
interpretations of the results. Locations of the prospects are shown in plan Tvl022.

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 (CRAB - Orange).

Sub-divisions of the Gordon Limestone for drillhole 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 Comer-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 «3krn2) 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.

July 1996 Helicopter-borne Magnetic Survey. Zeehan, Tasmania CRAE Rep. No. 22222 3
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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
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 I nT 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 Tv I026).
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 clastic 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 control could not confirm them) and the Amber Slate of
the Silurian 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.

Comments on the interpretation of these sub-areas are ;-

3.1 King Billy (plan Tv 1140)

• The southern margin of the Gordon Limestone is marked out as a major anomalous
zone. In part, the anomalous horizon is coincident with the Dark Clay and Siderite
Units at the base of the Gordon Limestone which have elevated zinc values.
However, it is possible that the limestone is flat dipping with underlying
unconformable Cambrian sediments (?volcaniclastics locally) close to the surface
and thus causing an anomaly 'over-shoot' into the Gordon Limestone outcrop
(370000mE, 535 1500mN).

• The southern margin anomaly is one order of magnitude greater than those
anomalies which have been used for other potenti2~siderite modelling.

July 1996 Helicopter-borne Magnetic Survey. loehan. Tasmania CRAE Rep. No. 22222 4
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3.2

3.3

3.4

• There is a large magnetically elevated zone at the west end of the prospect which is
associated with an inferred cross fault, siderite and particularly dolomite alteration.
There is a facies thickness variation implying that this cross fault may be a re­
activated syn-sedimentary fault (369450mE, 5352000mN).

• A very high amplitude N-S striking linear magnetic anomaly lies Southwest of the
Gordon Limestone (2 orders of magnitude greater than any limestone anomaly).
This N-S anomaly is hosted by Cambrian sediments. An initial field inspection
suggests that the cause is a mafic breccia unit similar to the breccias seen at Tennant
Creek in the Northern Territory (368350mE, 5350800mN).

Firewood Siding (plan Tv 1143)

• Processing of the vertical derivative data has produced a plethora of potential
siderite alteration-related anomalies.

• Significant magnetic highs occur at the south end of the prospect @361000mE,
5347900mN and 361100mE, 5348100mN. These highs are within a major
elevated magnetic zone in contact with the Moina Sandstone anticline.

• There is an inferred siderite zone beneath the Siltstone Unit at West Baura
(361700mE, 5349250mN)

• There is a possible siderite zone 500m south of the above locality proximal to the
major Firewood Siding Fault;

• Other potential siderite zones include along strike from the above site, at
361900mE, 5348100mN, south of the main outcropping silica breccia body
(southern end of the Firewood Siding prospect).

• The Firewood Siding Fault is difficult to trace across the limestone.

• Bridges over the creeks are identifiable as cultural anomalies ego 362100mE,
5349200mN.

• The Siltstone Unit is mappable for approximately 3kms.

Professor Range (plan Tv 1144)

• A line of relatively strong magnetic highs occurs along the contact between the
Gordon Limestone and the over-thrusted Owen Conglomerate.

• Some of these magnetic highs appear to be underlain by Gordon Limestone and
warrant drill testing eg 365800mE, 5351400mN.

Amber Creek (plan Tv 1140)

• .... The Siltstone Unit is discernible for most of the prospect as is the Crotty
Quartzite/Gordon Limestone contact.

July 1996 Helicopter-borne Magnetic Survey, Zeehan, Tasmania CRAE Rep_ No_ 22222 5
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• A distinct, arcuate linear feature occurs at the prospect's southern end at the
junction with Professor Range (367300mE, 5350250rnN). No explanation is
offered.

Simon Tear
John Tesselaar

...

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

General Geological Interpretation Summary

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

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 Moina Sandstone is a magnetic low near the overlying Gordon Limestone. At Grieves
this low unit is 200-30Om thick before passing down sequence into a magnetic high. This
high unit may be part of the Owen Conglomerate.

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

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 Comer Tom Creek and Pyramid.

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

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.

•

•

•

•

•

•

•

•

•
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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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At the request of eRA, 8 full days in October 1995 were SDent logging core
through Ordovi~ian sedimentary sequences from drillholes in the Zeehan area.
An extra 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.

LITHOSTRATIGRAPHY

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 DEll L or where the lov.-en limestones are replacec. bv siderIte or
are mineralised then the placement of the boundarY may be a~bitrary."In all
sections, delineation of the boundary has to regarded as a matter or taste. In most
sections I have taken the boundary to be the first obvious and definite limestone.

4
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Fig.l 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, Surrett 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, I 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 knovm 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 palaeoenvironmental 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 BJI and BJ2 on Fig,S. 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.

6
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Fig.2. Simplified stratigraphic columns showing diachronous base of the Gordon Gp and of the
Moina Fm. l=Queenstown, 2=Vale of Belvoir. 3=Lower Gordon River.4=Mole Creek, 5=Florentine
Valley, 6=lda Bay, 7=Prec.ipitous Bluff, 8=Point Cecil, 9=Surprise Bay. (Burrett el al. 1984).

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

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, DIM 84-6 and DB 110 but is not
obvious in ZM190.

The UDper Black Jacks Fm is completely dolomitised in some holes (ZR
104) and partially in others (DTM 84-6, OTB 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 ).
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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.

Fig.3. Generalised palaeogeography of the Tasmanian miniplatform in the Caradoc showing
inferred directions of transgression. Dotted link between Tyennan and Rocky Cape regions may be an
isthmus transgressed during Late Caradoc times.
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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 FigA, 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 (FigA). 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 supratidal 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 (BJ 1 and BJ2) at Grieves,
Myrtle (ZM189) and at Black Jacks (DBll0).

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 Overr10w Creek Fm
at Mole Creek.

1 1
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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
identification 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 dolornitisation 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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Appendix A

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

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

AppendixB

Peritidal Carbonates from Walker al')d James Eds 1992. Facies Models.
Geological Association of Canada.

AppendixC

Lithostratigraphy at Mole Creek, Burrett et al. 1989.
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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 Aorida (Ch. 26), another example of
restriction of oil to 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 19205, 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 mig~ating waters have
been able to dolomitize a considerable thickness of
strata; the oil is restricted to the porous dolomite 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 nature of dolomitization extends to its

'''11111.:••_IIM!

321073

figure 13.52 Michigan Basin in Middle
Ordovician lime. showing the Cincinnati
Arch bifurcating into twO acenes as it
crosses the basin from the south. The
Trenton Group carbonates are dolo-­
mitized over the arches and along linear
fracture lones; oil accumulations are re­
stricted to the do[omitized portions.
Dotted outlines on map delineate present
Lak.es Michigan and Huron. (Aftet K. K.
Landes. Petroleum geology of rhe United
States. New Yorx.:-·Wilf1Y-lnterscience.
1970; and G. V. Cohee. US Gee!. Survey
Preliminary Chart no. 9. '945.)
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RESERVOIR ROCKS

ALL DOLOMiTE

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 amount, 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 partial 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-
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I effects on skeletal remains. Aragonite is much more
easily dolomitized than is calcite, so shells of gastropods,
:ephalopods, and corals are dolomitized earlier than

I ,hose of brachiopods, ostracodes, or echinoids. Well
sorted crinoidal or shelly limestones are less dolomitized
han surrounding rocks which contain less coarse

I naterial and more cement. Calcareous algae are easily
dolomitized because high-magnesium calcite is depo­
,ited on thllm during their lives, and the algae them-

I
:elves 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 Erie and
Huron. southwestern Ontario. Canada. Contours at 20 m intervals
below sea level. Note apparent syndinal Structure. (bl Cross section
along line A-B. to show dolomitized fracture zone creating a
·pseudo-syncline." (From B. V. Sanford. Geo!. 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.

I

I
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Brian R. Pratt, Department of Geological Sciences, University of Saskatchewan,
Saskatoon, Saskatchewan S7N OWO
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Figure 1 Panorama 01 Cambrian shaJlow water limestones and dolostones. Oezaiko
Range. easl-central British Columbia. Distinctive ·stripy- bedding of lower unit., to the right 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 dolomitized subtidal
limestones. and the left side comprises pelilidaJ limestones of the lynx Group.
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INTRODUCTION
Umestones and dolostones composed
of calcareous sediment deposited in
very shallow seawater and on muddy
tidal lIats are probably the most con­
spicuous carbonate facies in the rock
record (Rg. 1). The lenn peritidal (from
the Greek peri, meaning around or
near, and tidal, relating to tides) was
coined In passing by Folk (1973) and
has proven a useful 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 direclly 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 (James,
1984), now referred to as a shal-

lowing-upward succession, in which
marine sediments are overlain succes­
sively by muddy carbonates depos~ed

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 platfonn 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 sediment of biotic evolution
through geologic time. Peritidal carbon­
ates are also economically important
because they host Pb and Zn depos~s

and frequently fonn hydrocarbon reser­
voirs.

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

sponse to biological evolution and
provide ancient examples of com­
monly encountered peritidal facies,
with evidence for their interpretation.
Rnally, we outline how peritidal facies
are preserved in the stratigraphic
record, describe current hypotheses
used to 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
boost with the largely petroleum
company-funded research on Holo­
c~ne tidal flats during the 1950s and
1960s. This produced comprehensive
studies on shallow water sedimenta·
tion of south Rorida (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
Shari< Bay, Western Australia (Logan et
a/., 1970, 1974). Observations from
these areas were qUickly applied to
ancient examples (e.g., Beales, 1958;
Roehl, 1967; Matter, 1967; Laporte,
1967; Ginsburg, 1975; Schwarz, 1975),
which ushered in the modern era of
carbonate sedimentological thinking.
These Holocene examples, together
with more recently studied flats in the
Caicos Islands (Wanless et al., 1988)
and southern Australia (Burne and
Colwell, 1982; Belperio et a/.. 1988) are
fundamental reference points for the in­
terpretation of carbonate rocks and il­
lustrate the wide variety of potentially
preservable peritidal environments. The
carbonate tidal nat is an easily acces­
sible area and students are encouraged
to explore for themselves a modern
example.

Three bathymetric zones are recog·
nized in the nearshore setting: sub­
tidal, intertidal and supratidai (Rg. 2).., ,
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Holocene carbonate tidal flat
environments
Shallow subtidal and lower intertidal
The shallow seafloor oceanward of
modern tidal flats is generally a bio·

factory), can be Subsequently trans_
ported and molded Into tldal lIals
physical processes. In this sense t dbY

fl I ·t . , I aJa S are reposl ones of allochlho. nou~
sediment, and accrete as Wed
along shorelines (e.g., Qalar. Shg:~
Bay, Spencer GUlf), in Ihe lee 01
rocky islands (e.g.. northern Bahamas
Caicos, Belize), spits (e.g.. Flonda) a~
reefs and shoals (e.g., Trucial Coast),
and as discrete islands and banks 11"1

shallow seas (Fig. 3). This last setl;ng
is inferred from ancien! examples
because modem shelves are compara~

tively narrow and not directly analo~

gous to the broad epeiric seas that
were common in the past.

For muddy tidal flaIs to form they
must be protected from open Ocean
swells and such protection can be pro­
vided by a platlorm 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.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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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 diurnal or semidiumal
basis. It is generally dissected by sub­
tidal creeks and dotted with brackish
or saline ponds. The supratidal zone is
above normal 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 sedi­
mentologists (Chapter 19).

The three-fold environmental subdi·
vision is only an approximation, how­
ever, since tidal flats are often geo­
graphically complex, and tidai range
can be modified by winds. While the
environments are due 10 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
flats, that result in sediment deposi-

ARID

tion. Even so, it is still the depositional
environmerlls, which are generated by
daily lunar tides, that contain the dis­
tinctive sedimentary features that
allow us 10 pinpoint facies so precIse­
ly. One approach to the analysis of
environmental subdivision is to assign
a specific, quantitative ~exposure

index~ to lithologIC features based on
Holocene examples (see Hardie,
19n), 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 water depth. Strong tidal currents
are generated when water is forced
through relatively narrow straits or
mouths of bays or over shallow shoals.
Modern peritidal carbonate envi­
ronments are exclusively microtidal.
There is as yet no satisfactory way of
judging ancient tidal range, but the
scarcity of sedimentary structures
formed by strong tidal currents sug­
gests that most ancient carbonate per­
itidal settings were also microtidal.

Where do they form?
Carbonate sediment, generated most­
ly in the subtidal zone (the carbonate

DESERT

ANHYDRITE

HUMID

l.EVEE

El.EVATED
SUPRATIDAL

SUPRATJOAL
ALGAL MARSH

BEACH RIDGE

CARBONATE
TIDAL FLATS

I
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Agure 2 Blocx diagram showing the main morphological elements of a carbonate tidal flat. Lett: a hypersaline tidal flat with few channels
bordering a desen and developing evaporite deposits (based on modem Persian {Arabianj Gutf). Right: normal-marine lidal flat wtth many
creel<.s. or channels. and ponds in a humid to sub-humid setting (basea on modem ~rnas)-
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Figure 4 Simplified map of modem tidal fiat areas near Abu Dhabi. Persian (Al"d.blan) Gulf;
based on Purser (1973).

Figure 3 Brock diagram of a carbonate platform. with basinward to left and landward to
right. showing possible locallons of,tidaillats: 'In the lee of reefs and carbonate sand shoalS,
as islands, and as shoreline deposits.

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 restricted biota of microbial mats.
foraminifera, gastropods. small bi­
valves, shrimps, ostracodes, and ne­
matode and polychaete worms that is
adapted to fluctuating salinity. This as­
semblage. living in a stressed environ­
ment, IS tfpically one of high numbers
of individuals but low species div~rsity,

different from the immediate offshore

Intertidal /lats
Higher in the Intertidal zone, microbial
mat caver is more permanent, and
forms thick, leathery carpets that can
be locally shrunken, torn and folded_
over (Fig. 5). These exhibit various
SJJrtace features such as pustules,
blisters. wrinkles, crenulations or
small, domical stromatolites. These
mats are composed of a vanety 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 beneatn them. The taxo­
nomic makeup and surface appear~

ance of such mats varies with degree
ot subaerial exposure and can be re­
flected in the microscopic nature of the
underlying iaminalion. This type of
lamination was called "algal- or
"cryptalgal" before geologists became
1amiliar with the detailed biological
nature of the mats; "microbial" seems
now to be the preierred adjective.

ered during low tide with an ephemeral
microbial ("algal") slick thai is the
source of food for grazing organisms
such as gastropods and worms.
Crabs. shrimps, worms and fish are re~

sponsible for the bioturbation in the
underlying sediment. Many low~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 micntic high-Mg calcite,
torming gently seaward-dipping layers
of beachrock. Beachrock tends to be
crumbly and easily eroded. and sup­
ports a hard-substrate biota of en­
crusting and boring invertebrates,
plants and microbes.

CARBONATE
PLATFORM

SHOAE.FRINQING
TIDAL FLAT!:

IABU DHABI'

~

some higher-energy nearsnore areas
where wave agitation is frequent.

In tranquil settings of normal salinity,
the lowermost intertidat Zone tends
also to be a thoroughly bioturbated
mixture of lime mud. pellets and bio­
clasts. This sediment is usually cov-

N

t
10 km

1:;::::::::3 beach & eolian dunes

h~fr~d supratidal

_ intertidal

o subtidal

turbatad and pelleted lime mud vari­
ably rich in shelly material from
benthic oganisms. and commonly sup~

ports a cover of sediment-stabilizing
sea grasses (Chapter 15). Protective
low-relief banks of cross-stratified
ootitic or bioclastic sand are present in

o
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Figure 5 U::;)oer Inier\ld21 mlcro8,ai ma; rT.(i;r;lv composes :>f filamen:ou:, C'fanotacteria
(Microc::Jieus; Ihal has snrunken 1,,:0 desicca;ion pOivgons =;:;;:3 Jewfish. 50:lai:e: :~cwel is
about 25 em iong.

Figure 6 ObilQue aerial DhGlo;:r20t"l of the lijal llalS cr' :~e nor-:heas: :oa~, 01 AndroS
lslanc. Bahamas. lOOking north Offshore subtidal is 10 the lett. Tne whIle areas along the '''J

channel edg% are supratidal levees, The dark oatches are '~!ertldal microbial rialS bC!lween

the levees a:ld around lne peflpnery of me mainly subtloai ::onas The flela 0: ",Iew IS aDou!
3 km across

I,oliles lhese are partially Iithi/jed by
hlgh-Mg:2.::::lle cement and caic:lica­
lion at orgar.lc substrates, and are in­
terbedded '.",'Ith thln-bedaed. locally
b:oturtJale: lime mud and bioc:astic
and peloica l carbonate sand deposited
dUring storms Much 01 the microbially
laminated sediment shows fenestral
laorlc. i.e .. ',;8 presence of millimetre-

L()r.d'NC!rd pans of !he supratidal

zone grade :1:10 collan dp[)QSI:S, SOlis
or [reshwaler marshes ana Jakes, Or

onlaD bedrOCk sur1aces. deDenaing on
the region's geography and cllm2!e
Marsnes and iakes. which eXist in me
more humid areas and have Iluc!u­
atlng 'Nater chemistry. are character­
Ized by mlcrobl.?J,i mats and stroma-

Supratidal flats
Most of the sediment suriace in the
upper intertidal and supratidal zones Ls
covered by microbIal mats that are
typically shrunken into desiccation poly­
gons and commonly dislodged into
chips or intraclasts. The lamrnated sedl-.
ment beneath these mats IS generally
fine grained with occasIonal coarser in­
tercalations thaI reflect deposition by
exceptional storms and, in some
regions, by wtnds blOWIng off the nelgh­
bounng land surlace. Beds and nodules
of anhydrite precipitate in' these sedi·
menls In arid settings (Chapter 19). In
many areas, the supratidal zone is the
locus of widespread synsedimentary
cementation by microcrystalline arago­
nite, hlgh-Mg calCIte. or dolomite. This
forms !Ithlfled 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 (sall-lol­
erant) plants such as grasses and
mangroves. Evaporatlng sea spray can
be responsible In some and areas for
fans and Isopachous layers of fibrous
aragonite that encrust stable substrates
such as beachrock and shells. forming
objects termed coniatolites_

biota. Copses of mangroves are usually
present, except in the most arid areas
Also characterIstIc of the intertidal
zone are permanently submerged tidal
creeks or channels that are the con­
dUits lor lidal flooding and draining
(Fig 6). Such tidal creeks (least com­
mon in arid settings) are up to several
metres aeep and tens of metres wide,
and contain a basal lag of semilithlfied
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·
ally, as they do in siliciclastiC tidal flats,
and leave behind a vertical succession
of cross-stratified, intraclastlc 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 oi tne Inter­
nal fCicles mosaic of Intertidal flats that
IS generated by such mrg,atlon are not
well understood. but studies oi modern
flats suggest Ihat it may be consider­
able (Hardie, 19(7).

I
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Figure 7 The supratidal flat at Fisherman Bay, Spencer Gulf. southern Australia. The
polygonal crusts are lithilied and have been thrust into teeoees by episodic groundwater
resurgence. Crusts in the foreground are roughly 30 em across.

Figurl! 8 Outcrop at lenticular and wavy beds at wave-rippled peloidal grainstone (light
coloured) in argillaceous dolostone (dark coloured), prObably deposited in the [ower intertidal
z.one. Pefit Jardin Formation (Upper Cambrian), Port-au-Port Peninsula. western
Newfoundland: lens cap is 6 em across.

exerted an import<lnt Influence on the
nature of carbonate tidal flats. This is
manifest in several ways. via 1) the in­
crease In diversity of carbonate-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 subtidai carbonate factory was
in its infancy during Precambrian time,
when CaCO J was extracted from sea­
water by inorganic and microbial pro.
cesses only. Peritidal strata during this
phase in Earth's history are composed
of ooids, intraclasts. stromatolites.
supratidal tu1as, and variable amounts
of lime mud. Some subtIdal units are
entirely siliciclastic. and large-scale
cyclicity of alternating calcareous and
noncalcareous facies (e.g., Gretzinger,
1986; Bertrand-Sartati 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 sedimenHngesting invertebrates ._
b-eginning in Cambrian time 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
iniluenced precipitates. ThiS no doubt
changed the nature of tidal flats by
causing increased mobility of the sub~

strate. making it less and less likely 10
be cemented quickly or encrusted by
stromatolite-forming microbial mats
except in hypersaline areas (Pratt.
1982). It has been commonly held
(Garrell. 1970) that grazing inverte­
brates such as gastropods caused in·
tertidaJ stromatolites to become scarce
aher the Proterozoic, but the above
sedimentary reasons rather Ihan eco­
logic pressure seem likely to have
been responsible for this decline.

Proterozoic 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 er al.• 1989).
These cherts are importam because
they host the bulk of the Precambrian
fOSSil record (Knoll et at.. 1991).

Bioturbation became a sediment-

Geological evolution of
peritidal facies
Biological and environmental develop·
ments through geologIc time have

(Kendall Clnd Warren. 1987). These
also contain complex generations of in­
lernal sediment and aragonite and
high-Mg calcite cements.

to centimetre-sized subhorizontal,
sheel-like pores formed as voids
bridged by microbial mats or as molds
of degraded mats. Declmetre~scale

tepee structures (Fig. 7), consisting of
disrupted and overthrust crusts of lithl­
tied, tufa-like fenestral sediment giving
an inverted V-shapea cross section,
form In areas of groundwarer discharge
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Figure 9 Simplified outcrop sketch of hypothetical channel or creek deposits cui into tidal
flat faCIes. based on examples from the Walerlow[ Formation (Upper Cambrian, Rocky
Mountains, Alberta; Waters el at., 1989) and Elbrook-Conococneague Formations (Middle
and Upper Cambrian, Virginia; Koerschner and Read, 1989).
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especially when they contain features
uneqUivocally of subaerial origin.
However, some facies cannol be as­
signed confidently to a bathymetric
position, and for these Walther's Law
must be invoked. Furthermore. tidal
processes involve such a variety of
energy regimes, sediment sizes and
climates thaI there may be a hmit as to
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Figure 10 Thin section pholomicrograph of limestone composed ot loosely packed micrite,
micrit~peloids. articulated ostracode valves. and calcimicrobe (Girvanella) filaments with
organic-rich walls. This sediment is interpreled to have been deposited in a tidal flat pond
because of the low-diversity biola and the calcification of filamentous cyanobacterial thalli.
Table Point Formation (Middle OrdovIcian), Port-au-Port Peninsula. westem Newfoundland;
scale bar is 1 mm.

Ancient peritidal carbonate facies
EnVironmental Interpretation of peri­
tidal limestones and do[ostones IS

easily aChieved in the broad sense,

look so much like siliciclastic counter­
parts trom settings that lack slgnlflcant
seagrass communltles.

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 invertebrate di­
versification and the resulting ap·
pearanee of new organic substances.
The organic content and therefore the
geotechnical properties of tidal flal
sediments surely changed in the earty
Paleozoic. The effect of bioturbation
seems to have increased dramatically
after the late Paleozoic or earliest
Mesozoic (Thayer, 1983; Battier and
Ausich, 1986; Pratt. 1991). This was
heralded by the evolution of a more
diverse fauna including animals. such
as certain shnmps 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 often subse­
quently bioturbated when buried by
subtidal or lower intertidal sediments
with an active deeply burrowing
infauna. ~

Evolution of angiosperms since
Cretaceous time has meant that the
disruption of tidal flat sediments by
haiophytlc piants has become a char­
acteristic of Cenozoic depOSits. In ad­
dition, shallow subtidal sea bottoms
are especially we Ii stabilized by the
rhizomes (roots) of angiosperm sea
grasses (Tha/assia. 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 stonns, causmg "blowouts"
(Wanless, 1961), and we suggest that
pre-Cenozoic subtidal sediments, es­
pecially silt- and sand-sized particles,
might have been more readily moved
onto tidal flats than they are now,
because they were not bound by these
grasses. This IS analogous to the sug­
gestion that the post-Devonian pres­
ence of widespread terrestrial plant
cover, with its stabilizing, soil-forming
and weathering attributes, aflected the
subaerial sedimentary system of the
Earth. It may partly explain why some
early Paleozoic intertidal carbonates
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Figure 12 A cross section 01 desiccation cracks in microbially laminated perilidal dolo­
slones; PrOVIdence Island Dolomite, Middle Ordovician, Lake Champlain. New York Stale.

Figure 11 A bedding plane of desiccation-cracked polygons in which the edges of each
polygon are curled up, probably because the original microbial mats shriveiled upon expo­
sure. East Arm Formation. Upper Cambrian. Bonne Bay, western Newfoundland: hammer is
30 cm long.

carbonates of Mesozoic and Cenozoic
age are commonly thick bedded and
totally bioturbated. rellecting the post­
Paleozoic increase In the dIversity and
effect of the bioturbating fauna.

Tidal creek facies
Rocks specifically inte'1lreted as hav­
ing accumulated in tidal creeks or
channels piercing intertidal flats are
relatively uncommon. The reasons for
this are mainly 1) '(ne rarity of laterallY

Intertidal flat facies
Wavy-. lenticular- and lIaser-bedded
peloidal lime mudstone or grainstone
(calcisiltite) and dolomitized argilla­
ceous lime mudstone (sometimes in 4

terbedded with small hemispheroldal
stromatolites), arising from the alterna­
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 Paleozoic se­
quences (Fig. 8). This facies is directly
comparable to the tidal bedding in sili­
ciclastic peritidal deposits, inclUding
those forming in many modern set­
tings (see Reineck and Singh. 19aO).
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 coquinas were likely washed
in from the subtidal zone by storms.
whereas pooriy soried shelly deposits
contalnmg a low·diversity assemblage
of gastropods or bivalves probably
represent the in situ intertidal fauna.
Laminae that appear laterallY contin­
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 of hori­
zontal burrows and U4 shaped forms
like Arenicolites and Diplocraterion. As
with subtidal deposits. post-Paleozoic
intertidal sediments are likely to be
thoroughly churned: bioturbated.
poorly toss.iliferous lime mudstone
units may be interpreted as intertidal if
other criteria. such as vertically juxta­
posed beds with desiccation cracks,
are evident.

secreting organisms. Such subtIdal
facies tend to be vanably siliciclastic. or
frequently dolomllrzed lime mudstone
with local aolilic. peloidal or Intraclastic
beds. Nearshore Jimestones of Phan­
erOloic age are fossiliferous. com­
monly bioturbated to some degree, and
may exhibit patch reefs and oolites.
Units ot thinly Interbedded bioturbated
lime mudstone and wackestone and
ripple or dune cross-laminated grain­
stone that are overlain by rocks ex·
hlbltlng clearly supratidal tacie~ are
typical. Subtidal and lower rntertidal

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 precipitatlon,
and there were no distinctive skelelon-

how precise an interpretation one can
make. The present level of detail IS

generally at the scale of units decame­
lres to metres in thickness: few studies
have gone down to the scale of indI­
vidual beds and laminae.
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Figure 14 Thin section photomicrograph of peloidal and cloned micrite containing bioclasts
(mainly ostracodes and gastropods) and exhibiting feneslral fabric. Upper parts of the
laminoid fenestral pores have pendant ftlnges 01 fibrous calcite cement (grey coloured) sug­
gesting that this sediment was deposited in the upper intenidal zone and lhat the fibrous
calcite precipitated as marine or mixed waters percolated thrOugh the pores during low tides.
Table Point Formation (Middle Ordovician), westem Newfoundland: scale bar is 1 mm.
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extensive exposures that intersect the
possible margins of channels once
they stop migrating laterally, 2) the dif­
ficulty in distinguishing creek fills trom
regressive packages with a basal,
higher-energy component that resulted
from tidal flat progradallon. 3) the simi­
larity between bedforms and lateral­
accretion bedding from bar migration
in channels and inclined and tabular
cross stratification from migrating off­
shore carbonate sand shoals, and 4)
the difficulty in separating creeks in
tidal flals 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 tidal bundles (couplets of
sandy and muddy laminae), seem to
be diagnostic of creek or channel de­
posits (e.g .. Pratt and James, 1986).
Grainstone beds with erosional bases

Figure 13 Polished slab of clotted and
peloidal lime mudstone showing microbial
lammation and lenestral fabric of laminoid,
millimetre· to centimetre-sized, cemenl·
filled pores. This distinctive fabnc probably
'armed in the upper intertidal or lower
supraUdal zone. Eldon Formation (Middle
Cambrian), Exshaw, Albena; scale bar is
1 em.

PRATI, 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). Waters el al. (1989) and
Cloyd et al. (1990) have mapped
Cambrian channels at least 10m wide
and 1 m deep with erosional bases,
filled wIth lateral-accretion beds of
individually graded, locally bipolar
cross-laminated grainstone containing
desiccation-cracked lime mud drapes
and reactivation surfaces (Fig. 9).
Care must be taken in late Proterozoic
and early Paleozoic carbonates,
however, to differentiate subaerial
(desiccation) cracks and other cracks
01 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 lammae
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

321032

Moore. 1983; Waters el al.. 19891.
Steeper shorelines, Such as Tertiary
and Quaternary examples Irom the
Mediterranean and Red seas. are
olten onlapped by gravelly beds of
well-rounded pebbles and large shells.

Pond facies
Recognition of schizohaline pond de­
posits on humid intertidal flats may be
impossit'le in most rock sequences
unless the ponds were particularly
long-lived. In one example (Pratt,
1979), burrowed wackestone Con~

taining ostracodes and horizontal
meshes of GirvanelJa filaments with
organic-rich walls (Fig. 10) are interca­
lated within burrowed and microbially
laminated lime mudstone and tidal­
bedded dolostone and lime mudstone.
The restricted biota of this deposit. the
well-preserved microbial remains, and
its lenticular geometry within a perrtidal
sequence argue against a normal~

marine subtidal environment.

Supratidal facies
Microbially laminated limestone or
dolostone, usually with desiccation
crac~s and coarser rippled layers, is a
common peritidal rock type (Figs. 11,
12); such rocks, however, may be

I ,
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Figure 15 A shallow pit excavated on the Holocene sabkha: Abu Dhabi, United Arab
Emirates. The roughly' m ot sectIon is composed 01 light-hued subtidal sediment ar the
base, overlain in turn by conspicuous black inlertidal microbial mats with desiccation cracks
and Iight-eoloured supratidal sediment and capped by eolian quartz-rich sands. Photo cour.
tesy P. Schol!e. '''J
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upper IntertIdal or supratidal In origin.
In older Phanerozoic sequences, a
supratidal seNing might be inferred if
bioturbation is rare or absent, or there
is evidence for prolonged subaerial ex­
posure such as evapontes. 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 common
(Shinn, 1983b) and, by analogy with
tidal Iials 01 Flonda 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
at lIushing by downward-percolating
seawater and rainwater and upward­
flushing by groundwaters in a subaerial
environment. Precambrian supratidal
deposits often contain digitate stroma­
tolites, mil\imetres 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

caLlses collapse breCcIation in supra­
tidal facies.

THE PERITIDAL SHALLOWING·
UPWARD SUCCESSION
Ancient pentidal carbonate lithofacies
are characteristically organrzed strati­
graphIcally into metre- 10 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 sharp
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 mosaic 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
overlain by intertidal factes, or compo­
nents missing because of nondeposi­
tion or erosion.

Characteristics
The lithologic nature of the subtidal ­
intertidal - supratidal succession is
variable, reflectmg the broad spectrum

of intertidai and supratidal depositionai
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 oj evapor­
ites, especially anhydrite (Chapter
19).

In the simplest case, and referring
only to Ihe Phanerozoic. low-energy
shallowing-upward successions have
a burrow-mottled, variably argillaceous
lime mudstone to wackestone or pack­
stone lowest member. often with a
basal biocl2t6tic and intraclas1ic grain­
stone or rudstone as a transgressive
lag on top 01 the pre-existing succes­
sion (Fig. 16). Patch reefs may be
present in the subtidal member. The
intertidal member exhibits thin-. lentic­
ular- and wavy-bedded, variably bio­
turbated lime mudstone and bioclastic,
peloidal and sometimes oolitic grain­
stone, locally with small 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
terbed.s of intraclastic horizons and
laminae of peloidal or bioclastic grain­
stone. 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 01 bioclastic and/or locally
oolitic grainstones representing beach
deposits. These may exhibit inclined­
and cross-stratification and hard­
grounds. The upper intertidai and sup­
ratidal umts are generally desiccation­
cracked microbial laminites.

Both kinds of shallowing-upward
successions can have a capping
horizon ot marsh sediments, paleosol
or calcrete. Successions may be sepa­
rated from overlying units by a karst
surface caused by subaerial weath­
ering. or an erosion surface formed
during the env1ronmental shift respon·
sible for the next succession. Supra­
tidal sediments may show the dia­
genetic effects of groundwater dis-

!1I III I



I
I 312 PRAD, JAMES, COWAN

321081

LOW ENERGY, EVAPORITIC

I
I
I
I
I
I
I
I

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 tidal 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 mudstone 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
et 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 particular peri­
tidal shallowing·upward succession
may have developed there must

LOW ENERGY, PALEOZOIC

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 correiatable in peri­
tidal successions are subaerial expo­
sure horizons (karst surtaces, 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 piatform-wide. and
correlatable. Laterally discontinuous
metre-scale successions are local, in
extent and noncorrelatable and supra­
tidal facies can be traced laterally into
intertidal andlor subtidai 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

least. is that healthy carbonate plat.
forms. i.e., those not stressed by envi.
ronmental conditions like cold water
hypersalinity. 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 level rises (Schlager,
1981). Shallow water sediments thus
overlie deeper water 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 marl<; if there
was no subsidence or sea level
change, the thickness of the intertidal­
supratidal component might approxi­
mate the tidal range, but it 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 simultaneous1y
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Rgurt! 16 Hypothetical verticaJ profiles of individual k)w-energy, metre-scale, peritidal shallowing-upward successions. Left from the lower
Paleozoic; upper Paleozoic examples might exhibit cab'etes at the top. Right 8n evaporitic example (Chapter 19). No scale is implied. but
each succession is typically 1-10 m thick.
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aggrading sheet or, 3) as a mosaic of
tidal flat isiands (Fig. 19).

The prograding wedge
Holocene shallow-marine and peritidal
environments are dynamic in that they
shift geographically over geologically
short periods of time in response to
both local and regional changes in
climate, prevailing wind direction,
current pattem, and sediment supply.
A single coastline, 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 ai., 1969; Strasser and
Davaud, 1986). Regardless, to gen­
erate a single. laterally extensive
wedge that has peritidai, shallowing­
upward ahributes throughout, the tidal
flat must prograde laterally from a
nucleus. Such accretion can develop
seaward from land, outward from
islands, or shelfward from platform
margin buildups and/or shoals. It must

be stressed that deposition on the tidal
flat is a physical process. Sediment
generated on the platform is swept
onto the flats by storms producing the
gradually prograd',ng tidal flat wedge.
As such, the size and dynamics of the
peritidal wedge are primarily a function
of the health and nature of the source
area (the subtidal carbonate factory)
and the way in which sediment is re­
distributed on the platform (Le., how
much is transported to the flats, how
much stays in place, how much is
transported otfshore into deep water).

The Holocene record of sea level
change is one of rapid rise 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-

ent there appear to be two styles of
progradation (Fig. 20), simple oftlap
and staggered offlap (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 laher case
the tidal flat does not seem to haye
prograded but instead aggraded
behind a protecting beach ridge. The
vertical succession is mainly burrowed
sediment, reflecting deposition in a
yariety of pond, channel and intertidal
flat environments, capped by laminated
upper intertidal to supratidal sedi­
ments. It is !hought that tidal flat sedi­
mentation began only when the off­
shore carbonate sand bar emerged to
become a barrier. Once the flat ag­
graded to sea leYel, progradation took
place by a series of jumps followed by
back filling (Hardie, 1986). Such suc­
cessions in the rock record should

I LDW ENERGY, PRECAMBRIAN LOW ENERGY, MESOZOIC
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Figure 17 HypotheticaJ vertical profiles at individuaJ Iow-energy, metre-scale. peritidal shallowing-upward successions from the Precambrian
(lett) and Mesozoic (right). A comparison of these W'ith the Paleozoic example in Figure 16 shows some of the lithologic changes exerted by
biotic e\lolution through geologic time.
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contain remnants of these barriers.
The Abu Dhabi sabkha is reported to
have buried barriers (Warren and
Kendall, 1985) and may have also de­
veloped, in part, through staggered
offlap.

For a wedge of lidal flat sediment to
prograde from the strandline across an
enlire platlorm, accumulation of sedi­
ment must occur under relativeJy stable
hydrographic conditions (i.e., sea level
and climate) for Ihe 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 flat before transplatlorm
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

HIGH ENERGY (BEACH)

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
aeriai diagenetic eflects. Since con­
stant and uniform subsidence would
inundate this supratidal surface, pro­
gradation must have taken place while
relative sea level was stationary or
gradually failing. If progradation was
simple otflap, then successions will
be laterally continuous. If 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 seafloor steadily
to sea level. The entire platform be­
comes intertidal and then supratidal,
and can be completely exposed before

flooding and deposition of the next
overlying succession (Fig. 19). There
are no Holocene analogues for this
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 inter­
tidal per se, because ~ is unlikely that
tides cOLild operate across such a vasl
horizontal distance all 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 diHicult to
distinguish in the rock record from true
in/erfidal conditions. This hypothesis
demands that at least some sediment
be produced on the flats when the
whole platform is in the intertidal­
supratidal environment. Such accretion
could predictably produce platform­
wide, laterally continuous, metre-thick
shallowing-upward successions, such
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acterized by beach development (left) and a iidal fiat penetrated by channels or creeks (right).
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PERITIDAL CYCLOSTRATIGRAPHY
The stratigraphic record of ancient
peritidal camonates 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 strata. While Holo­
ene tidal flats sometirr,.es provide an
analogue tor the generation of one

range of local and regional hydro­
graphic conditions. Such islands are
developed today in Florida Bay and il­
lustrate two modes 01 Holocene accu­
mulation, 1) physically deposited mud
banks capped by prograding intertidal
and supratidal sediments, and 2) en­
tirely supratidal deposition of a coastal
mud lIat, later dissected by erosion
(Enos and Perkins, 1979; Wanless
and Tagett, 1989). These islands, how­
ever, have not migrated much during
the relatively short period of Holocene
1I00ding. If viable, this tidal lIat island
model severely limits the architectural
predictabiiity of ancient plaiforms, as
the constituent facies, particularly 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
s!1pratidal (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 platform inundation.
If the flooding which begins a succes­
sion were gradual, then the seafloor
during initial submergence is thought to
have been too wave swept and/or too
shallow or restricted to produce much
carbonate sediment. Thus there is a
"lag time" or 'ag depth" (Hardie, 1986)
before the sealloor 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
obvious record of this hiatus in deposi·
tion. Altemativeiy, it flooding was rapid,
then supratidal facies (e) would be
rapidly drowned and intertidal facies (B)
would not have time to accumulate.

sealevel ~~----i

and James, 1986). In this tidal flat
island model deposition is envisioned
as taking place on a platform dotted by
a mosaic of exposed low-reliet 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-scaJe, peritidal. shallowing­
upward succession can form. A prograding wedge is generated by Sediment transported
onto the tidaJ flat from the offshore carbonate factory. A simultaneously aggrading sheet ac­
aetas venicaUy to sea level and the whole platform becomes sequentially intertidal and then
supratidal. TIdal IIaI islands nudeate and accrele by aggradation and progradation and shitt
in response to hydrographic lOtUs.
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An altemative model has been postu­
lated to explain shallowing-upward
peritidal successions that are demon­
strably laterally discontinuous (Pratt

as those inferred from Cambrian strata
by Koerschner and Read (1989).
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tlons of platform-wide progradation in
ancient examples are usually based
on correlation of strata assumed to be
diachronous, not on continuous strati­
graphic exposure.

Under conditions of platform-wide
aggradation it is thought that, once
flooded, a shallow platlorm could gen­
erate enough sediment in situ that the
whole seafloor would inexorably build
to sea level (Fig. 19). Fundamental to
this hypothesis is the ability of the "in­
tertidal" and "supratidal" environments
to produce sediment. The next cycle
would aecrete once relative sea level
rise had submergea the platform 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
air/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 build right up to sea
level of os 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 flat 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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STAGGERED OFFLAP

Flgure 20 A diagram depicting t'NO styles of tidal flat progradation envisioned from Holocene
tidal fiats. Simple offlap lakes place by continuous progradation. Staggered offlap takes place
by formation of an offshore bar wIUch creates a Ieaward, protected selting in which lidaI flat
aggradation occurs. Once the flat builds to sea level it ~mes dormant unto another bar
forms seaward and the process of backfillin9 begins again. Adapted from Hardie (19B6).
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for tidal flat aggradation to sea level or
prog,adation ot many lens 10 perhaps
hundreds of kilometres under essen­
tially static sea level conditions on a
gradient which experienced typical
passive-margin rates of subsidence
(see also Hardie and Shinn, 1986).

Progradation is inherenlly limited by
the sediment budget of the carbonate
platlorm. For example, in a model first
proposed by Ginsburg (1971; see
Sosellini and Hardie, 1973; Mossop,
1979), a tidal flat wedge is envisioned
as prograding across a gently inclined,
gradually subsiding platform under
static or slowly changing sea level
(Fig. 19). As progradation coverS the
platform, the subtidal source area for
tidal flat sediments becomes 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 subr,dal and, after a lag
period, the carbonate factory will be
robust enough for sediment produc­
tion, and the cycle will begin again.

The meagre areat coverage of
present-day tidal flats makes it difficult
to envision a platlorm literally choking
itself off through hundreds of kilome­
tres worth of tidal flat progradation
under steady-state sea level and sub­
sidence conditions. Furthermore, it
should be emphasized that interpreta-

SIMPLE OFFLAP

Aulocycllclty
The driving force behind autocyclicity
is the dynamics of sedimentation on
the platlorm. Assuming optimum con­
ditions, production rales fo' shallow­
marine carbonate detritus could
potentially provide enough sediment
over a period of 1Cl-1 00 k.y. to account
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shallowing-upward succession, the
cause at stratigraphic repetition must
be derived from the rock recard. The
Pleistocene history of climate and sea
level change, although the most de­
tailed and best 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 shal1owing·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
trinsic to processes of carbonate
sedimentation which are superim­
posed on a low-frequency or irregular
sea level rise. These are the aI/acyclic
and aUfocyc!ic mechanisms, respec­
tively, (see also Wilkinson, 1982). The
two stacking mechanisms are not nec­
essarily mutually exclusive, and it is
uncertain at the moment whether or
not evidence for either mechanism Can
be isolated in the rock record (Hardie
eral., 1991: Read etal., 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 little as 3·30 per cent for
some successions.
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faulting is common (e.g., Cisne, 1986;
Hardie et al., 1991), the importance of
subsidence rate changes as a control
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 peritidal
record is found, seem unlikely to have
experienced metre-scale, high-fre·
quency spasms of subsidence. Be­
cause there is currently no known
frequency to such tectonism, it is difficult
to use, and as yet impossible to model
this mechanism as a universal control of
stratigraphic rhythmicity. Nevertheless,
the mechanism should not be dismissed
as a potenti'll control, especially in tec­
tonically active regimes (e.g., Fischer,
1964; Knight elal,,1991).

In the earty to mid-1970s studies of
DSDP sediment cores and relict coral
reef terraces demonstrated that the
Pleistocene record of eustatic change
is one 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), It has been p0stu­
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
lestial origin_ It astronomically forced
composite eustasy is indeed the
primary driver in the packaging of shal­
lowing-upward successions. then pre­
sumably modulation of various orders
of superimposed eustatic cycles could
have provided potentially Iimilless
rhythms to the stratigraphic record
(Bova and Read, 1987; Koerschner
and Read, 1989: Read eta'" 1991).

The common challenge to allo­
cyclicity is that extrinsic controls on
peritidal sedimentation are neither
demonstrable in, nor theoretically re-

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 fall.

Formation of the shallowing-upward
succession 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 controlled metre­
scale successions of many kinds, in·
eluding peritidal, have also been called
punctuated aggradational cycles
(pACs: Goodwin et al., 1986) or more
recently metre-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 prograda­
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
eustatic change or jerky subsidence.
While spasmodic subsidence with the
required short frequency has been doc­
umented from seismically active areas
and for passive margins where listric
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Allocycllclty
The extrinsic factors of subsidence and
eustacy, which cause relative sea level
change, have long been assumed to
exert strong control on large-scafe peri~

tidal stratal pa«erns. High-frequency,
low-amplitude sea level changes, the
fourth- and fifth-order fluctuations of
sequence stratigraphy (Chapter 2), are
commonly invoked to drive the pack­
aging of metre-scale, shallowing-up­
ward peritidal successions (Grot:inger,
1986: Koerschner and Read, 1989;
Read 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 accumula~

Figure 21 A diagram ilIUSlrating the relationship berween f1uctualing sea level and stacked
melre-scals. peritidal. shallowing-upward successions_ Sea level rise provides a window of
Opportunity for the sucxession to aecrete as a prograding wedge, as a simultaneously ag­
grading sheet or as tidal flat islands. Sea level fall terminates accretion and results in sub­
aerial exposure.

prograding wedge. gradually choke off
local source areas, eventually be­
coming dormant. For sedimentation to
begin again after a period of local
stasis and probably protracted expo­
sure of supratidal flats. there must be
creation of new accumulation space.
Under conditions of more rapid long­
term sea level lise, and continually re­
newed accumulation space, the is­
lands would form a series of laterally
discontinuous peritidal 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 least in part,
intrinsically self-governing.
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qui red to generate me\re~scale shal­
lowing-upward successions, It is hard,
however, to imagine sea level remain·
ing static for a long period of time, and
therefore difficult, if not impossible, to
dismiss some extrinsic control on suc­
cession development. Allocyclic, 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 effort has recently been
devoted to unravelling the meaning of
possible stratigraphic rhythms in
stacked shallowing-upward succes­
sions by numerical analysis. Because
peritidal 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 lIuctuations. If allocyclic eustatic
control on stratal packaging is assumed,
then reconstruction of the strata­
generating sea level curve can be used
as a tool to canelate 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 ellher allocyclic 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 ampiliude, duration and asym­
metry, bathymetry for each facies, lag
time (depth), type of sediment, sedi­
mentation rate, regional "and local sub­
sidence, isostatic compensation, wave
damping, tidal range, and platform
slope and dimension (Grotzinger,
1986; Read et a/.• 1986; Goldhammer
et a/., 1987; Spencer and Demicco,
1989). 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 olten
found that the time needed for a peri­
tidal wedge to prograde across the
platform is longer than that predicted
by Milankovitch rhythms, and the
wedges become stranded.

Techniques, such as relative time

PRATT, JAMES, COWAN

series analysis and Fischer plotting,
which made a good case for ailocyclic
forcing of some examples of platform
carbonate rhythmicity, i.e., stratigra­
phic patterns attributable to rhyth­
mic Milankovitch composite eustasy
(Goldhammer et aI., 1987, , 990), can­
not be used for the analysis of metre­
scale perilidal shallowing-upward
successions. Relative time senes 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 resultant shallowing-upward
successions vary with position on the
regional gradient andlor platform to­
pography. Fischer (1964) presented a
graphic means of plotting time versus
cumulative thickness for laterally con­
tinuous, stacked, peritidal shallowing­
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 generated solely by subsidence;
these deviations are postulated to re­
sult from changes in sea level. How­
ever, interpretations of Fischer plots
are essentially model driven. For them
to be viable two assumptions must be
satisfied: 1) each peritidal succession
must have been deposited in the same
amount of time as every other succes~

sion in the chain, and 2) there must be
few, if any, missing tidal tlat succes­
sions. The use 01 Fischer plots is there­
fore dubious .Ior any peritidal suc­
cessions which fanned as prograding"
wedge-shaped tidal flats. It is likely that
variations in both the tempo and mag­
nitude of changes in accumulation
space. however they are caused,
account for stacks of shallowing­
upward successions which vary in
thickness. Whereas demonstration of
allo- or autocyclic control of stratal pat­
terns in stacked shallowing-upward
successions appears out of reach at
this time, more sophisticated models,
particularly those which integrate peri­
tidal rhythms with coeval subtidal and
perhaps offplatform stratal patterns,
hold promise.

PERrnDALSEQUENCE
STRATIGRAPHY
The concepts of sequence stratig­
raphy were deveioped in terrigenous

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 to siliciclastics.
This difference likely retlects the fun­
damenta\ diUerences between car~

bonate and siliciclastic sediments gen­
erally. We have, therefore, avoided the
term parasequence in this treatment 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 patterns and tidal range, vary with
each platform's unique history and con­
figuration. Nevertheless, tidal flat de­
posits are potentially useful in delineat­
ing sequences and their component
systems tracts in two ways, 1) geogra~

phic posllion of the tidal flat on the plat­
form may track long~term changes in
sea ievel, 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. If conditions
are favourable for their development.
land-fringing tidal lIat deposits will
mark the position of coastal onlap
through the third-order eustatic cycle·
(i.e.. the ·oniap-olllap· 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 tidaillat depaslls.

Stacking"
The stratigraphic patterns of laferally
continuous, metre-scale. shallowing­
upward successions generated by pro-
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grading tidal nat wedges, can be envis­
eged in the framework of long-term
changes in relative sea level. Third­
order sea level changes are thought to
"modulate" the higher-frequency,
fourth- and fiflh-order sea level cycles
represented by the tidal nat succes­
sions. This has two consequences.

Long-term, third-order nuctuations in
sea level should carry the window of
opportunity in which each individual
metre-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
geo·graphically repositioned during
each consecutive fourth or fifth-order
change in relative sea ievel to result in
backstepping, offiapping or stacking of
·peritldal shallowing-upward succes­
sions. Figure 22 illustrates, in a con­
ceptual way, how this might work on
an inclined shelf. If the rate of change
of long-term relative sea level is low,
the geographic position of successive
windows should remain roughly the
same. Thus. peritidal successions in
lowstand (position 1) and early 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

is low. If the rate of change is high, the
window should be forced backward
and forward across the shelf. This will
likely result in either relatively thick,
baclcstepped tidal fiat successions (p0­
sition 2 - transgressive systems tract)
or relatively thin successions which
offiap 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 shelf.

Long-term sea level rise should ac­
centuate short-term rises and sup­
press shari-term falls; long-term falls in
sea level will have the opposite effect.
The relative 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
short-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-

dividually equivocal bathymetric indi­
cators (stromatolites or wave-rippled
beds. for example, can form in SUbtidal
areas), in most cases the features can
be used collectively to make a firm en­
vironmental condusion. A boon" to in­
terpreting ancient peritidal facies is the
wealth of knowledge gained from
modem settings. Very often a one-ta­
one lithologic comparison can be
made, leading to a refined under­
standing of paleoenvironments and
paleoclimates in individual cases. A
hierarchy of models 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 peritidal facies
commonly shows a trend from subtidal
limestone through intertidal sediments
to supratidal deposits, at a metre ­
scale, as tidal flats aggrade to sea
ievel 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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Figure 22 A diagram illustrating the hypothetical stratigraphy at metre-scale. peritidal. successions between two sequence boundaries.
Each succession formed by progradal:ion which took place in the window of opportunity produced by short·term tourth- and fiMh--order fluctua­
tions in relative sea level during a long-tenn, third-order rise and fall of sea level. Slow, third-order, sea level-eontrolled movemenr of the
strandline will dictate where tidal flats develop on the shelf. The balance berNeen sea level changes, sedimentation, and subsidence will
dictate how successive tidal flats will Slack, backstep or offlap.
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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 OUf own successions, or
~ a new approach is necessary. It is an
exciting field of research, one that
weds careful and precise field obselVa­
lions with increasingly sophisticated
numerical modelling.
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Appendix IX

Zinc mineralisation in the Gordon Limestone
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Zinc Mineralisation in 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.

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.
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This position is characterised by carbonaceous and/or ferruginous clays resting on the Moina

Sandstone, in tum 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 SOm 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).

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.

The stratiform character, replacive style of alteration/mineralisation, intense Fe-Mn alteration, and

rea~onably 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 Comer, 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.
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Air-core 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.

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.
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Devonian defonnation 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 100m

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 useful 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-tenn 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 (1994)
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