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DIVISIO N I V

Annual Report of the Geological Survey Branch
of the Mines Department for the Year 197 1
0
The Under Secretary for Mine s
For the information of the Honourable Minister
for Mines, I submit my report on the activities
of the Geological Survey of Western Australia
during 1971, together with some of the reports on
investigations made for departmental purposes .

INTRODUCTIO N
The mineral exploration boom which this State
has experienced in recent years subsided abruptly
during the latter half of 1971 . All booms must end
but the ending of this one was hastened by the
falling world metal prices, international monetary
problems, nationalization of mining interests in
other countries and the unethical practices of some
Australian companies .
While the decrease in exploration activity has
been rapid, it is considered that the decline will
cease shortly and then there will be a gradual increase to a sane and sensible level.
Iron ore exploration has continued, with the
completion of test drilling of such deposits as McCamey's Monster, Rhodes Ridge, Marillana, Koodaiderie and Weld Range . No doubt when the export market for iron ore recovers, new contracts
will be made for the export of some of these deposits .
Feasibility studies have been completed for
Pacminex and Alwest bauxite projects to the north
of Perth and near Bunbury respectively, while
construction at the Amax bauxite project in the
Kimberley is ready to commence . All projects are
proceeding at a slower pace due to oversupply of
alumina on the world market at present .
Similarly, progress with nickel development has
been retarded because of oversupply of the metal .
Two important new finds were made this year,
one by Selcast near Agnew and the other at Windarra South by Union Oil . Both are examples of
fruitful results of consistent detailed exploration,
particularly the latter which is under at least 46
metres (150 ft) of overburden . Other occurrences
of nickel mineralization have been reported but
none has yet proven to be a mineable proposition .
In summary, nickel is being produced at Kambalda,
Nepean and Scotia . Mine development is being
undertaken at Mount Windarra (Poseidon), Carr
Boyd, Spargoville, Widgiemooltha, Redross and
Wannaway, while high-grade ore bodies at Agnew
and Windarra South and a large low-grade deposit at Mount Keith appear to be potential mines .
In the early part of the year the renewed interest in mineral sands continued with exploration
in the Eneabba area, which could be developed into
two or three mines. Again falling demand for these
minerals has caused the cessation of activity in
many parts of the State .

There has been an interest in the exploration
for coal in the Perth and Canning Basins, but
without much success. A find near Eneabba is still
being tested . It is a Jurassic coal and probably
similar in quality to that from Collie .
Exploration for oil and gas was more active this
year and very encouraging gas finds were made on
the Northwest shelf by the. Burmah-Woodside group
at Scott Reef, North Rankin, Rankin and Angel
wells. This area should prove to be one of the
world's major gasfields. This is an extremely important find for this State which has been so
deficient in natural fuels until now . Care should
be taken to preserve ample for the State's future
needs.
Exploration is continuing at a slower tempo but
in a more thorough manner for other minerals
such as copper, lead, zinc, chromium, diamonds,
fluorite, coal and uranium . Several small finds of
low-grade sporadic uranium mineralization have
been made in the calcrete drainages of the Laverton-Wiluna area.
Due to the decrease in the activity of the Survey
as a result of staff shortages, only one lecture
followed by a field excursion was conducted in
1971 . This was on the Edjudina 1 :250,000 Geological
Sheet which attracted, despite the recession, a
record crowd of over 220 which more-than filled the
lecture theatre at the Kalgoorlie School of Mines
and somewhat overwhelmed the excursion organization . If such popularity continues new arrangements will be needed for future occasions . Two
or three such lectures are planned for 1972 .
METRICATION
In the Annual Report for 1970 all measurement s
were immediately followed by their metric equivalents, within brackets, in anticipation of ultimate
metrication of all work . In this present report
the converse practice is followed as a further step
along the same path ; metric units are used wherever
possible, with their non-metric equivalents following immediately within brackets . In some instances,
for example petroleum reserve and production
statistics, it has been impracticable to apply this
policy, for reasons noted in the appropriate text .
After publication of this report the Geological Survey will cease to show non-metric equivalents, and
with a few minor exceptions of the type just noted,
all published work will use only metric units .
ACCOMMODATION
The Survey has settled down in the very goo d
accommodation provided in Mineral House . With
all positions expected to be occupied shortly the
space provided for the Survey will be fully used .
As a result of the boom more filing and library
space will be required within 2 or 3 years .
The finance requested for the extension of the
Dianella core library was not provided this year
again. This store is now extremely short of space,
resulting in its becoming very cluttered and inefficient to operate .

Hydrology

STAFF

Deep exploratory drilling across the Perth Basi n
was resumed along the Watheroo-Jurien Bay cross
section, bores being constructed at five sites. Operational techniques have markedly improved with
the use of sidewall coring equipment , new methods
for recovering true water samples and hydraulic
heads, and geophysical logging .
Investigation of the shallow groundwater potential in alluvial material in the De Grey River area
has continued satisfactorily, and a further 11 bores
have been drilled. Substantial areas of potable
water are being delineated and several of the bores
have been pumped at 113 to 136 cubic metres per
hour ( 25,000 - 30,000 gph ) with small drawdowns .
The lower reaches of the Gascoyne River as
far upstream as 79 kilometres ( 49 miles ) from the
estuary have been the subject of an intensive study
which has established the existence of two levels
of alluvium beneath the river, and the amount of
potable water available for Carnarvon has been
calculated .
A new senior geologist position has been created
specifically to meet the needs of the Metropolitan
Water Board in hydrogeological investigations,
particularly the detailed assessment of groundwater resources in the Perth area .
Drilling and test pumping in the North Gnangara production field has now been completed and
a comprehensive analysis made of the aquifer
characteristics . Fifteen pumping bores were drilled
and tested at rates which averaged over 110 cubic
metres per hour ( 24,000 gph) . Six bores were also
test pumped at over 113 cubic metres per hour
(25,000 gph) in the Gwelup area for the Metropolitan Water Board .
Additional drilling has been carried out west of
Muchea in continuation of the Geological Survey's
programme of work to test the northern extension
of the Bassendean Sands .
The recent upsurge in mineral exploration has
resulted in the search for very large volumes of
water in several districts, mostly with low rainfall . The companies have employed consultants, but
because of the involvement of the Government,
considerable time has been spent by Geological
Survey officers in consultations and checking of
work in seven areas .

Early in the year the Branch continued to lose
staff, in particular two supervising geologists, Dr .
J . L. Daniels and Mr . F. R. Gordon, both of whom
gave valuable service while with the Survey .
About mid-year there was a sudden change in
the staff situation resulting in there being many
applicants for positions , particularly those at lower
levels . By the end of the year all the vacancies
except one had been committed, and so in 1972
the Survey should be at full strength .
PROFESSIONA L

Appointment s
Name Position Effective
Date
Leech, It . E . J ., B .Sc. (Hons .)
Geologist, Level i 5/1/71
Lipple, S. L ., B . Sc . (Hons. ) . .. .
Geologist, Level 1 4/2/71
van de Graaff, W . J. E., Dr. Geologist, Level 1 9/3/71
(Leiden)
Commander, D . P., B .Sc . . .. . Geologist, Level 1 11/3/71
Commander, S . J., B .Sc . ( Hons . ) Geologist , Level 1 11/3/71
Grey, K., M .Sc.
.. .
. . .. Geologist, Level 1 29/3/71
Balleau, W . P ., B .A . Geologist, Level 1 6/4/71
Forth, J . It., B .Sc . (Hons.) . . .. Geologist, Level 2 18/5/71
Boegli, J . C ., D . Sc . . . ..
. . .. Geologist , Level 1 20/5/71
Hooper, K ., Ph .D . . .. .
. . .. Palaeontologist, Level 4 21/6/71
Playford, P. E ., Ph .D .
. . .. Supervising Geologist, 12/7/71
Level 5
Libby, W . G ., Ph.D. Petrologist, Level 4 24/8/71
Vogwill, R . I. J ., M .Sc. Geologist, Level 1 27/10/71
Mather, It . P., B .Sc . (Hons. )
Supervising Geologist, 1/11/71
Level 5
Crowe, It. W . A ., B.A . (Hons.) Geologist, Level 1
. .. . 24/11/71
Nicholson, J ., Ph.D. Geologist, Level 1 8/12/71
Cockbain, A. E., Ph .D .
. . .. Senior Geologist, Level 3 16/12/7 1

Resignations
Clore, V . S . Geologist, Level 1 15/1/7 1
(Temp .
Ong
i)Gerovdsn,F
Geologist , 22/1/7 1
. It, S Level
Ingrain, B . S . Geologist , Level 1
. . .. 11/3/71
. . .. Geologist, Level 1
. . .. 22/4/71
Paterson , B . It .
. .. .
Daniels, J . L . Supervising Geologist, 18/6/71
Level 5
Lowry, D . C. . .. .
. . ..
.. . . Geologist, Level 2
. .. . 8/10/7 1

Promotions
Allen, A . D . . .. .
Blockley, J . G .

. . ..
. . ..

. . . . Senior Geologist, Level 3 13/1/71
. . .. Supervising Geologist, 17/3/71
Level 5
Marcos, G . W . A .
. . ..
. . . . Geologist, Level 2
. . .. 13/8/71
Cope, It. N. .. . . Production Geologist, 14/9/71
Level 4
CLERICAL AND GENERA L

Because i nterest is increasingly turning towards
the long-term availability of large volumes of
groundwater, the mathematical analysis of test
pumping results has become a major activity . Reappraisals have been made of the Yule River area
(Port Hedland ), Allanooka ( Geraldton ), and Millstream ( Dampier) . The Paroo calcreed drainage
was partly investigated in 1969 ; 10 more shallow
bores were drilled and further test pumping was
done this year . This has established that possibly
11,000 cubic metres per day ( 2 .5 million gpd) of
potable water should be available from Paroo, extra
to that which can be obtained from the calcrete
near Wiluna itself .
It was suggested to the Department of Public
Works that the strongly jointed Proterozoic volcanic rocks underlying the basin of the Harding
River south of Mount Roe might contain large volumes of potable water . One exploratory bore now
under construction 's reported as having a big
supply and the whole area appears to have considerable potential .
Advice regarding siting of deep bores , logging,
and sometimes pump-test analysis was given to a
number of organizations , including the Department of Public Works and the Metropolitan Water
Board .
Thirty reports were written for other departments, and 27 for private landholders .

Appointments
Bradley, T. B . Geological Assistant . . .. 18/1/71
Snell, J . F .
. .. .
. . ..
.. . . Assistant 25/1/71
Kerr, It .
. .. .
. . ..
.. . . Laboratory Assistant . . .. 2/2/71
Colliss, B . K . Geological Assistant . . .. 3/3/71
Chaplyn, J . M . Library Assistant
. . .. 30/3/71
Hadley, P .
. . ..
. . ..
.. . . Technical Assistant 5/5/71
Asti, L.
. .. .
. . ..
. . . . Technical Assistant 10/5/71
Ambridge, P .
.. . . Assistant
. .. .
. . .. 17/5/71
Stevens, it . It.
.. . . Laboratory Assistant . . .. 24/5/71
Cusan, M .
.. .
. . ..
.. . . Library Assistant 9/8/71
O'Rourke, G . It .
. . ..
. .. . Geological Assistant . . .. 8/10/7 1

Transfers In
Smeed , M .
. . ..
Lyons, W . A .

. . ..
. . ..

. .. . Assistant 8/10/71
. . . Clerk
. .. .
. . ..
., .. 7/12/7 1

Transfers Ou t
Nicholls, T . J . Geological Assistant
Keeley, T .
. . .. Clerk
. .. .

.. .. 21/4/71
. . .. 23/7/7 1

Resignations
Petzold, V .
.. . .
. .. .
. .. . Laboratory Assistant ._ . 25/2/71
D'Silva, A .
._ .
.. . .
. .. . Cleric
._ .
. .. . 5/3/77 .
Snell, J . F .
.. . .
Assistant 18/5/71
Drennan, K . . . .. Library Assistant 6/8/71
Ambridge, P . Assistant 17/9/ 7

OPERATION S
HYDROLOGY AND ENGINEERING GEOLOGY DIVISIO N

E . P. O'Driscoll (Chief Hydrogeologist), T . T.
Bestow, R . P . Mather ( Supervising Geologists),
K . Berliat , A . D . Allen ( Senior Geologists),
C . C . Sanders, G. W . A . Marcos, C . J . R.
Forth, W. P . Balleau,. W. A . Davidson, A . S.
Harley, R . Barnes, R. I . J . Vogwill , D . P . Commander, R . E . J . Leech, and J . Nicholson .

Engineering Geology
During the year work was restricted because of
shortage of staff . The surface geology was remapped at South Dandalup Dam Site after stripping,
and the geology was then progressively mapped a s

6

A system of indexing and storing statutory reports on mineral exploration was designed and
is operating satisfactorily . The design of a punchcard system to facilitate retrieval is well advanced .
Other work included an assessment of exploration
done on iron ore reserves and inspections of deposits, or reported occurrences, of graphite, nickel
and platinum .

excavation proceeded . Geological maps of two low
diversion dams were also prepared , one on the
South Dandalup River near Pinjarra and the
other on the lower Helena River . A prospective dam
site on the South Canning River has also been
mapped in detail, with the assistance of seismic
refraction work to help delineate the bedrock profile .
An assessment of earthquake hazards in Western Australia has been published , the main purpose
being as a guide in formulating building construction standards .
Four reports were issued after field reconnaissances of prospective dam sites in the Pilbara .

COMMON SERVICES DIVISIO N

Petrology-(W . G . Libby, J . D. Lewis, and R . Peers)
Services provided by the petrology section to al l
divisions of the Geological Survey included 38 formal
petrologic reports as well as many informal discussions in the office and in the field . Miss Peers
completed a special study of the Leeuwin -Naturaliste
block and concluded studies of the GeraldtonNorthampton area . Special studies of syenitic rocks,
an ultramafic lava and the Edjudina meteorite in
co-operation with geologists of the Regional Geology Division were conducted .
Late in the year Dr . Libby assumed the vacant
post of Petrologist . Efforts were resumed in the
direction of providing computer storage and retrieval of rock and mineral data acquired by the
Survey.

SEDIMENTARY (OIL) DIVISIO N

P. E . Playford ( Supervising Geologist), R . N .
Cope ( Production Geologist ), A . E . Cockbain
and G. H . Low (Senior Geologists ), J. C . Boegli,
R. W . A. Crowe , and W . J . E . van de Graaff .
Information obtained from oil exploration and
production activities of companies operating in
Western Australia was collated and appraised . A
report was prepared on the potential of the Palm
Valley and Mereenie gas fields as sources of gas
for Western Australia compared with that of alternative sources within the State .
Compilation of surface geological maps of the
Perth Basin is close to completion, and subsurface
Regional
studies of the basin were continued .
mapping of the Officer Basin in collaboration with
the Bureau of Mineral Resources was carried out,
with the use of a helicopter, over an area of about
240,000 square kilometres ( 92,700 miles2 ) . Mapping
of the basin will be completed during 1972 . Detailed
studies of the Devonian reef complexes in the Bugle
Gap area and elsewhere on the Lennard Shelf
were continued . Two reports were prepared on the
results of a deep - drilling programme for coal carried out during the previous year in the Collie field .

The section continued to provide direct service
to the public through the Technical Information
Office . The laboratory staff prepared more than
1,600 thin sections as well as numerous polished
sections , mineral separations and sand grading
analyses . Equipment acquired at the end of the
year should increase efficiency in producing thin
sections .
Geochronologic liaision with the Western Austtralian Institute of Technology continued through
1971 . As in previous years chemical , mineralogical
and X-ray diffraction work carried out at the
Government Chemical Laboratories has materially
assisted many of the projects dealt with .

REGIONAL GEOLOGY DIVISIO N

Palaeontology-(K. Hooper, J . Backhouse, and K .
Grey )

I. R . Williams (Senior Geologist), P. C . Muhling,
C . F. Gower, R . Thom, and J . A . Bunting.

Routine palynological examination of sludge
samples from boreholes for the Hydrology Division
has continued to occupy the major portion of time
during 1971 .

Eastern Goldfields are a
Geological mapping was completed on the Ravensthorpe and Lake Johnston 1 :250 , 000 Sheets and
compilation is in progress .
Compilation and drawing have been completed
on the following 1 :250,000 Sheets : Norseman, Zanthus, Balladonia , Malcolm- Cape Arid , EsperanceMondrain Island and Edjudina.

A total of 63 file reports were prepared of which
48 were palynological , 16 were micropalaeontological and 2 were macropalaeontological .
Routine palynology of the Watheroo line of boreholes has continued thoughout the year, as has
work on the catalogue of Western Australian
microplankton . A palaeontologist accompanied a
Bureau of Mineral Resources field party to the
Carnarvon Basin, collecting outcrop samples from
Mesozoic and Cainozoic type sections .
A preliminary examination of the microfaunas
of the Carnarvon Basin samples has been completed, and more detailed microfaunal and biostratigraphic studies are now being carried out by
Dr . K. Hooper who joined the Survey as Officerin-Charge of the Palaeontology section in May .
A study of Devonian Brachiopoda from Bugle
Gap has been commenced .

Murchison area
Yalgoo field mapping is complete and compilation
is in progress .
Murgoo has been compiled and is being drawn .
General
The new State Geological map has been compiled
and is being drawn.
Work has commenced on the Eastern Goldfields
Bulletin and the production of the Kalgoorlie and
Esperance 1 :1,000 , 000 Sheets .
The progress of geological mapping at 1 :250,000
scale to the end of 1971 is shown in Figure 2 .

Geophysics-( D . L. Rowston and I . R . Nowak)
Seismic refraction and resistivity work on th e
Port Hedland Town Water Supply project was
concluded with an additional 19 kilometres (12
miles) of traverse . This integrated operation of
hydrogeology, geophysics and concurrent drilling
has proved most succesful .

MINERAL RESOURCES DIVISIO N

J . G . Blockley (Supervising Geologist), J . D.
Carter (Senior Geologist), J . L. Baxter, and
S . L. Lipple .
Compilation of the results of a study of the State's
tin deposits continued , together with further
laboratory work on the tin granites .
An assessment was made of the mineral sand
resources of Eneabba and the south coast .
Frequent requests for information on limestone
and construction materials in the Pilbara region
necessitated a survey of the availability of these
materials in that area .

A seismic refraction survey failed to locate significant concealed river channels in the Moolyella
tin field near Marble Bar.
Engineering seismic work provided useful information to augment a geological appraisal of
the South Canning Dam Site and increase In
activity in this field of application is anticipated .
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(c) town water supplies for the follQwing centres : Albany, Werillup area,
Esperance-Cape Le Grand, Allanooka-Arrowsmith River, Moora and
coastal towns from Cervantes to
Cliff Head .
(3) Hydrogeological investigations for the
Metropolitan Water Board :
(a) regional studies ;
(b) Gwelup-Whitford areas .
(4) Kimberley Division-hydrogeological assistance to pastoralists as requested .
(5) Continuation of bore census work in selected areas .
(6) Miscellaneous investigations as requested
by Government departments and the
public .

An experimental study of resistivity soundings
with Wenner and Schlumberger arrays, using a
variety of instruments and under different surface
conditions was made for C .S.I .R.O . at their Yalanbee Research Station .
During 1971, 69 logging operations were carried
out on 43 individual water bores . The total footage
logged, made up of records from all runs, was
24,000 metres (79,000 ft), a substantial increase
over the 9,700 metres (31,760 ft) recorded in 1970 .
Maintenance services were provided for Survey
instruments and some 500 conductivity measurements made on field water samples .
A considerable amount of time was occupied in
liaison with Public Works Department engineers
on the geophysical results from several major water
supply investigations .

B . Engineering Geolog y

Technical Information-(J . H . Thom, M . M .
Toledo, S . J . Commander, and S. M . Fawcett) .

(1) Pilbara-initial reconnaissance of possible
dam sites followed by mapping and drilling
where considered advisable .
(2) Reconnaissance investigations of dam sites,
on Ashburton River, Turee Creek and
Murchison River.
(3) Collie area-investigation of possible dam
sites .
(4) Upper Helena Dam Site-geological mapping if construction commences .
(5) South Canning Dam Site-continuation of
investigatory drilling and progress mapping
during construction if needed .
(6) Lower Wungong Dam Site-reappraisal of
previous work and comparison studies with
South Canning .

This section continues to be fully occupied
answering inquiries and providing advice to the
public and staff . In addition it is responsible for
the editing and production of reports and maps
published by the Branch .
Although mineral exploration has slackened, the
library continues to be used extensively by the
public. It is estimated that 2,162 such persons
availed themselves of the facilities during 1971
and 493 loans were made, while loans to staff
amounted to 3,268 .
Requisitions raised for photo-copying for the
public of out-of-print publications numbered 867 .
Many requisitions were for several items . Requisitions raised on the Surveys and Mapping Branch
for drafting services and photography for the Survey totalled 839 .
Twenty-six Records and three Information
Pamphlets were prepared and issued during the
year, while preparation of manuscripts and proofreading of items mentioned in the list of Publications below continued .
The Geological Museum, which attracts considerable attention, continues to be developed .

SEDIMENTARY (OIL) DIVISION

(1) Maintain an active interest in the progress
and assessment of oil exploration in Western Australia .
(2) Evaluate oil and gas discoveries and assess
the resources of the State .
(3) Complete the preparation of the Explanatory Notes of the Perth Basin 1 :250,000
Sheets and continue the subsurface study
of the Perth Basin and preparation of the
Bulletin .
(4) Continuation of compilation and mapping
of the Officer Basin in conjunction with
the Bureau of Mineral Resources .
(5) Continue studies of the Devonian of the
Canning Basin . This will include drilling
in the Bugle Gap-Fitzroy Crossing area
and conodont sampling in conjunction
with the Bureau of Mineral Resources .

ACTIVITIES OF THE COMMONWEALTH
BUREAU OF MINERAL RESOURCE S
The geological and geophysical projects carried
out by the Bureau of Mineral Resources included
the following :(1) Compilation of 1 :250,000 Geological Sheets
and bulletins on the Kimberley Division
as a joint project with the Survey .
(2) Continuation of the helicopter gravity
survey of the State .
(3) Geological mapping of the Officer Basin
as a joint venture with the Survey .
(4) Collection of fossils from Cretaceous and
Tertiary sections of the northern Perth
and Carnarvon Basins in conjunction with
the Survey .

REGIONAL GEOLOGY DIVISIO N

(1) Compilation of the Lake Johnston,
Ravensthorpe and Yalgoo 1 :250,000 Sheets .
(2) Commencement of field mapping of the
Rason (Precambrian portion), Laverton
and Leonora 1 :250,000 Sheets.
(3) Commencement of field mapping of the
Billiluna, Lucas, Stansmore and Webb
1 :250,000 Sheets in conjunction with the
Bureau of Mineral Resources . (Includes
some re-mapping) .
(4) Complete mapping of Neale, Plumridge,
Seemore, Cundeelee and Minigwal 1 :250,000
Sheets .
(5) Re-assessment of the regional geology of
the Eastern Goldfields .

PROGRAMME FOR 197 2
HYDROLOGY AND ENGINEERING DIVISION

A . Hydrology
(1) Continuation of the hydrological survey of
the Perth Basin including deep drilling .
(2) Hydrogeological investigations and/or exploratory drilling for groundwater in the
following areas :
(a) Muchea ;
(b) Pilbara-continuation of drilling
and assessing of De Grey River
system, investigation of Deep Reach
Pool area near Millstream, and
drilling in the Millstream dolomites
and at Woodbrook (Harding River) ;

MINERAL RESOURCES DIVISION

(1) Completion of mineral resources bulletin
on the tin deposits of Western Australia .
(2) Re-map the Marble Bar 1 :250,000 Sheet .
(3) Field mapping of the Darling Range are a
on 1 :250,000 scale and commencement of
a study of the bauxite occurrences and
potential .
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(4) Assessment of the vanadium, chromium,
tungsten and molybdenum deposits of
Western Australia .
(5) Revision of the copper deposits bulletin .
(6) Miscellaneous investigations as required .

In preparation
Bulletin 125 : The Meckering Earthquake .
Special publication : The Geology of Western
Australia .
Geological maps 1 :250,000 with explanatory
notes, the field work having been completed : Cue, Dongara-Hill River, Edjudina,
Esperance-Mondrain Is ., Lake Johnston,
Malcolm-Cape Arid, Norseman, Ravensthorpe, Yalgoo .
Geological map 1 :2,500,000 Western Australia .

PUBLICATIONS AND RECORDS
Issued during 1971
Annual Report, 1970 .
Publications Catalogue, 1971 .
Bulletin 121 : Devonian corals from the Canning Basin, Western Australia .
Geological maps 1 :50,000, Perth Metropolitan
area (4 sheets) .
Geological map of Cambridge Gulf 1 :250,000
Sheet (SD/52-14 International Grid) with
explanatory notes.
Geological map of Drysdale-Londonderry
1 :250,000 Sheets (SD/52-5 and 9 International Grid) with explanatory notes .

Records produce d
1971/1 The mineral resources of Western Australia,
1971, by J . H. Lord .
1971/2 Paroo caicrete hydrological investigation-interim
report, by C . C . Sanders .
1971/3 Coal resources of Collieburn, Collie Basin,
Menzies and Hanrahan drilling programme 1970,
by D . C . Lowry (confidential) .
1971/4 Permian palaeogeography of the South Perth
Basin, by R . N . Cope (confidential) .
1971/5 Coal reserves of the Shotts area, Collie Basin,
Menzies and Hanrahan drilling programme, by G .
H . Low and D . C . Lowry (confidential) .
1971/6 Geological reconnaisance of the Officer Basin,
1970, by D . C . Lowry.
1971/7 Port Hedland water supply, geophysical survey,
1970, August-September, by D. L . Rowston
(restricted) .
1971/8 Hydrogeological reconnaissance of parts of
Nabberu and East Murchison Mining Fields, 1970,
by C . C . Sanders and A. S . Harley .
1971/9 Wells drilled for petroleum exploration to the
end of 1970, by P . E . Playford and G . H . Low.
1971/10 Earthquake hazard in Western Australia, by
F . R . Gordon .
1971/11 Roebourne groundwater investigation, geophysical survey, October 1970, by I . R . Nowak
(restricted) .
1971/12 Ilmenite and rutile resources of Eneabba and
South Coast areas, W .A ., 1971, by J . L . Baxter
(confidential) .
1971/13 Explanatory notes on the Murgoo 1 :250,000
Geological Sheet, by J . L . Baxter .
1971/14 Regional hydrogeology of the Murgoo 1 :250,000
Geological Sheet, by J. L. Baxter.
1971/15 Geological reconnaissance of Doolena Gap Dam
Site, by F . R. Gordon (restricted) .
1971/16 East Wiluna aquifer "safe yield" requirements
Desert Farms (J . J . Parr) irrigation project, Wiluna,
by C . C. Sanders (restricted) .
1971/17 Geological reconaissance of Kangan Pool Dam
Site, Yule River, by F. R . Gordon (restricted) .
1971/18 Port Hedland water supply, geophysical surve y
September 1970, resistivity results, by D . L .
Rowston (restricted) .
1971/19 Palm Valley and Mereenie Gas Fields, their
potential as gas sources for Western Australia
compared with that of alternative gas sources
within the State, by P . E . Playford (confidential) .
1971/20 South Dandalup Dam : report on geological
conditions as exposed by excavation during construction, by G . Marcos (restricted) .
1971/21 Explanatory notes on the Dongara-Hill River
1 :250,000 Geological Sheets, by D . C . Lowry .
1971/22 Port Hedland water supply, geophysical investigations, progress report 1971 (June-July), by
I . R . Nowak (restricted) .
1971/23 Seismic refraction survey at the Brockman
River, Moolyella, W . A ., by I. R . Nowak (restricted) .
1971/24 Explanatory notes on the Phanerozoic rock s
of the Perth 1 :250,000 Geological Sheet, by G . H.
Low .
1971/25 Explanatory notes on the Phanerozoic rocks of
the Pinjarra 1 :250,000 Geological Sheet, by G . H.
Low .
1971/26 Explanatory notes on the Edjudina 1 : 250,000
Geological Sheet, by I . R . Williams, C . F . Gower,
and R . Thom .

Geological map of Prince Regent-Camden
Sound 1 :250,000 Sheets (SD/51-15 and 16
International Grid) with explanatory
notes .

Information pamphlet 8 : Vanadium in Western
Australia.
Information pamphlet 9 : Gold in Western Australia .
Information pamphlet 10 : Aluminium in Western Australia .
In press
Bulletin 122 : The geology of the Western Australian part of the Eucla Basin .
Bulletin 123 : The geology of the Blackstone
Area, Western Australia .
Mineral Resources Bulletin 9 : The lead, zinc
and silver deposits of Western Australia .
Geological map of Balladonia 1 :250,000 Sheet
(SI/51-3 International Grid) with explanatory notes .
Geological map of Bentley 1 :250,000 Sheet
(SG/52-5 International Grid) with explanatory notes .
Geological map of Cooper 1 :250,000 Sheet
(SG/52-10 International Grid) with explanatory notes.
Geological map of Culver 1 :250,000 Sheet
(SI/51-4 International Grid) with explanatory notes.
Geological map of Eucla-Noonaera 1 :250,000
Sheets (SH/52-14, SI/52-2 International
Grid) with explanatory notes .
Geological map of Forrest 1 :250,000 Sheet
(SH/52-10 International Grid) with explantory notes .
Geological map of Geraldton 1 :250,000 Sheet
(SH/50-1 International Grid) with explanatory notes .
Geological Map of Jubilee 1 :250,000 Sheet
(SH/52-5 International Grid) with explanatory notes .
Geological map of Kurnalpi 1 :250,000 Sheet
(SH/51-10 International Grid) with explanatory notes .
Geological map of Madura-Burnabbie 1 :250,000
Sheets (SH/52-13, SI/52-1 International
Grid) with explanatory notes .
Geological map of Menzies 1 :250,000 Sheet
(SH/51-5 International Grid) with explanatory notes.
Geological map of Peak Hill 1 :250,000 Sheet
(SG/50-8 International Grid) with explanatory notes .
Geological map of Scott 1 :250,000 Sheet
(SG/52-6 International Grid) with explanatory notes.
Geological map of Talbot 1 :250,000 Sheet
(SG/52-9 International Grid) with explanatory notes .

Reports in other publication s
Muhling, P. C ., and De Laeter, J . R ., 1971, Ages
of Granitic Rocks in the Poona-Dalgaranga area of the Yilgarn Block, Western
Australia : Geol . Soc . Australia Spec . Pub .
3, p . 25-31 .
Williams, I. R ., 1971, A Regional Synthesis of
the Archaean Geology of the Eastern
Goldfields, Western Australia (abstract) :
Geol . Soc . Australia Spec . Pub . 3, p . 152 .
1st February, 1972 .
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J . H . LORD ,
Director .

SUMMARY OF AQUIFER AND BORE CHARACTERISTICS OF THE
NORTH GNANGARA BORE FIELD
by P . Ballea u
ABSTRACT
Hydraulic characteristics of the aquifer an d
bores in the northern Gnangara bore field are
derived using field data from step-drawdown and
constant-rate pumping tests on 15 bore sites . The
water-table aquifer consists of about 50 metres
(165 ft) of quartz and calcarenite sands . Analyses
of data from tests with bore screens in the lower
half of the aquifer show effects of partial penetration and delayed yield . The use of longer bore
screens reduces the effects of partial penetration
such as depressed values of transmissivity, small
specific capacity, and deviations from a type curve
on distance-drawdown plots of observation bore
response . Delayed yield causes effective storage
coefficients to increase with time . Type-curve solution of step-test data shows that 13 bores are more
than 80 per cent efficient at the tested pumping
rate . Transmissivites over the bore field vary from
268 m3/d/m (18,000 gpd/ft) to 1,100 m3/d/m
(73,000 gpd/ft) with higher transmissivities in the
northernmost line of bores . Water chlorinities
apparently reflect variations in transmissivity .

The aquifer is about 50 metres (165 ft) of
predominantly fine to medium quartz and calcarenite sands containing mostly unconfined water
from about 1 .5 metres (5 ft) to a relatively impermeable clayey bottom nearly 50 metres (165 ft)
below the surface . The aquifer contains three
mappable lithologic units as shown in Plate 1 . At
the top there is a fine to medium quartz sand 18
to 38 metres (60 to 120 ft) thick, which is underlain
by coarser and more angular quartz sands 5 to
18 metres (16 to 60 ft) thick . These are underlain
by calcarenite 0 to 15 metres (0 to 50 ft) thick .
Clayey or silty lenses are common in the lower
half of the aquifer . Isopachs of the saturated
aquifer show thickness increasing from about 40
metres (130 ft) at the southern end of the bore
field to over 50 metres (165 ft) at the north . The
water table slopes generally to the south with
gradients varying locally from 1 .5 x 10-3 to 4 .5
x 10-3.

INTRODUCTION
The North Gnangara bore field is in an area o f
shallow groundwater about 20 kilometres ( 12 miles)
north of Perth . Hydraulic characteristics of the
aquifer and bores have been derived, using data
from a 1970 - 1971 series of pumping tests, to aid
in management of the bore field as a water source
for the Perth Metropolitan Water Board.
Location and layout of the bore field are given
in Plate 1 and details of the pumping - test designs
are given in Table 1 .

Computer print-outs of reduced data from the
48-hour pumping tests are available as log-drawdown versus log-time, drawdown versus log-time,
and recovery versus log-time plots on file with the
Perth Metropolitan Water Board . The type-A
delayed-yield curves (Boulton, 1963 ) and straightline methods have been applied to these data plots
to derive transmissivity values for each site . Results
for each site are given in Table 2 . Contours of
transmissivity are on Plate 1 and show transmissivity conforming to aquifer thickness .

AQUIFER CHARACTERISTICS

Detailed analysis of different bore designs on
each of sites 210 and 310 using Boulton delayedyield curves, straight-line time and distancedy awdown, modified recovery, and straight-line
time-recovery methods confirmed that design of
bore screens and pumping tests had a stronger
control on measured transmissivity than did the
method of analysis .
In the analysis of data from each site, after
checking bore designs and well logs to see if partial
penetration, inhomogeneity, or anistropy were likely
to be important, an initial plot of log-drawdown
versus log r2/t for early and lat times on all bores
was useful for comparing bore response and direction and degree of divergence from a type curve .

TABLE 1 . DESIGN OF PUMPING TESTS AT NORTH
GNANGARA BORE FIEL D
Tested
pumping
rate
(ma/day)

ore

Aquifer
thickness
(m)

Distance
(m) an d
directio n
fro m
pumped
bore

. ..
. ..
. ..
. .. :
. ..
. .. .

2,800
..
2,800

42

2,620
.. . .

37
. . ..

0 .1
32 N
0 .1
41 .2 E
0 .1
1.5 .3 W

. .. . "

.. . .

. . ..

16 .5 NE

E

. . ..

. .. .

...

130G
F
A
140G
F
A
200G
E
210(1
F
1)
A
11
E
C
2200
1)
23011
E
240G
C
3000
A
31005
F
11

...

2,730

....

. .. .

....

. .. .
. . ..
2,500
. .. .
1,310

. . ..
38
. . ..
. . ..
50
. . ..
48

. . ..
. . ..

....

D

. ..

A

. .. .

E
C
320G
A

. ..
. . ..

33OG
A
340G
D

...
. . ..
...
. . ..

1000
A
1100
A
120G
D
C

43

If

45 .7 N

...
.. . .
...
.. . .
.. . .
.. . .
.. . .

39

2,800
.. .
.. . .
.. . .
2,500
.. . .
.. . I 2,800
.. . . j
. . ..
.. . ! 2,300

46

51
.. . .
50

.. .
.. .
.. .

`2,800
....
....

52
. .. .
. .. .

..
2,800
.. . .

49
. .. .

2,800

52

2,800
.. . .

49
. .. .

50

61 W
0 .1
9 .7 F,
40 .3E
0 .1
12 .2 E
42 .7 14
0 .076
37 .0 N
0 .1
7 .9 W
16 .5 SW
20 .8E
30 .5 W
45 .7 S
75 .6 W
0 - 076
17 .1 NW
0 .076
23 .2 NW
0 .076
15-2 W
0 .1
38 .4 NE
0 .1
7 .6 IV
15 .2 W
16 .8 SW
22 .6 E
45 .7 S
76 .8 W
0 .1
16 .8E
0 .076
14 .3E
0 .076
17 .1 SW

Screened
interval (n1)

Fractional
penetration

19 .2-47 .6
0 .7 4
24 .4-48 .8
0 .51.
19 .2-44 .2
0 .5 5
24 .4-47 .0
0 .4 8
19 .2-48 .7
0 .61
24 .4-27 .4&
0 .1 3
30 .5-33 . 5
24 .4-27 .4 C
0 .1 3
30 .5-33 . 5
24 .4-27 .4 &
0 .1 3
30 .5-33 . 5
24 .4-27 .4 &
0 .1 3
30 .5-33 . 5
23 .5-41 .4
0 .43
26 .0-32 .0
0 .1 9
24 .4-41 .2
0 .40
20 4-40•2
0 .5 0
29 .6-34 .8
0 .1 9
24 .4-41 .2
0 .4 2
30 .8-47 .8
0 .3 6
39 .6-45 .7
0 .1 3
23 .5-45 .7
0 .5 0
23 .8-30 .2
0 .1 3
24 .4-30 .5
0 .1 3
24 .4-47 .3
0 .5 0
24 .4-30 .5
0 .1 3
24 .4-30 .5
0 .1 3
24 .4-30 .5
0 13
21-4-46-0
0 .5 4
30 .5-36 .6
0 .1 3
22 .0-46 .7
0 .5 0
24 .4-30•5
0 .1 3
23 .8-48 .2
0 .5 0
24 .4-30 .5
0 .1 3
37 .3-45 .5
0 .3 9
24 .4-46 .0
0 .4 3
20 .4-45 .1
0 .4 8
25 .3-32 .7
0 .1 2
21 .0-51 .5
0 .5 9
25 .9-32 .0
0 .1 2
24 .4-29 .0 &
0 .1 5
30 .6-42 . 7
25 .9-32 .0
0 .1 2
25 .0-32 .0
0 .1 2
22 .0-48 .5
0 .54
1S•3-24 .4& i 025
39 .6-45 . 7
22 .0-52 .8
0 .59
....
20 .8-45 .4
0 .43
28 .0-34 .2
0 .12

Plate 2 contrasts data plots for a short and a
long-screened bore at site 310 . Identical nonequilibrium type-curve matches are shown for the
two bores . Data plots from the longer screened bore
G test conform closely to Boulton type-A curves .
Data plots of the shorter screened bore F test at
the same site however, show that only the more
fully penetrating G bore is responding along the
type curves . Other shorter screened bores, including the pumped bore, are drawn down excessively
due to the effects of partial penetration and cannot be matched to distance-drawdown curves .
If the distance-drawdown data plots appeared
to be scattered a preliminary match was made from
the more distant and more fully penetrating bores .
Boulton, straight-line, or other analyses were then
made according to the assumptions for each
method . Straight-line methods were used in some
cases when u = r2S/4Tt was less than 0 .02, as in
the earliest time periods before the storage coefficient began increasing due to delayed yield .
Recovery data usually plotted more smoothly than
drawdown data .
Results among all methods of analysis were more
nearly consistent when pumping tests were designed
in close agreement with the assumptions made for
the non-equilibrium formula . The fractional penetration of pumping and observation bores was
important in its effects on results . Short-screened
pumping and observation bores with 6 metres
(20 ft) of screen in the bottom third of the aquifer
showed several undesirable effects of partia l

NOTE : 1 m'/d = 6 .55 gpm
1m 3281ft
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TABLE 2 . AVERAGE TRANSMISSIVITY AND PERMEABILIT Y

Boulton Curves

Jacob Metho d
Time-Drawdown

Jacob Method
Time-Recovery

T = Q W(u, r/$)/
4 rrs

T = 0 .183 Q/ As

T = 0 .183 Q/ As

Transmissivity
Average of Methods

Permeability (P = T/m)

Site

100
110
120
130
t40
200
210
220
230
240
300
310
320
330
340

. . ..
. . ..
. . ..
. . ..

.. .
. .. .
. .. .
. .. .

. . ..
1

361
482
407
361
211
617
256
376
241
300
482
858
798
677
407

407
452
437
632
271
648
497
662
271
271
587
063
1,350
678
512

482
497
407
527
361
542
632
647
286
241
632
994
1,160
851
677

(m'/d/ m)
447
477
417
507
281
602
462
562
268
271
567
936
1,100
735
532

(gpd/ft)
30,000
32,000
28,000
34,000
19,000
40 , 000
31 , 000
38 , 000
18,000
18 , 000
38 , 000
62 , 000
74,000
49,000
36,000

(m'/d/m')
11
11
11
13
7 .4
12
9 .6
12
5 .4
5 .3
11
18
22
14
11

(gpd/ft')
22 0
22 0
220
270
15 0
25 0
20 0
250
11 0
110
220
370
45 0
29 0
220

NOTE : 1 m'/ d/m = 1 .491 x 10 -' gpd/ft
1 m'/d/m' = 4 .893 x 10-' gpd/ft

penetration . They tended to test a thinner section
of aquifer near the pumping bore with resultant
lower transmissivity values, smaller specific capacity, excessive drawdown in observation bores, and
deviation from a type curve on distance-drawdown
plots of observation bore response . The deviation
was often greater than that due to partial penetration in a homogeneous aquifer, according to
Butler's ( 1957 ) tables . Distant observation bores,
in some cases, were drawn down more than near
observation bores, implying that partial penetration
effects were accentuated by aquifer inhomogeneity
and anisotropy .

Also shown are isochlors from a map by Bestow
(1971) . Isochlors, although masked somewhat by
the effects of local discharge and recharge , appear
to conform to transmissivity contours .

Tests on longer screened bores, however, with
about 24 metres ( 80 ft) of screen in 50 metres
(165 ft) of aquifer, generally showed that partial
penetration effects were negligible .

s„ = losses due to increased length of flow
paths caused by partial penetration of the
aquifer ;

BORE CHARACTERISTIC S
According to Walton ( 1962 ), drawdown in a
pumping bore may be broken down into several
head-loss components :
S"=losses due to resistance to horizontal flow
in the aquifer ;

s,, = dewatering correction to compensate for
reduction of the aquifer thickness ;

The effective early - time storage coefficients
derived from Boulton type-A curve matches to field
data from the 2-day tests were generally in the
artesian range . A time - variable storage coefficient
due to delayed yield is expected from bores screened
in the lower half of a thick, inhomogeneous, watertable aquifer . Longer pumping periods, of a few
days or weeks, would have allowed more nearly
complete drainage of delayed yield from sands in
the upper part of the aquifer. Plate 2 shows how
the storage coefficient at site 310, as calculated by
distance -drawdown Theis curve matches, increases
toward water table values as the match point value
of r2/t gets smaller with increasing time . Storage
coefficients from longer screened bores would have
reached water table values more quickly, probably
because of a smaller thickness of saturated sands
above the screened interval . An estimated specific
yield of 25 per cent is believed to be more useful
than the time -variable artesian- range storage
coefficient in calculating volumes of water in
storage .

sr = head gained from water added by recharge ;
s1, = losses due to barrier or discharge boundaries ;
s,, = losses due to turbulent flow in or near
the bore screen .
These drawdown components can be treated in
step-drawdown analyses by grouping all laminar
flow losses ( Sa + Sp - Sr + 5 ) which vary linearly
with Q, into one term (BcQ) and a turbulent flowloss term (s,r) which varies as some power (p) of Q
and is expressed as (CQp), giving the formula cited
by Sheahan (1971) for observed drawdown in a
pumping bore : s = BtQ + CQp .
Step-test data for G and H series bores other
than 310 and 210 are plotted in Figure 3 as s/Q
versus Q for use with Sheahan's type curves . Results for Bt, C, p, and efficiency measured as
B5Q/s at the tested rate, are given in Table 3 . Only
one bore is less than 80 per cent efficient by this
method at the tested rate and time . Efficiency may
increase with time as the Bt coefficient increases .

Permeability ( P) was calculated by dividing
transmissivity by the total saturated aquifer thickness ( m) . Transmissivity and permeability as
averaged for each site are given in Table 2 .

Step-test data are not available for bores 210G
and 310G, so laminar and turbulent flow-loss coefficients are estimated from knowledge of transmissivity and observed drawdown during the 48hour pumping test . Laminar flow losses ( BcQ) are
assumed to be equal to S . + Sp = QW (u) /4,r TCpp .
Transmissivity is known from the 2-day pump test,
Cpp is a partial penetration constant taken from
tables in Butler ( 1957 ), and W ( u) can be taken
from tables when (u) is calculated as r2S/4Tt.
Coefficients Bt for bores 210G and 310G were calculated in this way and compared with observed
drawdown (s) at t = 0 .01 day to get their efficiency
values given in Table 3 .

Contours of transmissivity, permeability, and
isopachs of the saturated aquifer are shown in
Plate 1 . These contours show that part of the
northerly increase in transmissivity is due to an
increase in aquifer thickness, but there is also a
related variation in permeability of the sands .
The permeability and transmissivity variations
do not correlate well with changes in thickness of
the medium sand , coarse sand , or calcarenite, suggesting that the aquifer is best treated as a single
hydrologic unit .
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TABLE 3. RESULTS OF TYPE-CURVE SOLUTION OF
STEP-DRAWDOWN TESTS

(2) at the end of 2 days' pumping tests, drawdown was in equilibrium with delayed
yield of water in the upper part of the
aquifer, and does not reflect the aquifer's
long-term storage characteristics . An estimated water table storage value of 0 .25 is
more useful than the time-variable storage
coefficient derived from the Gnangara
pumping tests for calculating quantities of
water in storage ;

s =BtQ+CQp
Bt = Laminar flow-loss coefficient
C = Turbulent flow-loss coefficient
t = 0 .01 day
Efficiency = BtQ/s (100)

Specifl c

Bore

1000
1100
120G
130G
140G
2000
210G
220G
230H
240G
3000
810G
3200
3300
340G

Bt (m/(in'/d))

C (m/(m'/d))p

p

2 .61 x 10-' 0 .72 x 10-'
I 2
4 .66 x 10-' 1 .68 x 10-'
2
No step-test data
No useful match due to develop ment
3 .49 x 10-' 0 .39 x 10-11
3 .6
2
3 .8 x 10-' 1 .5 x 10-'
No step-test data
3 .3 x 10-' 9 .2 x 10-'
2
3 .3 x 10-' 9 .2 x 10-'
2
3 .1 x 10-' 1 .15 x 10-'
2
3 .4 x 10-' 0 .67 x 10-"
3
No step-test data
1 .1 x 10-' 0 .16 x 10-"
3
1 .86 x 10 ' 1 0 .68 x 10-'
2
2 .6 x 10-3 1 .42 x 10-'
2

((capacit y
jy

342
187
312
204
194
256
172
284
248
284
254
800
775
474
316

Eflieiene y

(3) the use of more fully penetrating screens
in pumping bores increases the bore's specific capacity and efficiency by reducing
head losses caused by the increased length
of flow paths to partially penetrating
bores ;

pumpso
rate

89 %
87

(4) in the vicinity of the Gnangara bore
field, areas of relatively low chlorinity
may indicate areas of relatively high
transmissivity.

68
93
67
90
81
87
87
near 100
88
89
82
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SATURATED SANDS AT YENART SOAK
by P. Ballea u
ABSTRACT
Near Calingiri an accumulation of residual sand s
contains at least 4 .1 x 105 cubic metres (90 x 10'
gal) of potable water . An estimated 1 .45 x 104
cubic metres (3 .2 x 1011 gal) per year could be
converted to pumpage with a negligible net change
in storage . A proposed 30 .5-centimetre (1 ft)
diameter production bore screened from 0 .9 to 2 .8
metres (3 to 9 ft) below the water table and near
the centre of the sand body will allow a pumping
rate tentatively in excess of 2 .28 litres per second
(1,800 gph) without contamination from deeper
saline water .
Other saturated residual-sand reservoirs are
likely to be present near permanent soaks along the
upper Mortlock, Avon, and Moore drainage basins .

mafic (doleritic) and felsic dykes and quartz veins.
On these rocks a weathering profile is developed,
often consisting of several metres of sandy kaolinitic clay, capped by laterite .
According to Jutson (1934) many drainage divides
in this area were established before capture, during
the Pleistocene, of the drainages by the SwanAvon or Moore River systems . The oldest weathering profile of the basement rocks may therefore
be assumed to have developed on pre-Pleistocene
surfaces .

INTRODUCTION

The Calingiri area is in Mulcahy's zone of
younger laterite, characterized by laterites developed on stable slopes eroded into the older
peneplain . The zone of younger laterites is not
affected by the rejuvenated valleys such as occur
at Toodyay .

Saturated sands at Yenart Soak, 11 kilometre s
(7 miles) west of Calingiri, were sampled by
augering during April to June, 1971 .
The soak is 65 kilometres (40 miles) north of
Toodyay (Fig . 4) near the drainage divides separating the Moore River, Mortlock River, and Yulgan
Brook (which reaches the Avon River at ToodyaD .
The peaks of the divides represent an old surface
continuous with that of the sandplain country
east of the Meckering line (Mulcahy, 1967) . Airphotographs show surface sands draping the drainage basin slopes and containing numerous seeps
or ponds, especially west of Wyening .
A generalized geological section shows a basement of granites, gneisses, schists, quartzite,
phyllites, talc and other rock types intruded by

The surface around a pumped sump on the drainage divide near Wyening contains well rounded,
weathered, quartz and quartzite gravel and cobbles,
cemented in laterite or weathered free in the surface sand and silt . They were observed in sands
more than a kilometre wide along the CalingiriBolgart road . Such gravel may represent deposits
of pre-Pleistocene drainages in the Darling peneplain, or perhaps residuals from weathering of a
metaconglomerate . Their relatively wide extent
and location near the oldest topographic surface
suggests that sedimentary deposits, incised in the
old Darling peneplain, are preserved as remnants
in the area . Their origin cannot be clarified without more detailed mapping .
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YENART AUGER-HOLE FIELD

The unusual thickness of angular, poorly sorted,
white and red quartz sands developed under a
laterite cap and overlying kaolinite clays and sands
of the typical granite weathering profile at Yenart
Soak, are probably best described genetically as
residual-colluvial sands developed over a readily
weathering quartzose crystalline rock . The sands
act as a reservoir for fresh water which infiltrates
throughout the outcrop and is discharged as soaks
downslope . Water salinity is probably a function
of the time water is in contact with the weathering
zones . Salinity increases with depth because fresh
water from rainfall infiltration is added to the
upper surface of the water table, where permeabilities and flow velocities are greater. Both saline
and fresh water are discharged to the soak, where
the salinitiy is rapidly increased by evapotranspiration processes . It may be expected that flow
through the beds removes some weathering products as ions in the discharging water .

In the search for a township water supply for
Calingiri, Whincup (1968) proposed exploratory
auger holes in shallow sands at several places including Yenart Soak, where there was surface
evidence of shallow fresh water . Some 80 auger
holes were bored at Yenart on an irregular grid
pattern, about 600 metres (2,000 ft) on a side,
covering the hill slope above the soak . The shape
of the sand body and the fresh water lens are
shown in Figure 5 . More detailed logs of each
hole are on file with the Public Works Department.
The Y.enart Sands are thought to be residualcolluvial beds resulting from in-place weathering
of a quartzose crystalline rock, with hydrolysis of
readily weathering minerals and their removal as
ions in groundwater . Analysis of the size, shape,
and mineralogy of the grains, and of the shape,
position and structure of the sand body, indicates
that the sands have not been transported .
Auger-hole samples range from coarse to very
fine, poorly sorted, sand and even clay . One sample,
from just above the bedrock, had a clay fraction
by weight of 37 .5 per cent, which probably represents a clay filling of the pore volume of the qu artz
sand . Sorting indices (So = '\/75 per cent pass size/
25 per cent pass size) range from 2 .1 to 3 .6 in
the range, of values for a residual sand derived
from granite (Pettijohn, 1957) . Both fine and
coarse fractions consist of angular quartz grains,
sometimes with a slightly knobby or solution-pitted
surface .
No difference could be seen in ranges of grain
size, texture, or mineralogy between sand in the
underlying clayey matrix and the cleaner sands
above.
The clean sands show some colour zoning,
typically, from the surface : a brown soil a few
centimetres thick, underlain by a yellow or brown
pisolitic laterite 1 to 3 metres (3 to 10 ft) thick,
then clean white sands 1 to 13 metres (3 to
40 ft) thick, then increasingly red iron-stained
sands down to the clayey sands which generally
overlie the bedrock .
Texture and maturity also suggest that the sands
are residual in origin, as they agree with Twenhofel's four criteria for identifying residual sands
i .e ., poorly sorted, irregularly shaped grains, coated
with iron oxide, and perhaps solution pitted .
The shape and position of the sand bed are
shown in Figure 5 . The long axis trends generally
in a north-south direction, and is probably continuous with sands in an auger hole 1 kilometre
(0 .6 miles) south of the soak . The present surface
drainage area above this soak is small (0 .63 square
kilometres or 0 .244 miles2) and the sands, which
extend beyond the surface drainage area, are apparently unrelated genetically to the present
drainage, or to the laterite on the sands in high
areas .
As near as can be measured in auger holes, the
lens of fresh water has a flat upper surface . Its
irregular bottom surface rests on : (1) clay or rock
on the upslope (west) side ; (2) saline water rising
from below towards the soak ; and (3) bedrock of
varying level as between holes Fl and FO (Fig . 5) .
Several 30-metre (100 ft) auger holes (between
K10 and Flo) failed to penetrate the full thickness
of the fresh water.
Mulcahy has described yellow sand-filled depressions, similar to colluvial sand deposits of the sandplain country west of the Meckering line, in old
plateau remnants along the south branch of the
Mortlock River west of York . When cut by advancing erosional fronts, such depressions (spillways) spill sand collected from adjacent surfaces
through the erosional break, and often act as
collectors and reservoirs for permanent supplies of
fresh water in soaks . The sands at Yenart Soak
appear to differ in origin from such sand-filled
depressions primarily in containing residual white
and iron-stained red sands rather than yellow
sands derived from weathered laterite, demonstrating less transport (S„ between 2 .1 and 3 .6 as
against 1 .4 and 2 .0 for spillways), and showing less
vertical zonation such as multiple laterites .

TENTATIVE YIELD ANALYSI S
Two important limits on production from the
fresh water lens at Yenart are : (1) the maximum
perennial withdrawal and (2) the maximum hourly
production from an individual well that will not
cause movement of poorer quality water into the
well . For a tentative calculation, assume that 5
per cent of the average 46-centimetre (18 in) annual rainfall falling on the intake area (0 .63 square
kilometres or 0 .244 miles2) is available as recharge
to the fresh water lens, the area of which is
defined by the auger-hole field (0.248 square kilometres or 0 .095 miles2) and that the specific yield
of the sands is 25 per cent . In fact the groundwater divides are not coincident with surface water
divides and the reservoir surface may extend well
outside the auger-hole field .
The volume of water in storage has been calculated from the cross sections . The saturated fresh
water sands occupy 1 .66 x 101 cubic metres (5 .85
x 10' ft') which, if the sands have a specific
yield of 25 per cent, contain 4 .1 x 105 cubic metres
(91 x 101 gal) of water of less than 1,000 ppm .
By making use of the basic hydrologic equation :
Inflow = Outflow -}- Change in Storage we can
estimate an outflow (pumpage) which would
balance estimated inflow from rainfall infiltration
and result in negligible net annual change in
storage.
Such a calculation assumes that all present
outflow is through the soak, with no other outlet .
At 5 per cent of the rainfall, the estimated annua l
recharge reaching the water table expressed as an
annual inflow is 2 .3 centimetres per year per 0.63
square kilometres = 1 .43 x 104 cubic metres
(3 .18 x 106 gal ) = inflow. Pumpage of about 1 .43
x 104 cubic metres ( 3 .2 x 101 gal ) per year would be
expected to stop the natural outflow of the soak
and deplete storage during dry months, with replenishment during winter . Pumpage of 1 .43 x 104
cubic metres (3 .2 x 101 gal) per year is a tentative
value which could be subject to adjustment after
observing the behaviour of the water table through
a yearly cycle .
Site development should include enough observationbores to determine the slope of the water table,
daily changes in the water table, and its reaction
to pump tests and production . Information on
transmissivity, permeability, storage coefficient,
locus of boundaries, area of the reservoir, changes
in storage, and better definition of the yield of the
aquifer could then be calculated . Observation bores
should be at : (1) the auger-hole location 1 kilometre (0 .6 miles) south of Yenart to determine the
areal extent and hydraulic continuity of the lens ;
(2) at distance ( r) from production bore of 305
metres (1,000 ft) near Q10, at r approximately 280
metres ( 900 ft) near N16, and at r approximately
210 metres (700 ft) near G2, to determine the slope
of the water table ; (3) at r approximately 60 metres
(200 ft ) near F7 and r approximately 15 metres
(50 ft) for pump-test data ; and (4) at r less than
1 metre ( 3 ft), perforated to 18 metres (60 ft)
below the water table, for observing development
of the saline cone below the pumping bore .
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(15 ft) thickness of water of less than 1,000 ppm
was found . The site showed on air-photographs
as a white sand-covered slope above a reedy soak .
When there is no other outflow, the volume of
discharge from soaks is a function of the volume
of reservoir, and this smaller soak is not expected
to be fed by as large a volume of saturated sands
as Yenart . However, information from this auger
hole appears to confirm the relation of soak, sands,
and fresh water lens, which might aid in finding
other sites for exploratory drilling .

The behaviour of the 1,000 ppm fresh/salt interface is important in determining pumping rates
and bore design . Bennett and Mundorff (1968) have
provided criteria for designing bore fields which
pump fresh water under equilibrium conditions, and
develop stable cones of salt water under the pumping bore . Taking the thickness of fresh water as
18 metres (60 ft), the maximum abstraction of
fresh water can be obtained at G9 by placing the
bore screen between the levels of 0 .9 and 2 .8 metres
(3 and 9 ft) below the water table. The pumping
rate cannot be accurately calculated without knowing the permeability of the sands, but an estimate
can be based on transmissivity results (T approximately 222 m3/d/m (14,700 gpd/ft) ) of a pumping
test in similar sands at Bolgart .

Examination of air-photographs shows that soaks
and ponds are relatively common throughout the
white sand area shown on Figure 4 . Yalgern
Springs, 8 kilometres (5 miles) northwest of
Bolgart, exemplify the type of reedy soak with a
good flow but little drainage area above it, that
might be expected to be fed by residual sands
similar to those at Yenart .

Using the non-equilibrium formula, neglecting
boundaries, and assuming 12-hour pumping periods
with 12-hour recovery from a 30 .5-centimetre
(1 ft) diameter screen with a maximum drawdown
of 0 .9 metres (3 ft) in an aquifer of transmissivity
240 m3/d/m (16,000 gpd/ft) :

Bolgart township water supply is in a similar
sand body . It has been developed for production
since 1961, and further auger-hole drilling was
done in 1970 to determine the shape of the sand
body and the fresh water lens . The sands are
probably similar in origin to those at Yenart, being
a north to northwest-trending unit, not conformable with present topography, in places over 30
metres (100 ft) thick, with a water table which
slopes toward a spring beside Boigart Brook . The
1,000 ppm interface rises, as the result of flow of
water toward a soak . The water table fluctuates
seasonally about 30 centimetres (1 ft) during the
year, and responds quickly to rainfall (Fig. 6) . A
pumping test over a vertical interval of 6 .1 metres
(20 ft) in the bore gave a transmissivity value of
222 m3/d/m (14,700 gpd/ft) and a storage coefficient of 0 .049, which may indicate delayed yield
conditions with a long-term storage coefficient
closer to 0 .25 .

u = r2S/Tt4
(0 .305)2 2 .5 x 10-')/4 (2 .4 x 102) 0 .5
= 4 .9 x 10-4
therefore W (u) from tables = 7 .0 4
Q=4

7r

Ts/W(u )

= 2 .4 x 102 (0 .9) 12 .6/7 .0 4
= 3 .7 x 102 m3/d = 4 .28 1/sec = 3,400 gph .
For comparison, 24-hour per day pumping at
the rate of 2 .22 litres per second (1,850 gph) for a
year would produce approximately the same volume
of water and the same drawdown .
A bore of such design would have an estimated
production capacity considerably in excess of the
expected available annual recharge . Pumping hours
could be adjusted to accommodate the effects of
factors such as intermittent pumping, increased
drawdown due to the effect of boundaries, unknown
permeability, increased well diameter or increased
allowable drawdown (perhaps 1 .5 metres (5 ft) instead of 0 .9 metres (3 ft)) . Such an increase in
allowable drawdown may be desirable to allow for
boundary effects .

Other sources of fresh water in saturated residual
sands might be found in the zone of younger
laterites along the Mortlock River, Toodyay Brook,
or the east branch of the Moore River, by examining air-photographs for permanent soaks lying in
white sand areas between the old plateau remnants,
and having a disproportionately small surface
drainage area above them .

The present annual flow through the aquifer,
estimated at 1 .45 x 104 cubic metres (3 .2 x 10° gal),
if added to, or removed from the reservoir area
of approximately 0 .25 square kilometres (0.096
miles2) without other recharge or discharge, would
represent a change in water level of only 0 .25
metres (0 .83 ft) for a specific yield of 0 .25 . This
figure is near the annual fluctuation in water level
to be expected if the aquifer were pumped at
1 .45 x 104 cubic metres (3 .2 x 101 gal) per year .
Water levels in the similar sands at Bolgart
fluctuate about 30 centimetres (1 ft) through the
year.
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GROUNDWATER RESOURCES ALONG THE LOWER GASCOYNE RIVERA SUMMARY
by A . D . Alle n
ABSTRACT
The usable groundwater resources associate d
with the lower Gascoyne River are restricted to
the river-bed sand . which forms the bed load of
the river, and the immediately adjacent silty
flood-plain deposits . The river-bed sand between
9 .7 and 79 kilometres (6 and 49 miles) above the
river mouth is reliably estimated to contain 20
million cubic metres ( 16,260 acre ft) of groundwater immediately after a river flow, and the floodplain deposits about 152 million cubic metres
(123,000 acre ft) of water suitable for irrigation or
domestic supply. The groundwater resources in the
river-bed sand are the most easily exploitable and
of the best quality available (300 to 600 ppm TDS) .
However, they are substantially depleted by transpiration, evaporation and infiltration (in order of
importance) . These losses are slightly offset by replenishment from rainfall and local runoff . Quantitative estimates of these components are given .
Correct location and design of abstraction wells
will be needed to enable full exploitation of the renewable • resources in the river-bed sand . By comparison, groundwater resources in the nearby floodplain deposits are of variable quality and may
have unacceptable levels of boron and fluoride .
However, they form the largest available volume
of usable groundwater, and as such should be developed despite difficulties of bore siting and abstraction . The establishment of pumping bores in
the flood-plain deposits would provide an insurance against the failure of more easily exploitable sources . Because the deeper groundwater is
probably replenished at a relatively low rate and
there is a risk that over-abstraction will cause the
ingress of saline water, strict overall groundwater
management is considered essential .

Possible dam sites occur at Rocky Pool and Kennedy Range (Fig . 7), but the high evaporation
rate, and the variability in water quality and frequency of flows introduce problems of management,
in addition to the technical and economic disadvantages of the dam sites . The site at Kennedy
Range has been proved unsuitable while the site
at Rocky Pool is at present under investigation .
A small quantity of water for irrigation is obtained directly from the river during flows, but
most of the requirements for the town water supply
and the irrigation demand are met from groundwater sources .
In 1969 the total abstraction by all users was 932
million cubic metres (7,555 acre ft) . About half
of this amount is drawn from each of two aquifer
systems :
(1) coarse river-bed sands within the main
channel of the river ;
(2) thin irregular beds of sand or silty sand
in flood-plain deposits which have a relatively poor permeability .
Experience has shown that the amount of groundwater available in the river-bed sand adjacent to
the plantations is limited and is virtually exhausted
6 to 9 months after a river flow. Thereafter supplies are obtained, where possible, from the floodplain deposits, until such time as a new river flow
occurs.
Despite the imposition of legal controls, the
amount of groundwater abstraction has been increasing at 15 to 20 per cent per annum since
1966 . There has also been a tendency for groundwater from aquifers in the flood-plain deposits
to increase in salinity because of the lateral ingress
of brackish water .
The present study has been made in order to
more completely define the groundwater resources .
It is hoped that this, together with a contemporaneous dam site investigation, will provide,a scheme
for assured water resources .

INTRODUCTIO N
GENERAL
The lower Gascoyne River, for the purpose o f

this report, extends across the coastal plain from
Kennedy Range westwards to the sea, a distance
of about 145 kilometres (90 miles) . Carnarvon is
situated at the mouth of the river (Fig . 7) and is
about 970 kilometres (600 miles) by road north of
Perth . Its population was 5,750 in 1969 and is increasing rapidly. The principal industry is the
growing of fruit and vegetables in irrigated plantations and gardens situated on the river banks
along the lower 19 kilometres (12 miles) of the
river .

PREVIOUS WORK

Several projects have been undertaken to obtain
assured supplies of groundwater . Three programmes of drilling were conducted between 1935
and 1955 in both the river-bed sand and the floodplain deposits in the reach between 11 .3 and 16
kilometres (7 and 10 miles) above river mouth
(A.R .M .) * without very much success . In 1956,
a subsurface clay barrier was constructed across
the river in the river-bed sand in order to increase
the groundwater storage immediately upstream .
This produced a limited improvement but was very
localized in effect. Part of the barrier was scoured
out in 1957, thus reducing the available subsurface
storage (Ellis, 1958) .

CLIMATE
The mean annual rainfall at Carnarvon is about

216 millimetres (8 .5 in) (Fig. 7) . It mainly comes
from cyclones and thunderstorms in summer and
from occasional rain-bearing depressions in winter. As a consequence, rainfall may vary widely
from year to year .
The warmest month is February and the coolest
month July, with mean maxima of 31 .2° and
22 .1°C (88 .1° and 71 .7°F) and minima of 22 .1° and
10 .9°C (71 .7° and 51 .6°F) respectively. The average annual evaporation is about 2,140 millimetres
(84 .3 in ) which exceeds the rainfall by about ten
times.

Since 1959 the Public Works Department has
been systematically exploring the river-bed sand
section between 16 .4 and 32 .2 kilometres (10 and
20 miles A.R.M .) by auger drilling on a 101-metre
(5 ch) grid . This met with moderate success and
resulted in the construction of the "Pilot Scheme"
in 1963 . This supplies about 5 per cent of the
irrigation requirements to some plantations on the
south bank . It is to be extended to supply part
of the north bank and supplement the town water
supply.

RIVER REGIME

A preliminary appraisal of the present area was
made by Baxter (1967) . This was followed by an
auger-drilling programme to qualitatively assess
whether losses by vertical infiltration, or lateral
underflow along overflow channels, would take
place if controlled discharges were released down
the river from a dam (Passmore, 1968) .

Although the Gascoyne River is the second largest in the State, with a catchment area of 79,000
kilometres2 ( 30,500 miles°), flows are intermittent
and water quality is variable. Over the last 65
years the river has flowed on an average of 1 .5
times per year, but once every 5 to 6 years fails
to flow, the longest period without river flow being
3 years . The usual duration of river flows is about
2 to 4 months and estimates of the average annual
discharge range between 494 and 864 million cubic
metres ( 400,000 and 700,000 acre ft) . However, discharges may exceed 3,700 million cubic metres (3
million acre ft) during major floods .

Various artificial groundwater recharge schemes
have been proposed for the Gascoyne, but none so
far has prove d practicable . One example of these
NOTE : * All bore distances are measured from the river
mouth . In P .W .D. notation, P .B . 36/3000 (58 .85 km)
means percussion bore, 36 miles 3,000 feet ( 58 .85 km)
upstream .
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was bore injection which was tested in the "Pilot
Scheme" but it was found that the aquifer characteristics permitted only a low rate of acceptance
of the recharge water.

(49 miles) (Plate 3) . Bores were drilled on each
cross section at a separation of 91 .4 metres (300 ft)
to an average depth of 11 .3 metres (37 ft) with
auger drills . Each bore was drilled through the
river-bed sands to the underlying flood-plain
deposits, and disturbed samples taken every 1 .5
metres (5 ft) . Cores were cut from the flood-plain
alluvium where this was possible . Water samples
were collected in the course of drilling where conditions allowed and also after completion . Each
bore was left for observation with slotted P .V .C .
tubing in place and with suitable protection against
flood damage. A total of 326 bores with an aggregate drilling depth of 3,726 metres (12,225 ft) was
drilled .

OBJECTIVES AND METHODS OF INVESTIGATION
The present investigation has followed th e

general guidelines recommended by a firm of consulting engineers engaged by the Public Works
Department to study the Gascoyne area in 1969
(Gibb, 1969) . Although conjunctive use of surface
and underground water was suggested as a possible
future means of meeting the rising demand for
water, priority was given to groundwater investigation and development because of the need for an
urgent solution . The scope of this work has been
enlarged to collate and synthesize the data from
previous investigations, and voluminous on-file
reports and observations .
The field work was related to three distinct but
related aquifer systems :
(1) river-bed sands ;
(2) flood-plain deposits ;
(3) Cretaceous sediments .

Flood-plain deposit s
Twelve bores ranging in depth from 54 .9 to 110 .3
metres (180 to 361 ft) were drilled by cable-tool
methods to test the thickness, water quality and
yield of aquifers in the flood-plain deposits . The
bores were spaced about 6 .4 kilometres (4 miles)
apart, extending from the Gascoyne River Bridge
to Rocky Pool, and 3 .2 kilometres (2 miles) apart
upstream from Rocky Pool to the 78 .9-kilometre
(49 mile) cross section. With the exception of bore
36/4000 (59 .16 km), all bores were drilled on the
cross sections at points where sampling indicated
the water quality to be best (Plate 3) . The bores
were intended to be drilled only into the top of the
underlying Cretaceous and Cainozoic rocks but in
some cases they penetrated some distance into
these rocks and thereby provided useful stratigraphic information (Allen, 1972) . Sludge and
water samples were taken at 3-metre (10 ft)
intervals . Where aquifers were encountered, pumping tests were carried out using as observation bores
the existing bores on the cross sections . A summary
of the drilling results is given in Table 1 .

River-bed sands
The main objective of this aspect of the work
was to determine the volume of sand below the
river cease-to-flow level that is potentially available for groundwater storage, and its hydraulic
characteristics . Another objective was to establish
piezometers for groundwater hydrographic records .
Cross sections were set out at intervals of about
6 .4 kilometres (4 miles) in the reach between 3 .2
and 33 .8 kilometres (2 and 21 miles) where closely
spaced bore data were already available from previous investigations, and at intervals of 1 .6 kilometres (1 mile) farther upstream to 78 .9 kilometres

TABLE 1 . SUMMARY OF PERCUSSION DRILLING RESULT S
Distance
above
river
mouth
km

Cornmenced

Gascoyne River
PB 10/310

16 .10

20/1/71.

28/1/71

Gascoyne River
PB 14/040

22 .82

3/3/71

23/3/71

14 .539
(47 .70)

70 .4
(231 )

Not tested

Gascoyne River
PB 18/320

29 .07

0/2/71

2/3/71

22 .793
(74 .78)

110 .3
(361 )

Not tested

Gascoyne River
PB 22/720

35 .62

1/4/71

10/4/71

23 .308
(76 .47)

72 .2
(236 )

Not tested

. .. .

Gascoyne River
PB 26/1250

42 .41

5/7/71

17/7/71

27 .68
(00 .82)

77 .1
(253 )

. .. .

. .. .

Gascoyne River
PB 34/1770

55 .26

20/4/71

2/6/71

36 .075
(118 .36)

86 .6
(284)

25 .3-28 .3
(83-93)

873
(8,000)

16 .8
(55)

46 .3-49 .7
(152-163)

082
(9,000)

23 .8
(78)

. .. .

Test interval screened tes t
stopped because of bore col laps e

Name

Conn
pleted

R.L .
m(ft)

Aquifers
tested
m(ft)

Depth
m(ft)

Rate
m'/day
(gph)

Drawdown
m(ft)

Sali m
ity

Remark s

Tl
l°

OL DER ALLUVIUM TEST S
7 .501
66 .1 Not tested
(24 .63)
(217 )

No significant aquifers
. .. .

. .. .

. . ..

No significant aquifers
No significant aquifer s

. .. .

. .. .

No significant aquifers

. . ..

No significant aquifers
Test interval screene d

Gascoyne River
PB 36/4000

50 .16

7/12/70

22/12/70

38 .478
(120 .24)

73 .2
(240)

33 .5-57 .9
(110-190)

1,331
(12,200)

12 .5
(41)

800

Test from open hole . Sand in T C
may have provided significan t
water

Gascoyne River
PB 38/4100

62 .41

27/8/70

1/10/70

43 .270
(141 .00)

99 .1
(325)

17 .4-20 .4
(57-67)

938
(8,600)

3 .4
(11)

260

Test interval screened . Aquifer
flood-plain deposits (2nd test )

65 .2-79 .2
(214-260)

507
(4,650)

20 .5
(67)

320

Test from open hole . Aquife r
weathered Toolonga Calcilutit e
(1st test)

Gascoyne River
PB 41/100

G6 .01

2/10/70

7/10/70

48 .152
(157 .08)

67 .1
(220 )

Gascoyne River
PB 42/4050

68 .83

1.9/10/70

3/11/70

46 .323
(151 .98)

61 .0
(200)

33 .8-61 .0
(111-200)

218
(2,000)

n .a .

660

Test abandoned after 5 hour s

Gascoyne River
PB 45/2150

73-OS

19/11/70

3/12/70

50 .072
(164 .68)

54 .9
(180)

24 .4-27 .4
(80-90)

1,209
(12,000)

14 .0
(46 )

370

Test interval screene d

Gascoyne River
PB 48/3750

78 .39

6/11/70

16/11/70

55 .606
(182 .73)

56 .4
(185)

250-c50•O
(82-c164)

430
(4,020)

16 .2
(53 )

480

Test from open hol e

.. . .

. .. .

. .. .

Apparent large untested supplies
1,480 ppm TDS in Birdrong
Formatio n

.. . .

. .. .

. . ..

No significant aquifers

Gascoyne River
No. 1 (illooka)

137

15/4/70

22/7/70

c103 .03
(c340)

Gascoyne River
No. 2 (Fishy
Pool) .

110

27/7/70

16/8/70

93 .372
(306 .34)

Not tested

CRETACEOUS TESTS
184 .4 Not tested
(605)
91 .4
(300)

Not tested

No significant aquifers

Note : In P .W .D . notation 16 .19 (10/310) means 16 .191cm (10 miles 310 feet) above river mout h

(2)

95717
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The Palaeozoic rocks have been folded and
faulted and are unconformably overlain by about
457 metres ( 1,500 ft) of Mesozoic sediments . These
dip gently westward and have been faulted and
show evidence of local folding (Allen , 1972) . Unconformably overlying is a sequence up to 61 metres
(200 ft ) thick of Cainozoic rocks which extend
westward from about Rocky Pool . These , together
with the Mesozoic rocks are overlain by an extensive westward - thickening wedge of flood-plain
deposits which form the uppermost deposits . The
flood-plain deposits reach a thickness of up to 57 .9
metres ( 190 ft ) and overlie a distinctive horizon of
weathering and lateritization . They are inferred
to be of Pliocene-Pleistocene age.
The present Gascoyne River, about 0 .8 kilometres
(0 .5 mile ) wide, is incised into the flood-plain deposits and locally exposes Cretaceous rocks as at
Rocky Pool and east of Fishy Pool . Between the
incised banks of the river there are up to 12 metres
(40 ft ) of coarse sand forming the bed load of the
river .

Cretaceous sediments
Two bores were drilled to depths of 184 .4 metres
(605 ft ) and 91 .4 metres ( 300 ft ) respectively (Plate
3) to test the aquifer potential of the Cretaceous
sediments underlying the flood-plain deposits. The
main target was the Birdrong Formation, an
artesian aquifer known elsewhere to contain
brackish or saline water . It was hoped that better
quality water would be encountered , as the sites
selected were closer to inferred recharge areas . The
deeper bore , GR No . 1, was gamma-ray logged and
suitable samples from both bores were collected
for palaeontological examination .

GEOLOGY
The lower Gascoyne River crosses the Gascoyn e
sub-basin of the Carnarvon sedimentary basin
(Condon, 1968 ), of which the geology is shown on
published maps (Condon , 1962, 1968 ) . The basin
contains as much as 9,140 metres ( 30,000 ft) of
Palaeozoic sediments resting on a crystalline basement .

The stratigraphic section encountered during
drilling is shown in Table 2 .

TABLE 2. STRATIGRAPHIC SEQUENCE WITH SUMMARY OF LITHOLOGY AND HYDROGEOLOGY
Age Formation
Holocene

.. . .

. .. .

Pleistocene-?Pliocene

" River-bed sand "

....

Flood- plain deposits " .. .

Thickness
m(ft)

Lithology

Hydrogeolog y

12 .2
(40)

Sand, medium to very coarse, poorly
sorted

Excellent aquifer. Source of best quality
groundwater availab e

up to 57 .9
(190)

Silt, sandy silt, clayey silt , minor clay,
sand and gravel

Contains minor aquifers ; best quality
water adjacent to Gascoyne Rive r

over 61 .0
( 200)

Bentonitic claystones, silt, calcarenite ,
limestone

No major aquifer potential ;
contain salt water

over 61 .0
(200)

Calcilutite , fossiliferous , slightly phosphati c

No aquifer potentia l

over 61 . 0
(200)

Siltstone, slightly silty, calcareous with
minor beds of fine sandstone

No major aquifer potential ; minor sandstones contain good quality water near
Rocky Pool

17 .4
(57)

Shale, slightly calcareous, fossiliferous

No aquifer potential

23 .8
(78)

Shale and radiolarite, interbedded, pyritic

No aquifer potential

12 .2
(40)

Siltstone, slightly calcareous .. . .

No aquifer potential

45 .7
(150)

Siitstone and silty sandstone , carbonaceous

Major regional artesian aquifer contain s
brackish to salt water

Shale and siltstone

No aquifer potential

UNCONFORMITY
Cainozoic

.. . .

. .. .

Undifferentiated . . ..
(?Cardabia Group )

....

calcarenites

UNCONFORMIT Y
Korojon Calcarenite
Upper Cretaceous . . . .

Toolonga Calcilutite

Gearle Siltstone

. . ..

Windalia Radiolarite
Lower Cretaceous

.. . .

Muderong Shale

.. . .

.. .

. . ..

Birdrong Formation

.. .

.. . .

UNCONFORMITY
Permian

....

.. . .

Undifferentiated

. . ..

HYDROGEOLOGY

....

. .. .

Cretaceous rocks either directly or via the floodplain deposits .
Without the river-bed sand to
facilitate quick infiltration , river discharge would
probably be too rapid to allow significant amounts
of recharge .

GROUNDWATER SYSTEM

A regional water table occurs beneath the coastal
plain (Plate 4 ) . Below this the Cretaceous and
post-Cretaceous sediments are saturated with
groundwater . However, sands or sandstones capable
of storing and transmitting large quantities of
water are only poorly developed in the geological
sequence and furthermore much of the groundwater in the region is far below the standard of
quality required to meet either irrigation or
domestic needs . The principal aquifers are :
(1) river-bed sand ;
(2) sands within the flood-plain deposits ;
(3) minor beds of sandstone in the Toolonga
Calcilutite ;
( 4) the Birdrong Formation .

RIVER-BED SAND

Description
The river -bed sand lies in a well-defined channel
incised into the underlying flood-plain deposits and,
at Rocky Pool, the Cretaceous sediments . In the
river bed the sand varies considerably in thickness
but does not exceed 10 .7 metres (35 ft) below
the cease - to-flow level ( Plate 3 ) . It tends to beDrilling samples show
come thinner upstream .
the sand to be poorly sorted and of a medium to
coarse grading with minor beds of fine-grained
and silty or slightly clayey sand .

The groundwater which they contain is mainly
derived from flow in the Gascoyne River and to
a minor extent from local runoff and rainfall .

Data from pumping tests of variable reliability
indicate that the permeability of the river -bed sand
ranges from 24 .5 to 734 m3/day /m2 (500 to 15.000
gpd/ft2 ) . Values for specific yield , computed by
various methods, range between 0 .15 and 0 .35 . For
the purpose of calculation a permeability of 24.5
m3/day/m2 (5,000 gpd / ft2) and a specific yield of
0 .25 have been adopted .

Apart from some direct recharge , the groundwater system is primarily dependent on the riverbed sand which intercepts and stores a small proportion of the intermittent river flows . This water
is then depleted by evapotranspiration except for
a proportion which infiltrates downwards and
laterally into the flood-plain deposits , and into the
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above the water table and it seems likely that
evaporation does not take place when the water
table is 61 centimetres (2 ft) or more below the
surface . At the observed rate of water level decline,
15 .2 centimetres per month (6 in/month), evaporation would be negligible (except from pools) after
4 months when the water table would be 61 centimetres (2 ft) below C .T .F . level .

Occurrence of groundwater
By the time a river flow ceases, the river-bed
sand is saturated up to the cease-to-flow level
(C.T.F .) . The groundwater is then gradually depleted at a measured average rate of about 15 .2
centimetres (6 in) per month . The water table
has a gradient down the river of 0 .25 to 0 .74 x 10-3
(1 .3 to 3 .93 ft/mile) and averages 0 .485 x 10-3
(2 .56 ft/mile) . However, the gradient laterally
into the flood-plain deposits is much steeper at
about 5 .68 x 10-3 (30 ft/mile) . The water table
forms a marked groundwater ridge along the length
of the river (Plate 4) .
The total volume of river-bed sand available for
groundwater storage in the reach between 9 .76 and
79 .77 kilometres (6/330 to 49/2980 miles) is calculable from the cross-sectional areas below the C .T.F.
level and the distances between the successive sections (approximately 1 .6 kilometres or 1 mile) .
Some interpolation from existing data between
9 .7 and 33 .8 kilometres (6 and 21 miles) was also
necessary. This volume was computed to be 80 .3
x 101 cubic metres (2,834 million feet') . Applying
a specific yield of 0 .25, the volume of groundwater
in storage is estimated to be 20 .1 million cubic
metres (16,260 acre ft) or an average of 287,000
m3/km (378 acre ft/mile) . Significantly, the
volume of available groundwater storage declines
markedly upstream of about 68 .83 kilometres
(42/4050 miles) and probably only minor groundwater resources occur in the river-bed sand beyond
this point (Plate 3) .
An isopach map (not shown) adjusted for the
water table gradient and showing the extent and
configuration of saturated river-bed sand from 10 .1
to 32 .3 kilometres (6 .6 to 20 .1 miles) A .R.M . was
prepared from existing detailed P .W .D . data . This
showed that 6 .17 million cubic metres (5,000 acre
ft) or 278,000 m3/km (362 acre ft/mile) is in
storage at C .T.F., and agrees remarkably well with
estimates based on the cross-sectional areas .

The areas over which the water table is 61
centimetres (2 ft) or less below the natural surface
have been calculated from cross sections, and averaged for periods of decline below the C .T.F. level of
30 .5 centimetres (1 ft) and 61 .0 centimetres (2 ft) .
Then if the assumption is made that evaporation
takes place at a quarter of the average rate for a
free water surface over a 4-month period, it is possible to calculate that the loss in this time would be
0 .66 million cubic metres (535 acre ft), taking only
partial account of evaporation from pools .
Although further decline of the water table
drastically reduces further evaporative losses, it is
clear that if the foregoing assumptions are of the
correct order, then evaporation causes significant
losses which more than offset estimated direct recharge from rainfall .
Depletion by transpiratio n
The appearance and stature of trees which line
and in places grow in the river bed, compared with
vegetation at only a short distance from the river,
clearly indicate that the river gums (Eucalyptus
camaldulensis) and the paper barks (Melaleuca
sp .) are phreatophytes .
To evaluate the order of magnitude of depletion
by transpiration a crude water balance study was
made of a section of river near Rocky Pool . At
this locality the river-bed sand is underlain by
practically impermeable Toolonga Calcilutite, and
a period was selected when the water table was
more than 61 centimetres (2 ft) below surface,
obviating most of the evaporation losses .
The groundwater inflow through section 36/3000
at 58 .8 kilometres and its outflow through section
36/500 at 58 .1 kilometres is calculable from a knowledge of the respective cross-sectional areas, the
ground-water gradients and the assumed permeability value . The change in storage during the period
of study may also be calculated, using the assumed
value for specific yield of 0 .25 applied to the
volume of aquifer desaturated . The transpiration
loss is then equal to the inflow plus storage change,
less the outflow. This is calculated to be about
15,500 cubic metres (12 .6 acre ft) for the period
4th to 21st March, 1970.
If this amount of transpiration is assumed to
take place from the plan area of the tree canopy
(which is measurable from air-photographs), then
the unit rate can be derived . This is 11 .7 centimetres (4 .6 in) .
The average evaporation loss from a free water
surface in the area, based on Commonwealth Bureau
of Meteorology Charts is 12 .4 centimetres (4 .9 in)
for the same period, so that the relationship between transpiration and evaporation losses is in the
proportion of 11 .7 to 12 .4 . Knowing the mean
annual potential evaporation to be 216 centimetres
(85 in), we can calculate that the transpiration
losses are 11 .7/12 .4 of this, giving an estimated
total annual transpiration loss of 8 .67 x 101 cubic
metres (7,024 acre ft) from the measured area of
tree canopy along the river.

Rainfall replenishmen t
Local replenishment of groundwater from rainfall may take place along parts of the river bed
in the absence of surface flow. The amount of
replenishment depends on factors such as depth to
water table, intensity of rainfall and whether there
had been preceding rainfall . Two observed rainfall
events indicate that about 38 millimetres (1 .5 in)
are required before significant replenishment takes
place .
An assessment of the relative importance of rainfall has been made by estimating from the cross
sections the area of river bed underlain by saturated river-bed sand . Then by applying the average
Carnarvon rainfall, it is possible to calculate that
6 .35 million cubic metres (5,150 acre ft) of rainfall
fell on the river bed between 9 .7 and 78 .9 kilometres
(6 and 49 miles) A .R.M . A large proportion, of
this would be lost by evapotranspiration in making
up soil-moisture deficit, but if allowance is made for
the intensity of rainfall events in the areas it is
likely that at least 10 per cent (0 .63 million cubic
metres or 515 acre ft) recharges the river-bed sand .
Replenishment by surface runof
f
A large number of small drainage systems upstream of Rocky Pool are developed along the banks
of the river and these discharge into the river bed .
Their runoff has been observed to cause local rises
in the water table . The area of the catchments has
been measured, and from various considerations it
is estimated that 0 .94 million cubic metres (765
acre ft) (40 per cent of average rainfall on catchments) Is discharged onto the river-bed sand and
is therefore an important local source of recharge .

If the various assumptions are correct, then
transpiration is the major process depleting groundwater in the river-bed sand .
Depletion by vertical infiltration
Observation showed that a small vertical head
differential existed between water in the river-bed
sand and in the flood-plain deposits . Vertical infiltration from the river-bed sand to the flood-plain
deposits was estimated using a modification of the
Darcy equation after Walton (1962, p . 22) . The
area over which this could occur was estimated
from the cross sections .

Depletion by evaporatio n
After a river flow, groundwater in the river-bed
sand is depleted by evaporation from the capillary
fringe and from pools caused by local over-deepening of the river bed . The capillary fringe has been
observed to extend about 45 .7 centimetres (1 .5 ft)
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Some aquifers have hydraulic heads slightly
higher or lower than the water table, indicative of
at least partially confined conditions . These are
reflected by the aquifer response characteristics
during test pumping, and computed storage coefficients in the range of 1 .0 x 10-I to 1 .0 x
10'. The rapid rises of water level observed during
times of river flow are a consequence of semi-confined conditions .
The volume of groundwater in storage in the
flood-plain deposits is very large, but the quantity
in storage which is of suitable quality and is extractable is relatively small . It is restricted to beneath the river bed and its immediate vicinity.
The best quality water occurs immediately below
the river but it is known to deteriorate rapidly with
distance away from it . The present drilling information is insufficient to define the width of the
zone of usable groundwater but data in Baxter
k1968) have shown that it extends about 0 .4 kilometres (quarter of a mile) from the river bank .

The head difference across the interface between
river-bed sand and flood-plain deposits was taken
as 15 .2 centimetres (6 in) and the confining bed
assumed to be 30 .48 centimetres (1 ft) thick, with
a vertical permeability of 4 .89 x 10-' m3/day/m2
(0 .01 gpd/ft2) . This value for permeability has
been verified to some extent by leaky artesian response analysis . The resulting estimate of annual
vertical infiltration was 2 .67 million cubic metres
(2,165 acre ft) .
Subsurface inflow and outflow
Knowing the cross-sectional areas and the river
gradient, and applying the adopted value for permeability, the total inflow at the 79 .77-kilometre
(49/2980) section over 1 year was estimated to be
5,550 cubic metres (4.5 acre ft) while the outflow
at the cross section, 9 .76 kilometres (6/330), was
estimated to he 0 .228 million cubic metres (185
acre ft), both calculations being adjusted for a
1 .83-metre (6 ft) decline in water level over the
period .

The quantity in storage may be estimated by
assuming that the zone of good quality water extends 305 metres (1,000 ft) on either side of saturated river-bed sands (from cross sections) ; that
the average thickness of the flood-plain deposits
is 47 metres (155 ft) ; and that the specific yield
is 0 .05 . The estimated volume in storage between
10 and 79 kilometres (6 and 49 miles) A .R .M . is
152 million cubic metres (123,000 acre ft) . This
estimate is probably conservative . However, the
annual rate of renewal of the resource from the
river-bed sand (as previously estimated) is only
2.67 million cubic metres (2,165 acre ft), which
is equivalent to 38 .6 x 103 m2/km/year (50 acre
ft/mile/year) .

Groundwater balance
Various estimates have been made in the foregoing account of the magnitude of factors contributing to, or depleting water from, the river-bed
sand in the reach between 9 .7 and 78 .9 kilometres
(6 and 49 miles) A .R .M. over 1 year after a river
flow . The groundwater balance for the assumed
model, exclusive of pumped abstraction, can be expressed in the form of the following equation :
Q = P +RL+Ui - (E+T,• -4-Uo + V)
where Q is increase or decrease in groundwater
storage after 1 year, P is direct replenishment from
rainfall, RL is replenishment from local runoff,
U, is underflow into the system, E is evaporation,
T, is transpiration, U. is underflow out of the system, and V, is vertical infiltration into the floodplain deposits, all expressed in common units . Substituting derived values :

CRETACEOUS SEDIMENT S

The only sources of good quality water discovered
in the Cretaceous rocks are several minor sandstones which ocur in the Toolonga Calcilutite in
the vicinity of Rocky Pool . If developed these
could provide small supplementary supplies.
The Birdrong Formation, where tested, contains
water of 1,480 ppm TDS (Table 3), too saline for
irrigation purposes, with a static head of about
88 .4 metres (290 ft) above sea level . A bailing
test indicated that large supplies are probably
available, but it is most unlikely, if at all, that it
contains water suitable for irrigation within 145
kilometres (90 miles) of Carnarvon .
The other Cretaceous formations consist predominantly of silt or shale and have no aquifer
potential.

Q=0.63+0 .94+0 .006-(0 .66+8 .65+0 .23+
2 .67 )
_ -10 .64 x 101 cubic metres (8,624 acre ft) .
This figure can be checked by computing fro m
the cross sections the volume of river-bed sand
that has been desaturated as a result of the projected water level decline of 1 .83 metres (6 ft)
over 1 year. The volume of water lost from storage
can then be derived by applying the assumed storage coefficient of 0 .25 . This has been estimated to
be 11 .2 million cubic metres (9,065 acre ft) which is
within 6 per cent of the previous estimate . This is
a remarkably close agreement considering the
basis for many of the estimates . Whether the results for individual items are of the correct order
or whether compensating errors have been introduced is not certain, and more refined calculations
should be undertaken at suitable opportunities .

GROUNDWATER QUALITY

Groundwater quality in the Carnarvon area is
very important because of the effects which dissolved salts have on soil structure and plant or
human physiology . The total dissolved salt content, boron and fluoride levels of groundwater have
all imposed limitations at various times on water
use both as a source of township supply and for
irrigation .

FLOOD-PLAIN DEPOSIT S

Description

Variations in the total dissolved solid content
of groundwater tend to follow a pattern and are
therefore predictable to a certain extent, but no
pattern has been found to the occurrence of boron
and fluoride, and each source has to be assessed
as found .

The flood-plain deposits consist predominantl y
of silt, clayey and sandy silt, and minor sand, clay
and gravel . Controlled pumping tests indicate that
aquifers have a very variable permeability ranging
from 1 .8 to 150 m3/day/m2 (36 to 3,000 gpd/ft2)
reflecting the variable nature of the aquifers. In
contrast to these figures the average permeability
of the flood-plain deposits as a whole is considered
to be of the order 4 .9 x 10-2 m3/day/m2 (1 .0
gpd/ft2) .

Total dissolved solid s
The West Australian Department of Agriculture
has recommended that water for irrigation at
Carnarvon should contain not more than 350 ppm
TDS . However, sampling by the Public Works
Department of pumped groundwater between 1966
and 1968 showed that the average quality of water
abstracted from the river-bed sand was 320 ppm
of sodium chloride (690 ppm TDS approximately)
and from the flood-plain deposits was 426 ppm
sodium chloride (880 ppm TDS approximately) .
Furthermore, in any 1 year the quality of th e

Occurrence of Groundwate r
The flood-plain deposits include a number of
lenticular aquifers in Hydraulic connection with the
river-bed sand . There is a regional water table
within these deposits which has a gradient of about
5 .7 -x 10-3 (30 ft/mile) (Plate 4) away from the
river.
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TABLE 3 . WATER ANALYSES, DRILLED BORES AND RIVER FLOW S
Name, Depth and Remarks

Date

Gascoyne R Lead Water, 22/1/67 . . . .
Gascoyne R Lead Water, 30/1/68 . . . .
Gascoyne R Flow, 5/2/68 . .. .
Gascoyne P. Flow c . 11/4/68
Gascoyne R Lead Water, 18/6/68 . . . .
. .. .
Gascoyne R 2 hours after lead, 24/2/69 .. . .
Gascoyne R Lead Water,24/2/69
Gascoyne R Lead Water, 21/5/69
Gascoyne R 2 hours after lead, 21/5/69
Gascoyne R Lead Water, 2 /6 /"0 . . . .
Gascoyne R 2 hours after lead, 2/6/70
Gascoyne It Plow Inlet to Rocky Pool
.. . .
Gascoyne R Flow 3S-mile x section

. . ..
. . ..

. .. .

7/2/67
7/2/68
9/2/68
11/4/68
2/7/68
24/2/69
24/2/69
21/5/69
21/5/69
../ /6 70
2/6/70
11/8/70
11/8/70

C @ 20°C

290
440
190
. . ..
310
250
510
360
260
. .. .
1,000
820

pH

7 .2
6 .7
7 .0
7 .9
7-1
6 .8
6 .7
7 .8
7 .7
71
69
8 .0
8 .6

T.
T .D .S. T .D .S. Hard T. Alk
(cusp) (cond)I CaCO,I CaCO,

200
360
140
310
190
180
330
250
250
340
290
600
520

. .. .
..
. .. .
.. .
.. .
. .. .
700
570

158
58
108
56
. . ..
116
69
110
S5
214
174

160
55
70
45
62
155
108
52
52~
45
105
100

C.

25
32
15
24
14
19
39
30
16
26
21
46
40

Mg Na

7
19
5
11
5
7
15
10
7
11
3
24
18

32
46
18
51
23
52
46
26
71
56
138
110

K

HCO3

5
12
5
. . ..
15
6
5
. .. .
. .. .
8
7

CO3

SO4

RIVER F LO W
116
195
...
67•
.. . .
55
76
189
131
63
63
55
128
110

. . ..

.. . .

10
74

Cl

35
79
22

NO3

.. . .

SiO .

.. . .

Fe
(soln)

F

. . ..

0 .2
0 .5
0 2

B

SAR

Na
%

0 .2
0 .6
0 .3

1 .5
1 .6
1 .0

43
39
40
6

0 .2
0 .2
01
0 .1
03
0 .3

1 .1
18
1 .4
14
29
2 .6

40
42
45
45
58
59

. .. .

....

.. . .

3 .0

..
54

60

6
44
93
52
33
12
84
221
173

<
<1

1
12

05
<0 .05

0 .1
0 .3
0 .2
02
0 .3
03
. .. .
. .. .

232
509

1
1

13

0- 2
. . ..

1 .1

0-10

0 .3

0 .3

<0 05
<0 .0 5

6 '.' 3

0 .3
03
0 .2
0 .3

4 .2

Free
CO,

Mn

. .. .

... . .
.. . .

.. . .

PERCUSSION BORE S
. . ..
37/2350/7/ 59 It
. . ..
....
GR No. 1 Ttilooka
. . ..
.. . .
. . ..
48-mile x section start pump test I
48-mile x section end pump test . . ..
45-mile x section start pump test . .. .
45-mile x section end pump test . .. .
42-mile x section start pump test . .. .
42-mile x section end pump test . .. .
38-mile x section bailed
.. . .
. . ..
38-mile x section bailed
....
. .. .
38-mile x section start pump test . .. .
38-mile x section end pump test . .. .
38-mile x section start pump test . .. .
38-mile x section end pump test . .. .
36-mile x section start pump test . .. .
36-mile x section end pump test . .. .

.. . .
.. . .

. .. .
. .. .

.. . .
.. . .

. .. .
. .. .

.. . .
.. . .
.. . .
.. . .
.. . .
.. . .
.. . .
.. . .
.. . .
....

. .. .
. .. .
. .. .
.. . .
. .. .
.. . .
.. . .
.. . .
.. . .
.. ..

18-mile Pilot Bore (river-bed sand end pump test)

27/12/60
13/8/70
12/11/70
14/11/70
28/11/70
30/11/70
30/12/70
30/12/70
. . ..
. . ..
28/9/70
30/9/70
1/10/70
1/10/70
14/12/70
16/12/70
28/9/71

940
.. . .
710
700
570
570
1,050
1,050
400
540
430
400
450
470
1,230
1,230
880 I

7 .5
7-9
7-7
7-8
7 .6
7 .7
7 .7
7 .6
75
7 .4
7 .4
7 .9
9 .0
7-9
7-5
7-7

570
1,480
500
480
. . ..
370
680
660
300
350

7-7

540

260
320
320
800
800

660
. . ..
400
400
280
380
30 0
280
320
330
. .. .
. .. . (

294
356
. .. .
165

98
315
. .. .
140

12

63
57

33
52

81
321

35

19

S9

171

12

119
383

56

27

13

75

174

195
89
109

105
120
133

37
21
22

25
9
13

134
56
71

5
8

128
146
162

129
07
99
.. . .
249

98
125
122

30
21
20

13
11
12

33
62
64

5
6
6

119
128
149

1

172

47

32

163

. . ..

208

. .. .

173

68

38

19

. . ..

. .. .

. . ..

50

76
. . ..
67

4

47

.
3
40

67

3
5

44
39

<005
0 .10

28
26
28

55
62
65

4

33
52
51

<0 .05
0 .07
0 .05

04
0-6
0 .6

0 .2
0. 2
0 .2

....

4

<0 .05

0 .6

0 .4

415

<0 .05

0 2 1 0 .25

. .. .
<1

4

""
<0 .05
<0 .0 5

0 .4
04
0 .5

...

.

.. . .

59

6

...
.. . .

<00 5
<0 .0 5
<005
<005

0" 5
<0-0
<0 05

Effective development will be dependent on the
location and construction of efficient means of
abstraction . At these sites it will be necessary to
establish and maintain a network of bores for water
level observation and sampling in the river-bed
sand and the flood-plain deposits in order to
manage their use and so that the ingress of saline
water is prevented .
The policy of groundwater management under
the existing conditions should be to make use of
groundwater in the river-bed sand . Then, as this
becomes depleted supplement the supply from the
flood-plain deposits until the next flow . Thus the
role of the supplies in the flood-plain deposits is
as a buffer reserve for use during protracted periods
without river flow.
If a dam is built, the impounded water should be
used immediately after river flow, thereby reducing
the potential evaporation loss, and resultant
deterioration in quality of water in the dam . This
would also allow rather more recharge from the
river-bed sand to the flood-plain deposits than
would otherwise take place . Later, before the water
in the dam became excessively saline, part or all
of the water could be discharged to "top up"
storage in the river-bed sand, and groundwater use
could then proceed .

water in the river-bed sand is fairly uniform, but
from year to year, it may vary quite markedly .
This reflects the differences in river-flow salinities
from one flood to another, according to the particular part of the catchment area which contributes
most runoff .
The salinity of the water from the flood-plain
deposits is much less uniform, but does not show
such marked changes from year to year .
During the present investigation more than 1,000
analyses have been made, mainly of water from
the river-bed sand . They indicate that the quality
of groundwater available from the river-bed sand
is generally in the range 300 to 500 ppm TDS .
Boron
The recommended limit for boron has been set
at 0 .5 ppm . It occurs naturally in the groundwater
(Table 3) and has been found to affect citrus trees,
bananas and beans, if in excess of this limit .
Boron has been found to occur in river flows in
concentrations of 0 .10 to 0 .55 ppm and is probably in about the same range of concentrations in
the river-bed sand . However, limited sampling has
shown a range of 0 .3 to 4 .9 ppm in the flood-plain
deposits, following no apparent pattern .

ACKNOWLEDGEMENTS
The writer wishes to thank Mr . E . E . Schenk,
engineer, Public Works Department who organized
and contributed substantially to the investigation .

Fluoride
The acceptable limit of fluoride for the tow n
water supply has been set at 1 .0 ppm . It has
been found that river flows (Table 3) can have
concentrations of up to 0 .3 ppm and the concentration in the river-bed sand is probably dependent
on the quality of the recharging river flow . Up
to 7 .4 ppm have been recorded in the flood-plain
deposits and as in the case of boron no apparent
pattern is evident, either areally or with depth .
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CONCLUSIONS
The largest supplies of good quality groundwate r
are available in the river-bed sand and the adjacent flood-plain deposits .
The river-bed sand is the most readily exploitable
aquifer and also contains the best quality water .
The volume in storage after river flows has been
reliably assessed, but a study of the water balance
indicates quite clearly that natural losses remove
about half of this volume after only 1 year .
The estimate of the groundwater resources of the
flood-plain deposits is considered to be of the right
order of magnitude, despite the limited bore data
available . These resources are difficult to develop
and of more variable quality than the shallower
aquifers . However they do constitute a valuable
reserve for use when more readily available resources approach exhaustion .
The groundwater resources are relatively small
in relation to the potential demand . They are also
restricted in extent and are of variable quality .
Therefore careful development and management
must be undertaken to obtain optimum abstraction
and conservation .

CRETACEOUS-HOLOCENE STRATIGRAPHY AND STRUCTURE,
LOWER GASCOYNE RIVER, CARNARVON BASI N
by A . D . Alle n
ABSTRACT
INTRODUCTION

Data from 14 bores along 121 kilometres (7 5
miles) of the lower Gascoyne River, in the Carnarvon Basin, show that the concealed MesozoicCainozoic sedimentary rocks exceed 274 metres
(900 ft) in thickness and form a faulted sequence
which dips gently westward . An asymmetric fold
involving the Toolonga Calcilutite (Cretaceous)
and Gascoyne alluvium (Pleistocene) exposed at
Rocky Pool is interpreted as a drag fold along a
fault . Ambiguous evidence is interpreted and it
is suggested that the fault is recent and may still
be active .

Between November 1969 and October 1971 an
investigation into the groundwater resources of the
lower Gascoyne River was carried out . One of the
objectives was to test the groundwater potential
of the various formations which underlie the area .
For this purpose two bores, G.R . No . 1 (Mooka)
and G.R . No . 2 (Fishy Pool) were drilled to test
the Cretaceous Birdrong Formation, and 12 bores
drilled to test the potential of the Gascoyne alluvium (inset Plate 5) . The latter bores were drille d
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through the Gascoyne alluvium, occasionally for
some distance, into the. Cretaceous or Cainozoic
formations .
The bores were drilled with cable-tool (percussion) rigs . Strata samples were taken every 10
feet or change in lithology and these together with
detailed logs are held by the Geological Survey .
Drilling results are summarized in Table 1 .
Gascoyne River No . 1 was gamma-ray logged
(Plate 6A) . The other bores await similar logging, with the exception of G .R . No . 2, and P .B .
38/4100* (62 .40 kilometres) which have been infilled .

The sub-basin contains Palaeozoic, Mesozoic, and
Cainozoic sedimentary rocks, which are separated
by regional unconformities . The Palaeozoic rocks
are folded and faulted and from geophysical
evidence are about 9,150 metres (30,000 ft) thick
(Condon, 1968) . The overlying Mesozoic and
Cainozoic rocks are known from Brickhouse No . 4
bore to be 394 metres (1,200 ft) and 61 metres
(200 ft) thick, respectively . They have a gentle
regional dip to the west and are locally folded
and faulted . A westward-thickening wedge of
flood-plain deposits, informally referred to as the
Gascoyne alluvium, overlies the Mesozoic and
Cainozoic rocks and forms a plain of low relief .
The wedge attains a thickness of about 58 metres
(190 ft) and mantles the underlying rocks except
where they are exposed at Rocky Pool for about
1 .6 kilometres (1 mile), or where the river has incised through its former deposits to expose occasional outcrops in the bed or banks from Fishy
Pool to Kennedy Range .

STRATIGRAPHY
GENERAL
The area investigated is in the Gascoyne sub-

basin of the Carnarvon Basin . It has been described by Condon (1968) and is on the Kennedy
Range 1 :250,000 Geological Sheet .

TABLE 1 . SUMMARY OF DRILLING RESULT S
Distanc e
above
river
mouth
(km )

Name

PB 10/310
PB 14/940
PB 18/320
PB 22/720
PB 26/1250

. .. .

PB 34/1770
PB 36/4000
PB 38/4100

. . ..
. .. .
. .. .

. . ..

PB 41/100
PB 42/4050
PB 45/2150
PB 48/3750
G.R . No. 1
OR. No. 2

. .. .
. .. .
. .. .
.. . .
. .. .
.. . .

. . ..

. . ..

. . ..
. . ..
. . ..

FORMATION (metres below surface) (see Plate 1 Legend)
R.L .
(metres)

Depth
(metres)

G .S.W.A .
Palaeontology
Reports

Hr + Ha

Cu

Ilk

Kt

Kg-Pu*

. . ..

.. .

. .. .

.. . .

. . ..

.. .

. .. .

....

16 .19
2282
29 .07
35 .62
42-21

7 .507
14 .539
22793
23 .308
27 .682

66 .1
70 .4
110 .3
72 .2
77-1

0-50 .9
0-46-3
0-50-0
0-57-6
0-48-5

50 .9-63 .7
46 .3-70 . 4
50 .0-110 .3
57-6-72- 2
48-5-71-6

55-26
59-16
62 .41

36 .075
38 .478
43 .279

86 .6
73 .2
99 .1

0-50 .0
0-45-1
0-41 .8

. .. .
. .. .

66 .01
68-83
73 .08
78-39
. .. .
. .. .

48 .152
46-323
50-072
55 .696
.103 .6
0
93-372

67-1
61 .0
54 .9
56 .4
184-4
91-4

0-52-1
0-39 .9
0-35-1
0-50 .0
0-13-7
0-22-8

. .. .

. . ..
. . ..

. .. .

. . ..

. .. .

. . ..

71 .6-77 .1

. .. .

. . ..
. . ..

50-0-86-6
45-1-73- 2
41-8-99-1

47/197 1
53/197 1
....

. .. .

38/197 0
26/197 0
38/197 0
38/197 0
38/197 0
38/197 0
20/197 0
22/197 0

22 .8-80 .8

52-1-67-1
39 .9-61 .0
35-1-54-9
50 .0-56 .4
80 .8-91 .4

. .. .
. .. .
13 .7-184 .4*
. .. .

Note : 1 m = 3-281 it
* See Inset A Figure 1

The established Cretaceous-Lower Cainozoic
stratigraphic sequence (Condon, 1968 ; Playford
and Cope, 1971), and the rock units recognized are
as follows :

Samples taken for palynological examination
contained no indentifiable palynomorphs and only
unidentifiable plant tissue (Ingram, 1970a) .
Birdrong Formation

Formation
Age

Group
Established Recognized

Cainozioe

.. . .

?Cardabia

various undifferentiated

Known
maxi mum
thick nes s
metres *

A complete section of the Birdrong Formation
is believed to have been penetrated in G .R . No. 1
from 67 to 112 .6 metres (220 to 370 ft) below surface . It is presumed to uncomformably overlie
undifferentiated Permian sedimentary rocks and is
conformably overlain by the Muderong Shale .
The formation consists of grey coarse siltstone
grading downwards to a very fine silty sandstone
at its base . It is carbonaceous from 77.8 to 112 .9
metres (255 to 370 ft), and contains rare pyrite,
and scattered glauconite grains at 96 metres (315
ft) . The sand fraction is very well rounded .
In contrast with the lithological log, the gamma
log (Plate 6A) indicates that the formation consists of alternating layers of silt and sand (or
sandy silt) becoming more sandy towards the bottom . The apparent discrepancy is thought to
result from the abundance of carbonaceous
material towards the base of the formation .

15 2

t
U .Cretaceous

L.Cretaceous

Permian

l

...

Miria Marl not recognize d
Korojon Calcarenite
Toolonga Calcilutit e

Winning

Alinga not recognize d
Greensan d
Gearle Siltstone
Windalia Radiolarlte
Muderong Shale
Birdrong Formation

.. . .

} 27 3

58 8
30
21 5

various undifferentiated
*1m=3 .281it

RESULTS OF DRILLING

Undifferentiated Permian Formatio n
Shale and siltstone presumed to be of Permian
age (Condon, 1968, Fig . 146) were encountered in
G.R. No . 1 from 112 .6 to 184 .2 metres (370 to 605
ft) . They were grey with pink, white, and greygreen laminae and mottling.
The shales showed prominent lamination and
contained silty micaceous layers as well as rare
carbonaceous material and pyrite . Slightly calcareous siltstone with a faint petroliferous odour
was encountered from 174 to 184 metres (572 to
605 ft) .
The distinctive colouration of the section (a
possible result of sub-aerial weathering) and
gamma-log expression distinguished it from the
inferred unconformably overlying Birdrong Formation .

Samples from 71 .6 and 99 metres (235 and 325
ft) contain microplankton and palynomorphs indicating a Neocomian-Aptian age (Ingram, 1970a) .
Muderong Shale
The Muderong Shale is inferred to be represented
by a well-defined shale occuring conformably below the lithologically distinctive Windalia Radiolarite and conformably overlying the Birdrong
Formation, from 55 to 67 metres (180 to 220 ft)
below surface in G .R . No. 1 .
P .B . 38/4100 (62 .40 kilometres) stands for percussion bore
with the river distance as measured from the river
mouth . Note that the Gascoyne River bridge is
16 .18 kilometres (10 miles) above the mouth .
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Lithologically the formation consists of a dark
grey siltstone with light and dark laminae . It is
slightly calcareous, and contains frequent scattered
subangular to well rounded quartz grains and occasional layers of massive pyrite . The siltstone
also has a distinctive gamma-ray log expression
(Plate 6A) . Its age was not determined as no
palaeontological examination was made of any
samples .

overlain by the Gascoyne alluvium and its true
thickness is not known. It consists of white to
yellow-brown calcilutite containing scattered fragments and prisms of Inoceramus . Up to 0 .25 per
cent of phosphate is present throughout . The
age of the formation was not determined as no
palaeontological work was done on any samples .
Undifferentiated Cainozoic formation s

Windalia Radiolarit e

Five bores, downstream of Rocky Pool (Table 1),
encountered sediments of uncertain age which
overlie the Toolonga Calcilutite with apparent
unconformity, and are unconformably overlain by
the Gascoyne alluvium . The sediments consist of
yellow-brown, mottled green, grey and red, calcareous, probably bentonitic claystones with minor
layers of silt, calcarenite, and hard white limestone . Some beds contain fragments of pelecypods,
echinoid spines and foraminifers, and thin layers
of glauconitic sand . The basal contact in PB
26/1250, 42 .22 kilometres (26 .2 miles) upstream of
the river mouth, overlies slightly weathered Toolonga Calcilutite, suggesting that the contact is an
unconformity . The maximum thickness is unknown,
but certainly exceeds 60 metres (197 ft) and probably increases toward the west because of the
westerly dip .

The Windalia Radiolarite was encountered between 31 and 55 metres (102 and 180 ft) below
surface in G .R . No . 1 and is apparently conformably underlain and overlain by the Muderong Shale
and Gearle Siltstone respectively . It consists of a
distinctive sequence of alternating thin beds of
black shale and black hard radiolarite . Some layers are slightly calcareous, and nodules or layers
of euhedral and massive pyrite occur throughout . The gamma-ray log (Plate 6A) is fairly uniform except for a peak indicating the presence
of a somewhat thicker bed of black shale from
36 .6 to 38 .2 metres (120 to 125 ft) . Palaeontological
examination of samples from 38 .2 and 42 .7 metres
(125 and 140 ft) suggests an Albian age, and the
sample from 42 .7 metres (140 ft) may indicate a
slightly different environment of deposition (Ingram, 1970a) .

Samples submitted for palaeontological examination contained only worn or unidentifiable fossil
fragments of Cainozoic aspect (Hooper, 1971a,
1971b) . On lithological grounds the beds probably
belong to the Paleocene-Eocene Cardabia Group .

Gearle Siltstone
The Gearle Siltstone was also encountered only
in G.R . No . 1 bore . It is unconformably overlain
by the Gascoyne alluvium and conformably overlies the Windalia Radiolarite . The unit is fairly
distinctive both lithologically and on the gammaray log . It consists of black, very firm, slightly
sandy and calcareous shale, interbedded with rare
thin layers of chart near the top . The shale contains scattered rounded medium-sized quartz
grains, rare phosphate nodules, and nodules of
euhedral pyrite. Foraminifera are abundant from
13 .5 to 18 metres (45 to 60 ft) and belemnites are
numerous from 18 to 31 metres (60 to 102 ft) .
The upper part of the formation is slightly lighter
coloured as a result of weathering, and an unknown thickness has been removed by erosion .
The gamma-ray log peak (Plate 6A) occurring at
the contact with the Gascoyne alluvium is considered to result from concentration of derived
phosphatic nodules.
A sample from 26 metres (85 ft) was considered,
from determinations of microplankton, to be of
Albian age, probably from the Lower Gearle Siltstone (Ingram, 1970a) .

Laterite
A thin laterite up to 1 .2 metres (4 ft) thick i s
developed on the surface of the unconformity
which separates the Gascoyne alluvium from the
underlying Mesozoic or Cainozoic rocks . It consists of well rounded dark red to yellow-brown
lightly cemented pisoliths overlying a weathered
zone which extends from 1 .5 to 12 .2 metres (5 to 40
ft) below the laterite . The weathered rocks are usually mottled pink, white or yellow-brown and may
be slightly silicified . The laterite is evidently partly
eroded as it was encountered in seven bores, while
in the remainder it was absent and only weathered
rocks were encountered . Exposures of the laterite
showing its nature and evidence of partial erosion
occur in the vicinity of Rocky Pool.
The age of the laterite can only be placed within
fairly wide limits . If the undifferentiated Cainozoic
rocks are the Cardabia Group then the laterite
must be post-Eocene and if the Gascoyne alluvium
is of Pleistocene age then the minimum age for the
laterite could be Pliocene .

Toolonga Calcilutite
The Toolonga Calcilutite was identified in nine
bores (Table 1) . The top of the formation was
encountered in G .R . No . 2 where it is apparently
conformably overlain by the Korojon Calcarenite,
but the basal contact with the Winning Group was
not intersected and its nature is unknown . It is
olive green, blue-black to black where unweathered,
and mottled grey, pink and yellow where weathered .
Lithologically it consists of a slightly calcareous
dense clayey siltstone or silty claystone with minor
thin beds of fine to very fine, moderate to well
sorted sandstone up to 4 .3 metres (14 ft) thick .
Brown ferruginous concretions and scattered
rounded quartz grains occur throughout the formation. Rare glauconite grains and foraminifera are
present in some sections. The formation is considered to be of Senonian age, on the evidence of
microplankton (Backhouse, 1970 ; Ingram and
Backhouse, 1970 ; Ingram, 1970b ; Hooper, 1971b) .

Gascoyne alluvium
The river flood-plain deposits are herein referred
to informally as the Gascoyne alluvium . This was
encountered in all bores, and ranges from about
3 metres (10 ft) thick at Rocky Pool to 57 .8 metres
(189 ft) in PB 22/720 (35 .63 kilometres) . The
formation consists predominantly of yellow-brown
to red-brown, mottled, poorly sorted clayey or
sandy silt, with minor beds of poorly sorted sand,
gravel and clay . It has been incised by the river
which has deposited in Its bed a medium to coarse
sand which reaches a thickness of about 12 metres
(40 ft) .
The age of the flood-plain deposits Is uncertain
as no fossils or unoxidized strata samples suitable
for palynological analysis were found . Condon
(1968) accepted on global evidence that the postEocene laterite developed in the Carnarvon Basin
ceased development and underwent dissection at
about the end of the Pliocene . Further, the elevation of the base of the alluvium, rising from -43 .2
metres (-142 ft) in bore 10/310 to 90 metres (295
ft) in G .R . No. 1 (Plate 5) suggests that the formation was deposited perhaps during the late Pleistocene rise of sea level . Hence despite the absence of
definitive evidence the Gascoyne alluvium is considered to be of Pleistocene age .

KoroJon
. Calcarenite
The Korojon Calcarenite was encountered from
22 .8 to 80 .8 metres (75 to 265 ft) in G .R . No. 2 .
It was identified by its lithology and its conformable stratigraphic position above the lithologically
distinctive and palaeontologically identified Toolonga Calcilutite. The formation is unconfoimably
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CONCLUSIONS
The drilling results have provided new information on the distribution, nature, thickness, and
structure of the Cretaceous-Holocene formations in
the Gascoyne sub-basin . The main conclusions are :
(1) Correlation of the Permian and Cainozoic
rocks is not certain, but the Cretaceous
rocks can be fairly readily correlated with
established stratigraphic units on lithology
and palaeontology .
(2) The structure of the westward-dipping
Cretaceous rocks has probably been dislocated by pre-Pleistocene faults, and by
an inferred post-Pleistocene fault which
may still be active .
(3) The structure at Rocky Pool resembles an
anticline (Rocky Pool anticline) but is
believed to be a drag fold .
(4) The remnants of a post-Eocene laterite are
preserved beneath inferred Pleistocene
flood-plain deposits on the Coastal Plain .

STRUCTURE
FAULTING AND FOLDIN G

The regional dip of the Cretaceous rocks is 1 to
3° in a westerly direction (Condon, 1962, 1968) .
For this reason a correlation diagram with
the bore logs projected onto a line bearing 280°
is given in Plate 5 . The diagram indicates
that faults possibly occur between G .R . No . 1 and
G .R . No . 2 ; between G.R . No . 2 and PB 48/3750 ;
and that a fault or fold occurs at Rocky Pool . The
faults are evidently post-Cretaceous but prePleistocene, whereas the structure at Rocky Pool
apparently involves the Gascoyne alluvium and is
probably a post-Pleistocene feature .
Rocky Pool "anticline"
The Toolonga Calcilutite which outcrops at
Rocky Pool is the southern part of an arcuate,
partially exposed outcrop, of low relief, which
extends for about 65 kilometres (40 miles) northeastward of the river (Condon, 1962) . It has been
incised 3 to 7 .5 metres (10 to 25 ft) at Rocky Pool
and has caused the channel of the Gascoyne River
to be constricted from an average width of about
450 metres (1,500 ft) to 90 metres (300 ft) . It also
appears to affect the regional river gradient causing
an apparent gradient of 0 .67 x 10-s (3 .5 ft/mile)
downstream of Rocky Pool and 0 .84 x 10-1 (4 .4 ft/
mile) upstream, but the evidence is not unequivocal
(Plate 6) . Furthermore, the flood-plain deposits on
either side of the structure are about 45 metres
(150 ft) thick, whereas alluvium overlying the
structure is 3 metres (10 ft) or less thick, gently
folded, and resembles basal strata overlying the
laterite to the east and west of the structure .
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Hancock (1968) in a detailed study of the Rocky
Pool area for a proposed dam site, concluded that
the Toolonga Calcilutite formed the top of a broad,
flat-topped asymmetrical anticline . However, the
true nature of the structure is uncertain . Judged
by the strike length of the structure, and the abrupt
easterly contact exposed at Rocky Pool, the writer's
opinion is that it is a fault of uncertain nature
with the apparent folding resulting from drag in
the thick, incompetent, Toolonga Calcilutite (Plate
5 inset A) .
The structure may be interpreted either as a
buried feature in the process of being exhumed or
as an actively rising structure controlling sedimentation, and the grade and configuration of the river .
The evidence is equivocal but the facts that the
alluvium overlying the structure appears to be
slightly folded ; that the basal alluvium on and
adjacent to the structure shows marked similarities
suggesting displacement ; and that the river appears
to be actively downcutting through the structure
despite raising of river base levels since the postglacial rise in sea level, seem to indicate that the
structure is an active or recently active feature .

EARTHQUAKE HAZARD

IN WESTERN AUSTRALIA

by F . R . Gordo n
(2) emergency operations during and immediately after a disaster and subsequent
post-earthquake planning and reconstruction .
The extent of the post-earthquake assistance will
depend to a large extent on the loss of life and the
damage to property. Undoubtedly, pre-disaster
planning would greatly increase the effectiveness
of the post-earthquake aid and relief programme .

PUBLIC PLANNING FOR EARTHQUAKES
INTRODUCTIO N

Earthquakes have become a matter of public
concern since the disaster at Meckering in October
1968, and since then the shakings from the Calingiri and the Canning Basin earthquakes have emphasized the need for public planning in Western
Australia to take account of earthquake risk .
The planning of public policy has two distinct
components :

PRE-EARTHQUAKE PLANNING

Pre-disaster planning will differ greatly from
area to area and will reflect the probability of
earthquake occurrence , as well as the specia l

(1) community planning and development of
earthquake protection prior to an earthquake disaster ;
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quality of materials and construction. Experience
gained from the Meckering earthquake has shown
that other factors may be added, such as the relative orientations of source and structure, the location of the structure relative to block movement,
and the geology of the area between source and
structure.
If other factors are equal, damage resulting from
a major earthquake occurring on a fault will decrease with distance . However, the most important
factor is the type of foundation soil on which the
structure rests, although the type of structure and
its design and construction are also of importance.
If a structure close to a fault zone is designed and
constructed to be earthquake resistant, and does
not actually straddle the fault zone, it may be
comparatively safer than a simliar structure several
miles away from the fault, but on poor ground, or
not properly designed and constructed to resist
shaking.
The earth waves which cause shaking are different in different materials . In general, solid rock
such as granite carries only short-period earthquake waves which cause a rippling motion at
the surface . At the opposite extreme, deep uncemented saturated alluvium can support only
long-period waves which result in a lurching motion
at the surface . Structures built on such material
are likely to be subjected to much more violent
shaking than those on hard rock .

hazards inherent in metropolitan areas and from
foundation conditions . Planning should be directed
towards two separate risk areas :
(1) towns in the South West Seismic Zone
(Fig . 8) and the separated towns of other
well-defined seismic areas such as Marble
Bar, Port Hedland and Broome ;
(2) metropolitan Perth .
Obviously the highest risk applies to the country
towns of the South West Seismic Zone, as on present knowledge damage to Perth would eventuate
only if a major earthquake occurred within 160
kilometres (100 miles) of the city, while a damaging
earthquake could occur anywhere in the South
West Seismic Zone at any time. A survey of the
earthquake resistance of existing structures in towns
in the South West Seismic Zone is necessary, with
special emphasis on the larger and older towns like
York, which have already sustained some damage
from seismic shaking . Detailed recommendations
for the appraisal of existing conditions in building
in the seismic zone are contained in a later section .
The other main element of earthquake planning
is the provision of a seismic building code . The
basic need is to ensure at least earthquakeresistant construction which protects life ; earthquake-proof construction is not consider economically justified .
ORGANIZED AND RATIONAL PREPARATIO N

Most of the State is liable to seismic shaking, and
some areas must be classed as active seismic zones .
At present it is not possible to predict accurately the
occurrence of earthquakes in time and space, but
measures can be taken to minimize their effects
on life and property . Even if accurate prediction
were achieved, the importance of earthquakeresistant construction would not be reduced .
The most important aspect of the hazard is the
safety of human life ; the control of property
damage being a secondary consideration . As long
as a building remains standing and people are
safe inside and outside of it, then structural
damage may be allowed . However, the degree of
permissible damage to a structure is a serious
economic cost-benefit problem .

GROUND FAILURE

Damage may be caused by shaking of foundation soil and may take three possible forms : landsliding, settlement, or liquefaction . In addition to
the general variables already mentioned, two other
important factors are : (a) the degree of saturation
of the soil, and hence the position of the water
table, and (b) the site geology . Each form of
ground failure has further determinants, and
minor geological features of the site are of considerable importance .
A recent study by Seed (1968) of landsliding
during earthquakes indicates that slides are invariably started by the liquefaction of saturated sandy
soils which are already in a loose to fairly loose
condition . The earthquakes studied varied in magnitude from 5 .5 to 8 .5, at epicentral distances
ranging from several kilometres to hundreds of
kilometres . Landsliding reactivated in the metropolitan area by the Meckering seismic shaking is
detailed later in this text .

HOW EARTHQUAKES CAUSE DAMAGE
GENERAL CONDITIONS OF DAMAG E

Wallace ( 1968 ) has shown that earthquake
damage is usually manifest in four separate forms :
(1) fault displacement, (2) seismic shaking, (3)
ground failure, and (4) tectonic warping . All these
causes of damage are affected by the following
variables : (a) magnitude of the earthquake, (b)
focal depth, (c) distance of structure from source,
(d) extent and magnitude of faulting, and (e)
intensity and duration of shaking .

EARTHQUAKE RISK ZONING FOR WESTERN
AUSTRALIA
A seismic zone is a region within which there
is an obvious grouping of earthquake epicentres .
The South West Seismic Zone of Western Australia (Doyle, 1971) is a belt about 60 kilometres (37
miles) wide and 550 kilometres (342 miles) long in
which, during the period from August 1959 to
June 1965, 205 earthquake epicentres were located
(Everingham, 1968) . In the same period, only 5
epicentres were recorded elsewhere in the State .
An earthquake risk zone is a region throughout
which there is an equal level of risk from earthquake effects .
A tectonic belt, as used in this report, takes into
account the historical record of earthquakes, the
scatter of recorded epicentres, evidence of ground
disturbance in reasonably recent times and the
global tectonic pattern . "Tectonic" means structural, and tectonic earthquakes are associated
with faulting or other structural processes .
Earthquake magnitude is a rating of the total
energy released by an earthquake . The magnitude
as originally defined by Richter (1958) is the
logarithm of the maximum recorded amplitude
shown on a standard type of seismograph at a
distance of 100 kilometres (62 miles) from the
epicentre . Because the scale is logarithmic, every
upward step of one magnitude unit corresponds
to a 10-fold increase of recorded amplitude . The
upper limit of magnitude, set by the strength of
the rock, is about 8k-. A one unit increase in
magnitude also corresponds roughly to a 30-fol d

FAULT DISPLACEMENT AND GROUND BREAKAG E

This type of damage occurs when a structure is
located astride the actual plane of movement and
is torn apart by violent differential action . No
matter how well designed a strucure might be, if
the amount or type of faulting is not anticipated,
the structure will fail if movement occurs during a
strong earthquake . But as movement is generally
confined to a narrow zone during any earthquake,
a structure directly on the trace of a moving fault
may be torn in half, while another located perhaps
10 metres (30 ft) away may be undamaged . Fault
displacement in the South West Seismic Zone may
accompany earthquakes of magnitude 6 or more .
Considerable damage may result from tension
openings or minor fault zones developed at the
same time as the main fault, or from subsequent
aftershocks .
SEISMIC SHAKIN G

Damage to structures by shaking occurs when
earthquake vibrations are transmitted from the
ground to the structure . Cluff (1968) lists the main
variables that determine the extent of damage as
type of ground, earthquake-resistent design, and
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to be increased . The risks are always increased by
additional records and knowledge, never decreased .
However, there are certain districts in Western
Australia that are more liable to damaging earthquakes than others and this forms the basis of
the present zonation, based on knowledge as at
November, 1970 . As the principles behind the New
Zealand method of zoning are clearly defined
(Clark and others, 1965) and are capable of modification for Western Australian conditions, these
principles can be applied to Western Australia .
Any other system of zoning in current use would
give similar results .

increase in energy, and a two unit increase in
magnitude, e .g. a unit increase from 6 to 8 leads
to a 30 times 30 (or 900-fold) increase in energy .
Intensity is a measure of the degree of shaking
at a specified place . Intensity ratings are noninstrumental and rely on human observation and
interpretation. The ratings are assigned by an experienced observer using a descriptive scale . The
Modified Mercalli (MM) scale has grades indicated
by Roman numerals from I to XII .

For every earthquake there is only one magnitude, but the local intensities vary widely, according to the position and the judgment of different
observers . As each location experiences an intensity measured by the earthquake effects at that
location, a line called an isoseismal line can be
drawn to separate areas experiencing different
intensities . They were originally drawn as curves
connecting localities where equal intensity was
observed in a given earthquake .

EARTHQUAKE RISK ZONING IN NEW ZEALAND

In New Zealand three zones have been defined
to cover the situation in which some regions have
been subjected to earthquakes in recent times, with
a wide variety of intensities, while others rarely
experience earthquakes of even minor intensity .
This pattern is reasonably consistent with the
geological record of ground disturbance in relatively recent times .

EARTHQUAKE RISK ZONING, AND SEISMIC CODE S

Western Australia has not suffered uniformly
from the effects of earthquakes . Some areas have
had earthquakes more frequently than others, and
some areas have had virtually none . An earthquake risk zoning scheme is an attempt to take
account of variations in this regional seismicity .
Earthquake risk zoning has been used in many
parts of the world, and the basic principles are
the same everywhere . Zone boundaries are defined
by taking into account historical records of past
damaging earthquakes, the scatter of recorded
epicentres, the destructive range of earthquake
shaking, evidence of ground disturbance in reasonably recent times, and general geological considerations of tectonic activity.
These risk zones are defined in terms of relative
frequency of destruction from earthquakes, not
of absolute liability to destruction . Schemes of
zoning have been defined in, for example, the
United States, Japan, in Turkmen in the U .S .S .R.,
and in New Zealand, the object of all these schemes
being to delineate areas of equal earthquake risk .
Once zoning has been achieved, basic shear coefficients necessary to strengthen buildings are
applied to each zone by structural engineers and
engineering seismologists in the form of a seismic
code . Almost every country has its own basic coefficients, two of the best known being the New
Zealand Code and the S .E .A .O .C . (Structural
Engineers' Association of California) Code .
The fundamental concern of any seismic code
must be to endeavour to remove the hazard to life
as far as this is practicable . A secondary consideration is to minimize damage, both structural
and non-structural, for earthquakes of moderate
intensities, but a considerable amount of nonstructural damage and of appreciable plastic strain
to basic structures will occur in the event of major
earthquakes (New Zealand Standards Institute,
1965) .
A criticism that has been levelled at the drawing
of zone boundaries is that it is an improper task
to attempt to limit the possible areas of earthquake occurrence . This approach means that all
areas of the State are regarded as seismic until
they are proved otherwise, in which case all
buildings in the State would have to be designed
to resist damaging earthquakes and the cost would
be prohibitive .
At the opposite end of the scale is the attitude
that "Meckering has had its earthquake and Perth
has largely escaped, so what is there to worry
about?" . However, as Richter (1958) points out,
there is little to justify the assumption that the
strongest shaking known to have affected a given
point in the past will never be exceeded . Eiby
(1968 ) stated that " the alarmists and the complacent are equally to be condemned, but it should
be noted that several of the worst disasters in
recent years have stricken places that believed
themselves to be beyond the active zones or in
marginal zones where the intensity would be less" .
Each new earthquake causes a revision of the
estimates of seismicity, and may cause earthquake risk zones to be altered and seismic codes

The New Zealand Code coefficients, applied to
Zones A, B and C for public buildings, are deemed
adequate for earthquake intensities of Modified
Mercalli (MM) 9, (MM) 8r and (MM) 8 respectively and those for private buildings for intensities
(MM) 8-, (MM) 8 and (MM) 71 . The New
Zealand version of the Modified Mercalli felt intensity scale (Eiby, 1966) is given in Appendix
2, as this version is a considerable clarification
of the old scale, and the essential differences
between the degrees can be better appreciated .
Zone A has been delineated to comfortably include all regions known to have suffered more than
minor seismic damage, all known epicentres of
"normal" earthquakes of magnitude greater than
6, and all known indications of earth disturbances
likely to be of earthquake origin, within about
the last 10,000 years .
An earthquake can be destructive with a magnitude as low as 6, depending upon the depth of
the focus and the nature of the foundation
materials .
The active tectonic belt between Meckering,
Calingiri and Yerecoin must be classified in Zone
A, as earthquakes have occurred on seven occasions
since 1949 : at Walebing, 1949 ; Bolgart, 1952 ;
Calingiri, 1955 ; Yerecoin, 1955 ; Carani, 1963 ; Meekering, 1968 and Calingiri, 1970 .
Although the Meeberrie earthquake was the
largest recorded in historic times on the Australian
continent, the focal depth of 70 kilometres (44
miles) means that damaging intensities were not
manifest . For this reason the Meeberrie Zone is
not classified in the destructive damage Zone A .
Zone B is a buffer zone in which history indicates that moderate damage may result from earthquakes of intermediate magnitude, either within
the lifetime of a building or from the distant
effects of earthquakes in Zone A .
By New Zealand standards, Zone B is considered
less liable to severe earthquakes, but in Western
Australia this supposition may not apply .
In the New Zealand rating, "B" is a median
zone, half the width of Zone A applied on either
side of Zone A . This means that if the New
Zealand pattern were applied then the buffer zone
B would be about 50 kilometres (31 miles) wide,
surrounding the active Meckering-CalingiriYerecoin Zone .
However, the active South West Seismic Zone
poses almost as grave a risk as the destructive
Zone A areas, because the release of strain in the
earthquake areas can only mean that strain is
accumulating in adjacent areas of the seismic zone .
The zone of seismicity and of ground disturbance
thus does not meet the requirements of defined
Zone A and yet is potentially dangerous . In the
Western Australian zoning it must be considered
to be the core of Zone B, rather than to be
classed with Zone A or Zone C . The MeckeringCalingiri-Yerecoin area may now have been
relieved of strain, and adjacent areas may be sites
of future activity .
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The Balardon Tectonic Belt extends from the
south coast near Albany through to the northwest
coast . Its maximum width, as indicated by arcuate
fault structures, is 100 kilometres (62 miles) and
this neatly covers the active South West Seismic
Zone which is about 50 kilometres (31 miles) wide,
and also covers the fringe zones on either side,
of half this width .
The Port Hedland-Marble Bar Seismic Zone is
not well defined, but is quite active, with at least
four earthquakes recorded of over magnitude 5 . It
must also be considered of sufficient potential
activity to warrant classification in risk Zone B .

of risk factors . In America and Japan, a total of
70 years of instrumental recording is considered
inadequate for the same task .
The Perth metropolitan area was first settled
in 1829, but the historical record is incomplete from
1829 to 1880, and the seismological and historical
records do not provide an adequate basis for
estimating the future seismicity of the State . The
only practical approach is to study the historic
seismic activity in a region, to temper this information with geological knowledge of past events, and
then to judge the future earthquake potential .
SEISMIC ZONES

Similar considerations apply to the BroomeCanning Basin Seismic Zone . Some large earthquakes (one of magnitude greater than 6 .0) have
been recorded offshore northwest of Broome, and
another of magnitude greater than 5 .0 has occurred onshore, east of Broome . The. 1970 Canning
Basin earthquake , 600 kilometres (380 miles ) northeast of Broome, of magnitude 6 .5, is tentatively
included in this seismic zone . Until further seismological installations allow better definition and
until geological evidence is available, the BroomeCanning Basin Seismic Zone is considered to be
sufficiently active to be classified as Zone B.

Everingham and Gregson (1970) presented data
derived from epicentres, outlining 14 seismic zones
in or marginal to Western Australia . Of these,
seven were classed as well defined (Fig . 9) . The
best known zone, referred to by Doyle (1971) as
the South West Seismic Zone, extends from
Watheroo to Ongerup, a distance of 555 kilometres
(345 miles) . Of 205 recorded in the period 1959
to 1965, only three epicentres lie outside a zone
60 kilometres (37 miles) wide that trends at 335° .
The other well-defined zones are :
Zone 2 (Meeberrie) is a northerly trending zone,
320 kilometres ( 200 miles) long and 160 kilometres
(100 miles) wide, including, near the centre of its
eastern margin, the epicentral region of the 1941
Meeberrie earthquake of magnitude 7 .5, the greatest
recorded earthquake shock experienced in Australia .
Zone 3 (Naturaliste-Leeuwin) is a zone 160 kilometres (100 miles) long and 130 kilometres (80
miles) wide which has as its eastern margin the
eastern edge of the Leeuwin Block, which Is Itself
defined by the Dunsborough Fault.

Of the other seismic zones in the State, the most
interesting, in view of its proximity to the Ord
River Dam is the Turkey Creek Zone . With no
major earthquakes recorded, it is considered as
being of weak or minor seismicity (Zone C), but
further information may change this rating . The
only town of any size is Kununurra, 60 kilometres
(38 miles) north of Argyle Downs Homestead, the
epicentre of a small magnitude earthquake in
1968 . Seismic coefficients have been incorporated
in the design of the Ord River Dam, 20 kilometres
(12 miles) south of this epicentre .
Zone C has been conservatively drawn to include
those regions which at the most have suffered trifling damage to the poorest class of non-earthquakeresistant buildings, and which are free of epicentres
of other than minor magnitude and of ground disturbance in reasonably recent times .
By New Zealand standards this is less liable to
severe earthquakes, say 33 per cent risk as compared with 100 per cent for Zone A, and 67 per
cent for Zone B . In Figure 9 it has been drawn
as a 100-kilometre (62 mile) margin to Zone B,
and would act as a buffer to any major earthquake. Seismic shaking is propagated more readily
to the east than to the west, and for this reason
Zone C is drawn on the eastern margin of Zone
B. As the tectonic zone is flanked to the west by
the Perth sedimentary basin, the effects of the
lesser western propagation of shaking are nullified
by the poor foundation materials . Zone C is
therefore also drawn as being 100 kilometres (62
miles) wide on the western margin of Zone B.

Zone 4 (Indian Ocean) is a north-northeasterly
trending zone about 450 kilometres (280 miles) long
and 160 kilometres (100 miles) wide that has its
centre 240 kilometres (150 miles) west-southwest
of Carnarvon .
Zone 5 (Marble Bar-Port Hedand) includes
Marble Bar near its centre and Port Hedland on
its western margin . The zone trends northwesterly
and is about 320 kilometres (200 miles) long and
125 kilometres ( 80 miles ) wide. Everingham (1968)
considered this the most active zone in Australia .
Zone 6 (Broome) trends northwesterly and
includes Broome near its southwestern border . The
zone is about 200 kilometres (120 miles) wide and
350 kilometres (220 miles) long on land, and it is
continued by Everingham and Gregson in the form
of a semi-circle to join the Marble Bar-Port Hedland Zone . The Canning Basin earthquake of the
24th of March, 1970, has caused this zone to be
extended to the southeast .
Zone 7 (Turkey Creek) has been drawn as a
northerly trending zone, 125 kilometres (80 miles)
long and 160 kilometres (70 miles) wide, centred
on Turkey Creek .

The two B. zones in the north of the State-Port
Hedland-Marble Bar and Broome-Canning Basinhave also been enclosed in a buffer zone, 100 kilometres (62 miles) wide, designated Zone C .
Elsewhere in the State, zones of weak or minor
seismicity from which no moderate or large earthquakes have been recorded, or from which weak
seismic effects but no damage have been reported,
are regarded as belonging to Zone C until further
knowledge revises the classification. There are
several areas where the two types of C-zone classifications overlap .
A considerable area of the interior of the State
remains unzoned . This is not to say that it is
declared aseismic, and is considered free from the
possibility of earthquake damage . It is merely
unzoned in the sense that earthquakes have not
yet been known to occur in the area .

The other seven zones are ill defined and are
of weak seismicity (Fig . 9) .
GLOBAL SEISMICIT Y

The United States Coast and Geodetic Survey
has published a map showing the world-wide distribution of all earthquake epicentres for the period
1961 through 1967 (Baraganzi and Dorman, 1968) .
The outlines of the various plates as defined by
the modern tectonic concepts are clearly marked
(Fig . 10), and a series of well-defined lines of
seismicity that radiate from near the centre of
the Indian Ocean is of present importance . These
features suggest a breaking up of the Indian Plate
of which Australia is a part . One line trends
through Shark Bay and Meckering to the southsoutheast, to re-enter the south boundary of the
Indian Plate at lat . 128° S, long . 50° E .
This global seismic line Includes the South West
Seismic Zone, and extends it considerably . From
a consideration of the mechanism of the Meckering
earthquake, Gordon and Wellman (1971) proposed
an active shear zone coinciding with the seismi c

THE SEISMIC RECORD
The instrumental record of Western Australian
earthquakes was not satisfactory until 1959 . A
period of 11 years of good instrumental records
is on its own inadequate to justify detailed seismic
zoning or to be used as a basis for the calculation
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Figure 12. Record of damage and earthquake effects to population centres from 1904 to 1965 (after I . B. Everingham
1968. Seismicity of Western Australia, plate 3) . Size of dots is proportional to frequency of reports .
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zone, and suggested that movement on this shear
caused the compression of the Meckering cap, followed by shearing, release and expansion which
gave the spectacular arcuate faulting around Meckering. It is clear that the action could take place
at any position along this global line of seismicity,
and both the South West Seismic Zone and the
Indian Ocean Zone are part of the same tectonic
feature (Fig . 11) . It is proposed to name this
important seismic lineament the Eendracht Line .

A zone 50 kilometres (31 miles) wide and 785 kilometres (490 miles) long encloses most of the major
centres of felt effects and damage . There are welldefined fringe zones at Kununoppin-Mukinbudin,
and at Kukerin-South Pingrup . Separate zones
that are clearly defined from seismic disturbances
are seismic zones nos . 3, 5, 6 and 7, and outside of
these almost all the other felt effects and damage
reports are in the seven other minor zones . The
exceptions are the coastal towns of Geraldton,
Onslow and Wyndham and the inland mining towns
of Cue, Leonora, Kalgoorlie, Kanowna and Boulder .
The damaging shaking recorded in the mining
areas is almost certainly caused by rock bursts in
the deep mines, and a seismograph installed at
Kalgoorlie has confirmed that the foci are located
in underground workings . The mining towns, including the new nickel mining centres, should be
designed to resist shaking propagated locally .
Everingham's record is supplemented by a map
and a list of Western Australian earthquakes dating
from 1849 to 1926, as compiled by the Central
Weather Bureau in 1929 . According to the latter
list, several centres outside of the well-defined
seismic areas experienced earthquakes, including
Eucla, Eyre and Israelite Bay on the south coast
and Peak Hill in the North West Division . In May
1916, a distinct earthquake shock was felt between
Ravensthorpe and Hopetoun, but no damage was
done . There is a possibility that the occurrence was
caused by a rock burst underground, or it may
mean that the Kukerin-South Pingrup fringe zone
of minor seismicity has to be extended to the east.
On four occasions in the period 1849 to 1926,
Perth was shaken by earth tremors which were not
recorded from other centres . Houses near Wyening,
110 kilometres (70 miles) northeast of Perth, have
been damaged six times since 1949 .
However, earthquake centres may be expected to
migrate away from the recently active areas as
stress is released, and although Meckering may be
free from further large earthquakes, areas either to
the north, south or east may be even now subjected
to increasing stress which would eventually lead
to an earth movement and seismic shaking .

SEISMIC CONSIDERATIONS IN ASSESSING RISK
Larger earthquakes are probable in the area s

where small ones are frequent . This point was
forcibly proven for Western Australia by a magnitude 6 .5 earthquake on the 24th of March, 1970,
its epicentre being about 1,500 kilometres (950
miles) northeast of Perth, 480 kilometres (300
miles) south of Halls Creek and 160 kilometres (100
miles) west of the Northern Territory border (Fig .
11) . There are no previous records of seismic
activity in this area, so a fundamental concept of
earthquake risk zoning in this State is the assumption that the South West Seismic Zone is a most
likely area for a large earthquake, but that apparently inactive portions of the zone or seismically
quiet areas between this zone and the Meeberrie
Zone must also be suspect.
Each seismic zone has a characteristic depth of
epicentres . On the evidence to date, the 'South
West Seismic Zone is one of shallow epicentres and
the seismic effects are much stronger than those
emanating from earthquakes with deep-seated
epicentres such as the Meeberrie Zone .
DAMAGE RECORDS

A record of felt effects and of damage to population centres for the period 1904 to 1965 has been
compiled by Everingham (1968) . His map is
reproduced unaltered (Fig . 12) and shows that
damage and seismic effects from the South West
Seismic Zone extend from Walebing to Albany .
On the same 340° trend there are reports of activity
or damage in the vicinity of Perenjori and Morawa,
and the Meeberrie damage is located on a line
swinging slightly inland, and trending northerly .
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Figure 10. Distribution of earthquake epicentres for the period 1961 through 1967 as reported by U .S . Coast and
Geodetic Survey (after Baraganzi and Dorman 1968) for the Indian Ocean Region . Eendracht Line is dashed .
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There are some features of the scarp form in the
vicinity of Perth that appear to indicate much later
movement than is apparent elsewhere. The scarp
looks extremely fresh and there are features of
stream alignment which may possibly indicate
movement since the establishment of the present
general sea level, that is, in post-Pleistocene times .
Many major streams on the plateau to the eastward flow in a northwesterly direction . Their
consequent courses down the scarp are generally
westerly, at right angles to the scarp . When the
streams reach the coastal plain many of the trends
become southwesterly . In addition to this major
swing of direction, individual stream courses show
sudden small directional changes or kinks, on a
general northerly line about 2 .4 kilometres (1 .5
miles) west of the toe of the present scarp . The
"kinks" are mainly directed northward in the
vicinity of Perth .

THE GEOLOGICAL RECORD OF TECTONIC
ACTIVITY
METHOD S

Two geological methods are employed in assessing
earthquake risk in terms of the probability of
destruction within a given period of time :
(1) Earthquake risk zones exist within which
earthquakes are to be expected because of
their past occurrence . The Calingiri and
Meckering earthquakes were accompanied
by measurable tectonic deformation revealed by faulting, warping and tilting of
the earth surface .
(2) The distance from the earthquake epicentre to the edge of destructive influence
can be decided by the shape of recorded
isoseismals and other intensity data . The
isoseismal shapes have to be interpreted in
terms of rock types and geological structure .

Both the major swing in stream direction to the
southwest and the line of breaks in the stream
channels may be the result of late movement on
the Darling Fault. Further work should be done
on the stream-channel morphology and on the
correlation of river terraces to determine rates of
elevation or depression of the Darling Range .
The Darling Fault must be considered inactive on
the evidence available, but because of its size and
proximity to Perth, any seismic activity along its
length should be treated with the greatest respect .

FAULTING AND MORPHOLOG Y

The remarkable arcuate scarps which appeared
after the earthquakes near Meckering and Calingiri
were both low angle reverse faults, or thrusts
caused by compression. Geological investigations
showed that previous movement had occurred in
the past on the Meckering and Calingiri faults .
Under conditions of normal erosion, an arcuate
fault would normally produce arcuate stream
courses around the scarp . Long north-northwesterly directed stream lineaments have been
found, and also a remarkable series of arcuate, in
places almost circular, geological structures extending on a north-northwest trend intermittently from
the south coast near Bremer Bay to Perenjori.
Similar structures were noted north of Paynes Find
and elsewhere. They are certainly related to the
geology and almost certainly related to faulting,
forming an interlocking or concentric pattern .
A field examination of one of these structures is
needed to determine its true geological significance .
Of the two intersecting tectonic belts outlined b y
the presence of ground disturbance, the one trending south-southeast seems the most important . It
completely encloses and overlaps the South West
Seismic Zone and is itself part of the Eendracht
seismic line, trending across the southwestern
corner of the State . It is a belt of frequent tectonic
deformation and of major earthquake epicentres
for which the name Balardon Tectonic Belt is
proposed (Fig . 11) . No indications are at present
available of the age of the arcuate faulting found
within the zone, except for the reactivations at
Meckering and at Calingiri .

THE URELLA FAUL T

The Urella Fault is over 240 kilometres (150
miles) long, and trends north-northwest, parallel
to the Darling Fault in the northern part of the
Perth Basin . It is considered to be a normal fault
with a possible throw of over 6,000 metres (20,000
ft), the date of last known activity being in Lower
Cretaceous times .
Although not known to be active, the fault is
exactly on line with the projected northerly position of the sinistral shear activating the South
West Seismic Zone, and both are included in the
Eendracht Line along which there may be discontinuous areas of activity . In the South West
Seismic Zone the activity takes the form of gradual
sinistral shearing of a zone consisting of several
faults .
THE DUNSEOROUGH FAUL T

Earthquake records for the Perth metropolitan
area show a surprising distribution of activity .
From 1894 to 1925, six weak and two strong earthquakes were noticed in Perth and nowhere else,
whereas strongly felt events in the adjacent seismic
zones were felt in Perth also . Possibly some of the
Perth occurrences originated in the South West
Seismic Zone, but the centre of severest felt intensity were not recorded because of lack of communications. The other possible explanation is that
the earthquakes were not centred in the South West
Seismic Zone, but originated in an active zone from
where the effects were felt in Perth and not elsewhere . One possible origin of the shocks is on the
line of the Dunsborough Fault, with submarine
epicentres west of Fremantle, as recent epicentres
have been recorded from this well-defined zone .
It is hoped that echo-sounding traverses and magnetic profiles recorded by oceanographic ships will
be available in the near future, as a feature closely
resembling a fault scarp has been tentatively recorded from a position about 160 kilometres (100
miles) west of Fremantle, coinciding with the position of a strong magnetic anomaly recorded by the
USS Eltanin in 1970 .

THE DARLING FAULT

As one of the major tectonic fractures on the
surface of the globe, attention has naturally been
focussed on the Darling Fault as a possible source
of earthquakes . The Darling Fault is over 970
kilometres ( 600 miles ) long and the west side is
displaced vertically downward about 10,700 metres
(35,000 ft) . The fault is generally considered to be
normal, but the compression faulting at Meckering
and Calingiri raises the possibility that the fault
could be reverse or strike slip . A major negative
gravity anomaly exists over the Perth sedimentary
basin to the west of the fault scarp, and the region
is isostatically unbalanced . Only one epicentre in
the period from 1959 to 1970 has been positioned
on the line of the fault, this causing a very low
magnitude earthquake in the Gosnells area, which
could easily have been caused by an explosive
charge .
There is no evidence of displacement of the
Cretaceous rocks in the Bullsbrook area, where they
overlap the Archaean granites . Such structure as
is apparent may be the result of compaction after
deposition . From other evidence, Playford (1967)
has affirmed that movement does not appear to
have taken place anywhere along the fault during
the last million years .

RECENT FAULTIN G

Recent faulting has not so far been recorded
from anywhere outside of the South West Seismic
Zone, and some of the larger recorded shocks have
occurred in areas where faulting would not normally be seen-in the Canning desert, or offshore .
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Isoseismal maps of Western Australian earthquakes.
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DISTANCES OF DESTRUCTIVE INTENSIT Y

A sinuous crack over 20 metres (60 ft) long and
open up to 6 centimetres (2 .5 in) was found at
right angles to the bank of the Murchison River,
southeast of Meeberrie Station, after the 1941
Meeberrie earthquake. This feature was probably
caused by seismic shaking, but it is quite possible
that primary ground breakage farther north was
not discovered . The epicentre of the magnitude 7 .5
earthquake was certainly to the north of Meeberrie
homestead and a fault scarp may yet be found in
the rugged Mount Narryer area 140 kilometres (90
miles) to the north, where an arcuate structure
shows clearly on air-photo mosaics .

The MMVI isoseismal, drawn 65 kilometres (40
miles) west and about 130 kilometres (80 miles)
east of Meckering represents the damage limit of
an earthquake . Isolated zones of MMVI intensity
were recorded in the metropolitan area, the reason
for such a local intensification being that the
earth waves that are felt as shaking during an
earthquake are different in different materials . In
general, solid rock such as granite carries only
short-period earthquake waves which cause a
rippling motion . At the other extreme, deep uncemented saturated alluvial valley fill can support
only long-period waves that result in a lurching
surface motion . Obviously, structures located on
unconsolidated sediments are likely to be subjected
to much more violent shaking than those on hard
rock, and sustain more earthquake damage . The
correlation between local geology and intensity in
Perth is given in a later section, but the metropolitan area has foundation conditions that cause
local variations of intensity of seismic shaking .

The Yerecoin earthquake in 1955 and the Bolgart
earthquake in 1952 were almost certainly of magnitude 6 or greater, and could easily have been
accompanied by faulting, as yet undetected .

ISOSEISMAL MAPS AND DESTRUCTIVE
EFFECTS

Westerly geological discontinuities apparently
shielded Perth from the Meckering shaking, but
this shielding action was not apparent in the intensity patterns of the Meeberrie, Calingiri or
Nourning Springs earthquakes. All showed slightly
better propagation of shaking to the east than to
the west, probably resulting from the earthquake
mechanism .

Isoseismal maps show that destructive effects
extend for unequal distances in different directions . A major influence on the shape of the isoseismals is the nature of the ground at the place
from which reports are received . At Meckering,
values of MMIV were recorded on the Darling
Range and scarp, yet on the Perth coastal plain
farther west, values as high as MMVI were recorded. The felt intensities reflect locally bad ground
conditions for which due allowance must be made
in assessing earthquake risk .

Everingham and Gregson (1970) have given data
of isoseismal radii for Western Australian earthquakes, which are shown in Table 1 and Figure 13 .
For destructive earthquakes (MMVII) the relationship shown in Table 1 is given for magnitude and
radius, assuming both unconsolidated subsoil and
crystalline rock .

The regional trend of geological structure has a
strong influence on the shape of isoseismals .
Elliptical isoseismals are common, and Eiby (1957)
considers that their shape is caused by the
mechanics of the shock and because the energy has
difficulty in passing certain strongly reflecting
boundaries .

TABLE 1 . RELATIONSHIP BETWEEN MAGNITUDE
AND RADIUS FOR WESTERN AUSTRALIAN EARTHQUAKES (EVERINGHAM & GREGSON, 1970)

The original isoseismal map for Meckering shows
generally some eccentricities indicative of structural trends, and it is apparent that seismic shaking
was propagated more easily towards the east than
towards the west .

Unconsolidated Subsoil

Crystalline Rock

Radius .MMVI-VI I

Radius MOIVl-VII

Magnitude

Observations of houses completely wrecked by
shaking showed that the envelope of this type of
damage extended 5 kilometres (3 miles) to the
west of Meckering and about 20 kilometres (12
miles) to the east . Thus the general arcuate shape
of the main fault can be matched by a zone of
strong damage about 40 kilometres (25 miles) wide,
extending in an are from Meckering to Kununoppin in the northeast and Corrigin in the southeast .
This arcuate shape is nearly the same as the area
enclosed by the pre-earthquake arc centred near
Northam .
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EARTHQUAKE EFFECTS IN THE PERTH
METROPOLITAN ARE A
After the Meckering earthquake, observers on
the coastal plain estimated intensities ranging
from MMIV to MMVI. The local variation in intensities was due mainly to differing foundation
conditions .

Seismic shaking was propagated from a source
to the east of Meckering and on transmittal to the
west met the strongly reflecting boundaries of the
old arcuate faults . These geological barriers probably caused the partial confinement of the strong
seismic shaking to the east, rather than allowing
free propagation to the west towards Perth .

Felt intensities in the Coastal Limestone belt were
notably lower than in surrounding districts . High
intensities (MMVI) were reported from the city
block, but the heights of the buildings occupied
by the observers are not recorded . Between
Bellevue and Midland and also at Guildford there
were several reports of MMVI intensity and these
correlate with reports of significant damage from
this area recorded in the newspapers . This local
intensification of shaking occurred because the
shock waves from the source, traversing granitic
terrain, entered the sediments of the coastal plain
at the Darling Fault . The shaking in the Guildford area was intensified because of the reaction
of Guildford clay foundations .

The Meckering earthquake was felt for 24 seconds
in the metropolitan area, although some tall buildings apparently vibrated for as long as 3 minutes .
Felt intensities varied from MMIV to MMVI and
the Perth area contained an isolated isoseismal
VI, separated from the corresponding isoseismal
elliptical around the epicentral region by a distance
of about 65 kilometres (40 miles) . This local intensification of shaking occurred because the shock
waves from the source, traversing granitic terrain,,
entered the unconsolidated sediments of the coastal
plain at the Darling Fault. The local variations in
the intensities were due to differing foundation
conditions . Most of the structural damage was
caused by seismic shaking, but there were several
areas where landsliding and consolidation of saturated soils under the influence of shaking were
responsible for the damage .

The most widespread type of damage was cracking of walls and of plaster ceilings, but the total
extent of this damage will never be known, as
many people were unsure of conditions before the
earthquake . Two-storey houses were more badly
affected than single-storey ones .
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In the Hamersley area, north of Perth, two stations were situated about 4 kilometres (2 .5 miles)
apart on similar leached sand of the Bassendean
type . In one station the long axis of the transformers was east-west and both transformers were
tripped . At the other station to the east, the long
axis of the transformers lay north-south, and the
two transformers were unaffected .
Transformers that were tripped in the Claremont, Daglish, City Beach and Innaloo areas are
situated in small depressions on quartz sand leached
from Coastal Limestone . The five transformers
in the city area were not tripped, and these are
all situated on relatively high locations with lime
sand foundations . All transformers on the Bassendean leached sand and on the alluvial Guildford
Formation were tripped, with the exception of the
northerly orientated installation in the Hamersley
area.
The three factors that prevented transformers
from being tripped in the metropolitan area were :
(1) solid foundations provided by the Coastal
Limestone (calcarenite) formation ;
(2) the orientation of the transformers ;
(3) location on high points of unleached sand
areas, where some intergranular cementation provided firmness.

The Fire and Accident Underwriters Association
of Western Australia has provided the statistics
shown in Table 2 regarding earthquake claims submitted to member companies . The metropolitan
area is defined as the area within a radius of 48
kilometres (30 miles) of the General Post Office
in Perth .
TABLE 2 . EARTHQUAKE DAA'IAGE-OCTOBER
1968-CLAIAIS STATISTICS AS AT 28th FEBRUARY,
196 9
IIouseowners and Householders
Policies

Fire Policies

No . of
Claims

Amount
of
Claims
Incurred

$
METROPOLITAN
Dwellings . .. .
Other

33
357

7,850
202,250

COUNTRY
Dwellings . . ..
..
Other

54
69

22,602
80,082

No. of
Claims

Amoun t
of
Claims
Incurred

$
METROPOLITAN

6,450

607,748

COUNTRY

743

330,22 3

Total number of claims
Total amount of claims

. .. .
. .. .

. . ..
. . ..

. . .. 7,706
. . .. $1,340,763

EARTHQUAKES IN TIME
Individual earthquakes cannot be specifically predicted . However, it is possible to evaluate the
seismic risk, and this may in turn lead to the
enactment of regulations that require a certain
degree of earthquake resistance in new structures,
and the elimination of hazards in existing buildings .

The best roster of structural damage to Perth
buildings has been obtained by the earthquake
committee of the Perth Chapter of the Australian
Consulting Engineers Association (ACEA, 1970),
and even this is restricted in scope . Buildings in
the Perth City Council area were reported on by
the City Building Surveyor and structural engineers. Of the 24 buildings that suffered structural
damage, all were either old or were uncompleted
shells under construction . In many cases the
buildings had shown previous signs of deterioration
because of subsidence or because of old age . In
certain metropolitan areas, notably in the Canning
district, some new buildings suffered structural
damage because of the spreading of alluvial clay
foundations .

New earthquakes cause constant revision of the
estimates of seismicity and if the revisions are
made on a consistent basis, the risk is invariably
increased. A 1940 estimate of the seismicity of the
State would have taken notice of the fact that
no seismic event greater than magnitude 6 .25 had
been recorded on land and that the nearest epicentre of any earthquake of magnitude greater
than 6 was over 600 kilometres (380 miles) away .
The Meeberrie earthquake, with an epicentre 587
kilometres (365 miles) north of Perth, was assigned
a magnitude of 6 .75 at the time of occurrence, later
upgraded to 7 .5 . The installation of modern threecomponent seismographs at Mundaring in 1959 enabled the delineation of several zones of seismic
activity, especially the South West Seismic Zone, the
presence of which had already been inferred from
the older, less accurate records of Perth Observatory . The results of 6 years of instrumental recording were summed up by Everingham (1968) as
follows : " . . . buildings along the Yandanooka/Cape
Riche Lineament should certainly be built to withstand small shocks (local magnitude 4 to 5) as
tremors of this magnitude would occur very close
to them . It also seems reasonable to expect even
larger shocks here, perhaps one in each 50-year
or 100-year period ; such shocks might even affect
some buildings in Perth". On statistical grounds,
it has been further concluded that "the seismicity
and intensity data suggest that Perth and the
majority of the more heavily populated parts of
Western Australia are likely to suffer relatively
dangerous intensities of MMVII or more on an
average of every few hundreds of years" .

Reclamation of land for the Kwinana Freeway
and the Narrows Interchange involved the dumping
of large quantities of sand to squeeze out the underlying mud . Several slips were developed during
this operation and it was the reactivation of these
old slip surfaces that caused subsidence and movement affecting the freeway . Movement of up to
30 centimetres (12 in) horizontally and vertically
occurred (Marsh, 1969), causing depression and
cracking of part of the freeway, damaging boat
sheds and tilting jetties . There was subsidence
behind the northern abutment of the Narrows
Bridge as the approach road moved down about
1 .9 centimetres (0 .75 in) and 10 centimetres (4 in)
laterally. The bridge abutment is contained in the
fill and there could have been serious damage to
the bridge had the movement been larger . Further
reactivation of this particular slip surface in an
earthquake would endanger the bridge .
The seismic shaking also tripped many of the
State Electricity Commission's power transformers,
and of 81 transformers, 24 registered relay operations (Le Souef, 1969) . The trips were caused by
the activation of relays operated either by oil movement inside the transformers, or by the slopping
of mercury in mercury switches, or by a combination of both . At the Welshpool Substation no
transformers tripped, but the support insulator of
a capacitor stack was broken, this being the only
structural damage to metropolitan installations .

SUGGESTED EARTHQUAKE RISK ZONING
In attempting to divide the State into zones o f
equal risk, only a small amount of incomplete information is available . Ten years of accurate
seismic records and about 80 years of historical
records are very meagre evidence on which to
estimate the earthquake risk . The remarkable
fault scarps of Meckering and Calingiri have
prompted geological examination for traces of
similar faulting in adjacent areas, and numerous
arcuate and circular stream patterns in the southwest of the State are considered to be indicative
of tectonic movement in the past . It is apparent
that the geological and seismic data are closely
inter-related and confirmatory .

The trippings were considered to be a possible
guide to shaking intensities as related to foundation conditions . All six stations standing on solid
limestone (calcarenite) of the Coastal Limestone
survived the shaking without the tripping of any
transformers . Two stations on the belt of unconsolidated Safety Bay or Recent sand to the
west (seaward) side of the Coastal Limestone outcrop had 7 out of 17 tranfoimers tripped .
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an earthquake of severity equal to half of New
Zealand Zone C would be in the order of 1 per
cent of the total cost of the building .

Figure 9 is a seismotectonic map which gives
three main categories of earthquake risk zone for
Western Australia, and an "aseismic" zone in the
eastern interior of the State . The zonation is based
on information available in November, 1970 and
will probably be modified by subsequent events and
further research .

RECOMMENDED INTERIM CODE

The principles of earthquake-resistant design
have been clearly documented in a publication of
the UNESCO (1964) .
Until better records are available, and the foundation soils of Perth are zoned, it would be advisable to adopt an existing code for Western Australia . The New Zealand Code has proved effective
and is relatively simple and it is considered to
offer a good interim -ode of practice . As there is
no reason to believe that the strongest shaking
so far experienced in Perth could not be exceeded,
it is recommended that the full New Zealand coefficient for Zone C should be applied . For Zone
B, the corresponding New Zealand coefficient
should be applied . Similarly the full Zone A coefficient should be applied to the Yerecoin-Calingiri-Meckering tectonic belt .

EARTHQUAKE CODE S
Structural and civil engineers have the task of
translating risk factors into suitable criteria for
designing a building. Usually the design procedures follow an accepted building code . The writing of a workable code is a demanding technical
task, and enforcement and administration of the
code must be of the highest standard .
CONSULTING ENGINEERS' RECOMMENDATION S

The Perth Chapter of the Association of Consulting Engineers of Australia (ACEA) set up a
committee to evaluate the effects of the Meckering
earthquake and to make recommendations concerning earthquake risk zoning and provision against
earthquake effects . The results of the study, released in August 1970, dealt only with the southwest
corner of the State . The Earthquake Provisions
of the New Zealand Buildings By-laws, NZSS 1900
were recommended as a suitable code for earthquake-resistant design, to be applied as follows :
Western Australia Earthquake Risk Zone "B"NZSS 1900, Zone B loading ;
Western Australia Earthquake Risk Zone "C"one half of NZSS 1900, Zone C lateral
load factor .
Excellent summaries of recommended practice for
structural design and building services design were
included in the report (ACEA, 1970) . The estimated
cost of providing resistance in building frames to

BUILDING PRIVATE HOUSES IN EARTHQUAKE RISK
ZONES

The New Zealand Model Building By-law (NZSS
1900, Chapter 8) allows unreinforced masonry for
single or double unit dwellings, even in Zone A.
The usual building material in New Zealand is
wood and many engineers consider it inadvisable
to build in unreinforced brickwork, especially in
Zone A . In Western Australia, where most houses
are constructed of unreinforced brickwork, it is
not desirable to ban the use of this type of construction . However, anyone building in Zones A, B
or C should be aware of the performance of the
various types of building materials in the Meckering earthquake, as summarized in Table 3 .

TABLE 3 . DAMAGE TO MECKERING BUILDINGS, OCTOBER 14, 196 8

wall material

Timber
. . ..
.. . .
. . ..
. . ..
.. . .
Steel frame . . ..
.. . .
. . ..
. . ..
. ..
In situ concrete
....
. .. .
. .. .
.. . .
Brick veneer
.. . .
. .. .
. . ..
.. . .
Brick or brick and stone . .. .
. .. .
....
Concrete block
.. . .
. . ..
....
.. . .
Mud and concrete .. . .
. . ..
....
.. . .
Block or bricks
Timber and brick stone or concrete blocks
Totals .. . .
. . ..
Per cent of totals

....

.. . .

. .. .
. .. .
.. . .
.. . .
. .. .
. . ..
. .. .

. .. .
. .. .
. .. .
. .. .
. .. .
. . ..
. .. .

. .. .
. .. .
.. .

. .. .
. .. .

No . of
building s
surveyed

Per cent
of
total

27
2
1
1
32
4
16

30 .7
2 .3
1 .1
1 .1
36 .4
4 .5
18 .2

. .. .
. .. .
31
4
16

.. . .
.. . .
07
10 0
100

5

5 .7

4

80

....

57
.7

88
.. . .

Smith (1969) stated that masonry, mud and concrete blocks were unsuitable building media for
structures in the Meckering area, particularly as
little attention had been given to adequate bonding or reinforcement of walls . These types of unreinforced masonry are also unsuitable for buildings in any part of the South West Seismic Zone .
Timber or steel frames clad in timber, asbestos
or polystyrene, or polystyrene panels, are recommended types of lightweight construction for seismic areas . Brick veneer with a wooden frame would
be acceptable if tying to the frame, adequate detailing and some reinforcing, were incorporated .
Concrete block construction, reinforced vertically
and horizontally and founded on a concrete slab,
would be adequate, as would reinforced double
brick on a concrete slab . The recommendations of
the ACEA earthquake committee (1970) on structural design should be carefully studied by all
people concerned with building design and construction .
The Meckering experience showed that brick or
unit masonry chimneys were a hazard . For preference, chimneys should be made of metal or reinforced concrete rather than of brick or blocks .
Lightweight roofs are recommended .
Good foundations are as important as earthquake-resistant construction, and in order of preference the recommended foundation types of the
95717 (3)
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Demolished

2

Per cent

biuio r
damage

7 .4

16
1
1
1

Per cent

Negligibl
damage e

Per ce n

50 .2

9
2

33 . 4
100

10 0
100
3

. . ..
1

20

20
64 .3

.. . .

20

11
22 .7

12 . 5

Earthquake Risk Zones are solid rock, weathered
granite or laterite, and firm sandy soil .
Heavy clay or alluvial or peaty soils should be
avoided, but if it is essential to build on them
additional care should be taken with the frame
and foundations. It is most desirable to have uniform foundation material and to avoid varying
soils . A concrete slab footing or continuous wall
footings are recommended .
In certain suburbs in the metropolitan area,
building in other than double brick is not allowed .
These local ordinances should be re-examined carefully in the light of earthquake risk.
HAZARD OF EXISTING BUILDINGS IN
EARTHQUAKE RISK ZONES
Many of the buildings of the towns in the Earthquake Risk Zones A and B present serious hazards .
It would not be justifiable economically to strengthen most of these buildings, even if it was practically feasible . A special hazard comes from the
many buildings with masonry walls, particularly
those with non-reinforced brick-bearing walls held
together by lime mortar. Buildings of this nature of
more than one storey are particularly vulnerable
to collapse in a major earthquake . Table 4 gives a
comparison of the damage susceptibility of various
forms of construction .

TABLE 4. HAZARD COMPARISON OF NON-RESISTIVE BUILDING S
Relative damageability
(in order of increasing
susceptibility to
damage )

Simplified description of structural typ e

Small wood-frame structures , i .e. dwelling not over 280 square metres ( 3,000 ft' ) and not over three storeys
Single or multi-storey steel-frame buildings with concrete exterior walls , concrete floors and concrete roof. Moderate wall
openings
. . ..
.. . .
. .. .
. . ..
. .. .
. . ..
. . ..
Single or multi-storey reinforced concrete buildings with concrete exterior walls, concrete floor and concrete roof . 1tIoderate all
openings
....
.. . .
. .. .
....
. .. .
. .. .
. . ..
.. . .
.. . .
. . ..
. . ..
....
. .. .
. . ..
. . ..
.. . .
Large area wood-frame buildings and other wood-frame buildings
....
.. . .
. . ..
. . ..
....
. .. .
. .. .
. . ..
. .. .
Single or multi-storey steel - frame buildings with unreinforced masonry exterior wall panels , concrete floor and concrete roof . .. .
Single or multi- storey reinforced concrete - frame buildings with unreinforced masonry exterior wall panels , concrete floors and
concrete roof
....
.. . .
. .. .
. . ..
. . ..
.. . .
. .. .
. .. .
.. . .
.. . .
Reinforced concrete -bearing walls with supported floors and roof of any material (usually wood ) .. . .
. .. .
.. . .
.. . .
. . ..
Buildings with unreinforced brick masonry having sand lime mortar and with supported floors and roof of any materials (often
wood
.. ..
. .. .
. . ..
.
Bearing)
walls of unreinforced
'adobe ( mud brick ), 'unreinforced to hollow concrete blocks or unreinforced hollow clay tile

7 up
Collapse hazard in
moderate shocks

This table is intended for buildings not containing earthquake bracing and in general is applicable to most older constructions .
foundation conditions and dangerous roof tanks can increase the earthquake hazard greatl y
Source : Abridged from Pacific Fire Rating Bureau Tariff Rules , California , U .S .A.
Note :

It has already been recommended that a specific seismic building code should be introduced for
Earthquake Risk Zones A and B, but the bracing
of existing buildings is not recommended except
possibly in certain serious cases . It is not economic
to rebuild towns, as the impracticability of bracing
the existing structures would normally mean their
removal . Most seismic building codes contain a
clause defining what constitutes a public nuisance
as far as a building is concerned, and contain the
legal means to remove the hazard . In practice however, this type of legal tool is rarely applied and
the common method for upgrading the safety of
buildings is to require improvements when building
permits are issued for additions or repairs .

Unfavourable

(1) A tile roof is often a destructive agent
because of its inertia when shaken . The
simplest method of preventing damage by
the movement of the heavy roof is to
replace the tiles with a light material such
as aluminium (sheets or tiles) or corrugated iron .
Brick chimneys break, particularly at
the roof-line and damage caused by bricks
falling through a roof above unlined sleepouts is a hazard that can be met by
strengthening the roof or the ceiling ; or
the danger can be eliminated by replacing
with a metal chimney . With the advent
of electric ranges and the use of central
heating, many chimneys are no longer
needed .
To strengthen brickwork, it is usual to
use reinforced concrete bands and ties at
foundation, plinth, lintel and roof levels .
Internal grouting of double brick walls has
been used in repairing damaged buildings,
combined with external reinforcing ties.
(2) The safest place in a brick building is
under a table, bed, or a doorway .
(3) Masonry walls may fall in any direction .
Internal partition walls often remain supporting the roof, even though the outside
brick walls have collapsed . The safest
part of the house is probably under a
wooden door frame in an inside or partition wall .

An earthquake shock may damage a building
fax more gravely than is superficially apparent,
leaving it vulnerable to subsequent shocks, especially if internal damage has occurred . In other
words, earthquake damage is cumulative and because a structure has apparently survived earthquake shaking of intensity VII, it does not mean
that damage will not occur until a greater intensity
is reached . It is quite possible that a low intensity
of shaking could produce severe damage.
There is no doubt that Perth-and Northam
and York-will be subjected to further seismic
shaking, which even when slight will increase the
danger of already damaged buildings collapsing .
All buildings, chimneys and ornamentations should
therefore be re-examined and repaired if necessary .
Old churches in particular need careful examination for structural defects .

(4) The existence of the South West Seismic
Zone has been known for some years and
public warnings of danger have been made
by the Geophysical Observatory at Mundaring and by the Geological Survey of
Western Australia.
(5) Other seismic zones exist in Western Australia, as is apparent in this report.

A fortnight after the Meckering earthquake,
during a period of sharply felt aftershock activity,
a correspondent in the Perth morning paper raised
the question of the safety of existing brick and
tile houses in the South West Seismic Zone . Five
specific questions were asked, although no reply
was made to the letter, the topics are pertinent
enough and of such public interest as to warrant
discussion . The five questions were :

EARTHQUAKE EDUCATIO N

(1) Is there any way of rendering existing
brick structures safer in case of future
tremors ?
(2) If unable to leave the building in time
(say during the night), where is the
safest place to be in a brick building ?
(3) Do masonry walls fall out, in, or simply
crumble, and are internal walls any more
stable than external ones ?
(4) Has the existence of the seismic zone
centred on Meckering been known for
long, or was it considered to be of minor
importance or relatively inactive ?
(5) Are any other zones known or suspected
in Western Australia ?

To be useful, information on earthquake hazards
and how to cope with them must reach not only
practising scientists, design engineers, architects,
education authorities, building officials and local
government officers, but the informed public as
well . Panic is contagious, and people should be
told by Civil Defence what they have to do in an
earthquake emergency.
RECOMMENDATION S
It is not possible to predict when, where, or how
big the next earthquake will be . Regions are
known in which earthquakes are likely to occur,
but there is inadequate statistical evidence of their
frequency and magnitude . Knowledge can only be
increased by instrumentation and geological research . The following recommendations are made
in the light of present knowledge :

An existing brick and tile building can be made
safer in several ways, but the complete process
of reinforcing may be more costly than building a
new house of non-masonry construction . The following considerations may be of interest :
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ZONING

Three graded zones of relative earthquake risk
have been established, along with an unzoned area .
This zoning has indicated the areas which are
more liable to damaging earthquakes than others .
The risk of earthquake occurrence focusses attention on the importance of designing structures to
withstand the stresses produced by the motion of
the ground . No one has ever been shaken to death
by an earthquake, and it is the collapse of manmade structures that causes the casualties . Structures must be designed to resist earthquakes, to
prevent personal injury and loss of human life,
to minimize damage to property and to ensure continuity of vital services .
Until our own earthquake codes are prepared, the
use of the New Zealand code is recommended .
BUILDING HAZARDS

Owners of existing buildings in the earthquake
risk zones should be encouraged to remove hazards
such as brick chimneys, parapets and ornamentations .
People intending to build in Zone "B" should
be made aware of the necessity for good foundations and for using earthquake-resistant construction .
The compulsory use of brick in certain metropolitan suburbs should be reviewed carefully by
the local authorities in the light of seismic risk .
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Strong motion instruments (accelerographs)
should be established in buildings to provide the
basic data for a local code. Scratch-plate accelerometers, which are cheap and reliable instruments
for measuring one horizontal acceleration, should
be installed throughout the active seismic zones
(Appendix 2) .
Existing hazards in the risk zones should be
the subject of legislation to enable the immediate
removal of unsafe structures and the gradual
phasing out of potential hazards such as parapets
and ornamentations .
All mining towns with underground workings
should be designed to resist seismic shaking resulting from local rock-burst activity .
PREDICTION OF EARTHQUAKE S

Geodimeter and precise levelling traverses should
be made by the Lands and Surveys Department
across suspected earthquake structures and re-observed periodically .
Further work should be done on water level
recorders in the Gnangara wells, which gave a
11-hour "warning" rise of water level before the
Meckering earthquake . Instrumentation should be
studied to bring signals to Perth . New wells should
be established south of Perth, possibly in the Jandakot area, to determine if similar conditions apply,
thus providing a more comprehensive warning
system .

APPENDIX 1
WHAT TO DO DURING AN EARTHQUAKE

EDUCATION

Earthquakes are something we have to tolerate ;
there is at present not much hope of prediction and
none of running away . The maximum violence of
a destructive shock is generally reached within 10
seconds of the first tremor and it is necessary to
act as soon as possible. No one has yet been
shaken to death ; human lives are lost from the
collapse of man-made structures . More people
have been killed by rubble falling in the streets
than have been killed inside the buildings themselves .

The notes on "What to do during an earthquake"
could be given wide circulation, especially in
schools .
The public should be periodically reminded of
the seismicity of the State by means of showings
of films of the Meckering earthquake and the publication of studies of the Meckering and Calingiri
earthquakes .
REFERENCES

IF YOU ARE IN A HOUSE AT THE ONSET OF AN
EARTHQUAKE

A .C .E .A., 1970, Earthquake resistant design, Western Australia : West . Australia Chapter, Assoc .
Consult . Eng . Aust.
Baraganzi, M ., and Dorman, J ., 1968, World seismicity maps compiled from E .S.S .A., Coast and
Geodetic Survey, epicenter data, 1961-1967
Earthquake notes, v. 39, no . 3-4, p . 15-16 .

1 . Move away from any fireplaces, windows and
tall bookcases .
2 . Get under a table or a desk or into a doorway or under any strong covering that will protect
you from a falling ceiling or wall .
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(d) Scratch-plate accelerometers are a cheap
instrument that records the maximum horizontal
acceleration of one earthquake shock. It is recommended that at least 20 of these instruments should
be obtained and installed in selected police stations
in Earthquake Risk Zones A and B .

3 . Do not run out of the front door where you
may be struck by falling bricks or cornices .
IF YOU ARE IN THE CITY STREE T

1 . Move into an open doorway or immediately
out into an open space, but watch out for cars !
2 . Do not stay on the footpath as more rubble
falls on to the street than inside the buildings .

APPENDIX 3
MODIFIED MERCALLI SCALE, N.Z . VERSION,
1965, ( EIBY, 1966 )

IF YOU ARE IN A TALL BUILDING

MM I

Stay in it and get under cover ; you could not
get out in time anyway and you may get crushed
in a stairway or lift if everyone panics .

Not felt by humans, except in especially favourable circumstances, but birds and animals
may be disturbed . Reported mainly from
the upper floors of buildings more than
10 storeys high . Dizziness or nausea may
be experienced.
Branches of trees, chandeliers, doors, and other
suspended systems of long natural period
may be seen to move slowly . Water in
ponds, lakes, reservoirs, etc ., may be set
into seiche oscillation .

IF YOU ARE IN A SCHOOLROO M

Do not do anything until told by your teacher .
If there is no teacher in the room, get under your
desk or table until the shaking stops, then get out
of the building quietly and in an alert fashion . Be
especially careful when leaving the building and
watch for falling bricks.

MM II

GENERAL

Felt by a few persons at rest indoors, especially
by those on upper floors or otherwise
favourably placed . The long-period effects
listed under MMI may be more noticeable.

Never reoccupy a damaged bulding without the
approval of local authorities . Earthquake damage
accumulates and just because a building has withstood, or partly withstood, a large shock, it does
not mean it will take any more (even minor)
shocks.
Do not light a fire in a fireplace that may have
been affected by an earthquake . A concealed crack
may start a house fire .

MM II I

Felt indoors, but not identified as an earthquake by everyone . Vibration may be
likened to the passing of light traffic . It
may be possible to estimate the duration
but not the direction. Hanging objects
may swing slightly . Standing motorcars
may rock slightly .

APPENDIX 2
RECOMMENDED STRONG MOTIO N
INSTRUMENTATION

MM IV

(a) There is a special engineering need for
measurements of the strong ground shaking of
earthquakes, and the consequent oscillation of
buildings . Such recordings are fundamental for
earthquake engineering research aimed at developing safe and economical earthquake-resistant buildings, and the State has a responsibility to provide
such recordings .
(b) The instrument recommended is the M02type accelerograph developed by the Physics and
Engineering Laboratory of the Department of
Scientific and Industrial Research of New Zealand .
These high-performance, low-cost instruments are
self triggering at the onset of shaking, and maintenance amounts to little more than yearly battery
changes.
(c) The Bureau of Mineral Resources Geophysical Observatory at Mundaring currently has three
MO2 instruments . These are available to record
ground movement, but not building oscillations. A
strong motion centre is being set up in Canberra
where all records from M02 can be processed .

MM V

Generally noticed indoors, but not outside .
Very light sleepers may be wakened . Vibration may be likened to the passing of heavy
traffic, or to the jolt of a heavy object
falling or striking the building . Walls
and frame of buildings are heard to creak.
Doors and windows rattle. Glassware and
crockery rattles .
Liquids in open vessels may be slightly disturbed . Standing motorcars may rock, and
the shock can be felt by their occupants .
Generally felt outside, and by almost everyone
indoors .
Most sleepers awakened .
A few people frightened.
Direction of motion can be estimated.
Small unstable objects are displaced or upset.
Some glassware and crockery may be broken .
Some windows cracked .
A few earthenware toilet fixtures cracked.
Hanging pictures move .
Doors and shutters may swing.
Pendulum clocks stop, start, or change rate .

It is recommended that three Government
buildings in the metropolitan area should be
instrumented to cover a range of foundation and
structural types at the following locations :
(1) Government Superannuation B u i l d i n g ,
Saint George's Terrace, foundation type
raft, on unlithified Coastal Limestone
sand ; three instruments to be installed on
the basement, middle floor and top floor
respectively ;
(2) Mineral House, 66 Adelaide Terrace, concrete raft on Guildford clay ; one instrument to be installed on the 4th floor ;
(3) Government Offices Building, 2 Havelock
Street, West Perth, on unlithifled Coastal
Limestone in a dune-top position ; one
instrument to be installed on the top
(13th) floor ;

MMVI
Felt by all .

People and animals alarmed .
Many run outside .
Difficulty experienced in walking steadily .
Slight damage to Masonry D .
Some plaster cracks or falls .
Isolated cases of chimney damage .
Windows, glassware, and crockery broken .
Objects fall from shelves, and pictures from
walls.
Heavy furniture moved . Unstable furniture
overturned .
Small church and school bells ring .
Trees and bushes shake, or are heard to rustle .
Loose material may be dislodged from existing
slips, talus slopes, or shingle slides .

(4) two instruments should be installed in
Earthquake Risk Zone B in government
buildings in Pingelly and Wongan Hills ;
(5) one instrument should be installed in the
Port Authority building at Port Hedland .

MM VII

General alarm .
Difficulty experienced in standing .
Noticed by drivers of motorcars .
Trees and bushes strongly shaken.
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Large bells ring .
Masonry D cracked and damaged .
A few instances of damage to Masonry C .
Loose brickwork and tiles dislodged .
Unbraced parapets and architectural ornaments may fall .
Stone walls cracked.
Weak chimneys broken, usually at the roofline .
Domestic water tanks burst .
Concrete irrigation ditches damaged .
Waves seen on ponds and lakes .
Water made turbid by stirred-up mud .
Small slips, and caving-in of sand and gravel
banks .

Dams, dykes, and embankments seriously damaged.
Railway lines slightly bent .
Cement and asphalt roads and pavements
badly cracked or thrown into waves .
Large landslides on river banks and steep
coasts .
Sand and mud on beaches and flat land moved
horizontally .
Large and spectacular sand and mud fountains .
Water from rivers, lakes, and canals thrown
up on the banks .
MM XI

Wooden frame structures destroyed .
Great damage to railway lines .
Great damage to underground pipes .

MM VIII

Alarm may approach panic .
Steering of motorcars affected .
Masonry C damaged, with partial collapse .
Masonry B damaged in some cases .
Masonry A undamaged .
Chimneys, factory stacks, monuments, towers,
and elevated tanks twisted or brought
down.
Panel walls thrown out of frame structures .
Some brick veneers damaged .
Decayed wooden piles broken .
Frame houses not secured to the foundation
may move .
Cracks appear on steep slopes and in wet
ground .
Landslips in roadside cuttings and unsupported
excavations .
Some tree branches may be broken off .
Changes in the flow or temperature of springs
and wells may occur .

MM XII

Damage virtually total . Practically all works
of construction destroyed or greatly damaged .
Large rock masses displaced.
Lines of sight and level distorted .
Visible wave-motion of the ground surface reported .
Objects thrown upwards into the air .

CATEGORIES OF NON-WOODEN CONSTRUCTIO N

Masonry A
Structures designed to resist lateral forces of
about 0 .1 g, such as those satisfying the
New Zealand Model Building By-law, 1955 .
Typical buildings of this kind are well reinforced by means of steel or ferroconcrete bands, or are wholly of ferroconcrete construction . All mortar is of good
quality and the design and workmanship
is good. Few buildings erected prior to
1935 can be regarded as in category A .

Small earthquake fountains .
MM IX

General panic .
Masonry D destroyed .
Masonry C heavily damaged, sometimes collapsing completely .
Masonry B seriously damaged .
Frame structures racked and distorted .
Damage to foundations general .
Frame houses not secured to the foundations
shifted off .
Brick veneers fall and expose frames .
Cracking of the ground conspicuous .
Minor damage to paths and roadways .
Sand and mud ejected in alluviated areas,
with the formation of earthquake fountains and sand craters .

Masonry B
Reinforced buildings of good workmanship and
with sound mortar, but not designed in
detail to resist lateral forces .
Masonry C
Buildings of ordinary workmanship, with mortar of average quality. No extreme weakness, such as inadequate bonding of the
corners, but neither designed nor reinforced to resist lateral forces .

Underground pipes broken.
Serious damage to reservoirs .

Masonry D
Buildings with low standards of workmanship,
poor mortar, or constructed of weak materials like mud brick and rammed earth .
Weak horizontally.

MM X

Most masonry structures destroyed, together
with their foundations .
Some well built wooden buildings and bridges
seriously damaged .

PETROLEUM EXPLORATION IN WESTERN AUSTRALIA IN 1971
by P. E . Playford and G . H . Low
ABSTRACT

geological exploration also increased considerably .
Several new petroleum concessions were issued
during the year, and a number of new areas have
been made available for application .

There was a considerable increase in the temp o
of oil exploration in Western Australia during 1971,
associated with several important gas discoveries .
The largest finds were made by the B .O .C . group
on the Northwest Shelf, in the Scott Reef No . 1,
North Rankin No . 1, Rankin No . 1 and Goodwyn
No. 1 wells . The gas in each of these wells also
contains significant amounts of condensate, and
some oil was recovered from Rankin No . 1 . Another
gas discovery was made by West Australian
Petroleum Pty . Ltd . in Walyering No . 1 well in the
Perth Basin .

INTRODUCTION
Exploration in Western Australia expanded considerably during 1971 as compared with the
previous year. Exploratory drilling increased as
shown in the following tabulation :
Wells Completed Wells Drilling
31 . December
1970 1971 1970 197 1
New field wildcat wells . .. . 10 22 4 1
Extension test wells
.. . .
0
1
0
0
Stratigraphic wells 1 6 0 1
Total Drilling : 1970-31,672 metres (103,917 ft)
1971-70,620 metres (231,604 ft)

Twenty-nine holes were completed during the
year, for a total of 70,620 metres (231,694 ft) of
drilling . This was more than double the amount
for the previous year . Geophysical and field
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Five of the 1971 wells made significant hydrocarbon discoveries (gas or gas and condensate),
whereas there were no discoveries in the previous
year .
Production figures quoted in the text are given
in thousands of cubic metres per day (x103m3/d)
and millions of cubic feet per day (MMCF/d) . Oil
and condensate production is quoted in barrels only,
as the barrel is internationally accepted as the
standard volumetric unit in the petroleum industry .
Oil production is quoted in metric tons, and the
conversion factor from barrels varies according to
the gravity of the oil or condensate . For Barrow
Island crude this factor is approximately 7 .5
bbl/metric ton .
Geophysical and geological survey activity also
increased compared with 1970 . The totals for 1971
were as follows :

Number

Petroleum tenements held in the State are shown
on Plate 7, and the following tabulation lists details
of the various holdings .
PETROLEUM TENEMENTS UNDER THE PETROLEUM
(SUBMERGED LANDS) ACT 1967
Exploration Permits

14/11/7 4

WA-2-P
WA-7-P

381
13 5

14/11/74
10/7/75

WA-8-P
WA-9-P
WA-10-P
WA-12-P
WA-13-P
WA-14-P
WA-15-P

is
56
36
387
396
35 2

17/6/75
17/6/75
15/6/75
11/9/75
29/8/74
29/8/74
20/3/75

WA-16-P
WA-17-P
WA-18-P
WA-19-P

354
378
322
14 2

16/4/75
22/4/75
16/4/75
20/3/7 5

WA-20-P
WA-21-P
WA-22-P
WA-23-P
WA-24-P
WA-25-P
WA-26-P

34
241
81
398
208
256
400

10/10/74
14/11/74
3/10/74
3/10/7 4
17/10/74
16/10/74
22/12/74

WA-27 P

294

18/5/75

WA-29-P
WA-30-P
WA-31-P
WA-32-P
WA-33-P
WA-34-P
WA-35-P
WA-36-P
WA-37-P
WA-39-P

400
400
400
395
389
397
40 0
57
118
104

18/5/75
2/7/7 5
18/5/75
2775
18/6/7 5
2/7/75
2/7/75
18/5/7 5
2/6/75
12/3/75

WA-40-P
WA-41-P

10 2
33

12/3/75
15/6/75

Woodside Oil N.L ., Shell Development (Australia) Pty . Ltd., B .O .C .
of Australia Ltd .

B .P. Petroleum Dev11 elopment Australia Pty . Ltd ., Abrolhos Oil N.L .
11 11
Coastal Petroleum N .L.

Area
(square
miles )

Expiry
date of
current
term
2/2/88
2/2/88

Holde r

West Australian Petroleum Pty. Ltd .
11 11 11 11 1 1

Exploration Permits

At the end of the year a number of applications
were under consideration for areas gazetted as
being available for issuing as exploration permits
under the onshore and offshore petroleum acts .
Applications have also been received for the relinquishment of two offshore permit areas, WA-22-P
and WA-27-P .
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24/3/75

PETROLEUM TENEMENTS UNDER THE PETROLEUM
ACT 1967

Authorities were granted to several companies for
access to permits not held in their name and to
conduct scientific investigations in areas not currently held as tenements .

WA-i-P

375

100
100

PETROLEUM TENEMENT S

Expiry
date of
current
term

Registered holder or
applican t

term

WA-28-P

Number

A number of new petroleum tenements were
issued during the year . West Australian Petroleum
Pty . Ltd . (Wapet) was granted Production Licenses
1 and 2 (covering the Dongara, Yardarino, and
Mondarra fields) and 3 (covering the Walyering
field) . The company was also granted EP 67 in the
Canning Basin and EP 60-66 covering a number of
small offshore islands in the northern Carnarvon
Basin .

No. of
graticuler
sections

Expiry
date of
curren t

PETROLEUM TENEMENTS UNDER THE PETROLEUM
ACT 1936
Petroleum Lease s

Party
months
Line or
Type of survey
Kilometres Geologist
months
Land Seismic
. . ..
.. . .
. .. .
. . .. 2,74 4
Marine Seismic
. . ..
.. . .
. .. .
. . .. 19,933
Aeromagnetic
. . ..
....
.. . . 16,133
Ship-board magnetic 8,101
Gravity
13 .0
Geological . .. .
. . ..
....
.. . .
. . ..
.. . . 13 . 5

Numbe r

No . of
graticula r
sections

Registered holder or
applicant

Woodside Oil N .L., Shell Development (Australia) Pty . Ltd ., B .O .C .
of Australia Ltd .
West Australian Petroleum Pty . Ltd .
Continental Oil Co. of Aust . Ltd .,
Australian Sun Oil Co . Ltd .
Coastal Petroleum N .L.
Associated Australian Oilfields N .L .
West Australian Petroleum Pty . Ltd .
Australian Aquitaine Petroleum Pty .
Ltd ., Arco Ltd .

Alliance OR Development Australia
N .L.
West Australian Petroleum Pty . Ltd.
11 1 1

Canadian Superior Oil (Rust .) 'Pty.
Ltd., Australian Superior Oil Co .
Ltd., Philips Australian Oil Co„
Sunray Australian Oil Co . Inc.
11 11 11 11 11 11
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No. of
grabcular
sections

Expir y
date of
current
term

Registered holde r

Number

EP 3
EP 5
EP 6
EP 7
EP 8
EP 9
EP 12
EP 13
EP 14
EP 15
EP 16
EP 17
EP 18
EP 19
EP 20

200
132
199
200
20 0
200
182
200
200
200
200
200
200
200
200

27/8/75
26/7/7 5
27/8/7 5
27/8/7 5

West Australian Petroleum Pty. Ltd.

27/8/7 5
3/9/7 5
27/8/7 5
27/8/7 5
27/8/7 5
27/8/7 5
27/8/7 5
27/8/7 5
27/8/7 5
....

EP 21
EP 23
EP 24
EP 25
EP 26

90
163
167
96
1

26/7/75
6/8/7 5
6/8/7 5
6/8/7 5
27/8/75

EP
EP
EP
EP

27
28
29
31

2
4
7
200

19/8/7 5
19/8/7 5
19/8/7 5
6/10/75

EP 32
EP 33
EP 34

200
12 3
1

15/4/7 0
15/4/7 6
15/4/76

EP 35
EP 36
EP 37
EP 38
EP 39
EP 40
EP 41
EP 42
EP 43
EP 44
EP 45

1
1
149
130
160
67
180
200
163
113
197

15/4/7 6
15/4/70
22/9/75
22/9/75
22/9/75
26/7/76
1/9/75
1/9/75
1/9/75
19/11/75

EP 46
EP 47
EP 48
EP 50
EP 51
EP 52
lP 53
EP 54
EP 55
EP 58

199
199
199
110
57
34
49
123
178
200

1/9/75
19/11/75
19/11/75
1/9/75
8/9/75
8/9/75
15/9/75
22/9/75
22/9/75
20/7/76

EP
EP
EP
EP
lP
EP
EP
EP
EP

180
2
4
8
4
1
2
1
29

59
60
61
62
63
64
65
66
67

applican t

Australian Aquitaine Petroleum Pty.
Ltd .
West Australian Petroleum Pty. Ltd .

BP Petroleum Development, Abrolho s
Oil N .L.

Beach-General Exploration Pty. Ltd.,
Australian Aquitaine Petroleum Pty.
Ltd .
Woodside Oil N.L ., Shelly evelopment
(Australia) Pty . Ltd., B .O .C. of Australia Ltd.
West Australian Petroleum Pty. Ltd .

Continental Oil Co. of Aust. Ltd ., Australian Sun Oil Co . Ltd .

West Australian Petroleum Pty. Ltd .
Lennard Oil N.L .
11
West Australian Petroleum Pty . Ltd.
Alliance Oil Development Aust . N .L .
West Australian Petroleum Pty . Ltd .
Associated Australian Oilfelds N.L .,
Australian Aquitaine Petroleum Pty.
Ltd ., Abrolhos OR N.L ., Ashburton
Oil N.L ., Flinders Petroleum N.L.,
Longreach Oil Ltd ., Pursuit Oil N.L.

18/7/7 6
West Australian Petroleum Pty. Ltd.
19/9/7 6
19/9/7 6
19/9/7 6
19/9/7 6
19/9/7 6
25/10/76

I
Mt Horner No .1 e p
-Eurangoa No . 1
Mt Horner No. 2
Allanooka No. 1
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North Rankin No . 1

Production Licence s

Numbe r

PL 1
PL 2
PL 3

No . of
graticular
sections
5
4
5

Expiry
date of
current
term
24/10/92
24/10/92
24/10/92

The producing unit in North Rankin No . 1 is the
Middle to Upper Triassic Mungaroo Formation ; it
is also the producing reservoir in Rankin No . 1 and
Goodwyn No. 1 . The sandstones in this formation
have excellent reservoir characteristics, and the net
pay thickness in North Rankin No. 1 amounts to
311 metres (1,020 ft) . The gross hydrocarbon
column extends from 2,688 to 3,252 metres (8,819
to 10,670 ft), a thickness of 564 metres (1,851 ft) .
The following is a summary of important drill-stem
tests (on a z-inch bottom choke) :

Registered holder

West Australian Petroleum Pty . Ltd .

PETROLEUM TENEMENTS UNDER THE PETROLEUIVI
PIPELINES ACT, 196 9
Pipeline Licences

Number

Expiry
date of
current

D .S.T . Interval Surface Gas Conden
No . (metres) Choke x 10'm'/d sat e
b/d
1 3,251-3,255 ¢" 235 .0
95 .5
2 3,207-3,210 363 .0 317
3 3,104-3,110 1" 388 .2 384
4 3,011-3,015 346 .3 285
5 2,837-2,841 387 .0 298
6 2,573-2,584 1 ;"
0- 2

Registered holder s

ter m

1

1/12/9 1

2
3

1/12/91
1/12/91

California Asiatic Oil Co ., Texaco Overseas Petroleum Co ., Shell Development (Australia) Pty .
Ltd., Ampol Exploration Ltd.
11 11 11 11 11 11 11 11
11
.1 11 11 11

Rankin No . 1
The producing unit in Rankin No . I is the Mungaroo Formation . The sandstones are not as good
reservoirs as in North Rankin No . 1, and the net
pay thickness of gas/condensate is 62 .8 metres
(206 ft) with a 3 .4-metre (11 ft) thick oil column
(40° API gravity) . The water contact lies at a
depth of 2,955 metres (9,694 ft) . The following is
a summary of the two drill-stem tests run in the
hole (on a -a-inch bottom choke) :

DRILLING
The positions of wells drilled for petroleum exploration in Western Australia to the end of 1971
are shown on Plate 8, Figures 14 and 15 . Details
relating to the wells drilled during the year are
given in Table 1 .

D .S .T . Interval Surface Gas Condon- Oil
No . (metres) choke x 10'm'/d sate b/d
b/ d
1 2,952-2,953 .5 1' 308 .9
1,062
2 2,933-2,939 3 " 451 .9 564
.. . .

A summary of the principal results of drilling in
each basin is as follows :
PERTH BASIN

The offshore drilling programme that commenced
during 1970 was completed in 1971, with the drilling
of four wells . The primary objective in each was
the Lower Cretaceous sequence , but all wells were
dry . Four onshore wells were drilled in the basin,
one of which, Walyering No . 1, discovered a new
gas field in the Lower Jurassic Cockleshell Gully
Formation. The other wells were dry . Unfortunately the sandstone reservoirs in the Cockleshell
Gully Formation are very variable and discontinuous as shown by the Walyering No . 2 extension test well, which was abandoned as it yielded
only uneconomic gas flows .
Walyering No. 1 gave a flow of 382 .3 x 103 cubic
metres per day (13 .5 MMCF/ d) on a drill-stem
test of the interval 3,368 -3,397 metres (11,04811,142 ft) through a i-inch bottom choke and a
.'ii -inch surface choke . The well was completed as
a gas producer over the perforated intervals 3,3693,371 metres (11,050-11,056 ft), 3,376-3,379 metres
(11,072-11,082 ft), 3,381-3 ,391 metres (11,09011,122 ft) and 3,392 -3,399 metres (11,125-11,150 ft) .
On a production test of these intervals the well
flowed gas at 300 .2 x 103 cubic metres per day
(10 .6 MMCF/d) with slugs of condensate on a
,i-inch surface choke .

Goodwyn No . 1
The Mungaroo Formation is also the producing
unit in Goodwyn No . 1 . There are some 78 metres
(255 ft) net of gas/condensate sands from 2,797
metres (9,175 ft) to about 3,168 metres (10,390 ft) .
The following is a summary of the two drill-stem
tests run in the hole (on a $-inch bottom choke) :
D .S .T . Interval Surface Gas CondenNo . (metres) choke x 10'm'/d sate
b/d
1 2,842-2,848 322 .8 490
2 3,147-3,152 215 .2
34 7

CANNING BASIN

During the year one offshore test well, two onshore test wells, and four onshore stratigraphic
wells were drilled in the Canning Basin . All were
abandoned as dry holes . The offshore well, Bedout
No . 1, penetrated a Tertiary and Mesozoic sequence
comparable with that known from the northern
Carnarvon Basin , and bottomed in basalt of Triassic or older age . It was the first well to be drilled
in the Bedout sub-basin.

CARNARVON BASIN

A total of four offshore test wells was completed
by the B.O .C . group during the year, three of which
(North Rankin No . 1, Rankin No . 1, and Goodwyn
No . 1) made large gas discoveries . Another offshore well, Angel No . 1, was still drilling at the
end of the year, and strong hydrocarbon indications have been encountered in the Jurassic section . Two dry test wells were drilled onshore by
Wapet, and two stratigraphic wells were completed
by Hematite Petroleum Pty . Ltd . (under a farmout
from Wapet), while another was still drilling at
the end of the year .

BROWSE BASIN

Two wells, Lynher No . 1 and Scott Reef No . 1,
were drilled in the Browse Basin during 1971 .
Lynher No. 1 was dry, but Scott Reef No. 1 made
a substantial discovery of gas and condensate . It
was put down by the B .O .C . group in the lagoon
of Scott Reef, a large coral atoll 280 kilometres
(175 miles) off the Kimberley coast, and is the
deepest offshore well drilled to date in Australia .
Production was obtained from Lower to Middle
Jurassic and Upper Triassic sandstones and carbonates, the net pay thickness being some 50 metres
(170 ft) between 4,294 and 4,387 metres (14,085
and 14,390 ft) . After testing had been completed
the well was plugged . The company has conducted
feasibility studies into the possibility of building
a liquified natural gas plant on Sandy Island, which
forms part of the atoll .

After testing had been completed the North
Rankin No. 1, Rankin No . 1, and Goodwyn No . 1
wells were plugged . Further drilling will be necessary to define the extent of the fields, but it seems
likely that they will be found to contain major
gas reserves and appreciable quantities of condensate . Some details of the wells are as follows :
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TABLE 1 . WELLS DRILLED FOR PETROLEUM EXPLORATION IN WESTERN AUSTRALIA DURING 197 1

Well

,a

Concession

Op eratin g
Company

Elevation and
Position water depth
(in metres)
Type

Z
II
*

Total
dept h
(or
depth
reached)
in
metres

Dates
_

Latitude
South

Longitude
East

G . L.

D . F.

I
WDI

Commenced

Reached
T .D .

Completed

Statu s
on 3 1
Dec . 7 1

Bottomed in

I

*

Charlotte No . 1
Gage Roads No. 2
Sugarloaf No. 1
Walyering No . 1

....
....
....
....

Walyering No . 2

....

*
*
*

*

0

/

//

48
57
54
42

0

/

//

94 .5

30 .2
30 .2
30 .2
99 .1

42 .1
73 .2
46 .0
....

19/12/70
14/1/71
14/2/71
31/1/71

8/1/71
9/2/71
7/4/71
10/4/71

11/1/71
12/2/71
11/4/71
6/5/71

2,435
2,972
3,658
3,643

U. Jurassic
U. Jurassic
U. Jurassic
L. Jurassic

....
....
....
....

115 28 20

100 .3

104 .9

....

24/6/71

24/10/71

25/12/71

4,115

L. Jurassic

....

24 .1
80 .2
36 .3

47 .5
....

26/11/70
1/2/71
27/11/71

WA-14-P
WA-13-P
WA-13-P
EP-24

WAPET
WAPET
WAPET
WAPET

NFW
NFW
NFW
NFW

31
31
32
30

36
05
54
57

115 26 56
115 21 45
115 03 08
115 27 55

EP-24

WAPET

EXT

30 42 08

. . ..
....

....

*
*

WA-14-P
EP-23
PL-2

WAPET
WAPET
WAPET

NFW
STR
NFW

32 14 20
29 20 42
29 22 44

115 20 45
115 02 23
115 02 24

....
76 .2
32 .3

Angel No. 1

....

*

WA-1-P

B .O .C .

NFW

19 30 20

116 35 48

....

9 .4

79 .9

12/10/71

....

*

EP-40

HEMA-

STR

21 40 56

115 05 54

7 .6

10 .4

....

29/11/71

. .. .

2/1/71
26/2/71
28/12/71

10/1/71
27/2/71
30/12/71

3,661
2,248
2,350

Gas

.. . .

.. . .

3,240

11/12/71

11/12/71

P&
P&
P&
P&

A
A
A
A

U. Jurassic
Permian . . . .
Permian . . . .

....
....
....

696

Carboniferous

....

P& A

413

Pre-Cretaceous .. . .

P& A

69

Pre-Cretaceous . . . .

Drilling
P& A
Gas
discovery

TITE

Drilling

Cane River No. 2

. .. .

*

EP-40

HEMATITE

STR

21 38 13

115 15 51

4 .6

7 .3

....

17/12/71

23/12/71

23/12/71

Cane River No . 3

. .. .

*

EP-40

HEMATITE

STR

21 42 28

115 19 29

14 .9

17 .7

. .. .

29/12/71

....

.. . .

De Grey No . 1
Goodwyn No. 1

. .. .
. .. .

*
*

WA-1-P
WA-28-P

B .O .C .
B .O .C .

NFW

19 29 21
19 41 37

117 05 08
115 53 44

....
....

30 .5
30 .5

94 .5
125 .6

10/9/71
22/10/71

16/10/71
26/11/71

18/10/71
14/12/71

2,088
3,536

Triassic . . . .
Triassic

.. . .

NFW

*

EP-41
WA-28-P

WAPET
B . O .C.

NFW
NEW

22 34 25
19 35 55

113 46 40
116 07 30

103 .9
....

107 .9
30 .5

....
122 .2

18/3/71
5/5/71

6/4/71
25/6/71

8/4/71
26/7/71

1,228
3,534

Jurassic . . . .
Triassic . . . .

....
....

WA-28-P

B .O .C.

NFW

19 47 56

115 44 31

....

EP-41

WAPET

NFW

22 22 15

113 50 42

99 .1

NFW
STR

18 14 40

119 23 23

STR

19 43 10
20 00 45

125 14 50
124 59 36

181 .0
175 .4

183 .8
177 .7

Ningaloo No . 1
....
North Rankin No . 1

P& A
P& A
P& A
Gas wel l
shows

Warnbro No . 1
....
West White Point No . 1
West White Point No . 2
Cane River No. 1

I
B .D.F .

P& A
P& A
Gas
discovery

P& A
Rankin No . 1

....

*

Sandy Point No. 2 . . . .
Bedout No . 1

93 .0

31/7/71

23/9/71

8/10/71

4,111

Triassic . . . .

....

102 .7

....

17/4/71

5/5/71

6/5/71

1,680

L. Jurassic

....

P
P& A

30 .5

141 .7

31/7/71

4/9/71

7/9/71

3,073

....

16/8/71
3/9/71

17/8/71
4/9/71

913
914

Triassic or older
?U . Devonian . . . .

P& A

31/7/71
22/8/71

915
3,146

9 .4

....

*

WA-29-P

B.O.C.

Crossland No . 1
Crossland No . 2

....

*
*

EP-43
EP-18

WAPET
WAPET

Crossland No . 3
Lake Betty No . 1

....
....

*
*

EP-13
EP-17

WAPET
WAPET

STR
NFW

20 12 12
19 34 11

125 45 39
126 19 53

230 .7
271 .6

233 .5
276 .1

....
. .. .

24/9/71
1/9/71

15/10/71
2/12/71

16/10/71
15/12/71

Munda No. 1 . . . .

*

EP-3

WAPET

STR

19 28 27

122 17 33

94 .2

97 .2

. .. .

5/11/71

18/11/71

19/11/71

Tappers Inlet No . 1 . . . .

*

EP-6

WAPET

NFW

16 51 38

122 35 22

18 .9

21 .9

....

16/6/71

5/8/71

10/8/71

Gas
discovery

?Silurian

....

P& A
P& A

U. Devonian
Devonian

... .
.. . .

P& A
P& A

1,067

?Silurian

.. . .

P& A

2,856

Precambrian

.. . .

P&A

Elevation and
water depth

Position
Well

Concession

co

O p erating
Company

Dates

Tota l
depth

(in metres)

(or

D .F .

W . D.

Commenced

Reached
T .D .

Completed

depth
reached)
in
metres

9 .4
9 .4

57 .9
49 .7

25/12/70
18/2/71

11/2/71
26/5/71

16/2/71
9/6/71

2,725
4,731

Type
Latitude
South

Longitude
East

G .L .

Status
Bottomed in

on 3 1
Dec . 7 1

I
Lynher No. 1
Scott Reef No . 1

....
....

*
*

WA-32-P
WA-33-P

B .O .C.
B .O.C.

NFW
NFW

15 56 24
14 04 34

121 04 59
121 49 29

....
....

U. Permian
U. Triassic

. . ..
. . ..

o

P& A
Gas
disco very

P & A
y

o

Flamingo No . 1
Gull No . 1
Sandpiper No -I
Tern No. 1

....
..
....
....

WA-16-P
WA-17-P
WA-18-P

ARCO
ARCO
ARCO

NFW
NFW
NFW

WA-18-P

ARCO

NEW

11
11
13
13

01
56
18
13

34
29
53
15

126
127
127
128

28
54
58
03

55
37
35
53

....
....
....

34 .4
13 .1
13 .1
13 .1

96 .0
134 .4
86 .6
93 .9

4/8/71
5/6/70
7/8/71
26/1/71

1/12/71
15/1/71
8/9/71
5/7/71

6/12/71
19/1/71
11/9/71
4/8/71

3,700
3,422
1,891
4,352

Jurassic . . . .
Triassic . . . .
1U . Devonian
L. Permian

....
. . ..
....

P& A
P& A
P& A
Gas
shows

1'& A
....

79,38 2

Less drilling done in
....
1970
....

8,76 2

Total drilling in 1971

70,62 0

Total

Arco = Arco Australia Ltd .
B.O.C . = B .O .C. of Australia Ltd.
Hematite = Hematite Petroleum Pty. Ltd.
WAPET = West Australian Petroleum Pty. Ltd .
NFW = New field wildcat wel l
STR = Stratigraphic well
EXT = Extension test wel l

P & A = Plugged and abandoned

GRAVIT Y

The following is a summary of drill-stem tests
conducted on the well ( through a 9-inch bottom
choke) :

A .S .T . Interval
No . (metres)

Gravity surveys were carried out during the year
in the Perth, Carnarvon , and Canning Basins .
Details are as follows :

Surface Gas Condenchoke x 103m3/d sate
b/d

4,341-4,348
I"
1 4,352-4,355
4,363-4,369
2 as above, plus 1"
4,381-4,384
3 4,381-4,387 1"
4 4,300- 4,306 1"

GRAVITY SURVEYS

226- 5

Permit
No.

Company

Part y
months

Perth

EP 21
EP 23
EP 24
EP 25

West Australian Petroleum Pty . Ltd .
„

0-5 3
0 .1 3
2 .4 3
0.1

Carnarvon

EP 46
EP 47
EP 48

Oceania Petroleum Pty . Ltd.

1
2
1

Canning

EP 3
EP 6
EP 7
EP 13
EP 14
EP 15
EP 18
EP 19
EP 37
EP 38
EP 42
EP 43
EP 44
EP 53

West Australian Petroleum Pty . Ltd.

1 .1
0 .0 7
0 .2 1
0.5
0 .6 3
0 .14
0 .3 1
0-2 5
0 .05
0 .09
0-77
0 .96
1-42
0 .21

Basin
473 .2 267
300 .2
515 .4

196
364

BONAPARTE GULF BASIN

Three wells were drilled by Arco during the year
in the Bonaparte Gulf Basin in Western Australian
waters. All were abandoned as dry holes , but there
were some small gas flows in Tern No . 1 .

GEOPHYSICAL SURVEY S

Total

SEISMIC

During 1971, seismic surveys were conducted in
the Perth , Carnarvon , Canning, Browse, Bonaparte
Gulf, and Eucla Basins. Details are as follows :

MAGNETOMETER

Aeromagnetic surveys were conducted in the
Canning Basin , and ship-board magnetometer
surveys in the Perth, Carnarvon, and Canning
Basins . Details are as follows :

SEISMIC SURVEY S

Basin

Perth

. ..

Permit
No

EP 21

...

EP 23 . . .
EP 24 . . . .
EP 25 . . . .
WA-13-P
WA-14-P
WA-20-P
WA-40-P
Carnarvon

WA-1-P
WA-28-P
WA-24-P
WA-25-P
WA-26-P
WA-26-P

Canning

EP 3

Line Kilometres
marine land

Company

....

EP 6 . . . .
EP 7 . . . .
EP 13 . . ..
EP 14 . . . .
EP 15 . . . .
1 :P 18 . . . .
EP 19 . . ..
EP 37 . . ..
EP 38 . . ..
EP 42 . . ..
EP 43 . . ..
EP 44 . . ..
EP 53 . . ..
WA-2-P
WA-21-P
WA-23-P
WA-29-P
WA-30-P
WA-31-P
WA-32-P

West Australian Petroleum Pty. Ltd
„ „ „ „
„ „ „ „
„ „ „ „

BPS Petroleum Dev.
Aust. Pty. Ltd .

572267 .
20301 .

0
7
2
9

304- 2

....

20 . 1
59 . 0
138- 1
173- 2
40 . 2
87 . 5
69 . 5
14 . 0
26 . 0
213 . 0
264 . 8
391 . 3
58 . 8

„ „ „ „
„ „ „ „
„ „ „
„
„
„
„
„
. .. .
. .. .
1,369 . 2
1,339 . 2
709 . 2
721 . 9
606 .9
096 . 9
206- 5

WA-33-P
WA-34-P
WA-35-P
WA-36-P
WA-37-P

B .O .C. of Australia Ltd .

940
266
829
49
43

.3
.5
.3
.7
.6

Bonaparte

WA-15-P
WA-16-P
WA-17-P
WA-18-P
WA-19-P

Arco Australia Ltd.
„ „ „
„ „ „
„ „ >,
„ „
„

553
83
183
382
221

.2
.3
.5
.6
.6

Access
Authority
No. 1 S .L.

Hartogen Explorations
Ply. Ltd.

.. . .

.. . .
....
.. . .
.. . .
. . ..

Totals

Permit No .

56 .3

19, 933

WA-2-P
WA-21-P
WA-23-P
EP 31, 32,
33
EP 58

....

1,293 . 1
341 . 2
3,970 .7

Browse .. . .

Lucia

Canning

West Australian Petroleum Pty. Ltd.

B .O .C . of Australia Ltd.

Basin

Line Kilometres
aeromag- shipnetic board

Company

37 . 9
669- 0
29 . 5

1,590 . 4
1,611 . 5
394 . 8

„ „

MAGNETOMETER SURVEYS

147 . 6

B . O .C . of Australia Ltd .
11
West Australian Petroleum Ply. Ltd.
1 11
Endeavour Oil Co . N.L.
Canadian Superior Oil
(Aust.) Pty. Ltd.

„ „ „
„ „ „
„ „ „
„ „ „

13- 9

West Australian Petroleum Pty . Ltd .
„ , „

. . ..

1,730 . 4

. .. .

1,339 . 2
579- 3

Australian Aquitaine
Petroleum Pty. Ltd.
Associated Australian
Oilfields N.L .

4,127 . 8

EP 50
Perth
. .. .

5,728- 9

WA-13-P
WA-14-P
WA-20-P

Carnarvon

6,276 . 2

WA-26-P
WA-24-P

West Australian Petroleum Pty . Ltd .
„ „ „

943 . 5

Canadian Superior Oil I
(Aust .) Pty. Ltd .
West Australian Petroleum Pty. Ltd .

WA-25-P
Totals

.. . .
.. . .

280 . 2
40 . 3

.. . .

1,515 . 9

.. . .

394 . 3

.. . .

1,278 . 2

16,133

8,101

GEOLOGICAL SURVEY S
Field geological investigations were carried out
by oil exploration tenement holders in the Perth
and Canning Basins . Details are as follows :

. . ..

Basin

Permit
ro

Perth

EP 21

West Australian Petroleum Pty . Ltd.

2 .0

Canning

EP 32

Australian Aquitaine Petroleum Pty .
Ltd .
11 11 11
Lennard Oil N.L .
.. . .
. .. .
....
....
. .. .
....
„ „
„
West Australian Petroleum Ply. Ltd .
11
11
Associated Australian Oilfields N . . . . .
.L

1 .5

EP 33
EP 51
EP 52
EP 17
EP 42
EP 58
EP 59

....

Geologist
months

Company

Total

2,744
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1- 5
0 .5
0 .5
0-75
0-7 5
5 .0
1 .0
13 .50

PETROLEUM DEVELOPMENT AND PRODUCTION IN
WESTERN AUSTRALIA IN 197 1
by R. N . Cop e

North Rankin No . 1, Rankin No . 1 and Goodwyn
No . 1 (p. 39) no development of these fields has
so far been undertaken.
Production figures quoted in the text are given
in thousands of cubic metres per day (x 103m3/d)
and millions of cubic feet per day (MMCF/d) . Oil
and condensate production is quoted in barrels
only, as the barrel has international acceptance
as the standard volumetric unit in the petroleum
industry. Oil production figures in countries using
the metric system are also generally quoted in
metric tons, and the conversion factor from barrels
varies according to the gravity of the oil or condensate . For Barrow Island crude this factor is
approximately 7 .5 bbl/metric ton .

ABSTRAC T
Western Australia has, at present, two producing
fields : the Barrow Oilfield and the Dongara Gasfield. The Barrow Field has passed a maximum
production of 49,803 barrels per day in September
1970, average daily production in December 1971
being 43,617 barrels per day . By means of a waterflood secondary-recovery scheme a total production of 16,213,561 barrels was achieved during 1971 .
Gas produced amounted to 325,099 x 103 cubic
metres (11,480 .683 MMCF) of which about 95 per
cent was flared .
Production of gas from the Dongara Field started
on 25th October 1971 . A total of 34,794 x 103 cubic
metres (1,228 .759 MMCF) was produced during 1971
and transmitted via the 415-kilometre (258 mile)
long 36-centimetre (14 in) diameter gas pipeline
to consumers in Perth and Kwinana . This pipeline was diverted to run through the Walyering
Field and a spur was constructed to Gingin No. 1 .
Further drilling and testing will be necessary to
determine the economic potential of these two
fields .

BARROW ISLAND OILFIELD
The Barrow Island Oilfield (Fig . 1) was discovered by Wapet in 1964 and the first oil shipment took place in 1967 . Appraisal and development were completed in July, 1970, after the
drilling of some 517 wells of which 502 have been
used for production (Cope, 1970, Plate 13) . The
maximum production rate was achieved in September 1970 with an average of 49,803 barrels per day .
During 1971, oil production declined slightly from
46,940 barrels per day in December, 1970, to 43,617
barrels per day in December, 1971 . A total of
16,213,561 barrels was produced in 1971 compared
with 16,693,169 barrels in 1970 (Table 1) . Original
reserves are stated by Wapet to be 200 million
barrels of recoverable oil producable by primary
and secondary methods, so that remaining reserves
at 31st December, 1971 were about 138 million
barrels .

INTRODUCTION
Both the Barrow Oilfield and the Dongara Gasfield are fully developed for present production
requirements and no development drilling took place
in 1971 . Following the discovery of gas in Walyering No . 1 (see p . 39) a second well was drilled
to appraise the structure, but this was abandoned
as uncommercial . Although four major gas strikes
were made offshore in 1971 at Scott Reef No . 1,

TABLE 1 . BARROW ISLAND OIL AND GAS PRODUCTIO N

Average daily produetion oil (bbls)
December, 1971

Reserv oir

Windalia

. .. .

. . ..

....

.. . .

. . ..

Munderong

Production for year 1971
Oil (bbls)

Water (bbls)

Cumulative production

Gas x 10'in'

Oil (bbis)

Water (bbls)

Gas x 10'm'

42,653

15,821,808

3,516,324

277,372

60,081,407

5,754,854

1,158,248

663

239,506

37,778

6,064

691,189

115,273

16,61 7

0

2,007

52,252

4,588

15,5S0

101,628

14,621

Jurassic 5,500'

....

Jurassic 6,200

....

.. . .

. .. .

. . ..

2

8,942

46,039

21,827

54,126

110,429

71,783

Jurassic 6,600'

....

.. . .

. .. .

. . ..

67

27,472

73,347

1,879

209,295

275,340

16,871

Jurassic 6,700'

....

. .. .

.. . .

...

232

112,926

45,734

13,369

952,648

204,373

74,146

Total field . . ..

....

.. . .

. .. .

. . .. .

43,617

16,213,561

3,771,474

62,004,245

6,561,897

1,352,286

Water injected : 42,751,878 bbls
NOTE : 1 barrel=0 .15890 m'
1 m'=35 .315 cu it

325,099 I

Cumulative water injected : 98,473,275 bbl s

The main reservoir is the Lower Cretaceous millidarcies on average) owing to the fine to very
"Windalia Sand" (Parry, 1967) below which there fine grain size (Burdett and others, 1970) . A
are five minor sand reservoirs . At the end of 1971 water-flood secondary-recovery scheme is in operathe "5,500' sand" was no longer producing . The tion to flood this reservoir more effectively (Table
"Windalia Sand" is characterized by high porosity 2) and during 1971 the pumping capacity was in(25-32 per cent) and low permeability (several creased by about 5 per cent .

43

During 1971, a 415-kilometre ( 258 mile) long
36-centimetre (14 in) diameter gas pipeline was
built between Dongara and Pinjarra via Perth and
Kwinana (Fig. 16) . Dongara Field Production
Licences Nos . 1 and 2 were issued on 25th October
1971, on which day production also commenced .
Details of total production and royalty paid until
31st December 1971 are given in Table 4 .

TABLE 2 . BARROW ISLAND WELL STATUS BY
RESERVOIRS AT 31st DECEMBER, 197 1

flow- Pumping
ing

Reservoir

Windalia .. . .

. .. .

InjecNon- water
tio n
prod - iniec
n source Total
tio
acing wells wells

Ga s
lift

37

135

142

9

153

0

48 5

3

2

3

....

. . ..

. .. .

8

Munderong
Jurassic 5,500

1

1

1

2

Jurassic 6,200 '

1

Jurassic 6,600

1

....

....

. . ..

1

Jurassic 6,700'

1

1

2

1

.. . .

. . ..

5

43

138

147

12

153

0

502

Total

TABLE 4 . DONGARA GAS AND CONDENSATE
PRODUCTION, 197 1

Gas x 103m'

Production

34,794

Total for year
Average daily during December

Of the 325,099 x 103 cubic metres (11,480 .683
MMCF) of gas produced during 1971, 5 .1 per cent
or 16,644 x 103 cubic metres (587 .773 MMCF) was
used as pump fuel and for artificial gas lift, the
remainder being flared (Table 3) .

. .. .

. . ..

. . .:

. .. .

Field fuel

....

. .. .

. . ..

. . ..

. .. .

nil

16,644

Gas flared

....

. .. .

. . ..

....

. .. .

.. . .

308,45 5

. .. .

. . ..

....

. .. .

16,352,92 0
----

Oil shipments

16,213,561

------ - - Percentage of field utilization
. . ..

. .. .

Percentage of gas flared

. . ..

....

. .. .

Royalty received

. . ..

.. . .

. .. . $1,721,804 .27

. .. .

325,00 9

. .. .

5.1

. .. .

94 . 9

Nil

25

Ni l

Total throughput and sales are scheduled to
reach 1,980 x 103 cubic metres (70 MMCF) per
day during 1972 under contractual agreements .
The pipeline was slightly diverted and lengthened
from the originally planned route to pass through
the Walyering Field, over which Production Licence
No . 3 was also issued on 25th October 1971 (Fig .
16) . A 10 .2-centimetre (4 in) diameter spur has
been constructed to Gingin No . 1 to allow experimental production into the pipeline under temporary special arrangements with the State
Government .

Gas x 10'm'

Total production

1,243 .7

729

Number of producing wells at 31/12/71
: 8
Royalty paid in respect of 1971 production : $7,937 .94
NOTE : 1 m'=35 .315 cu ft 1 bbl=0 .15899 in'

TABLE 3 . BARROW ISLAND OIL AND GAS DISPOSAL,
1971
Oil (bbls)

Condensate
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The Dongara gas pool in Lower Triassic and
Lower Permian sandstones was discovered in 1966 .
The completion, in 1970, of appraisal and development drilling established reserves in the order of
14 .16 x 109 cubic metres (500,000 MMCF) of gas
in the Dongara area and indicated the presence
of a thin oil leg in the Dongara Field . The stratigraphy of the reservoir and the depositional history
of the sequence in which it occurs have now been
reconstructed in some detail (Hosemann, 1971 ;
Bird and others, 1971) .

Hosemann, P ., 1971, The stratigraphy of the basal
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DEFINITIONS OF SOME NEW AND REVISED ROCK UNITS
IN THE PERTH BASI N
by P . E. Playford and G . H . Lo w
Cockleshell Gully Formation is redefined as the
Cattamarra Coal Measures Member .

ABSTRAC T
Formal definitions are given of the following six
stratigraphic units from the Perth Basin of Western Australia : Sue Coal Measures (Permian), Yardarino Sandstone (Lower Triassic), Eneabba
Member of the Cockleshell Gully Formation (Lower
Jurassic), Maxicar Beds (probably Lower Cretaceous), Bassendean Sand (Pleistocene), and Safety
Bay Sand (Recent) . Another member of the

INTRODUCTION
Recent mapping and the results of explorator y
drilling in the Perth Basin have shown a need for
the formal naming of some new rock units . The
purpose of this paper is to briefly describe these
units .
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SUE COAL MEASURES
The name Sue Coal Measures is proposed for the
Permian coal measures sequence encountered in
the Sue No . 1, Whicher Range No . 1, Alexandra
Bridge No . 1, and Blackwood No . 1 wells in the
southern part of the Perth Basin . The type section
is that in Sue No . 1 between 1,137 metres (3,730
ft) and 3,054 metres (10,021 ft), a total thickness
of 1,917 metres (6,291 ft), and is described by
Williams and Nicholls (1966) . The formation consists of interbedded sandstone, clayey and carbonaceous siltstone, and seams of coal . A dolerite
body (presumed to be a sill) intrudes the formation
in Sue No . 1 between 2,862 metres (9,390 ft) and
2,869 metres (9,412 ft), and a similar intrusion was
encountered in Blackwood No . 1 . In Sue No . 1
the formation overlies Precambrian basement rocks
and is overlain unconformably by Triassic sediments which probably correlate with the Lesueur
Sandstone . The base of the formation was not
reached in other wells, where it is overlain by
Cretaceous, Jurassic, or Triassic sediments .
Seams of coal up to 5 .5 metres (18 ft) in thickness occur in the formation . The coal is subbituminous and is similar in quality to Collie coal .
However, the seams are not sufficiently close to the
surface in any known occurrences to permit
economic development .

ENEABBA MEMBER
The name Eneabba Member is proposed for the
lower member of the Cockleshell Gully Formation.
It consists of multicoloured (red, yellow, brown,
pink, purple, grey and white) fine to coarse -grained
sandstone, with interbedded multicoloured claystone and siltstone. Some minor dark grey carbonaceous shale also occurs . The member has
previously been referred to in company reports as
the "Multicoloured Member" . It overlies the
Lesueur Sandstone with apparent conformity and
is overlain conformably by the Cattamarra Coal
Measures Member .
The type section of the Eneabba Member is in
Eneabba No . 1 well between 2 , 302 metres (7,553 ft)
and 2,978 metres (9,768 ft), a total thickness of
676 metres ( 2,215 ft ) . The unit is dated palynologically as Lower Jurassic (Balme, 1964 ) . Microplankton occur in a few sections, indicating marine or
paralic conditions, but most of the unit is believed
to be continental .

CATTAMARRA COAL MEAUSURES MEMBER
The name "Cattamarra Coal Member" was originally applied by Willmott (1964) to the coal-bearing
unit within the Cockleshell Gully Formation, limited
to the section between the highest and lowest coal
seams . However, usage (for example Pearson, 1964)
has established the "Coal Measures Member" for
the coal-bearing unit from the top of the formation
down to the first appearance of multicoloured
sediments that characterize the Eneabba Member.
Accordingly, it is now proposed that the term
Cattamarra Coal Measures Member be formally
applied to this unit .

Palynological study by B . E . Bahne (in Williams
and Nicholls, 1966) indicates that the formation
ranges from Upper Permian to Lower Permian
(Sakmarian) in age . It is thus equivalent to the
whole of the sequence in the northern Perth Basin
above the upper part of the Nangetty Formation .
However, the Sue Coal Measures are entirely continental, in contrast to the mixed marine and
continental sequence to the north . The Sue Coal
Measures are correlated with the Collie Coal
Measures and perhaps part of the Stockton Formation of the Collie and Wilga Basins .

The member is composed of very fine to very
coarse-grained sandstone with interbedded grey
shale and siltstone, in part carbonaceous, and containing beds of coal . The coal seams are strong
seismic reflectors, which can be traced over a wide
area. The name is taken from Cattamarra property
in the Hill River area, and the type section is from
1,780 metres (5,874 ft) to 2,302 metres (7,553 ft) in
Eneabba No . 1 well . The Cattamarra Coal Measures
Member rests conformably between the Eneabba
Member (below) and the Cadda Formation (above) .
It is of Lower Jurassic age and is apparently continental throughout.

YARDARINO SANDSTON E
The name Yardarino Sandstone is proposed for
the basal sandstone unit of the Triassic sequence
in the Dongara-Yardarino-Mondarra area, where
it forms an important petroleum reservoir . It rests
with angular unconformity on Permian rocks and
is overlain conformably by the Kockatea Shale .
The formation consists of grey to brown-grey,
medium to very coarse-grained sandstone, parts of
which are clayey and conglomeratic. The type
section is in Yardarino No . 1 well (29 ° 13' 13" S,
115° 03' 10" E) between 2,284 metres (7,496 ft) and
2,307 metres (7,570 ft), a total thickness of 23
metres (74 ft) .

MAXICAR BED S
The name Maxicar Beds was first used in an
unpublished report by Lowry ( 1965 ) for exposures
of ferruginous sandstone near Maxicar homestead,
19 kilometres ( 12 miles ) north of Donnybrook (33°
24' 49" S, 115° 24 ' 49" E) .

The Yardarino Sandstone was originally referred
to as "Unit A" of the Wagina Sandstone (Upper
Permian) by Pearson (1964) . It was subsequently
described by Hosemann (1971) as the "Basal Triassic Sandstone" . Hosemann recognized three units
within the formation, which he interpreted as nearshore marine and strand-line deposits .

The unit consists of current-bedded ferruginous
sandstone containing rare moulds of pelecypods .
The sandstone is feldspathic, medium to coarsegrained, poorly sorted, and angular to subangular.
The total thickness of the beds is unknown, but it
is believed to be at least 9 metres (30 ft) .

The formation is recognized in the Dongara, Yardarino, Mondarra, Mount Horner, and Mungarra
Wells, although it may not be continuous between
them . The maximum known thickness is 58 metres
(190 ft) in Dongara No . 19 well . A sandstone unit
1 .5 metres (5 ft) thick beneath the Kockatea Shale
at its type locality ( near the mouth of Kockatea
Gully) is tentatively correlated with the Yardarino
Sandstone, but it is not a mappable unit in that
area . Lenses of sandstone and conglomerate are
also exposed at the base of the Kockatea Shale
in the area east and north of Geraldton .

The stratigraphic relationships of the Maxicar
Beds are uncertain . The type locality lies just east
of the Darling Fault, and although the contact
is not exposed, the unit is believed to lie directly
on Archaean basement . The Maxicar Beds are
exposed 13 kilometres ( 8 miles) north of the nearest outcrop of Donnybrook Sandstone , and they
occupy the same position relative to the basin
margin, suggesting that the two units may be
laterally equivalent. The beds were included within
the Donnybrook Sandstone by Playford and Willmott (1958) .

The only fossils found to date in the Yardarino
Sandstone are spores, pollen grains, and microplankton, and these indicate that the unit is of
Lower Triassic (Scythian) age (B . E. Balme, pers .
comm ., 1970) .

A species of Pterotrigonia was identified from the
Maxicar Beds by J . M . Dickins (written comm .,
1957), and he considered that this is of Jurassic
or Cretaceous age . A lower Cretaceous dating now
seems likely.
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cium carbonate content is normally more than 50
per cent. In some places the sand has been lithifled
to form calcarenite .
The type section of the Safety Bay Sand was
designated by Passmore as that in the Rockingham
Bore R3 (32° 16' 53" S, 115° 42' 19" E) from the
surface to 24 metres (79 ft) . Elsewhere the unit
ranges up to about 30 metres (100 ft) above sea
level . In most areas it overlies Pleistocene Coastal
Limestone, but in the type section it rests on other
Quaternary sands .
Fossils in the Safety Bay Sand are entirely living
species, and deposition of the unit is continuing
today.

BASSENDEAN SAN D
The name Bassendean Sand is proposed for a
widespread unit of quartz sand extending over a
large area of the coastal plain between the south
coast and Hill River . It is named after Bassendean,
a Perth suburb, where the formation is well represented, and this is regarded as the type area . The
unit has been mapped in the Metropolitan Area by
Low and others ( 1970) .
The geomorphic unit represented by the exposed
Bassendean Sand was named the Bassendean Dune
System by McArthur and Bettenay (1960) . The
deposit occurs in a strip parallel to the coast, with
its western edge generally about 5 kilometres (3
miles) inland . At the surface it appears as a series
of quartz sand-hills which represent leached coastal
dune limestones . Some remanent limestone is
found along the western edge of the deposit from
the Harvey Inlet to near Bunbury . The unit is
strongly lateritized at the water table in the southern part of the Perth Basin .
No type section can be designated because of the
poorness of vertical exposures through the unit.
Western Titanium Limited's excavation for heavy
minerals can be taken as a reference section, but
this will be lost when the excavations are filled as
part of the ground-restoration programme in the
area . In the main heavy-mineral pit the base of
the formation consits of a weathered boulder conglomerate of basalt and quartzite clasts, and this is
interpreted as a beach deposit . It stands about 8
metres (25 ft) above present sea level and is overlain by about 8 metres (25 ft) of quartz sand containing high concentrations of heavy minerals .
Elsewhere in the basin the maximum total thickness of the Bassendean Sand may exceed 45 metres
(150 ft) .
A ferruginized shell bed in the formation cropping out 8 kilometres (5 miles) southwest of Busselton contains numerous moulds of Quaternary
molluscs .
The Bassendean Sand lies disconformably on the
Pleistocene Guildford Formation or unconformably on Cretaceous rocks . It seems probable that
the formation is of Middle to Late Pleistocene age .
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SAFETY BAY SAND
The name Safety Bay Sand was introduced in an
unpublished thesis by Passmore (1967) for Recent
coastal sand dunes and shallow-marine and strandline sands in the Rockingham-Safety Bay area .
The unit has now been applied to similar coastal
sands throughout much of the Perth Basin . The
sand is made up of shell fragments with varying
amounts of quartz and minor feldspar . The cal-

TECTONIC STYLE IN THE SO UTHERN PERTH BASI N
by R . N . Cope
ABSTRACT

An axis of uplift is recognized through the
Blackwood Plateau and the name Jarrahwood Axis
proposed . This axis was the prime control for
the position of the Whicher Scarp formed by
marine erosion during the Pleistocene .

Geophysical surveys and drilling have shown
that the depth of the southern Perth Basin is up
to about 10,000 metres (30,000 ft) . The basin is
cut by numerous large faults, mainly of northsouth trend . These are steep growth faults cutting
basement, which moved during early Permian to
early Cretaceous times . The gentle growth folds
mapped at intermediate depths are interpreted as
drape structures resulting from differential compaction over faulted basement highs .
An attempt to quantify total compaction of the
Whither Range No . 1 lithology results in an estimate of original depositional thickness two-thirds
greater than the thickness of the present column .
Compaction has probably continued since basement subsidence ceased, thus accommodating
additional sediments, conceivably the entire
Cretaceous sequence of the onshore Perth Basin .

INTRODUCTION
In view of the great increase of subsurface data
in the southern Perth Basin over the past 10 years,
it is timely to consider the structural history and
tectonic style in this part of the basin . The present paper deals with fault and fold geometry and
fold origin . Mechanism of faulting requires wider
study and this subject is deferred . Accurate topographic maps have recently been published covering the portion between 33° S and 34° S and these
facilitate consideration of the Tertiary an d
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Figure 17. Structure contour maps. Contour interval 500 metres .
17A . Approximate base Middle Jurassic (horizon B of Aasted, 1969 )
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17B . Top basement (extapolated from horizon E of Aasted , 1969, and horizon C of Sealy , 1969.)
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Figure 18 . Cross sections through Whicher Range No . I .
12889
18A. Geological cross section based on Aasted , 1969, with geological boundaries interpolated from well data. Vertical
exaggeration =35x.
18B. Topographic profile showing dissected remnants of oldest post -Lower- Cretaceous erosion surface . Vertical
exaggeration =35x .

Differential compaction as a cause of folding

Quaternary geological history. The area considered
here is that part of the onshore Perth Basin between 33° 30' S and 34° 20' S (Fig . 19, inset),
forming part of the Bunbury Trough .

The Permian to Cretaceous sediments overlying
basement are mainly sandstone. In Whicher Range
No . 1 the lithological breakdown and percentages
(over the logged interval below 56 metres (183 ft)
BDF) are as follows :

STATUS OF KNOWLEDG E
The maximum depth of Precambrian basement
below sea level in the Bunbury Trough has now
been established by various geophysical surveys
(magnetic : Quilty, 1963 ; gravity : Thyer and
Everingham, 1956 ; seismic : Sealy, 1969) as about
10,000 metres (30,000 ft) . Depth is very variable,
however, owing to numerous large faults . Whither
Range No . 1 was drilled to a total depth of 4,653
metres (15,266 ft) and is the deepest onshore well
in the State to date (Union Oil, 1968) . This well
has revealed a predominantly sandy sequence deposited in a continuously continental environment
from the Lower Permian to the Lower Cretaceous .
No unconformities have conclusively been proved
in this sequence but regional evidence suggests the
probability of at least one, at the base of the
Lower Cretaceous South Perth Formation (Upper
Yarragadee of Union Oil, 1969) . The only velocity
contrasts are provided by thin shales and by
Permian coal seams .
The latest seismic surveys (Aasted, 1969 ; Sealy,
1969 ) have produced what is believed to be a
reasonably reliable picture of the regional subsurface structural forms, although owing to the
absence of good seismic markers, rock-stratigraphic
correlation across faults is not possible . This
should be borne in mind when viewing the structure contour map (Fig. 17) and the Phanerozoic
structure depicted in the cross section (Fig . 18) .
Basement subsidence in the Perth Basin appears
to have ended in the early Cretaceous, and following uplift some of the Lower Cretaceous strata
have been removed by erosion . Owing to the absence of Upper Cretaceous and Tertiary deposits,
the tectonic history during this interval can be
studied only through the present geomorphology .
The recently published 1 :100,000 R611 topographic
map series, of which the Sunbury, Busselton and
Donnybrook Sheets are now available (Royal Australian Survey Corps, 1970), are ideal for this purpose. The 20-metre (66 ft) contours of those
portions of the Busselton and Donnybrook Sheets
underlain by Phanerozoic rocks are reproduced at
a scale of 1 :250 ,000 in Plate 9 .

Sandstone . . .. 3,765 metres (12,352 ft) 82%
Shale 688 metres ( 2,259 ft) 15%
Coal 144 metres ( 472 ft) 3 %
Total . . . .

. .. .

4,597 metres (15,083 ft) 100 %

Estimates of the ultimate compactability of these
lithologies range "from 30 :1 to 12 :1 in peats and
coals, 9 :1 to 4 :1 in clayey muds and only 4 :3 or
3 :2 in sands" (Boswell, 1961, p . 85) . Even if the
lower compaction ratios are used it is clear that
considerable differential compaction must have
occurred between blocks . Top basement lies at a
depth of from 4,500 metres (15,000 ft) to 10,000
metres (30,000 ft), where the resolution power of
the seismic method is very limited . Only large
faults have been detected, but within the major
fault blocks it is likely that numerous intermediate
order faults lie undetected . A structurally varied
surface on top basement resulting from such faults
and in turn causing differential compaction
appears to be the most likely cause of structures
mapped by seismic techniques at higher levels .
The folds of Figure 17A thus appear to be drape
structures . An attempt is made below to estimate
the amount of compaction which has taken place
at Whicher Range No. 1 . Under "Topographic
evidence" the effect of the possible continuation
of differential compaction after the mid-Cretaceous
emergence of the area is considered .
Processes and rates of compaction
Compaction results from several different
physical and chemical processes which are controlled by the type of material, the subsurface
conditions, and the passage of time . These processes are so complex and the variables so numerous that it is virtually impossible to quantify compaction precisely . By making approximations of
the more important variables, however, it is attempted in the following section to arrive at an
order of magnitude .
Sandstone compactability is so small relatively
and takes place, mainly by mechanical rearrangement, so soon after deposition that it can be disregarded . For shale and coal somewhat lower
compaction ratios than those quoted by Boswell
(1961, p . 85) are used (i .e . 3 :1 for clay to shale
and 8 :1 for plant debris to coal) . These approximations should result in conservative compaction
estimates providing that only a proportional
amount of compaction is allowed for given conditions of overburden, temperature and geological
time .

DISCUSSION
Tectonic environment
In considering the structural deformation of the
sedimentary cover, the geometry and structural
history of the top basement surface is of prime
importance. During Phanerozoic times a quiet
cratonic environment has prevailed in Western
Australia . While cases of compressive tectonics
do exist, for example in the Fitzroy Trough and
the northern Carnarvon Basin, such occurrences
are rare . Deformation has been mainly by epeirogenic movement and graben formation .
In the Perth Basin Phanerozoic, no case of compressive tectonics has been documented . Faulting
is very common in the pre-Cretaceous sediments,
and top basement is commonly displaced vertically
1,000 or 2,000 metres ( 3,280 or 6,560 ft) . These
faults are believed to be steep, although good evidence is lacking . However, there are clear indications that they are syn-sedimentary or growth
faults. For instance, continuous thickening of successive stratigraphic intervals is a feature of all
seismic interpretations . Moreover, the sedimentary
environment in wells (Williams and Nicholls, 1966 ;
Union Oil, 1968 ; Union Oil, 1969) is continuously
that of a continental flood plain from the Lower
Permian to the Lower Cretaceous. There is no
evidence of marine invasions of the downthrown
blocks such as would be caused by episodic movements and no good evidence of unconformities at
which such marine intervals could be removed by
erosion .

The great compactibility of clays and plant debris
is due primarily to their capacity to retain large
volumes of water . Some clay minerals possess remarkably high water-retention capacities, for
instance the montmorillonoids, but such minerals
are not known to occur in appreciable proportions
in the Perth Basin . It has been shown experimentally by Terzaghi (1925) that the porosity of a
pure clay is reduced from about 70 per cent to
about 37 per cent by a pressure of only about
18,300 grams per square centimetre (260 psi), which
corresponds to an overburden of about 85 metres
(280 ft) . According to Hedberg ( 1936 ) this takes
place principally by expulsion of free and adsorbed
water, while contributory processes are the mechanical rearrangement of particles and elasticity in
the presence of water. Porosity is further reduced
to about 10 per cent primarily by the mechanical
deformation of particles . It may be decreased to
zero by loss of water through chemical combination
(together with solution and recrystallization) under
suitable conditions of pressure, temperature, and
time .
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It has been argued that in addition to pressure
and temperature , the role of time is important
in the process of compaction ( McCoy and Keyte,
1934 ) . An indication of this has come to light
in recent years from the deep drilling of Cainozoic
deltas ( e .g . Dickinson , 1953 ) . Abnormally high
formation pressures encountered in the basal
marine shales of the major regressive sequence in
a Cainozoic delta show that despite great loading
insufficient time has elapsed to allow dewatering
( Hardin and others, 1963) .
During the later slow compaction stage, the
achievement of the ultimate potential compactibility is likely also to be subject to a delayed - action
effect . Taking as an example the compaction of
the Permian sequence in the present area, the
maximum overburden was imposed by the midCretaceous . It appears likely, however, that the
processes of adsorbed water expulsion , loss of water
through chemical combination , mechanical deformation of particles , solution and recrystallization did not proceed to the maximum potential
stage for a considerable period of geological time
and, in fact , may not even have done so by the
present time .
To summarize , compaction of clays takes place
very rapidly at first ( in terms of geological time)
and then quite slowly. The exact rate of compaction ( luring the second stage is very difficult to
determine but it is not very critical in terms of
the present problem . Compaction probably continues long after loading has stopped owing to the
low permeability of shales and the assumed slow

response of physical processes to imposition of
overburden.
Amounts of Compaction
In attempting to quantify compaction between
stared horizons at a given location over a certain
period, it is necessary to make assumptions and
approximations. Based on the theoretical considerations mentioned above and such scanty data as
are available, the following assumptions are made
regarding compaction at Whicher Range No . 1 :
(1) that the ultimate compactabilities of sand,
clay and plant debris are zero, 3 :1 and 8 :1
respectively ;
(2) that under the local conditions of almost
continuous sedimentation, the amount of
compaction nas been mainly a function of
time and has continued from the cessation of deposition to the present ; and
(3) that compaction of clay and plant debris
respectively to volumes of 25 per cent and
40 per cent greater than the ultimate
compacted volumes took place within the
first 30 million years and that straight line
decreases in these volumes took place to 3
and 5 per cent respectively at an age of
270 million years .
The temperature gradient at Whicher Range No .
1 is moderate, about 19°C/1,000 metres (10 .5°F/
1,000 ft), and the role of temperature is not
thought to be a critical control of compaction in
this case .

TABLE 1 . ESTIMATED COMPACTION AT WHICHER RANGE No . 1
Compaction
factor

Present thickness*

Depositional
thickness*

Compaction wince
mid-Cretaceous *

System
Sand-

stone
Cretaceous . . ..
. . ..
.. . .
Middle and Upper Jurassic
Lower Jurassic
. . ..
.. . .
Triassic
Permian above T .D .
.. . .
Permian below T .D .(Est.)
Total

. . ..

.. . .

. .. .

. .. .

. .. .

. .. .

. .. .

. .. .

. .. .

. .. .

Shale

Coal

Total

Shale

68
906
930
1,490
407
509

24
154
150
178
196
244

10
0
8
2
130
161

102
1,060
1,088
1,670
733
914

4,310

046

311

5,567

2
2
2
2
2
2

.5 :1
.6 :1
.7 :1
.8 :1
.9 :1
.9 :1

. . ..

Coal
6
6
6
7
7
7

.2 :1
.5 :1
.7 :1
.0 :1
.6 :1
.6 :1
. .. .

Shale

Coal

Total

Shale

Coal

Total

60
400
405
498
568
707

62
0
54
11
988
1,224

190
1,306
1,389
1,099
1,963
2,440

2
13
13
16
19
24

1
0
1
0
19
23

3
13
14
16
38
47

2,638

2,339

9,287

87

44

131

* All thicknesses are in metres-1 m = 3 .281 ft

been called the Blackwood Physiographic Area
(Lowry, 1967), but the most appropriate name
would appear to be Blackwood Plateau, which is
used below in this paper .
Close examination of the topographic contours
of the Blackwood Plateau (Plate 9) reveals a number of rectilinear ridges and valleys here referred
to as positive and negative topographic lineaments
respectively . The hypothesis is advanced that these
may have originated by differential compaction
over buried faults localizing the drainage lines
over the downthrown blocks . The known basement
faults (Fig . 17B) have been plotted on Plate 9 for
comparison and although a number of possible
lineaments, as plotted, appear to correspond approximately with seismic faults the objection may
be raised that in these cases the correspondence is
only an approximate one and that the downthrown
side is not always the lower at the surface . The
answer to this objection may be that over the
Blackwood Plateau the seismic picture is very incomplete and approximate owing to the dissected
topography and low superficial-weathering velocities.
The Blackwood Plateau consists of a lateritized
surface with a local variation of relief of the order
of 10 to 20 metres (30 to 70 ft) . Regarding the
northern Perth Basin and other areas it has been
pointed out that lateritization is post-uplift (Playford, 1954), and this has been supported subsequently by Prider ( 1966 ) . Field study has shown
that this relationship holds good also in the area
at present under consideration (Finkl, 1971) . Dis-

The figure obtained for total compaction (i .e .
loss of thickness) at Whicher Range is about 3,700
metres ( 12,000 ft) (Table 1), of which about 130
metres (400 to 450 ft) is computed for the period
since the mid-Cretaceous . Differential compaction
can also be calculated across faults of known top
basement throw, if one assumes that the lithological proportions are the same in the downthrown block . For instance, along the line of cross
section XY (Figs . 17 and 18) Fault D has a basement throw of about 1,000 metres (3,300 ft) and
differential compaction is therefore about 670
metres ( 2,200 ft) . Similarly Fault M has a basement throw of about 2,000 metres (6,500 ft) and
differential compaction is calculated to be about
1,350 metres (4,400 ft) . These amounts of differential compaction occurred incrementally and were
taken up until mid-Cretaceous by thicker sedimentation . Since mid-Cretaceous the amounts of differential compaction across Fault D and Fault M
are computed as 30 metres (100 ft) and 43 metres
(140 ft) respectively .
Topographic Evidence
The basic topographic data available are presented as a relief contour map in Plate 9 . There are
three main geomorphic elements (Fig. 19) : the
Swan Coastal Plain, the Darling Plateau and the
"Low Plateau" (Finkl, 1971) . Bounding these areas
are the Darling Scarp and the Whicher Scarp
while to the south a weak broken scarp (so far
unnamed) separates the "Low Plateau" from the
Scott Coastal Plain . The "Low Plateau" has also
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Figure . 19. Geomorphic features, Inset map shows the location of the area and bathymetric contours of the con- 12890
tinental shelf and slope to the West (after Geological Society of Australia , 1960) .

section of the Blackwood Plateau has occurred simultaneously with continuing lateritization, however .
Examination of the air-photographs and of the
1 :100,000 topographic sheets suggests that there
is a systematic variation in the elevation of the
semi-mature surface of the Blackwood Plateau .
Generalized contours have been drawn on this
surface (Fig . 19) . The plane represented passes
through the high points of the semi-mature surface
(Fig . 18B) . Between Whicher Range and the
Darling Scarp the Blackwood Plateau has been
deeply dissected by the Saint John Brook-Saint
Paul Brook-Mill Brook tributary system of the
Blackwood River.
The contours indicate an east-west axis of uplift
with a gentle westward plunge . This axis is distinctly perpendicular to the main Perth Basin
structural trend, and it is proposed to call it the
Jarrahwood Axis after the small settlement of
Jarrahwood about 23 kilometres (14 miles) northwest of Nannup .
The exact age of the uplift on the Jarrahwood
Axis cannot readily be established within the present area of study . The axis does, however, correspond with and is thus probably a reactivation of,
a long-established structural trend. To the west,
the Leeuwin Block represents the culmination of
a north-northwest - south-southeast - trending
ridge, and a submarine ridge, 600 kilometres (370
miles) long of unknown origin, extends along the
34° S parallel between 1,500 metres (5,000 ft) and
5,000 metres (17,000 ft) (see Fig . 19, inset) .
To the east, the southern boundary of the
Yilgarn Block is approximately east-west (Daniels
and Horwitz, 1969) . Along the south coast, Lower
Tertiary marine deposits lie up to 100 metres (330
ft) above present sea level (Cockbain, 1968), while
near the edge of the continental shelf to the south
a Tertiary column over 1,000 metres (several thousand feet) thick has been interpreted to extend
westwards beyond the Darling Fault (Hawkins and
others, 1965, Fig . 10) . Lower Tertiary subsidence
was followed by middle or later Tertiary uplift
along an east-west axis lying to the north . This
probably corresponds with the continuation of the
Jarrahwood Axis which is therefore probably of
middle or late Tertiary age .
The Whicher Scarp was formed by marine erosion
of the uplifted Blackwood Plateau during the
Pleistocene (Lowry, 1967, p . 3) . It appears to owe
its curving trend to resistance offered by elevation
along the Jarrahwood Axis, together with the
shielding effect of the Leeuwin Block to erosion
from the west . A similar effect is seen to the
south of the Jarrahwood Axis, although the scarp
between the Blackwood Plateau and the Scott
Coastal Plain is very dissected and poorly defined .
CONCLUSIONS
1 . Basement growth faulting : From the Lowe r
Permian to the Upper Jurassic the subsidence of
the southern Perth Basin took place by growth (or
syn-sedimentary) faulting of Precambrian basement . Thicker sediments accumulated on the
down-thrown blocks .

1, it is conceivable that compaction was the sole
cause of subsidence in the onshore Perth Basin
during the Lower Cretaceous .
4. Compaction faulting : Differential compaction
between fault blocks resulted in a greater throw
on higher horizons than the displacement of the
basement surface during a given period . The
occasional faults encountered in the South Perth
Formation may possibly have been caused by
differential compaction localized over large basement faults, rather than by renewed movement
on those faults.
5 . Topographic control : Differential compaction
appears to have influenced the present drainage
pattern and is likely to have done so during times
of emergence since the Lower Cretaceous . The
distribution of the Bunbury Basalt may have been
controlled in this way, and basement structure
could also have influenced palaeocoastlines and
hence accumulations of economic beach sand
minerals .
6 . Tertiary uplift : Post-Lower Cretaceous uplift
has occurred extensively in the southern Perth
Basin . Part of this is of Tertiary age and an axis
of uplift of middle to late Tertiary age is recognnizable from variations in the elevation of the
Blackwood Plateau . The name Jarrahwood Axis
is proposed for this . This axis appears to be the
prime control for the position of the Whicher Scarp
which was formed by marine erosion during the
Pleistocene .
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PRELIMINARY RESULTS OF GEOLOGICAL MAPPING IN THE
OFFICER BASIN , WESTERN AUSTRALIA, 197 1
by D . C . Lowry *, M . J . Jackson, W . J . E . van de Graaffl', and P . J . Kennewell $
were made over the remainder prior to 1970, (Talbot and Clarke, 1917 ; Forman, 1933 ; Utting, 1955 ;
Leslie, 1961 ; Sofoulis, 1962 ; and Daniels, 1969a,
b, c) .
The Hunt Oil-Placid Oil-Exoil consortium made
aeromagnetic, photogeological, gravity and seismic
surveys over parts of the basin, culminating in
stratigraphic drilling during 1965 and 1966 (P .
Jackson, 1966b) . However, little attention was paid
to the surface exposures and little information was
collected on the relative distribution of the marine
Cretaceous rocks in the north (Wells, 1963), the
fluvial and glacial Permian deposits in the south
(Talbot and Clarke, 1917), and the Lower Palaeozoic sequence now known near the South Australian border .
The Alliance Petroleum-Union Oil consortium,
which worked on the northern part of the basin,
made an aeromagnetic and a photogeological survey in addition to their surface reconnaissances .
Their reconnaissance surveys gave some useful information on the regional distribution of the various formations (Wilson, 1964 ; Mack and Herrmann, 1965) .
A geological reconnaissance by the Geological
Survey of Western Australia and the Bureau of
Mineral Resources in 1970 resulted in a preliminary
reappraisal of the geology of the basin (M . Jackson, 1971 ; Lowry, 19'71) . This reconnaissance was
followed by a systematic mapping programme in
1971 . Because of difficult ground transport, mapping was mainly done by helicopter . The results of
this survey, which will be followed by stratigraphic
drilling and geophysical work in 1972, are to be
recorded on 18 geological maps on a 1 :250,000
scale and in a bulletin synthesizing the geology of
the basin . The aims of this paper are to systematize the stratigraphic nomenclature and to make
available rapidly the principal findings of the 1971
mapping programme . Rock unit names which do
not conform to the Australian Code of Stratigraphic Nomenclature (Geol . Soc. Aust ., 1964) have
been used in previous literature on the basin . To
avoid confusion and to systematize the stratigraphy of the basin all the names used have been
examined and modified where necessary to bring
them into accord with the code . In addition two
units which do not form part of the Officer Basin
sequence, i .e . the Clutterbuck Beds (a Precambrian inlier forming part of the Amadeus Basin
Proterozoic succession) and the Plumridge Beds
( Eucla Basin ), are also described .

ABSTRACT
This report describes the results of the joint
mapping project conducted in the Officer Basin
during 1971 by the . Geological Survey of Western
Australia and the Bureau of Mineral Resources .
The Officer Basin, which extends from South Australia into Western Australia, contains a poorly
known sedimentary sequence of Proterozoic and
Phanerozoic age . The following basin boundaries
have been provisionally adopted for the Western
Australian part of the basin :
(1) the Warri Gravity Ridge in the north ;
(2) the base of the Townsend Quartzite in the
northeast ;
(3) the northern limit of the Tertiary deposits
of the Eucla Basin in the south ;
(4) the extent of the Permian glacial deposits
in the west and southwest .
The following new stratigraphic names are herein
defined : Lefroy Beds, Lupton Beds, Clutterbuck
Beds (Proterozoic), Babbagoola Beds, Browne Beds
(Proterozoic or Palaeozoic), Wanna Beds
(Palaeozoic), Samuel Formation (Cretaceous),
Lampe Beds (Cretaceous to Cainozoic) and Plumridge Beds (Cainozoic) . The Townsend Quartzite
is redefined to exclude the Lefroy Beds (old name :
Brown Range Siltstone) . Babbagoola Beds and
Browne Beds are amended names with respect
to previous unpublished usage, and Bejah Claystone is an amendment of "Bejah Beds" . The name
Paterson Formation is used in preference to "Wilkinson Range Beds" or "Yowalga Sandstone",
which names were previously used for the Permian
glacial and fiuvioglacial deposits in the Officer
Basin .
Permian and Cretaceous deposits have been
traced from the Canning Basin southwards into
the Officer Basin. Permian fiuvioglacial and lacustrine deposits were mapped over most of the basin .
Fossiliferous marine Cretaceous strata are confined
to the northern part of the Officer Basin (north
of latitude 27°45'S), while unfossiliferous siliciclastics and tholeiitic basalt of probable Lower Palaeozoic age crop out near the South Australian border .

INTRODUCTION
The Western Australian part of the Officer Basin,
which has an area of about 260,000 square kilometres (100.000 miles2), underlies much of the area
known as the Gibson and Great Victoria Deserts
(Plate 10) . The Gibson Desert was mapped by
Wells (1963), but only a few geological traverses
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thick-bedded, flaggy, feldspathic, micaceous sandstone with sparse pebble and shale-flake beds,
which is overlain by a unit of coarse to very
coarse-grained, thick to very thick-bedded sandstone, 170 metres (560 ft) thick, with large-scale
cross-bedding and containing some cobble and
pebble beds .
Daniels' mapping shows the Townsend Quartzite to be comformable on the Mission Group near
Warburton, but further east it overlies progressively older units of the Musgrave Block, with
an angular unconformity . On the Birksgate
(SG/52-15) 1 :250,000 Sheet (S .A .) the lateral
equivalent of the Townsend Quartzite, the Pindyin
Sandstone, unconformably overlies granites and
gneisses of the core of the Musgrave Block (Major,
1968 ) . The base of the Townsend Quartzite is
therefore an angular unconformity of regional
significance . The Lefroy Beds conformably overlie the Townsend Quartzite .
A littoral to sub-littoral environment of deposition is interpreted for the well sorted, evenly
bedded sandstones, whereas the coarse-grained
pebbly parts are probably fluviatile .

BASIN DEFINITION
The name Officer Basin has been used in Western Australia for the area between the Bangemall
Basin, the Yilgarn Block, the Eucla Basin, the
Musgrave Block and the Canning Basin. This basin
contains a Proterozoic and Phanerozoic sequence
and is the extension of the Officer Basin in South
Australia, where the name Officer Basin originated
(Australia B.M .R ., 1960, p . 39) . Geophysical evidence indicates that a sedimentary sequence up to
5,500 metres (18,000 ft) thick is present in parts
of the area (P. Jackson, 1966b ; Turpie, 1967) . Owing to the flat-lying attitude of the surface strata,
exposures give little information on the nature of
this thick sedimentary sequence .
Ideally, a sedimentary basin, i .e . an area characterized by long-continued subsidence and more or
less concomittant sedimentation, should be defined
in genetically meaningful terms . That is, the
boundaries chosen should preferably be of structural and/or palaeogeographic significance . In the
present state of knowledge it is unfortunately impossible to give more than a provisional definition
of the Officer Basin .

The Townsend Quartzite is considered to be of
Middle to Upper Proterozoic age as it unconformably overlies the Tollu Group, which was
dated as 1,060 ± 140 million years old ( Daniels
1969b), and as its lateral equivalent, the Pindyin
Sandstone, underlies a sequence that contains rare
Ediacara-type (latest Proterozoic) fossils ( Major,
1968) .

The limits of the Officer Basin (W .A.) used here
are the Warri Gravity Ridge in the north, the extent of the continuously preserved Permian in the
west and southwest, the Tertiary cover of the
Eucla Basin in the south, and the base of the
Townsend Quartzite in the northeast . The first
three of these limits were used by Playford and
Cope (1970, Fig . 3) and the fourth limit is in accordance with South Australian usage (Johnson,
1963 ; Parkin, 1969 ) . Two of these boundaries, the
extent of the Permian deposits and the extent of
the Tertiary cover of the Eucla Basin, are merely
convenient limits . The Warri Gravity Ridge probably corresponds with a basement high, and is a
convenient boundary with the Canning Basin . The
base of the Townsend Quartzite is chosen as a
boundary as it is the first major, well exposed,
angular unconformity of regional significance beneath the Phanerozoic strata that crop out over
much of the basin . Although in the overlying sequence some low-angle unconformities do occur,
none of these seem to be of the same magnitude
and extent as the one at the base of the Townsend Quartzite, which marks the beginning of a
widespread depositional phase .

LEFROY BEDS

Lefroy Beds is the name proposed herein for a
sequence of well bedded siltstone to very finegrained sandstone, which has been referred to informally as "Brown Range Siltstone" (P . Jackson,
1966 ; Daniels, 1969b) . Daniels (1969b) included
this unit, which is about 200 metres (700 ft) thick
at Ainslie Gorge, in the Townsend Quartzite . The
type section of the Lefroy Beds is located near
Ainslie Gorge (26°14'S, 126°38'E, grid reference
469742, Talbot (SG/52-9) 1 :250,000 Sheet), and
its name is taken from Point Lefroy, 11 kilometres
(7 miles) east-southeast of the type section.
Though Daniels (1969b) considered the upper
boundary to be a disconformity we interpret both
the upper and lower contacts as conformable, as
they are located in gradational sequences . A very
quiet, shallow-marine environment of deposition
is interpreted for the Lefroy Beds, and their age
is Middle to Upper Proterozoic .

Two of these other unconformities are fairly
important . These are the unconformity beneath
the Kulyong, Table Hill, and Officer Volcanics, and
that beneath the Paterson Formation . Neither of
these unconformities is adopted as the boundary
of the Officer Basin in the eastern part of the surveyed area, because it would not conform to South
Australian usage, where the Officer Basin was
first named and described .

LUPTON BED S

The name Lupton Beds is proposed herein for
a sequence of conglomerate and sandstone which
Daniels (1969b) informally called the "Upper Proterozoic Glacial Deposits" . The type section is
located at Lupton Hills, 26°31'S, 128°01'E, on the
Cooper (SG/52-10) 1 :250 ;600 Sheet. The name
Lupton Hills has been submitted to the Geographic
Nomenclature Committee, and has been formally
approved . At the type locality a lower unit, approximately 175 metres (580 ft) thick, of unbedded,
very poorly sorted, pebble to boulder conglomerate,
and an upper unit, about 65 metres (210 ft) thick,
of medium to fine-grained, well sorted, medium
to thick-bedded quartz arenite with interbeds of
siltstone and conglomerate, can be distinguished .
Near the type section of the Lefroy Beds dropstones
are common in the Lupton Beds.

The subsurface extent of the Townsend Quartzite and the overlying Proterozoic units is unknown. Also unknown is the relationship of the
Proterozoic sequence in the Musgrave Block to the
gently folded, southeasterly striking, evaporitebearing siliciclastic and carbonate sequences on the
western edge of the basin (Trainor ( SG/51-2),
Stanley (SG/51-6), Kingston (SG/51-1 .0), 1 :250,000
Sheets) . Mack and Herrmann ( 1965 ) estimated
the sequence on the western side of the basin,
which belongs to the Bangemall Group, to be
9,000 metres (30,000 ft) thick . These Bangemall
Group sediments of probable Middle Proterozoic
age, possibly form the bulk of the succession indicated by aeromagnetic data in the deeper parts
of the Officer Basin .

Pebbles and boulders (maximum size 80 centimetres or 2 ft 8 in) in the conglomerates can be
matched with various lithologies of the Blackstone
Range area, indicating important erosion . Nevertheless the only exposed contact with the underlying Lefroy Beds is considered to be conformable,
as it is located in a gradational sequence . The
Lupton Beds are unconformably to disconformably
overlain by the Kulyong, Table Hill, or Officer
Volcanics, or by younger units .

STRATIGRAPHY
TOWNSEND QUARTZITE

The name Townsend Quartzite was used by
Sofoulis (1962) for a unit of sandstone and
quartzite exposed in the Brown and Townsend
Ranges (Talbot (SG/52-9) 1 :250,000 Sheet) . Daniels
(1969b) evidently considers a section near Lilian
Gorge as the type section . Farbridge (in Daniels,
1969b) describes this section as consisting of a
lower unit, 85 metres (280 ft) thick, of thin to

The poorly sorted conglomerates are interpreted
as tillites, and the sandier part of the sequence,
with dropstones, as fluvioglacial deposits . Being
a glacial deposit of pre-Permian age, the Lupton
Beds are considered to be of Upper Proterozoic age .
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Proterozoic evaporite-bearing deposits described by
Mack and Herrmann (1965) from the western edge
of the basin, and to the ?Ordovician carbonateshale sequences of the Southern Canning Basin .
However, without reliable datings no correlations
can be established .

CLUTTERBUCK BED S

Clutterbuck Beds is the name proposed herein
for a 4,260-metre (14,000 ft) thick sandstone
sequence exposed in the Clutterbuck Hills (24°35'S,
126°15'E, Cobb (SG/52-1) 1 :250,000 Sheet) . Leslie
(1961), Wells (1963), Wilson (1964), and Brown
and others (1968) referred to this range as the
"Iragana Hills", but the name Clutterbuck Hills
has priority .
The Clutterbuck Beds in the type section (from
grid reference 428944 to 427938 and 422938 to
422934) consist of red-brown, purple-brown, fine
to coarse-grained, well sorted, medium to thickbedded, feldspathic arenites, with thin interbeds of
laminated siltstone or very fine-grained sandstone .
Low-angle cross-stratification in sets less than 1
metre (3 ft) thick, and beds with clay-clast irripressions are common in the lower part of the
sequence . Scattered, well rounded quartz and
quartzite pebbles, pebble beds, and festoon crossstratification in sets several metres thick are common in the upper 1,000 metres (3,300 ft) .
The Clutterbuck Beds are exposed in a steeply
dipping, partly fault-bounded inlier, which is completely surrounded by Permian and younger deposits . Little is known about their stratigraphic
relationships because of the isolated position of
the inlier, the absence of fossils, the lack of distinction of the lithologies and the concealment
of the upper and lower boundaries of the unit .
Wells (1963) noted lithological similarities between
this unit and the Upper Proterozoic Carnegie
Formation, Maurice Formation, and Ellis Sandstone of the Amadeus Basin . On the basis of these
similarities an Upper Proterozoic age is inferred for
the Clutterbuck Beds . A shallow marine to intertidal environment of deposition is inferred for these
sediments .
As the Clutterbuck Hills outcrops occur to the
northeast of the Warr! Gravity Ridge, the Clutterbuck Beds probably do not occur in the Officer
Basin .

BROWNE BEDS

The name Browne Beds is herein proposed for a
unit first described in an unpublished report by
P. Jackson (1966b) as the "Browne Evaporites" .
This name was published by Peers and Trendall
(1968) . The unit consists of interbedded dolomitic
limestone, calcareous shale, anhydrite, gypsum and
salt, and as it is only poorly known from Hunt
Oil-Placid Oil wells Browne Nos . 1 and 2, the name
Browne Beds is preferred . The interval from 133 to
387 metres (435 to 1,269 ft) in Browne No . 1
(25°51'S, 125°48'E, Browne (SG/51-8) 1 :250,000
Sheet) is considered to be the type section and the
name is derived from that of the map sheet.
Both Browne Nos . 1 and 2 were drilled in a
structure of diapiric origin and therefore little
can be said about the stratigraphic position of the
Browne Beds, except that they are unconformably
overlain by the Paterson Formation .
An evaporitic environment of deposition is inferred for this unit and its age is probably Proterozoic (cf. Babbagoola Beds) .
Considering their relative position and the
lithological similarities it is possible that the Babbagoola Beds and the Browne Beds will be shown
to form a single stratigraphic unit .
KULYONG, TABLE HILL AND OFFICER VOLCANICS
Major and Teluk (1967) described exposures o f

tholeiitic basalt on the Kulyong (SG/52-16-620)
1 :63,360 Sheet, S .A ., and named these Kulyong
Volcanics . These outcrops in South Australia form
the eastern extremity of a discontinuous band of
basalt outcrops extending into Western Australia .
At 26°49'S, 128°05'E, grid reference 628670, Cooper
(SG/52-10) 1 :250,000 Sheet, this basalt is overlain
with a sharp contact by the Lennis Sandstone .

BABBAGOOLA BED S

Basalts that are petrographically very similar
are exposed at Table Hill . These were first described by Talbot and Clarke (1917) who referred to
these outcrops as "volcanic rocks of Table Hill",
and regarded them as part of their Townsend
Range Series . Daniels (1969b) and Peers (1969) use
the name Table Hill Volcanics . We examined a
section at Table Hill (26°28'S, 126°53'E, grid
reference 497713, Talbot (SG/52-9) 1 : 250,000
Sheet) and measured approximately 26 metres (85
ft) of finely crystalline, greyish-green to dark
grey basalt, with approximately 2 metres (6 to 7
ft) of poorly exposed very fine-grained to mediumgrained micaceous sandstone in the middle of the
sequence . The basalt is unconformably overlain by
4 to 5 metres (13 to 16 ft) of highly ferruginous
conglomeratic sandstone of the Paterson Formation .

The name Babbagoola Beds is herein proposed
for a unit first described in an unpublished report
by P. Jackson (1966a) as "Babbagoola Formation"
which name was published by Peers and Trendall
(1968) . Jackson used the name "Babbagoola Formation" for an evaporite-bearing sequence, which was
intersected in Hunt Oil-Placid Oil Yowalga No . 2
well (26°10'S, 125°58'E, Yowalga (SG/51-12)
1 : 250,000 Sheet) . As this unit is only known from
this one drillhole, the name Babbagoola Beds is
preferred. The name is derived from the Babbagoola
Rock Hole (26°26'S, 126°11'E, Talbot (SG/52-9)
1 :250,000 Sheet) . The interval from 846 to 989
metres (2,775 to 3,246 ft) in Yowalga No . 2 is the
type section . P . Jackson (1966b) described three
separate units within the Babbagoola Beds . Unit
"A", from 846 to 887 metres (2,775 to 2,910 ft)
consists of interbedded sandstone and shale with
anhydrite and gypsum as fracture and vein fillings .
Unit "B", from 887 to 893 metres (2,910 to 2,930 ft)
consists of fine-grained dolomite, with anhydrite
and gypsum as fracture and vein fillings . Unit "C",
from 893 to 989 metres (2,930 to 3,246 ft) consists
of interbedded shale and siltstone.
An angular unconformity separates the Babbagoola Beds from the overlying Officer Volcanics in
the structure in which Yowalga No. 2 was drilled .
The base of the unit is unknown .
Glover (in P . Jackson, 1966a) suggests an oxidizing, evaporitic environment of deposition for the
Babbagoola Beds. Balme (in P . Jackson, 1966a)
infers an Upper Proterozoic to Lower Cambrian
age, as primitive microfossils (leiospheres), known
from the Sinian of the U .S .S .R., occur in this unit .
Balme based his opinion also on the absence of
typically Lower Palaeozoic cuticular microfossils .
He then adds : "The data are consistent with a
Proterozoic age, insofar as one can place reliance
on the biostratigraphic value of such poorly diversified assemblages of indistinctive microfossils" . The
Babbagoola Beds are lithologically similar to the

P . Jackson, in an unpublished report (1966a)
first used the name Officer Volcanics for a basalt
sequence encountered in the Hunt Oil-Placid 011
Yowalga No . 2 and Hunt Petroleum-Exoil Lennis
No . 1 wells . Peers and Trendall (1968) first published the name . The choice of the name "Officer"
was unfortunate as the nearest geographic feature
of that name is the Officer River (Woodroffe (SG/
52-12) 1 : 250,000 Sheet, S .A .), about 600 kilometres (370 miles) east of the drillholes . The Officer
Volcanics most probably correlate with a seismic
high-velocity layer which has been recognized over
a large part of the Officer Basin, and P. Jackson
(1966b) concluded that the volcanics are present
throughout most of the deeper portion of the basin .
Yowalga No . 2 intersected 118 metres (385 ft) of
Officer Volcanics between 728 and 846 metres
(2,390 to 2,775 ft) which interval is considered to
be the type section .
The Officer Volcanics overlie the Babbagoola
Beds with an angular unconformity in Yowalga
No . 2, and in both Lennis No . 1 and Yowalga No . 2
the volcanics are overlain with an erosional contact by the Lennis Sandstone .
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Peers (1969) described the petrology of these
three units of volcanic rocks and concluded that all
three occurrences are petrologically very similar,
describing them as massive to vesicular tholeiitic
basalts . The great lateral continuity of the Officer
Volcanics, the fact that both the Kulyong and the
Officer Volcanics are overlain by Lennis Sandstone,
and their petrological similarity, strongly suggest
that they are in fact a single unit. The Table Hill
Volcanics most likely also form part of this extensive basalt layer, but due to poor exposure their
stratigraphical relationships have not been determined .

The Lennis Sandstone unconformably overlies
the Officer Volcanics in Lennis No . 1 and Yowalga
No . 2 . On the Cooper (SG/52-10) 1 :250,000 Sheet
it overlies the Kulyong Volcanics with a sharp,
possibly disconformable contact . In both Yowalga
No . 2 and Lennis No . 1 the Lennis Sandstone is
unconformably overlain by the Paterson Formation .
On the Wanna (SH/52-2), Waigen (SG/52-14),
Cooper (SG/52-10) and Lennis (SG/52-13)
1 :250,000 Sheets the Lennis Sandstone is conformably to disconformably overlain by the Wanna
Beds .
Major (1968) described similar sandstones occurring on the Birksgate (SG/52-15) 1 :250,000 Sheet,
S .A., and Continental Oil Company Birksgate No . 1
well (27°56'20" S, 129°48'10" E, Henderson and
Tauer, 1967) also intersected probable Lennis
Sandstone between 159 and 501 metres (522 and
1,650 ft) .
The main characteristic of the formation, its red
colour, seems to be primary, as it is present both
in the subsurface and in outcrop . Though red
colours are most common in terrestrial deposits,
the Lennis Sandstone is interpreted as a shallow
marine deposit .
As it lies between the Ordovician volcanics and
the Permian Paterson Formation, the age of the
Lennis Sandstone is within the range of Ordovician
to Upper Carboniferous, but an Ordovician, Silurian
or Devonian age seems most likely . Possible lateral
equivalents of the Lennis Sandstone and the overlying Wanna Beds are the ?Silurian Tandalgoo Red
Beds of the Canning Basin, and the ?SilurianDevonian Mereenie Sandstone of the Amadeus
Basin .

Radiometric dating of the Officer Volcanics gave
ages of 1,000 and 1,143 million years and of 331,
357, 445, 446, and 447 million years (P . Jackson,
1966a) . Samples of the Kulyong Volcanics have
been dated as 475 and 485 million years old (Major
and Teluk, 1967) . The Table Hill Volcanics have
not been dated . Jackson (1966b) interpreted the
Officer Volcanic datings as indicating a Proterozoic
age, and considered the younger ages as being due
to metamorphism . Peers (1969), however, argued
that the Proterozoic dates are based on the
assumption of an unlikely initial Sr87/Sr6I value,
and concluded that the 445 million years date is
the more reliable . This age fits quite well with
the datings of the Kulyong Volcanics and Peers
(1969) therefore considers the Kulyong, Table Hill
and Officer Volcanics to be of Ordovician age . This
is corroborated by the fact that at least at Table
Hill and on the Kulyong Sheet these volcanic rocks
overlie the Proterozoic Townsend Quartzite, Lefroy
Beds and Lupton Beds (Daniels, 1969b) . Considering the fact that these units unconformably overlie
the Tollu Group, which has been dated at 1,060
± 140 million years (Daniels, 1969b), it is very
unlikely that the 1,000 and 1,143-million-year datings of the Officer Volcanics are correct.

WANNA BED S

Wanna Beds is the name proposed herein for a
unit of white to pale green, fine to very finegrained, well sorted, slightly micaceous sandstone .
Bedding ranges from thinly laminated to very
thickly bedded . Cross-stratification in sets of up
to 6 metres (20 ft) in thickness is ubiquitous. White
claystone clasts commonly occur along the scoured
bases of the cross-sets and along the fore-sets .

Though there is thus strong evidence that the
Kulyong, Table Hill and Officer Volcanics are in
fact one stratigraphic unit, we prefer to await the
results of additional radiometric dating on samples
from several localities before proposing to discard
two of the three names .
A poorly exposed outcrop of undated, but petrologically similar basalt, at the Herbert Wash
(26'°10' S, 124°28' E, Robert (SG/51-11) 1 :250,000
Sheet) is also regarded as part of this volcanic
sequence.

The type section is located at 28 ° 49'S, 128°16'E,
grid reference 642427, Wanna (SH/52-2) 1 :250,000
Sheet, and the name is taken from the nearby
Wanna Lakes . The thickness of the Wanna Beds
is estimated to be in the order of tens of metres .
On the basis of their regional distribution the
Wanna Beds are inferred to disconformably overlie
the Lennis Sandstone on the Cooper (SG/52-10)
and northern part of the Waigen (SG/52-14)
1 :250,000 Sheets (Plate 10) . At grid reference
649596 on the Waigen Sheet a gradational contact
between the two units is exposed, which suggests a
conformable relationship in the southeastern part
of the surveyed area .
Outcrops of Wanna Beds along the Serpentine
Lakes (Noorina (SH/52-3) 1 :250,000 Sheet) in
South Australia, have been described by Forbes
(1969 ) and Krieg (1971) . They regarded these
deposits as probable Observatory Hill Beds of
?Cambrian age . As these sandstones do not have
a very striking resemblance to the type section of
the Observatory Hill Beds as described by Wopfner
(1969 ), and as they definitely overlie the Kulyong
Volcanics and the Lennis Sandstone (thus ruling
out a Cambrian age) the introduction of the new
name seems appropriate.
The presence of the large-scale cross-bedding,
among other characteristics, indicates a shallow
marine environment with strong tidal currents for
the Wanna Beds (van de Graaff, 1972 ) . Because
of the evidence for the existence of strong tidal
currents the absence of coarse-grained siliciclastics
(except claystone intraclasts) indicates a lack of
supply of such material . Because of this it is unlikely that the Wanna Beds are laterally equivalent
to the Paterson Formation, as this formation contains a high proportion of coarse-grained silicilastics, and the smallest distance between outcrops of
the two units is only 21 kilometres (13 miles) . The
Wanna Beds are most likely disconformably t o

As very few other possibilities for dating the fill
of the Officer Basin are available, a reliable dating
of the volcanic rocks is of the greatest importance
for an understanding of the whole basin .
LENNIS SANDSTONE

The name Lennis Sandstone was first used in an
unpublished report by P . Jackson (1966a) and
published by Peers and Trendall (1968) without
description . The name was apparently derived
from Lennis Hills, 27°13' S, 126°50' E, Lennis
(SG/52-13) 1 :250,000 Sheet, which lie 47 kilometres
(29 miles) east-northeast of Hunt Petroleum-Exoil
Lennis No . 1 well, where the unit was first recognized .
The Lennis Sandstone consists of red to reddishbrown, fine to medium-grained, subangular to subrounded, moderate to well sorted, feldspathic
micaceous sandstone . Red, micaceous siltstone
beds up to 3 metres (10 ft) thick, are interbedded
with the sandstone at several localities . Bedding
ranges from laminated to very thick parallelbedded, but medium to thick bedding is dominant .
The medium to thick beds are often internally
laminated or cross-laminated . Cross-stratification
is mostly of the trough type, and occurs in sets 20
centimetres to 1 metre (8 in to 3 ft 4 in) thick .
Tabular, red siltstone clasts up to a few centimetres
in diameter are common .
Hunt Oil-Placid Oil well Yowalga No . 2 which
intersected 321 metres (1,055 ft) of Lennis Sandstone between 407 and 728 metres (1,335 and 2,390
ft) is designated as the type section, and exposures
at grid reference 552623 on the Lennis Sheet as
the reference section .
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Outcrops at Mount Charles, Gunbarrel Highway
(25°45'S, 126°11'E, Bentley (SG/52-5) 1 :250,000
Sheet) are designated as the type section, and the
name is taken from Mount Samuel, 25 kilometres
(16 miles) to the west (25°46'S, 125°56'E) . A
thickness of 15 metres (48 ft) is exposed at the
type section .
The base of the formation is exposed at Browne
diapir (25°51'S, 125°48'E) where it disconformably
overlies the Paterson Formation. Its contact with
the overlying Bejah Claystone is gradational . Seismic and drillhole information suggest a combined
thickness for the Samuel Formation and Bejah
Claystone of up to 300 metres (920 ft) along much
of Gunbarrel Highway .
Sedimentary structures and fossils indicate a
quiet, shallow marine environment of deposition .
The molluscan fauna permits dating as Aptian
(Skwarko, 1967) .

unconformably overlain by the Paterson Formation .
Their age is probably in the range of Ordovician to
Upper Carboniferous . Possible lateral equivalents
of the Wanna Beds are the ?Silurian-Devonian
Mereenie Sandstone of the Amadeus Basin, and the
?Silurian-Devonian Mintabie Sandstone of the
eastern Officer Basin as described by Krieg (1969) .
PATERSON FORMATIO N

Paterson Formation is the name used for a unit
of highly variable lithology, which consists mainly
of very poorly sorted conglomerate, pebbly sandstone, sandstone, and claystone with or without
dropstones . Previously the names "Wilkinson
Range Series", or "Wilkinson Range Beds" (Talbot
and Clarke, 1916, 1917) and "Yowalga Sandstone"
(P. Jackson, 1966b) were also used for this unit in
the Officer Basin . However, the unit is continuous
with, and is lithologically identical to, the Paterson
Formation in the Canning Basin as described by
Talbot (1920) and Traves and others (1956) . As
the Paterson Formation is better described, and as
it has already been mapped by Wells (1963) in the
northern part of the basin, the name Paterson
Formation is preferred to "Wilkinson Range Beds",
although strictly speaking the latter name has
priority . The name "Yowalga Sandstone " has never
been formalized through publication and does not,
therefore, have priority .

BEJAH CLAYSTONE

The name Bejah Claystone is here proposed as
an amendment to the name "Bejah Beds" (Veevers
and Wells, 1961, p . 166), as the distribution, age
and stratigraphic relationships of this unit are now
better known . The Bejah Claystone consists of
indistinctly bedded, often bioturbated, white claystone with minor intercalations of very finegrained sandstone . The claystone has a conchoidal fracture, especially if silicified (porcelanite) . Radiolaria are fairly common in these
white claystones.
Veevers and Wells (1961) evidently considered
Bejah Hill (Runton (SF/51-15) 1 :250,000 Sheet)
in the Canning Basin as the type locality, and an
unnamed locality at 25°28'S, 125°O6'E, grid reference 302833 ( Browne (SG/51 -8) 1 :250,000 Sheet)
is here designated as the main reference section
for the Officer Basin.
In the surveyed area the greatest measured
thickness of the Bejah Claystone Is about 30 metres
(100 ft) . The Bejah Claystone conformably overlies the Samuel Formation, but on the western side
of the basin the formation rests disconformably
on the Paterson Formation. Its upper limit is
always erosional and a disconformable to unconformable contact separates the unit from the
Lampe Beds .
The molluscan fauna indicates an Aptian (Lower
Cretaceous) age (Skwarko, 1967) . A very quiet,
shallow-marine environment of deposition with
slow sedimentation is inferred from the fine grain
size, the common bioturbation, and the fossils .

Thickness of the formation is very variable as it
overlies an irregular surface on the western side
of the basin . At Woolnough Hills ( 24°05'S , 124°34E,
Warri (SG/51- 4) 1 :250 ,000 Sheet) a thickness of
over 335 metres (1,100 ft) is exposed, and the Hunt
Oil-Placid Oil Yowalga Nos . 1 and 2 wells intersected 367 metres (1,199 ft) and 312 metres (1,025
ft) respectively of the unit . Detailed descriptions
of the Paterson Formation in the Officer Basin are
given by Wells ( 1963 ), P. Jackson ( 1966b ), M . Jackson (1971), and Lowry (1971) .
The Paterson Formation unconformably to disconformably overlies all older units, and is in turn
disconformably overlain by the Samuel Formation
or the Bejah Claystone . In the southern part of
the surveyed area the Tertiary sequence of the
Eucla Basin unconformably overlies the Paterson
Formation .
The quantitatively most important lithologies
are interpreted as glacial tillites, and fiuvioglaciai
outwash, quiet lacustrine, lacustrine delta, and
lacustrine beach deposits . Marine deposits have
not been recognized but could be present. A lower
Permian (Sakmarian) age for the Paterson Formation has been established by palynological dating
(Wells, 1963 ; Balme in P. Jackson, 1966a) .

LAMPE BEDS

The name Lampe Beds is proposed herein for
a thin (maximum observed thickness of 3 metres
(10 ft)) sequence of poorly sorted, medium to very
coarse-grained sandstone, which locally grades into
quartz-pebble conglomerate . Bedding is indistinct
and ranges from medium to thick . These deposits
are everywhere intensely silicified and are commonly referred to as silcretes . Such deposits have
been observed over nearly all older formations . If
occurring on the Paterson Formation or one of
the Proterozoic units which contain coarse - grained
siliciclastics, such silicified deposits can have
originated by in situ soil formation without any
mechanical transport of the constituent materials .
If, however, such a coarse-grained deposit overlies
the Bejah Claystone, Samuel Formation, Wanna
Beds, Lennis Sandstone or a Proterozoic unit which
does not contain any coarse-grained siliciclastics,
erosion in neighbouring areas, transport and deposition of the sediment must have occurred before
silicification during pedogenesis . Therefore we
only use the name Lampe Beds if such a deposit
overlies one of the above mentioned fine-grained
units, as we are defining rock-stratigraphic rather
than soil-stratigraphic units .
The Lampe Beds are named after Mount Lampe,
which is located about 16 kilometres (10 miles)
north-northwest of the type section at Mount
Johnson (25°24'S, 124°25'E, Herbert (SG/51-7)
1 :250,000 Sheet) . It is a widespread unit in the
same area where the Samuel Formation and Bejah
Claystone occur, i .e . the northern part of the basin .

In the northern part of the basin, Wells (1963)
recognized undifferentiated Mesozoic sediments and
Wilson (1964) distinguished Jurassic deposits . At
Woolnough Hills, Wilson (1964) mapped extensive
Jurassic deposits . These deposits, however, contain poorly sorted conglomerates which are interpreted as tillites . A Permian age is therefore interpreted for these coarse-grained deposits which are
considered to form part of the Paterson Formation .
Fine-grained "Jurassic" deposits in this area are
also tentatively considered as Paterson Formation .
A complete lack of datings of these sediments,
however, precludes any definite correlations .
SAMUEL FORMATIO N

Samuel Formation is the name proposed herein
for a unit of laminated to thin-bedded, fine to
medium-grained sandstone , siltstone, and claystone .
The sandstones are moderately to well sorted, and
indistinctly cross-bedded in part, whereas the
grains are moderately to well rounded . Bioturbation is common in these sediments, which weather
purple, red, green and brown .
The Samuel Formation partly corresponds to
the "undifferentiated Cretaceous" of Wells (1963,
p . 24), the "undifferentiated Lower Cretaceous" of
P . Jackson (1966b, p . 44), and the Jurassic and
Cretaceous of Wilson ( 1964) .
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The Lampe Beds unconformably to disconformably overlie any older units, and as they occur
as thin tappings on mesas and rises, their upper
limit is always erosional .
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THE WANNA BEDS-AN ANALOGUE OF RECENT
NORTH SEA SEDIMENTS
by W . J . E . van de Graaff
up to at least 10 metres (33 ft) . In the down-current direction individual cross-sets have been
traced for over 60 metres (200 ft) . The cross-sets
are laminated to very thin bedded . The laminae of
the cross-sets are normally concave upwards, and
have an asymptotic relationship to the basal contact, and horizontally bedded strata can often be
traced into low-angle cross-stratification . Although
scoop cross-stratification of Allen's (1963) pi type
is n ost common, cross-bedding of types nu and
xi also occur quite frequently . Cross-stratification
similar to the planar types of cross-bedding described by McKee (1966) was observed at one locality.
In one outcrop, on the southern side of a small
salt lake. (lat. 28° 21', long . 127° 45') on the Wanna
Sheet area, a large-scale beta cross-set is exposed .
The preserved height of this set is 5 .3 metres (17
ft) . This cross-set can be traced in the original
down-current direction for over 50 metres (165
ft), but its preserved extent could be much greater.
On the northern side of the salt lake, cross-stratification of similar dimensions and orientation is
exposed, which indicates that both exposures are
in a single cross-set which has a lateral extent of at
least 150 metres (190 ft) . Superimposed on, and
alternating with the steeply dipping (up to 25o)
fore-sets are some large-scale cross-sets of betatype cross-stratification, which indicate a direction of transport diametrically opposite to that of
the bigger set (Fig . 21) . The smaller cross-sets
are up to 81 centimetres (2 ft 8 in) thick . They
are present only in the upper two-thirds of the
preserved larger cross-set over a distance of 12
metres (40 ft) . On the northern side of the salt
lake small-scale cross-beds, opposing the largest
set, occur at the toes of these larger fore-sets . The
opposing cross-sets are locally erosive on the
larger, one, and are in turn covered with an erosive contact, by the larger cross-set . Interfingering
of the laminae of the two opposing cross-sets has
not been observed . Several discontinuity planes
were observed in the larger cross-set . Such discontinuity planes were also seen in other outcrops .

ABSTRACT
The Wanna Beds occur in the eastern part o f
the Western Australian section of the Officer Basin .
Their lithological characteristics are uniform over
a large area, and, together with the textural and
compositional maturity of the sediments and the
types of cross-bedding, this indicates a shallowsubtidal marine environment of deposition . They
are considered to be an analogue of Recent sand
deposits of the North Sea .
INTRODUCTION
The name Wanna Beds has been formally proposed by Lowry and others (1972), for a sandstone
unit exposed over a wide area in the Officer Basin .
It underlies parts Df the Lennis, Waigen, Wanna
and Mason 1 :250,000 Sheet areas and is known to
extend into South Australia . Its known extent is
shown in Lowry and others (1972, Plate 10) . The
formation is of uniform lithology over a large area
(approximately 32,000 square kilometres, 12,375
miles2) and the absence of any datings or of any
marker beds precludes correlations within the formation . Nevertheless, the presence of well preserved
sedimentary structures and of only slightly modified textures permits a reconstruction of the depositional environment .
FIELD CHARACTERISTIC S
The Wanna Beds consist predominantly of
white-weathering (pallid zone of laterite profile),
well to very well sorted, fine to very fine-grained,
quartz arenite . Stratification ranges from thinly
laminated to very thick bedded . The laminated to
thin, or occasionally medium-bedded parts are
characterized by very regular, continuous, and
mostly very distinct bedding planes . The medium
to very thick beds are mostly cross-bedded . These
large-scale cross-beds are predominantly of the
scoop type (Allen, 1963) . Preserved set thickness
generally ranges from 0 .05 metres to about 1 .50
metres (2 in to 5 ft) . The width of the scoops is
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Figure 21 . Large-scale beta cross -stratification with superimposed smaller cross-sets . Note discontinuity plane
( marked d ) between fore-sets of the large-scale cross-set . Traced from photograph.

In a number of outcrops, claystone clasts up to
10 centimetres (4 in) long are concentrated at the
erosion bases of cross-sets or along the fore-set
bedding planes . These claystone clasts are identical
in composition to the extensive thin claystone beds
which are present in some outcrops .
Indistinct burrows are present in a few exposures .

Opposing transport directions of two alternating
but independent current systems are good evidence
of an environment swept by tidal currents (De
Raaf and Boersma, 1971) .

INTERPRETATION OF DEPOSITIONAL
ENVIRONMEN T

De Raaf and Boersma (1971) divide the tidal
environment into four sub-environments : (1) inshore, (2) offshore, (3) intertidal, (4) subtidal .
Estuaries and barrier-protected lagoons are considered to be inshore tidal environments . The
North Sea is an example of an offshore tidal environment. The intertidal environment is defined
as the zone between water levels at ebb and flood .
The subtidal environment is ambiguously named
but is here taken to comprise those environments
below the water level at ebb, where clastic sedimentation processes are determined by tides .

The tidal environment is here considered to comprise all those depositional environments where
clastic sedimentation processes are determined by
tides .

An eolian or a high-energy aquatic environment
is indicated by uniform lithology over a large area,
good sorting, textural and compositional maturity,
and the large-scale cross-bedding . The predominance of scoop-type cross-bedding and the rareness
of tabular-planar to wedge-planar cross-stratification (McKee, 1966), combined with the common
presence of shale clasts favours an aquatic environment .
The 5-metre (16 ft) high cross-set described
above permits a more detailed interpretation to
be made. Its most important characteristic is the
presence of the superimposed cross-sets, which
indicates a direction of transport diametrically
opposite to that of the main set . Such a configuration can be interpreted as either a megaripple (sand-wave, underwater dune) deposit with
backflow ripples, or as having been formed by
two independent currents. Backflow ripples which
are formed by a leeside backflow vortex in the
trough behind a mega-ripple, typically are most
common at the base of the fore-sets and gradually
disappear on the higher part of the main fore-sets .
The backflow-ripple fore-sets and those of the main
ripple interfinger ; evidence of the continuous interaction of two currents (Boersma and others, 1968) .
The superimposed cross-sets under discussion do
not interfinger with the main set and are restricted
to the upper part of the preserved main cross-set .
Therefore these superimposed cross-sets are not
backflow-vortex phenomena, but are due to an
independent current system . This is corroborated
by the argument that such large-scale backflow
ripples would require a primary current of enormous
strength . Only the small-scale cross-set observed
at the very base of the large fore-sets could conceivably be due to a backflow current, but the prime
criterion of interfingering laminae was not visible .

Of the features considered by De Raaf and
Boersma (1971) to be characteristic of tidal deposits, the following have been recognized in the
Wanna Beds : (a) variable to opposing current
directions in successive beds, (b) single cross-sets
containing discontinuity planes, (c) general absence of regular sequences, for example fining
upwards or coarsening upwards sequences ; (a) and
(b) are evidence of bi-directional intermittent
currents, which are typical of the tidal environment .
Of the four tidal sub-environments the intertidal
zone is best known because of greater accessibility .
The subtidal environment is less well known and
studies of recent subtidal environments rarely deal
with the sedimentary structures and sequences expected in ancient deposits of this type .
By process of elimination we can make a reliable
interpretation of the Wanna Beds . The uniform
lithology over the whole outcrop precludes interpretation as an estuarine deposit . The general
absence of clay and mudstone rules out a lowenergy intertidal-flat environment, which is characterized by muddy sediments and fining upwards
sequences formed by migrating channels (Van
Straaten, 1951 ; Reineck, 1963) . Klein (1970)
describes a high-energy intertidal deposit, which
is very similar to the Wanna Beds . From hi s

57

to interaction of a mega - ripple with its leeside
system of backfiow ripples ( Upper -pointbar deposits, Lower Rhine ) : Sedimentology, v. 11,
p . 147-162 .
De Raaf, J . F. M ., and Boersma, J . R ., 1971, Tidal
deposits and their sedimentary structures :
Geologie en Mijnbouw, v . 50, p . 479-504.
Houbolt, J . J . H . C ., 1968, Recent sediments in the
southern bight of the North Sea : Geologie en
Mijnbouw, v . 47, p . 245-273 .
Hoyt, J . H ., 1967 , Occurrence of high - angle stratification in littoral and shallow neritic environments, Central Georgia Coast, U.S .A. : Sedimentology, v . 8, p . 229-238 .
Klein, G. de Vries , 1970 , Depositional and dispersal
dynamics of intertidal sand bars : Jour . Sed .
Petrology , v . 40, p . 1095-1127 .
Lowry, D . C ., Jackson , M . J ., Graaff , W. J . E. van
de, and Kennewell , P . J ., 1972, Preliminary
results of geological mapping in the Officer
Basin, Western Australia, 1971 : West . Australia Geol . Survey Ann . Rept. 1971, p . 50 .
McKee, E . D., 1966, Structures of dunes at White
Sands National Monument, New Mexico (and
a comparison with structures of dunes from
other selected areas ) : Sedimentology , v . 7, p .
1-69 .
Off, T ., 1963, Rhythmic linear sand bodies caused
by tidal currents : Am . Assoc . Petroleum Geologists Bull ., v. 47 , p . 324-341 .
Reineck, H . E., 1963, Sedimentgefuge in Bereich
der siidlichen Nordsee : Abh . Senck . Naturforsch. Ges., v. 505, p . 1-138 .
Straaten, L . M . J . U . van, 1951, Texture and genesis
of Dutch Wadden Sea sediments : 3rd Int.
Congr . Sedimentology , Groningen -Wageningen,
Proc . The Netherlands , p . 225-249 .
Stride, A . H., 1963, Current - swept sea floors near the
southern half of Great Britain : Geol . Soc .
London Quart . Jour ., v . 119, p . 175-199 .
Terwindt , J . H. J ., 1970, Sand waves in the southern
bight of the North Sea : Marine Geology, v . 10,
p. 51-67 .

illustrations , however, it is obvious that deposits
formed by migrating and stationary channels are
common in this environment.
Such channel deposits have not been observed in the Wanna Beds .
Also their uniform appearance over a large area
does not indicate a near-shore environment. This
leaves the offshore subtidal environment .
Recent offshore subtidal environments and their
sediments are described by, among others, Off
(1963 ), Stride. ( 1963 ), Houbolt ( 1968 ) and Terwindt
(1970 ) . The southern part of the North Sea, which
seems to be a fairly typical example of a tide-swept
shallow sea , is the best known . The sea floor
is largely covered by tidal-current ridges and megaripples . The mega -ripples are mostly straight,
asymmetric ripples, but strongly curved forms also
occur . These sandwaves occur in waters less than
50 metres ( 165 ft ) deep, and their crests rise up
to about 15 metres ( 45 ft) above the adjoining
troughs . Hoyt ( 1967 ) reports similar mega-ripples
which are over 5 metres ( 16 ft) high . The crests
of these mega -ripples are about 6 to 8 metres
(20 to 26 ft ) below mean low water . Houbolt
(1968 ) shows that the tidal-current ridges can have
very steep cross-bedding (up to 30°), and the
presence of steep fore - sets therefore does not
indicate a mega-ripple origin for a deposit. The
current velocities reported by Houbolt ( 1968) are
about 0 .5 to 1 .0 metres per second ( 1 to 2 knots)
under normal conditions . Much higher current
velocities can be expected to occur during storms
and spring tides .
The Wanna Beds are interpreted as having been
formed in such a shallow subtidal environment,
with migrating lunate ripples giving rise to the
ubiquitous scoop - type cross -bedding, and the large
5-metre ( 16 ft ) high cross - set type being either a
tidal-currrent ridge or a mega - ripple .
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A RECENT FAULT SCARP IN THE LORT RIVER AREA,
RAVENSTHORPE 1 :250,000 SHEE T
by R . Tho m
SURFACE EXPRESSION OF LORT RIVER
FAULT
The feature is a low scarp for much of its length .
Commonly the scarp is about 2 metres ( 6 ft) high
and is most readily observed where the land has
been cleared . In areas of scrub the scarp tends
to be indistinct or even invisible .
To the south
where the fault bifurcates , the most easterly scarp
is the higher ( Plate 12A) . In all cases where the
scarp has been observed , there is relative uplift to
the east.

ABSTRACT
A curvilinear feature clearly discernible on airphotographs of the Ravensthorpe 1 :250 , 000 Sheet
resembles the traces of the faults associated with
the Meckering and Calingiri earthquakes of 1968
Ground investigation has
and 1970 respectively .
shown that this feature is a low scarp and it is
suggested that there has been an earthquake in
the area in fairly recent times.
INTRODUCTION
Examination of the 1-mile photo - mosaics of th e
northeast of the Ravensthorpe 1 :250,000 Sheet reveals a curvilinear feature about 40 kilometres
(25 miles ) long trending approximately northnortheast and slightly concave to the east. The
resemblance to the traces of the faults associated
with the Meckering earthquake of 1968 ( Lewis,
1969 ; Gordon, in prep . ) and the Calingiri earthquake of 1970 ( Gordon, in prep . ) is illustrated in
Figure 22 . All three faults have a similar trend,
with a sigmoid curve in a similar dextral sense .
The relative simplicity of the Lort River Fault
in the diagram is partly due to representation on
this scale . In detail the air-photographs reveal a
more complex fracture (Plate 11A) .

GEOLOGY OF THE AREA
The geology is ,hown in Plate 13 . The area is
underlain by Proterozoic gneiss, the trend of which
is dominantly north-northeast, with dips vertical
or steep east . Generally exposure is poor . Trends
may be visible on air-photographs where there is
no surface outcrop but where superficial cover is
thin .
Cainozoic units include "sandplain" horizons
(here grouped as Cz ), a reworked sandplain unit
Qq, which can contain kankar , and an erosion surface Qr . It is in these units that the fault scarp
occurs . No solid outcrop was detected on the ground
on the line of the fault .
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PLATE 1 2

A . Typical development of fault scarp (middle distance ) . Rise in the distance is another scarp . Location : southernmost bifurcation , seen from west .

B . Same location on west scarp looking west .
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Figure 22. Comparison of fault traces .
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Figure 23 . Location diagram showing position relative to southwest seismic zone (modified from Gordon 1972) .
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it seems to be the most recent feature . It cuts
across drainages,, and in one case a pool seems to
have been formed where the scarp has obstructed
the course of a. creek (Plate 11B) .

The fault shows a distinct sub-parallelism to the
foliations of the country rock, and may have followed these pre-existing lines of weakness . It
seems possible that by so doing an unusually high
scarp has resulted . The Meckering fault, which
has a lower scarp, follows the country rock foliations less faithfully and in places is distinctly
oblique .

RELATION TO THE SOUTH WEST SEISMIC
ZONE
The Lort River Fault lies outside the South West
Seismic Zone (Fig . 23) and Balardon Tectonic
Belt as defined by Gordon (1972) . If the Lort River
Scarp is evidence of an earthquake, perhaps comparable in magnitude to that of Meckering, it may
be that present earthquake risk zones require revision and that earthquake risk in the southwest
of the State may be more extensive than so far
realized .

AGE OF THE FAULT
The fault is pre-1957, as it appears on airphotographs taken in that year . Since this predates settlement in the area, no buildings or roads
existed to suffer damage, and it is unlikely that
there were more than a few people, if any, who
could have observed the effects . Some local residents have been questioned, but no earthquake
tremors, apart from the Meckering earthquake,
were recalled . A house standing virtually on the
scarp has experienced no more effect than any
other, not even during the Meckering earthquake.
That the scarp is still clearly visible may be an
indication that it is fairly recent, but its deterioration has only recently been hastened by cultivation . Left to the effects of nature only, a scarp
might persist for a considerable period.
The scarp has the appearance on the 1-mile
mosaics of being superimposed on everything, i .e.
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A REPORTED PLATINUM FIND IN THE RUDALL RIVER ARE A
by J . G . Blockle y
Great Northern Highway is by graded road to
Balfour Downs, station tracks to Christies Crossing
on the Oakover River, and then by a two wheel
track across sandy desert country to the company's camp . The road distance from Roy Hill to
the camp is 346 kilometres (215 miles) and travelling time is about 12 hours .

ABSTRACT
In January 1971, significant platinum values were
reported from two bodies of ultrabasic rocks intruding Lower Proterozoic metamorphic rocks in the
drainage basin of the Rudall River .
Check samples of the ultrabasic rocks and of
alluvial concentrates derived from these rocks
showed negligible quantities of platinum when
assayed by the Government Chemical Laboratories .
However, some alluvial samples did contain gold .

FACILITIES
North West Oil and Minerals Co . N .L . have
established a camp on the Rudall River a few kilometres upstream from the deposits and an airstrip
a further 4 .8 kilometres (3 miles) to the west .
Water is obtained from soaks in the bed of the
river . Food and most other supplies are flown into
the camp by regular charter flight .

INTRODUCTION
In a statement to the Sydney Stock Exchang e
dated January 27, 1971, North West Oil and Minerals Co . N.L . announced the discovery of a major
platinum find in the little-explored Rudall River
area, about 290 kilometres (180 miles) southeast
of Marble Bar . The statement gave details of four
drillholes giving platinum values of from 1 .99 to
6 .65 grams per tonne (1 .30 to 4 .34 dwt per ton)
from the surface to depths of from 117.6 to 239 .5
metres (385 to 784 ft) . The assays were of random
1 .53-metre (5 ft) sections in every 15 .3-metre (50
ft) length of core, and were done by atomic absorption spectrophotometry . On the basis of these
results, the company estimated reserves of 1,030
tonnes (33 .1 million oz) of platinum in rock averaging 3 .82 grams per tonne (2 .5 dwt per ton) of this
metal in the Jason ore body .

GEOLOG Y
The bodies of ultrabasic rock from which the
platinum values were reported are intruded as
small plugs or laccoliths into a group of metamorphic rocks comprising quartzite, quartz-mica
schist, and quartz-mica-feldspar gneiss (Fig . 24) .
Apart from the ultrabasics the only igneous rocks
seen were a small outcrop of aplite, and an outcrop
of syenite .

It was also stated that the Jason ore body was
of similar composition to the major platinum deposits at Rustenburg in South Africa.
In a subsequent press release, the company
announced further platinum values in two holes
drilled into the Tom Tit body, south of the Jason
body . After the completion of the sixth hole, exploration work closed and the camp was placed in
the care of a maintenance crew . The writer inspected the area in June 1971 with the object of
verifying the presence of platinum .

Five kilometres (3 miles) north of the ultrabasic
intrusions, the metamorphic rocks are overlain
unconformably by a group of interbedded quartzites and phyllites, which forms the Broadhurst
Range . Age determinations carried out on the
older metamorphic rocks (J . R. De Laeter, pers .
comm .) suggest that they are of Lower Proterozoic
age . The younger metamorphic rocks are tentatively correlated with the Middle Proterozoic
Bangemall Group on the basis of their lithological
similarity to other Bangemall Group rocks mapped
to the west .

LOCATION AND ACCES S

The younger metamorphic rocks form hills rising
above the general level of the desert sandplain,
but the older rocks are exposed only where the
Rudall River and its tributaries have cut back into
the sandplain .

The ultrabasic rocks from which the platinum
was reported are situated close to the Rudall River
at about latitude 22°35' S, longitude 122°13' E .
Access from Roy Hill station homestead on the
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The ultrabasic bodies are composed mainly of
dark, massive serpentinite, in which can be seen
outlines of original olivine grains . No primary
layering is apparent, but where sheared the rock
becomes a talc, or talc-chlorite schist . Some specimens contain flakes of brown mica, which an inexperienced observer could perhaps mistake for free
platinum . These ultrabasic rocks are much less
metamorphosed than their host rocks, and are
therefore appreciably younger, but their exact age
is unknown .

The creek samples were concentrated by panning followed by bromoform separation, and divided
into magnetic and non-magnetic fractions . Each
fraction was examined by a petrologist for platinoid minerals, and then assayed for platinum and
gold. The results are listed in Table 2 . One sample
of a non-magnetic fraction yielded 0 .64 ppm
platinum (10 gr per ton) which was associated
with 206 .5 grams per tonne (135 dwt per ton)
of gold . All other samples had less than 0 .13 ppm
(2 gr per ton) of platinum.
Platinum and its related metals are hard, heavy
and chemically stable, and so are ideally suited to
form alluvial concentrates . Placer deposits, derived
from ultrabasic rocks containing disseminated
platinoid metals, have been worked in Tasmania .
It could be reasonably expected that the erosion of
a disseminated deposit of platinum of the type
reported would result in readily detectable quantities of the metal in creeks cutting the deposit,
especially if samples were taken from sites in
which other heavy minerals had concentrated .
The 0 .64 ppm (10 gr per ton) of platinum recorded from sample 21718 may have been in a natural
alloy with the gold. Alternatively it could be held
in solid solution in the chromite which formed an
appreciable part of the sample . Data presented by
Crockett (1969, p. D2) show that concentrations of
several parts per million of the platinoid metals
can be held in chromite in this way .

The larger Jason body crops out on the northern
side of the Rudall River . It has an irregular shape,
concave to the southeast, and is about 1,200 metres
(4,000 ft) long and 450 metres (1,500 ft) wide at
the western end. The smaller Tom Tit body is
about 1 .6 kilometres (1 mile) south of the river .
It is lenticular, with its long axis trending southeasterly, parallel to the banding of the metamorphic rocks . It is 750 metres (2,500 ft) long and 150
metres (500 ft) across at its widest part . Other
ultrabasic bodies have been pegged, but not tested
at Silent Valley (near Rooney Creek) and 21 kilometres (13 miles) downstream on the Rudall River .
RESULTS OF SAMPLIN G
In an attempt to check the presence of platinum
in the ultrabasic rocks, chip samples were taken
from the vicinity of the drillhole collars, and natural concentrates of black sands were collected from
four small creeks draining the bodies . The chip
samples were analyzed for platinum by a method
which involved collecting the metal into a gold
prill, and then analyzing it by atomic absorption
spectroscopy in the presence of copper and cadmium . A summary of the method is given in the
Annual Report of the Government Chemical Laboratories for 1970, in which it is stated that other
methods of determining platinum by atomic absorption spectroscopy may give high values as a
result of inter-element interference. The chip
samples all assayed less than 0 .13 ppm platinum
(less than 2 gr per ton) (Table 1) .

COMPARISON WITH THE RUSTENBURG
DEPOSIT S
The famous Rustenburg mines contain the
world's largest reserves of platinum . The deposits
are well documented, one of the most recent
acounts being that of Cousins (1969) . The platinum
occurs in the Bushveld Complex, a sill-like igneous
body with a spectacular layering caused by alternations of different rock types, including gabbro,
norite, pyroxenite and anorthosite. The platinum
is restricted mainly to one layer of pyroxenite, the
Merensky Reef, which over much of its length of
250 kilometres (155 miles) is pegmatitic . The width
of the reef ranges from 18 to 38 centimetres (7 to
15 in) in the Rustenburg mine, and from 2 .7 to
6.1 metres (9 to 20 ft) in the Union mine .
Hence the Rustenburg platinum deposits are in
distinct contrast to those reported in the Rudaa .l
River area, where the platinum . was reported to be
disseminated throughout bodies of serpentinite
which are of uniform compostion and not discernibly layered .

TABLE 1 . ASSAY RESULTS OF CHIP SAMPLE S
Pt
grams/
tonne I
(ppm)

Sample
No.

Locality

21716
21719
21722

Tom Tit body-near southern drillhole
Tom Tit body-near northern drillhole
Jason body-costean near northernmost
drillhole

<0 .13
<0 .13
<0 .13

Ni
(ppm)

2,00 0
2,40 0
1,70 0

CONCLUSIONS
1 . The present investigation failed to confirm th e
existence of commercial platinum deposits in the
Rudall River area .
2 . Geological comparisons with the Rustenburg
deposits seem to be unfounded .
3 . The detection of gold in some of the concentrates confirms long-persistent rumours that this
metal occurs in the Rudall River area . However,
the assays presented are of greatly concentrated
material, and do not reflect the grade that could
be expected in the original deposits .

TABLE 2. ASSAY RESULTS OF ALLUVIAL CONCENTRATE S
Sampl e
No .

Fraction

Locality

21717

Magnetic

21718

Non-magnetic
Magnetic
.. .

21721

Non-magnetic
Magnetic
.. .

21723

Non-magnetic
Magnetic
.. .
Non-magnetic

.. .

From small gully cutting Toni Tit body
. .. .
. . ..
....
1,200 feet southeast of
southern drillhole on
Tom Tit body
.. . .
.. . .
. .. .
. .. .
Creek passing through
centre of Jason bod y
.. . .
. .. .
. . ..
.. . .
Creek cutting west end
of Jason bod y

Pt
grams /
tonne
(ppm)

An
grains/
tonne
(ppm)

<0 .13

<0 .1 3

<0 .13
<0 .13

<0 .1 3
<0 .1 3

0 .64
<0 .13

20 6
9. 2

<0 .13
<0 .13

0 .32
<0 .1 3

<0 .13

0 .32
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NOTE : 1 gram per tonne = 0 .653 dwts /long ton
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THE GEOLOGY OF THE ENEABBA AREA, WESTERN AUSTRALI A
by J . L. Baxte r
The accompanying map (Plate 14) does not include
this overlying sand unit. All of the rock units
exposed in .the area are sediments which were
deposited in a continental or near-shore environment, and it is difficult to distinguish the Mesozoic
basement from the younger rock units in the field .

ABSTRACT
A fossil strand line containing zones of heavy
mineral concentrates is preserved at Eneabba,
Western Australia . The deposit unconformably
overlies Mesozoic sediments and has been deep
weathered and lateritized . The immediate source
of the ilmenite, zircon, rutile, kyanite and staurolite is probably the Mesozoic sediments . The mean
grain size of the beach deposits is 1 .9 phi units
(0 .26 mm), and roundness and sphericity of the
quartz grains indicate that the sediment is
immature .

Mesozoic
Sediments of Mesozoic age are exposed in the
upland areas and on the wave-cut bench . They are
mainly sandstone, siltstone and claystone, with
minor conglomerate, shale and coal measures . The
sediments were formed in continental, paralic and
shallow marine environments, and have been
divided into three formations, namely the Cockleshell Gully Formation, the Yarragadee Formation
and the South Perth Formation .
The Cockleshell Gully Formation is exposed in
the southwest portion of the area mapped . It contains a sequence of sandstone, siltstone, claystone,
shale and coal measures and has been divided into
two members . The Eneabba Member consists of a
sequence of red, yellow, brown, pink, purple, grey
and white fine to coarse-grained sandstones with
interbedded claystone and siltstone . It is overlain
by the Cattamarra Coal Measures Member, a very
fine to very coarse-grained sandstone which in
parts contains coal measures . The mieroflora content indicates that the Cockleshell Gully Formation is of Lower Jurassic age (Balme, 1964) . It
is considered to have formed in paralic and continental conditions . On the surface the rocks are
deeply weathered and recognition of the component
parts of the formation is difficult .
The Yarragadee Formation is exposed in the
southern part of the mapped area . It is a bedded
sequence of sandstone and siltstone with lesser
amounts of shale, claystone and conglomerate . The
sandstones are generally poorly sorted, and range
from very coarse to very fine grained . Units within
the formation are markedly lenticular, so that
detailed lithological correlation is seldom possible
except over short distances . It overlies the Cockleshell Gully Formation conformably . The boundary
with the overlying South Perth Formation is difficult to locate in the field, but is probably conformable. The Yarragadee Formation is considered to
have been deposited in a continental environment.
Exposures visited in the field are deeply weathered
and consist of quartz sandstone in a clay matrix .
The South Perth Formation is exposed in the
eastern portion of the mapped area and consists
of interbedded very fine to very coarse-grained
sandstone, shale and siltstone, with minor conglomerate . Units within the formation are lenticular . It is considered to have formed mainly in
a continental environment with minor intercalations of marine and paralic sediments in the
Eneabba area .

INTRODUCTION
The heavy mineral deposits at Eneabba came t o
the attention of mining companies in late 1970 .
The announcement of the discovery sparked off a
rush in which many companies and individuals
pegged ground and began investigations which consisted mainly of drilling .
The area around Eneabba was mapped by the
Geological Survey in 1968 and 1969 (Lowry, 1971),
and heavy minerals were recognized at Eneabba in
a water bore (Peers, 1968), but no work on the
deposits has been done by the Geological Survey
prior to this report . Ilmenite Proprietary Limited
and W. Hicks were the first to peg claims for heavy
minerals and these were followed by claims pegged
by several local farmers, and later by several other
companies .
In December 1971, Allied Minerals N .L . announced reserves of 14 .2 million tonnes (14 million tons)
of heavy minerals contained in sediments with an
average grade of 9 .4 per cent . The heavy mineral
assemblage is made up of rutile, zircon, ilmenite,
kyanite, staurolite, and minor monazite . Feasibility
studies are currently being carried out by Allied
Minerals N .L . and Research Exploration and
Management Pty . Ltd. with a view to establishing
a joint mining venture in the area .
LOCATION, ACCESS AND FACILITIES
Eneabba is in the Dongara 1 :250,000 Sheet are a
and is 63 kilometres (39 miles) west of Three
Springs, and approximately 290 kilometres (180
miles) north of Perth on the planned coastal road .
The area around Eneabba is made accessible by
gravel roads and sand tracks .
The townsite of Eneabba consists of a school, a
store, a few houses, and a mining company office .
The West Australian Natural Gas Company' s
natural gas pipeline from Dongara to Perth runs
through the area .
It is planned to obtain water for the mining
operation from aquifers in the underlying Mesozoic
rocks .

Cainozioc
With the exception of laterite, rocks of Cainozoic age exposed in the Eneabba area are unconsolidated to poorly consolidated sands containing
varying amounts of clay . The distinction between
the units has been made primarily on photo-pattern
and observations of the relative proportions of clay
in the sand .
Beach deposits and associated eolian sands
have formed on the western side of a scarp cut
into the Mesozoic rocks They contain heavy
minerals which have been concentrated into an
ore body south of Eneabba. The sediments contain quartz, rutile, ilmenite, zircon, kyanite, staurolite and clay . The proportion of heavy minerals
varies between 0 .2 and 25 per cent, and the clay
content varies between 10 and 40 per cent . The
physical properties of the sand are represented
graphically in Figure 26 . The most distinctive
characteristic of the sediment is the mean grain
size which is less than 1 .9 phi units (0.26 mm )

GEOMORPHOLOGY
Figure 25 shows the geomorphological units i n
the Eneabba area . The units have been divided
into four groups of related surfaces. The oldest
surface seen in the area is an upland area with an
associated wave-cut platform . These features
formed the base on which a fossil strand line and
an associated alluvial fan were laid down . The
alluvial fans are related to drainage lines which
dissect the upland areas, and form a surface at a
slightly higher level than the adjacent fossil strand
line . An accretion plain, on which dunes were
formed, abuts the fossil strand line to the west and
is dissected by modern drainage channels .
GEOLOGY
The exposure of all rock types in the area i s
covered in most places by a veneer of eolian sand .
Despite this, the photo-patterns of the various units
are distinguishable and appear to be consistent.
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in both the beach deposit and the eolian deposits
associated with the beach . The roundness and
sphericity results indicate that the sediments are
immature .

Swamp and lacustrine deposits composed of sand,
clay and diatomite have formed in interdunal areas.
These deposits are small and are restricted to the
area south of Enneabba .

Laterite crops out on the flanks and crests of
hills above the 120-metre (400 ft) contour line .
The laterite in this area is a ferruginous sandstone
with minor pisoliths . There are several horizons
of lateritized sandstones in the area, and correlation between these is not possible. The laterite
capping on the hills appears to continue below
the modern plain . It occurs at various depths in
drillholes in the area, presumably reflecting the
irregular shape of the land surface at the time of
lateritization. A modern west-sloping plain between 105 metres and 60 metres (350 to 200 ft) has
a lateritized sandstone approximately 1 metre (3
ft) below the surface . This laterite varies in
thickness from 10 centimetres (4 in) to 2 metres
(6 .5 ft) and contains pisoliths. It is considered
that the hill-top laterite correlates best with a
ferruginous sandstone which has been intersected
between 9 and 21 metres (30 and 70 ft) in drillholes .
The distribution of laterite is erratic and it probably formed at various levels in the sedimentary
pile since the early Tertiary . Laterite has developed
on flanks of hills extending down to the coastal
plain and is also found within the beach deposit,
indicating that the lateritization post-dates the
formation of the beach .
Sandplain has been identified overlying ferruginous grit, related to the laterite, on top of the
hills in the south of the area mapped . The san d
is white, moderately well rounded and probably
no more than 3 metres (10 ft) thick .

GEOLOGICAL HISTOR Y
The period prior to the deposition of the beach
sand containing heavy minerals is not reviewed
in this paper . At the time of deposition of the
beach deposit, sea level was approximately 91 to
105 metres (300 to 350 ft) above modern sea level .
The Mesozoic sediments were exposed along the
shore of the ocean and were being eroded by youthful streams which contributed sandy material to
the beach .
The coastline consisted of a north-facing bay
outlined by the upland areas and the wave-cut
bench shown in Figure 25 . The southern end of
this bay was filled with fine-grained sand and
silt composed of quartz and feldspar grains as the
sea level regressed due to sedimentation . When
the shoreline became stable, currents, diffracted by
the northern extension of the wave-cut platform,
sorted the sediments and concentrated the heavy
minerals .
The regressing sea was followed by a period of
deep weathering which produced the major laterite
horizon and reduced the feldspars to clay in both
the Mesozoic sediments and the beach deposits .
Alluvial sediments and later dunes were deposited over the old beach and to the west of it, and
in recent time creeks have dissected all deposits,
cutting down to depths of up to 15 metres (50 ft)
into the Mesozoic sediments and laterite .

Colluvial deposits are developed over the Mesozoic
sediments in the hilly areas, and over a laterite
on the plain . These deposits are thin, no more than
2 metres (6 ft) thick, and are composed of angular
to subrounded quartz grains in a clayey-silt matrix .
They generally are unconsolidated but if over 1
metre. (3 ft) thick, may be partly consolidated .
Alluvium which probably ranges in age from
early Tertiary to Recent is present along the banks
of the main modern drainage channels . The deposits are composed of silt and clay with lenticular zones of fine to coarse-grained sand . The
drainage channels have cut through the heavy
mineral deposits south of Eneabba and contain
small amounts of heavy minerals in isolated
pockets . Heavy minerals carried by modern creeks
have been deposited in Lake Logue and Lake
Indoon (west of the area. mapped) and at times
can be seen in slicks along the shores of the
lakes .
Sand dunes which have developed over all units
exposed on the coastal plain are fixed by low
scrub . The physical properties of the sand are
shown in Figure 26 .
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THE EDJUDINA METEORITE
by J . D. Lewi s

On the 20th of September 1969, a meteorite was
found on Edjudina Station, at 29°35'11" S,
122°10'54" E, about 125 kilometres (80 miles) northeast of Kalgoorlie, Western Australia. The stone
weighed 4 .48 kilograms and appears to be about
two-thirds of the original size . The Edjudina
meteorite is a moderately metamorphosed olivinebronzite chrondite containing about 21 per cent
metal . A chemical analysis together with norm
and determination of the olivine is given.

as 663 metres (33 ch) south of One Tree Well and
about 46 metres (150 ft) west of a north-south
fence line, or 29°35'11" S, 122° 10'54"E . The location is situated on the Edjudina pastoral lease,
within the Edjudina 1 :250,000 Sheet area, and the
meteorite was named accordingly (name approved
by the West Australian Meteorite Committee) . It
was found embedded in a silty sand residual soil
overlying granite, with less than half its bulk
protruding through the surface . A search of the
area failed to locate further pieces of the meteorite
or any evidence of an impact crater .

INTRODUCTION

GENERAL DESCRIPTION AND MORPHOLOGY

The Edjudina meteorite was discovered on th e
20th of September 1969, by Mr . I . R . Williams,
who supplied the information in the remainder of
this paragraph . The location of the find is given

The portion of the meteorite collected appear s
to be about two-thirds of the whole and weighed
4 .48 kg. Originally the stone would have been
triangular in shape with two sides slightly conve x

ABSTRAC T
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and the third slightly concave ; each side is about
20 cm long and the specimen is about 10 cm deep .
The meteorite shows pronounced orientation
characteristics, the anterior face is convex and
crudely pyramidal and the posterior is concave .
About two-thirds of the surface of the specimen
are covered by a slightly oxidized matte brown
fusion crust which is about 0 .5 mm thick on the
anterior face and up to 1 mm thick on the posterior
face . In places the fusion crust has broken off
to reveal the underlying chondritic material which
shows only superficial oxidation, probably due to
weathering. At the apex of the front face the
fusion crust shows several small cracks . The large
fracture surface due to the breaking-off of about
one-third of the meteorite shows only superficial
oxidation which suggests that it broke on impact
and that the remainder should be nearby .
Regmaglypts are few in number and usually
shallow on the front face of the meteorite but on
the posterior surface they cover much of the area .

devitrified glass to stout radiating prismatic
crystals that show lamellar twinning. Commonly
the degree of crystallization is intermediate and
shows distinct plates and needles of untwinned
orthopyroxene (Plate 16E) .
The interchondrule mesostasis of the Edjudina
meteorite consists principally of opaque minerals,
but in parts also contains many fragments of olivine
and pyroxene not related to any specific chondrule .
The opaque nature of the mesostasis makes the
outlines of chondrules in most areas quite sharp .
Mineralogy
Olivine is the most abundant mineral phase o f
the Edjudina meteorite and is found both in chondrules and mesostasis, but principally in chondrules either as microphenocrysts or as plates in
the barred olivine chondrules . Except for blebs of
devitrified glass in some skeletal phenocrysts,
olivine is essentially free of inclusions . X-ray
determinations of olivine composition were made by
the Weissenberg method and by the diffractometer
method of Yoder and Sahama (1957) . The crystalline disorder of the material reduced the accuracy
of the Weissenberg method and gave a composition
of Fa 15±3 while the diffractometer indicated a
composition of Fa 19±1 . Calculation from the
norm gives Fa 17 .2 .
Pyroxene occurs as large prismatic crystals and
as fine radiating plates and needles principally in
the chondrules . Much of the pyroxene is orthorhombic with straight extinction but the larger
crystals are usually striated and appear to be
twinned, the twin lamellae having an oblique extinction up to 15° . The structural disorder in the
pyroxene results in X-ray powder patterns of low
resolution which indicate an orthopyroxene with a
composition of Fs 13±13 . Calculation from the
norm indicates Fs 17 and values taken together
indicate a probable bronzite. Orthopyroxenes of
this type are quite common in meteorites and are
thought by Binns (1970) to indicate alteration
from a twinned clinopyroxene . The striation is not
true twinning and the extinction angle does not
approach that of clinobronzite .

STRUCTURE
The chondritic nature of the Edjudina meteorite
is easily seen in thin section (Plate 15E) with
spherical or ovoid chondrules set in an opaque
ground mass . The chondrules vary in size from
about 0 .5 mm to 2 mm across with occasional
larger chondrules up to 8 mm in diameter . Many
of the chondrules are broken and a few are polygonal ; double chondrules are very rare but
examples can be found of chondrules coalescing to
form a dumb-bell shape, and of a small chondrule
contained within a larger one (Plate 16G) .
A wide variety of chondrule types is present,
the commonest being microporphyritic olivine
chondrules containing numerous small euhedral
olivine crystals about 0 .1 mm long set in a groundmass of devitrified glass or fine needles of orthopyroxene . In some cases the olivine phenocrysts
are up to 0 .7 mm long and the proportion of matrix
is minimal, resulting in subhedral to anhedral
olivine grains. Some of the larger olivine phenocrysts are skeletal and contain inclusions of turbid
or devitrified glass ; occasionally the resulting
crystal approaches the barred olvines in appearance .
Barred olivine chondrules (Plate 16A, B, C) are
conspicuous but not numerous, the barring may be
fine grained with 20 or more thin olivine plates,
optically continuous, in a single chondrule, or
coarse with only two or three larger olivine plates
forming the chondrule . Usually barred chondrules
are formed by a single olivine crystal but up to
three sets of plates can be found in individuals .
In such cases the individual olivines are probably
randomly orientated rather than twinned (Dodd
and Calef, 1971) . Most of the barred chondrules
are rimmed by olivine which is usually optically
continuous with the central olivine plates but
which may be granular and randomly orientated .
It is noticeable that many of the finely barred
olivines have no rim and are polygonal in outline
(Plate 16B) . The interstitial material of the barred
olivine chondrules is often a turbid devitrified
glass or fine needles of orthopyroxene, but occasionally there are clear patches of plagioclase .
Pyroxene-rich chondrules either consist of a few
euhedral olivine crystals set in a mass of coarsegrained anhedral pyroxene crystals or contain only
pyroxene which has crystallized as radiating
feathery masses . The larger pyroxene crystals are
usually anhedral but in some chondrules the
crystals are stout prisms with well developed terminations . A combination of porphyritic pyroxene
and barred olivine chondrules is sometimes seen,
in which a coarse aggregate of pyroxene prisms is
traversed by a few, optically continuous, narrow
olivine plates .
Radiating pyroxene chondrules are conspicuous
by their almost perfectly circular outlines, and their
sharp margins . In addition the chondrules are
sometimes quite large and are easily seen on the
surface of both fresh and weathered material as
round white spots . The degree of crystallization
of the chondrules varies from extremely finegrained feathery masses with the appearance of

Plagioclase is observed only as small clear interstitial patches in the matrix of the chondrules and
is identified only by its low relief and birefringence .
The amount of plagioclase in the norm, a total of
9 .2 per cent, suggests that this mineral forms much
of the unresolved silica-rich material of the chondrule groundmass .
Diopside is probably represented by small grains
of strongly birefringent material found in some
radiating pyroxene chondrules, but this was not
positively identified . The norm suggests nearly 4
per cent diopside but this must mainly reside in
unresolved interstitial material .
Chromite occurs as small euhedral to subhedral
grains up to 0 .05 mm across, which are found
principally associated with the metal and sulphide
phases but occasionally as smaller grains within
chondrules . The grains show high relief and are
dark grey under reflected light . Part of the
chromium is also present as rare grains of golden
brown, transparent picotite, a chromian hercynite
which is found in some porphyritic olivine chondrules .
Kamacite is the principal opaque mineral and
is abundant in the interchondrule mesostasis as
large cuspate grains up to 1 mm across . Etching
reveals that the metal is finely polycrystalline with
no intergrown taenite or plessite . The metal grains
have an equiaxed texture with the grain size varying from 0 .05 mm to submicroscopic . The metal
is unstrained and does not show Neumann bands .
Troilite is less plentiful than kamacite and
usually occurs as slightly smaller ragged patches
that reveal a coarse-grained equiaxed polycrystalline structure under crossed polarizers . The grain
size of troilite is usually between 0 .15 mmn and 0 .05
mm across, although much troilite occurs as dustsized spherical particles surrounding some chondrules and also scattered irregularly throughout the
inter-chondrule mesostasis .
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Kamacite and troilite are rarely found together
but occasionally the marginal troilite or kamacite
is crowded with small blebs of the other phase .
Taenite was only positively identified as a few
small grains, some marginal to kamacite and troilite grains . These grains etch with the properties
of low nickel taenite .
Chemical analysis
A chemical analysis of the Edjudina meteorite,
made by the chlorination technique of Moss and
others (1967) is presented in Table 1 . The norm and
mineralogical data are shown in Table 2 . Comparison with a similar analysis of the Wiluna meteorite
(McCall and Jeffery, 1970) shows a consistently
higher proportion of metal, sulphide and taenite
in the Edjudina meteorite but the individual phases
are essentially similar in composition except for
the possibility of the presence of calcium sulphide
in the sulphide phase . Manganese and titanium
are predominantly in the silicate phase and
chromium is almost completely present as chromite
or silicate .

Calculation of the olivine composition from the
norm is in reasonable agreement with that found
by X-ray methods . The calculated composition is
Fa 17 compared with a Weissenberg determination
of Fa 15±3 and a diffractometer determination of
Fa 19±1 . The discrepancy could be due to inhomogeneity of the olivine .
Both ilmenite and apatite are present in the
norm of the rock but neither was observed ; the
small amount of both phases would be difficult to
detect optically, and it is probable that the apatite
occurs in the indeterminate devitrified groundmass
of the chondrules .
Classification
Many schemes for the classification of chondritic meteorites have been devised but that of
Van Schmuss and Wood (1967) appears to be the
most comprehensive and easily applied. Using the
chemical characteristics enumerated by Van
Schlnuss and Wood (1967, Table 1, p . 750) it is
apparent that the atomic and molecular ratios
tabulated in Table 2, above, fit well with those of
the H or high iron group chondrites . The olivine
composition of such chondrites is given as 16-20
mole per cent fayalite which also agrees with the
value determined for the Edjudina meteorite .
Subdivision of the H-group chondrites is made on
petrologic grounds including the presence or absence of glass, the type of pyroxene present and
the degree of development of secondary feldspar .
The Edjudina meteorite contains turbid glass and
the pyroxene is a disordered orthopyroxene with
the relict twinning of an original clinobronzite and
still retaining a small extinction angle . More primitive characteristics are the polycrystalline nature
of the kamacite and the lack of recrystallized prisms
of plagioclase . These characteristics are indicative of a class 4 meteorite of the Van Schmuss and
Wood classification or a primitive recrystallized
meteorite of the classification of Binns (1967) .
The Edjudina meteorite is, then, an H4 or primitive recrystallized Olivine -bronzite chondrite .

TABLE 1 . ANALYSIS OF THE EDJUDINA METEORIT E
Percentage Bulk Compositio n
Non-magnetic attacked- Percentage composition of sulphide phaseFe 3 .24
Fe
61 .25
S 1 .94
S
36 .67
Mn
81
ppm
Mn
0 .05
Ca 932 ppm Ca 1 .76
Ti
29
ppm
Ti
0 .05
Cr 1 ppm
Go 2 ppm
Ga 2 ppm
Cu 20 ppm
Zn 13 ppm
Magnetic attacked-

Percentage composition of
attacked metalFe 91 .40
N1 8 .10
Co 0 .4 4

Fe 18 .63
Ni 1 .65
Co 0 .09
Si 2 ppm
Ge 11 ppm
Ga 4 ppm
P 1 ppm
Cu 6 ppm
Zn 2 pp m
Magnetic unattackedFe 0 .22
Ni 0-14
Co 4 ppm
Non-magnetic unattacked
SIC, 35 .69
TiO, 0-11
A1,0, 2-00
Cr,O, 0-52
FeO 8 .60
MgO 23 .12
MnO 0-28
CaO 1 .58
Na,O 0-80
R,0 0 .11
P,O 0-24
C 0-04
H2O+ 0 .53
H,0- 0 .14
Ge 1 ppm
Ga 6 pp m
Grand total : 09 .93 per cent
Analyst
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Percentage composition of unattacked metal (taenite )
Fe 61 .22
Ni 38-89
Co 0- 1
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TABLE 2 . NORM AND MINERALOGICAL DATA FOR
THE EDJUDINA METEORIT E
NormMetal 20 .73
Troilite
.. . .
. .. . 5 .2 9
Chromite

.. . .

Ilmenite
Apatite

.. . .
. .. . 0-22
.. . 0-5 0
f Or 0 .82 )
.. . . Ab 6 .97 } 9 .2 3
An 1 .44
Fa 7 .76
Fo 25-4013 3 .16
.. . .
. .. . 3 .933

Feldspar
Olivine
Diopside

. .. . 0 .7 7

HyperstheneljFs
En
Carbon

5 .30 25 .39
20 .0 3
0-0 4

Water
0 .67
Sum :
99 .9 3
Density :

.. . .

Normative ratiosAn/(An+Ab+Or) : 15-6 mol. ;o
Ni/(Fe+Ni+Co) : 8-6 wt . %
metal fraction only
FeO/(FeO+MnO+MgO) : 17 .2
mol .% In normative femics
Fe°/D e = 0 .65 SiO,/ifgO =1 .54
Fe/SiO, = 0 .8 1
Olivine composition
(1) b = 10 .235±0 .015k
c = 6 .000±0 .004k
Fa = 15± 3
Analyst : W. Al . Pryce, Govt.
Chem . Labs .
(2) duo = 2'7785±0 .0005A
Fa = 19± 1
Analyst : R. A . Binns, University
W. A .

PLATE 15 ( opposite)
A Front view and B side view of meteorite . Note smooth fusion crust
broken in parts to show chondritic material, and the concave posterior
surface .
C Reflected light photomicrograph of metal phases . Polycrystalline
kamacite (strongly etched ) and troilite ( unetched) separated by subhedral grains of chromite ( dark grey) .
D Intergrowth between fine - grained polycrystalline kamacite and
troilite .
E Photomicrograph (ppl) showing variety of chondrules . Note the
large circular orthopyroxene chondrule ( centre left ) and the oval
porphyritic olivine chondrule (bottom right) .

(3) Pa = 17 .2 calculated from
norm

. .. . 3 .85
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PLATE 1 5

A

B

D
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PLATE 1 6

B
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AN UNUSUAL EUTAXITIC ROCK FROM THE PRECAMBRIAN
HAMERSLEY GROUP, WESTERN AUSTRALI A
by A . F . Trendal l
ABSTRACT

Although the rock described has a classically
eutaxitic appearance, less than half of it is of
volcanic derivation, and it is clear that some of
its textures, normally regarded as uniquely volcanic
in association, have been imposed on fragments of
cherty iron formation . This demonstration is believed to justify this brief record .

A concordant stratiform body about 9 metre s
(30 ft) thick within banded iron formation of the
Hamersley Group consists of a breccia of flat fragments derived partly from the iron formation and
partly from associated acid volcanic rocks ; chemical analyses show that the iron formation contributed more than half of the total bulk of the
rock . The texture is eutaxitic, and many fragments
of cherty iron formation show classical fiamme5 .
The rock is unusual, for one so textured, in its
small volcanic component, and has particular significance in showing that the fiamme formed by
flattening during flow, rather than by in situ collapse of vesicular fragments, or other means .

ROCK DESCRIPTION
Because of the normally weathered state of the
breccia the sample described here (15640) was
broken out from the fresh interior of a large joint
block dislodged from the central part of the body ;
its exact position within the body, its facing direction, and its orientation, are not therefore known .
The rock is heavy (SG . 3 .27), tough, and hard
with a subconchoidal fracture, and a generally
dark grey colour . It is sufficiently magnetic for
a hand magnet to adhere powerfully to the fresh
surface . Fragments of microbanded chert, of a
brick-red colour contrasting strongly with the grey
matrix, are scattered unevenly through the rock .
Most of those distinguishable in hand specimen are
less than a centimetre in their longest dimension,
but a few reach nearly 2 centimetres across.
Distances of several centimetres usually separate
the larger fragments . Most are elongate in crosssectional shape and a slight preferred planar orientation of these is parallel to the general planar
direction noted below. Some are equant, and in
detail there is a great variety in shape from angular to rounded . Some are sharply rectangular,
while others have thin streaky "tails" extending
from them . Illustrated examples of different shapes
are referred to farther below . Although the red
chert fragments give the breccia a conspicuously
spotted appearance the remaining fragments are
barely distinguishable on an unprepared surface ;
only scattered dark green felspars mostly 2 to 4
millimetres across are easily distinguished in the
hand specimen by their cleavage faces . On a
smoothly cut face, however, the homogeneous dark
grey matrix appears clearly composed of a closepacked mass of wisps and streaks of slightly darker
or lighter grey, mainly a few millimetres but up
to several centimetres long, and with elongations
between 2 :1 and 20 :1 . These have a strong preferred
parallel orientation which flows smoothly around
the more equant chert fragments .
In thin section all the constituent fragments are
revealed with a clarity that would not be expected
from the dark and homogeneous appearance of
the hand specimen . A single large section is shown
in Plate 17, and details from it in Plate 18 . The following description is based on these illustrations :
co-ordinates used refer to Plate 17 .
The large central chert fragment of Plate 17,
within which the coarse microbanding runs almost
perpendicularly to the streakiness of the matrix, is
coloured bright red by fine hematite dust. Most
of the remaining larger fragments distinguished
by their paler colour than the matrix are similarly
coloured, or have recognizable microbanding, or
both, and are thus identifiable as modified chert
pieces . There is a complete intergradation from
the conspiculous red jasper colour of the large
fragments, through successively paler stages of
smaller fragments, to final complete clarity ; only
the larger fragments appear coloured in hand
specimen . Note in Plate 17A the shape variatio n

INTRODUCTION
The Hamersley Group forms part of the contents of the Hamersley Basin, a depositional basin
which covered about 100,000 square kilometres
(38,000 miles) of what is now the northwest part
of Western Australia, roughly between latitudes
21° and 24°S and longitudes 115° and 121°E, in
the approximate interval 2,300 to 1,800 million
years ago. The group is about 2,400 metres (8,000
ft) thick. Some 40 per cent of this thickness consists of iron formation, of which a detailed study
has recently appeared (Trendall and Blockley,
1970) . In the upper part of the group an acid
volcanic succession, the Woongarra Volcanics, has
a thickness of between 240 and 660 metres (800 to
2,160 ft) . The exact manner of emplacement of
these volcanics presents problems, to whose solution
further field study of the upper contact, against
the Boolgeeda Iron Formation, was directed during
1971 .
In several localities, in widely distant parts of
this outcrop area, it was found that above the
concordant upper contact of the main body of the
Woongarra Volcanics, successively thinner concordant stratiform bodies of breccia appear within
the overlying iron formation. Wherever the breccia is coarse enough for fragments to be identified,
both volcanic and iron-formation fragments are
recognizable. Normally the fragments are strongly
elongate parallel to the margins of each band, and
the total textural effect is that normally called
eutaxitic .
The purpose of this paper is not to present the
stratigraphic details of the breccia bodies, nor to
discuss in detail their possible origin, but to describe
a single sample collected centrally within one
such body, well exposed in the west bank of Nallanaring Creek (21°27'S ; 116°10'E), to record two
chemical analyses which help to identify the component fragments of the rock, and to establish a
,few basic points concerning the development of
the described textures. The body is 9 metres (30 ft)
thick, dips west at about 20°, and is separated
from the top of the Woongarra Volcanics beneath
by some 11 metres (36 ft) of relatively undisturbed
banded iron formation of normal macroscopic appearance.

PLATE 10 (opposite)
Photomicrographs of ehondrules (bar scale = 0 .1 mm)
A Barred olivine chondrule with rim in optical continuity with bars .
Note small blebs of troilite in rim .
B Polyhedral barrel olivine chondrule .
C Chondrule formed by several sets of olivine bars .
l) Porphyritic olivine ehondrule (centre) with a broken chondrule
formed by a single twinned orthopyroxene crystal ( upper left) .
T Exocentric radial chondrule of orthopyroxene .
F Chondrule formed of subhedral porphyritic olivine (light grey) and
prismatic twinned orthopyroxene (darker grey) .
* Double ehondrule of orthopyroxene .
H Double chondrule of porphyritic and barred olivine . In the latter
the olivine rim is granular and not in optical continuity with the
central bars. The opaque blebs are troilite .
95717

(s)

In published descriptions of welded tuffs the term
"fiamme^ is variously used to denote either : (1) any
highly elongate lenticular glass fragment in a welded
tuff, regardless of termination shape, or (2) such
fragments which have the ragged, "frayed", multiply
pointed ends commonly present , and beautifully illustrated by, for example, Bersenev and others (1961,
Fig . 2) and Ross and Smith (1961, Fig . 13) . This
restriction is here preferred , since it is only the ragged
ends which are reminiscent of flame shapes .
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of the pale fragments, from flat lenticular with
sharply pointed terminations (b-c-d/8, e-f/9-10,
f-g/8), through flat "tiles" with one (h-i/4) or
both (h-i/5, g/10) ends square, and lozenge or
parallelogram shapes (c-d/7, j/6), to highly irregular streaky forms (j-k/13) . The blunt end of one
of the examples cited is illustrated in Plate 18D ;
Feathery terminations corresponding exactly in
shape with the fiamme of glass fragments in welded
tuffs also occur. Good examples appear at j-k/10,
j/9 and j-k/13, and two of these are shown at a
greater magnification in Plate 18, B and C . Although the large central fragment of Plate 17
is rounded and roughly equant, the tail-like termination at i/7, emphasized in B, resembles a less
extreme, and possibly developing, form of the same
texture .

In general the mineralogy of this rock is simple
and uniform, and examination at higher magnification reveals little additional textural information .
There is a main mosaic of quartz, of average grain
diameter 5 to 20g, which extends throughout the
fabric of the rock, and within which the textures
described here are defined mainly by the relative
abundance of magnetite, which occurs in sharply
euhedral octahedra between 5 and 50,c across .
Ferrostilpnomelane, ferristilpnomelane, carbonate
(probably dolomite), and hematite, as colouring
dust, are important minor constituents, while
apatite and pyrite are common within some fragments . Macroscopically conspicuous pyrite within
the central fragment of Plate 17 is indicated in
B, but is not discernible in the photograph of A .

Microbanding, where discernible within the fragments (Plate 17), is invariably parallel to the direction . of elongation in square-ended fragments
(c-d/4, h-i/4, h-i/5, g/10), but in fragments with
pointed ends may be either parallel (j-k-1/9) or
oblique (e-f/11-12, 1-m/7) to the elongation .
Parallelogram-shaped fragments, such as the last
example cited, may have the microbanding parallel
to either the longer or the shorter sides . Microbanding within fragments is normally straight, but
in some internally banded fragments (i-j/9-10 :
see also Plate 18B) the banding is folded .

CHEMICAL COMPOSITIO N
A sample (15624) of flinty black flow-banded
rhyolite from the Woongarra Volcanics about 30
metres (100 ft) below their top at the locality
of the described breccia was fully analyzed (together with a part of sample 15640 weighing about
500 gm, and thus reliably representative of the
total rock composition. These analyses appear in
columns 1 and 2 of Table 1 .

The fragments are evenly distributed through the
rock . The only evident irregularity of distribution
in Plate 17 is a dark area centred on e/12 which
is completely free of fragments, and resembles
a distorted late fracture filled by the fine matrix .

TABLE 1 . CHEMICAL COMPOSITIONS OF EUTAXITIC
BRECCIA AND UNDERLYING RHYOLITE, WITH
COMPUTED AND AVERAGE IRON FORMATION
COMPOSITIONS

Two other fragment types are also distinguishable in Plate 17 : dark fragments and feldspar
crystals . Good examples of feldspars appear at
f-g/8, e/9, i/8-9, j/9 and 1/8-9 ; an elongate cluster
of feldspars also appears spread along the general
elongation direction at e-f-g/2 . That at f-g/8 is
shown in, greater detail in Plate 18 . All the feldspars
are altered; normally there is extensive internal replacement by an aggregate of ferrostilpnomelane,
as well as a generally patchy extinction in the outer
parts . Where identifiable, it is albite . These feldspars resemble, in shape, size, and alteration, many
phenocrysts in the more dacitic parts of the Woongarra Volcanics, and are referred to as phenocrysts
in subsequent discussion . The string of phenocrysts
at e-f-g/2 has also, among the feldspars, a few
typically embayed volcanic quartz phenocrysts
about 0 .5 mm across . Quartz fragments elsewhere
occur rarely . Very dark fragments appear in Plate
17 at j-k/8 and d-e/2-3, but few of the many other
smaller examples are distinguishable from the
general matrix. The latter appears at a higher
magnification in Plate 18A . Such fragments, whose
relative opacity is due to a greater concentration
of magnetite and ferristilpnomelane, are typically
more elongate and more deformed than the light
fragments .
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11-28
0,73
2 .42
0 .60
0 .51
0 .43
8 .02
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0 .15
0 .24
0-07
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0 .09
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56.95
6 .85
15-71
9 .47
2 .20
1 .17
2.30
2 .17
1 .20
0 .25
1-26
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0 .17
0-07

Total . .. .

100-11

100 .22

Fe'+
. ..
Fe2+
Total Fe'+
Fe3+/Fe-+

0-48
1-88
2-36
0 .26

10 .99
7 .36
18 .35
1-49

A1,0,
Fe,O,
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MgO
CaO
Na2O

K2O

14,0+
11,0CO .
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P,O,
MnO
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39-76
45 .50
2 .42
3 .90
30 .58
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16-46 14-13
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1 .32
1 .29
0-36
0-32
2 .28
1-93
0-36
0-30
. . ..
0 .07
0 .24
0 .25
0 .12 .
0 .•10
100-00
21.39
12.79
34-18
1 .67

49 .37
0 .46
24-44
14 .90
2-30
1 .95
0-37
0 .12
0 .59
0-10
5-08

46 .08
1-06
19 .14
17•56
3-21
1-71 .
0 .21
2 .00
1 .10
0 .09
7 .42

51 .4 1
3-3 4
28 .6 5
7 .6 6
2 .33
0 .64
0 .26
1 .35
1 .98
0-52
1-28

0 .03
0-27
0 .02

0 .07
0-12
0-14

0 .1 6
0-2 5
0-1 6

100-00 100 .00

100-00

100-0 0

13-40
13 .68
27.08
0 .98

20 .0 0
5 .9 5
26.01.
3 .3 7

17'04
10 .98
28 .92
1-63

17-11
11-59
28 .70
1-48

Analyst for columns 1 and 2 : It. S . Pepper

Key to columns
(1) 15624 . Black flow-banded rhyolite of Woongarra
Volcanics. Nallanarring Creek (21°27'S ; 116°10'E)

No mention has so far been made of the total,
rather than cross-sectional, fragment shape . In
most breccia samples the shape of most fragments
is clearly disc-like with no clear preferred elongation of plan shape, but in the described sample
15640 ; surfaces parallel to the main plane of
flattening show some signs of a preferred linear
direction ; however, as the orientation is not known
this has not been closely determined .

(2) 15640 . Eutaxitic breccia interbedded with' Boolgeeda Iron Formation close to base . Nallanarring
Creek (21°27'S ; 116°10'E )
(3) Column 2 after subtraction of 50 per cent of
column 1, recalculated to 100 per cen t
(4) Column 2 after subtraction of 40 per cent of
column 1, recalculated to 100 per cent
(5) Average iron formation of Dales Gorge Member of
Hamersley Group (Trendall and Blockley, 1970,
Table 17 )

It can be appreciated from Plate 17 that the
total texture is eutaxitic, defining this for present
purpnses as having a streaked appearance due to
the alternation of elongated lenses of different colour
or texture, and similar to that of many welded
tuffs ; this definition may be considered a composite of the original definition of Fritsch and Reiss
(1868) with that of the American Geological Institute Glossary (A.G .I ., 1960) . It is not, however,
immediately clear that it is a volcanic rock, although a volcanic contribution is suggested both
by its proximity to the. Woongarra Volcanics and
by the presence of feldspar and quartz phenocrysts . The extent of this contribution is discussed
below.

(6) Average iron formation of Joffre Member of
Hamersley Group (Trendall and Blockley, 1970,
Table 17 )
(7) Average Boolgeeda Iron Formation (Trendall and
Blockley, 1970, Table 17 )

PLATE 17 (opposite )
A and B . Photograph and traced sketch, respectively of a single large
thin section of sample 15640 cut across the main planar structure . A
corresponding set of marginal co-ordinates is provided in both A and
B to facilitate reference in the text description . In B, microbanding
within chert fragments is indicated by diagrammatic stippling, while
feldspar " phenocrysts " are distinguished by close stippling . The
solid black areas within the central fragment of B represent pyrite .
The rectangular outlines marked by the letters A-E in, B' show the
positions of the five areas shown in greater detail in Plate 18 .

66

PLATE 1 7

A

5
Q
4
3
2
I
a

c

d

e

f

9

h

i

j

k

I

m

n

12874

PLATE 1 8

I

A

1

2M M

B

I 2MM i

C

D

2M M

i

2MM

1 MM
12875

Since silica and iron oxides jointly comprise
over 80 per cent of all iron formations of the
Hamersley Group it 'is evident from these two
analyses that, supposing 15640 to be a mixture of
iron formation and volcanic material, most of its
iron must have come from the former, and most
of its alumina from the :latter . Both point to an
approximately equal mixture of the two, and the
result of a recalculation of 15640 to 100 per cent
after removal of 50 per cent of 15624 appears in
column 3 . In this manipulation soda and potash
are taken together as total alkalis : the soda-potash ratio varies widely within the Woongarra
Volcanics within a fairly stable total .

In the rock described in this paper most of the
lenticular fragments defining the .eutaxitic texture
.are evidently derived from microbanded chert
.originating from the iron formation . The primary material was 'therefore neither vesicular,
liquid, nor glassy, as would be required for alternatives 1, 2 and 4 respectively to apply . Among
established hypotheses there remains the alternative
that the eutaxitic texture of 15640 is a flow texture, and the consistency of this with textural
'details needs to be examined . It is known (Trendall and Blockley, 1970, p . 167-169) that cherts of
Hamersley Group iron formations are prone to both
plastic deformation and brittle disruption In a
variety of structural situations that arose during
or before complete compaction . A common form
of stratigraphically restricted brecciation within
some chert mesobands (Trendall and Blockley,
1970, Fig. 45) involves small-scale disruption of
microbanded chert into flat, sharply rectangular
tile-like forms .

In columns 5, 6 and 7 are shown the best available 'average compositions of three stratigraphic
units of iron formation from the Hamersley Group .
-Column 3, the theoretical iron formation needed
to make up the remainder of 15640 if half consists of 15624 (column .1), differs substantially from
any of these average iron formations in both silica
and total iron, as well as in several minor constituents . A fairly constant total iron content
seems to be a feature of Hamersley Group iron
formations, and in column 4 a further theoretical
composition is shown, of the iron formation needed
to make up the remaining 60 per cent of 15640
if only 40 per cent is contributed by a volcanic
rock like 15624 . Although both silica and total
iron remain slightly beyond the range of columns
5 to 7 virtually every constituent is now matched
with reasonable credibility : silica is close to
column 6, alumina to column 7, total iron and
its oxidation state to column 5, and so on . It is
concluded that 40 per cent is the most likely volcanic contribution to the described breccia, although the number of assumptions needed makes it
unlikely that great accuracy can `be attached to
this estimate .

The abundance of square-ended pieces in the
described rock suggests that many of the fragments initially possessed an elongation by virtue
of their derivation in this way, presumably as
part of the unknown volcanic event connected with
their intimate intermixture with igneous material .
However, the existence of a variety of degrees of
obliquity of microbanding in many lenticular
fragments seems more credibly attributed to the
deformation, by simple shear, of fragments which
were similarly fractured along or perpendicularly
to the microbanding, than to random brecciation
of these strongly structured cherts . Flattening
after fracture is also suggested by the extreme
elongation of many fragments, and it seems likely
that most fragments, even if originally flat, have
suffered some further elongation during imposition
of the eutaxitic 'texture . The exact mechanism of
formation remains puzzling, however .
Most of the smaller fragments of the rock have
clearly behaved with remarkable (for chert)
plasticity, and their behaviour contrasts strongly
in this respect with the larger pieces (Plate 17) .
Schmincke and Swanson (1967, p .658-661) suggested various reasons why the fragments in the
eutaxitic ash-flow tuffs which they described from
Gran Canaria apparently possessed unusually low
viscosities . These include high Fe/ (Si+Al) ratio
of the material, high alkali contents, high Na/K
ratios, high temperatures, and possibly high volatile
content . It is premature to speculate whether any
of these are significant in attempting to explain
the similar textural features of this very differently
composed rock . However, it is reasonable to suggest
that the different plastic behaviour of large and
small,pieces may be related to a low near-surface
viscosity of all the cherty fragments derived, via
some such factors as these, from the enclosing
matrix . That the fragments possessed a marginal
rim of significantly lower effective viscosity is perhaps suggested by the "tail" of the central fragment of Plate 17, at i/7 . However that may be, the
presence of such a rim seems to be the most likely
hypothesis for the development of the flamme, by
extreme preferential elongation of the upper and
lower margins of flat fragments during total
flattening . Whatever factors did control fragment
viscosity they clearly did not operate for feldspar
and quartz phenocrysts, none of which show the
slightest sign of plastic deformation .

DISCUSSION
Although the last two decades have produced
a wealth of published descriptions of eutaxitic
rocks, often accompanied by genetic speculation,
there is still no common agreement on the exact
means by which the elongate fragments which
define the texture acquired their characteristic
shape . In fact, opinions vary over a wide range,
which includes the following suggestions :
(1) they were formed essentially by the flattening and compaction, in situ, and after
emplacement of the tuff, of highly-porous
pumiceous lapilli, as the result of both
the structural collapse of 'the 'vesicular
pumice and the gradual elimination of
intergranular pore space associated with
welding (Ross and Smith, 1961, p . 24-46) ;
(2) they originated by direct eruption of
highly viscous pieces of liquid lava (Shirinian, 1961 ; Bersenev and others, 1961) ;
(3) they are flow textures which formed by
deformation of fragments during bulk
laminar flow of lava like material (Fremd,
1961 ; Schmincke and Swanson, 1967) ;
(4) they result from uneven devitrification of
initially homogeneous tufflava (Keegai,
1961) .

It is not suggested that all fiamme textures, in
rock of totally igneous derivation, should have
interpretations of their origin restricted by the
same considerations that must apply in this case,
but it is nevertheless of interest to record one
example where some possibilities can be confidently excluded.

PLATE 18 (opposite )
Photographs of selected textural details of the thin section shown in
Plate 1 7
A Highly elongate dark fragment, composed mainly of magnetite and
ferristilpnomelane. Note the bifurcated , flamme termination .
B Fiamme termination of large pale chert fragment . Note the parallel
top and bottom edges ofthe fragment , parallel also to ° the internal
structure and the extreme relative elongation of the lower (in the
photograph) projection . In the upper right central part of the
photograph a large banded fragment shows folding of'the banding .
C Multiple fiamme terminations giving a frayed appearance to one of
the larger chert fragments .
D Undeformed albite phenocryst , centrally replaced by stilpnomelane,
around which more plastic chert fragments have been moulded during
deformation .
It Square termination of a flat parallel - sided chert fragment in which the
internal microbanding is parallel to the upper and lower sides .
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APPARENT AGE, AND ORIGIN, OF BLACK PORCELANITE
OF THE JOFFRE MEMBE R
by A . F . Trendall and J . R. De Laefer *
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The Joffre Member of the Brockman Iron Formation, within the Hamersley Group, in the northwest part of Western Australia, is 366 metres
(1,200 ft) thick and consists essentially of banded
iron formation . Its depositional age is known, from
concordant acid volcanics higher in the group, to
be greater than about 2,000 m .y . The Joffre Member contains rare thin bands of black glassy "porcelanite", believed to be lithified subaqueous ashfall tuff initially made up of about 10 per cent
rhyolitic glass, 60 per cent potassic feldspar crystal debris and 20 per cent quartz debris ; the remaining 10 per cent of the material was taken
out of the basin water by the glass . Rubidiumstrontium analyses of four total rock samples of
this material, and one of the iron formation, yielded
a well-defined but anomalously young isochron of
1,724±32 m .y. Two further analyses, of an acid
leach from the porcelanite with lowest rubidiumstrontium ratio, and of the insoluble residue, gave
widely separated points reinforcing virtually the
same line (1,720 ± 25 m .y . ; R ; 0 .8114 ± 0 .0037) .
It is not known whether this age, at which the mobility of radiogenic strontium became abruptly restricted, is that of an "event", or of the termination
of a set of conditions which had prevailed since
shortly after deposition, but in either case it seems
likely to have geological significance .

Mr . W. W . Thomas and Mr . I . D . Abercrombie
of the Department of Physics, Western Australian
Institute of Technology were responsible for the
X-ray fluorescence analyses and the chemical work
respectively . We are also grateful to Dr . S . S .
Goldich, of Northern Illinois University, for suggesting the application of acid leaching during
discussion of preliminary results in May, 1970 .
GEOLOGICAL AND GEOCHRONOLOGICAL
SETTING OF THE ANALYZED MATERIA L
The iron formations of the Hamersley Group
have been the subject of a thorough recent study
(Trendall and Blockley, 1970), to which the reader
is referred for a detailed account ; only a sufficient
summary is given here to make this present paper
comprehensible in isolation .
The Proterozoic Hamersley Basin developed by
the depression of an even surface eroded across
Archaean rocks . It was probably ovoid, with an
east-west elongation, and covered an area of at
least 100,000 square kilometres (38,000 miles2) of
what is now the northwest part of Western Australia, between approximate latitudes 21° and
24°S and longitudes 115° and 121°E . This great
depositional basin probably reached a central
depth of about 7 kilometres (23,000 ft) . The contents have survived to the present in a remarkably
undisturbed and unaltered condition, with sufficient uplift for later dissection to have provided
fine exposure . They are now collectively termed the
Mount Bruce Supergroup, which is divided into
three groups. The lowest and oldest, the Fortescue
Group, consists largely of volcanic material . The
central Hamersley Group, which succeeds it, is
characterized by abundant iron formation, while
the uppermost Wyloo Group has a mixed sedimentary and volcanic content .
The Hamersley Group, with a usual thickness
of about 2,400 metres (8,000 ft), is made up of
eight named formations. Of these, the Brockman
Iron Formation, fifth from the base, and the Woongarra Volcanics, seventh from the base, each
occupy over a quarter of the total thickness and
are separated by about 120 metres (400 ft) of sedi-

INTRODUCTION
This paper is the fourth resulting from a cooperative geochronological programme, initiated in
1968, between the Western Australian Institute of
Technology and the Geological Survey of Western
Australia . The reported work was carried out on
concordant bands of unusual tough black "porcelanite", believed to represent lithified ash-fall tuff,
within a banded iron formation of the Hamersley
Group, in the North West Division of the State .
These rocks were known to be rich in potassic feldspar, and it was hoped that rubidium-strontium
analyses would define an isochron representing the
age of diagenesis, hopefully close to deposition . The
age of 1,720 m .y. obtained from the resultant very
precise isochron was about 300 in .y. younger than
the minimum age of deposition ; although the objective of the project was not achieved, the results provided valuable evidence for the post-depositional history of the contents of the Hamersley
Basin .

Department of Physics, Western Australian Institute of
Technology.
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Apart from this, and from minor textures to be
described below, these rocks are as homogeneous
and massive in thin section as their macroscopic
appearance suggests ; photographs of representative
examples appear in Plates 19 and 20, and a brief
general description which refers to these follows .

ments, and usually also by about 300 metres (1,000
ft) of intrusive dolerite in several sills . The Brockman Iron Formation is subdivided into four
members, which are named, from base to top : Dales
Gorge Member (142 metres or 466 ft), Whaleback
Shale Member (70 metres or 230 ft), Joffre Member
(366 metres or 1,200 ft) and Yandicoogina Shale
Member (65 metres or 214 ft) .

All examined samples have in common a mosaic
of potassic feldspar of average grain diameter 4 to
2011 which forms a continuous framework in which
the remaining minerals are set, and which usually
constitutes the bulk of the rock. Although it is too
fine for the detailed structure of the mosaic to be
optically resolved, the shapes of marginal grains
against or within quartz in some samples (R2701)
are discernible as sharply euhedral lozenges and
rectangles about 101j. in their long dimensions .

Both the Joffre and the Dales Gorge Members
consist essentially of banded iron formation, in
which chert bands (mesobands) between 1 and 50
mm thick alternate with bands of "chert-matrix"
of about the same thickness . This latter material
is a fine-grained aggregate of various iron-bearing
minerals (magnetite, hematite, stilpnomelane, ankerite, siderite) in a fine quartz mosaic . The chert
mesobands also usually contain either hematite,
iron-bearing carbonates, or stilpnomelane, often
arranged in thin regular laminae (microbands) .
According to the defining mineral of the microbanding the cherts are macroscopically white or
red, and these types alternate in a systematic way
to define major sedimentary rhythms . Other minor
mesoband types also occur, but the only other
common constituent of these iron formation members is stilpnomelane-rich shale . In the Joffre
Member these shales are abundantly distributed in
bands mostly less than 30 centimetres (1 ft) thick .
In the . Dales Gorge Member they are thicker and
more regularly and widely spaced . In both members, the stilpnomelane of some bands within the
shales clearly pseudomorphs volcanic shards or
rock fragments . Ferristilpnomelane is characteristic of both the shales and iron formation of the
Joffre Member, and ferrostilpnomelane similarly
characterizes the Dales Gorge Member .

Within this main framework of feldspar there
lie, in differing relationships to it, quartz, texturally
distinct feldspar, one or more varieties of stilpnomelane, magnetite and riebeckite . The quartz is
mainly in clear, unstrained, single individuals up to
0 .1 mm across . The general shape is anhedral, subangular, to subhedral, and usually roughly equant .
Such quartz grains are evenly distributed through
any one band or thin section, but their abundance
varies between different slides from about 0 to 10
per cent of the area . One quartz crystal was noted
with enclosed rutile needles which terminated
abruptly at the margins without change of thickness . Patches of fine quartz mosaic also occur
within the feldspar mosaic . Scattered single crystals
of slightly cloudy potassic feldspar, of about the
same size and shape as the larger quartz grains,
have a similarly scattered distribution but are
much more scarce .
All rocks examined contain ferrostilpnomelane,
pleochroic in shades of red-brown to brownish
green, which is usually evenly distributed in poorly
formed crystals and clusters up to about 0 .05 mm
across . It is quite striking that there is a wide range
of crystal size, and little regularity in shape (Plate
20A) . Some samples (R2702) have also abundant
random flakes of pale green ferristilpnomelane up
to 0 .5 min across but mainly less, and only about
0 .001 mm thick . These are arranged in clusters
which define, by enclosure, elongate patches of
clear feldspar mosaic, about 0 .1 mm long and
elongate about 10 :1 . These are in places curved,
and then resemble forms often interpreted as those
of welded pumiceous debris, but their definition is
too poor for confidence. Similar but larger shapes
are defined by the dark ferrostilpnomelane of
R2066 .

The distribution of stilpnomelane-rich shales in
the lower 270 metres (820 ft) of the Joffre Member
in a gorge south of Wittenoom has been recorded
by Trendall (1969), together with the positions, at
113 .4, 126 .8, 131 .7, 137 .8 and 171 .9 metres (372, 416,
432, 452 and 564 ft) above the base of the member,
of five bands of "black porcelanite", respectively 36,
8, 61, 15 and 15 centimetres (14, 3, 24, 6 and 6 in)
thick . Trendall (1969) referred to these as the first,
second, third, fourth and fifth porcelanites, from
the lowest upwards. These bands are perfectly
concordant with the banding of the enclosing iron
formation . In fresh gorge-bottom exposures the
porcelanite is tough, almost homogeneous, and
black to very dark green . It resembles bottle glass,
and is almost as brittle, but has a flinty rather than
a vitreous lustre . In cliff-edge exposures the ready
weathering of the porcelanite, which is related to
its high feldspar content, makes it stratigraphically
conspicuous, but it has not yet been determined
whether the described bands have a basin-wide
extent .

Magnetite is usually evenly distributed through
the rock in euhedral crystals mostly between 0 .01
and 0 .001 mm across, but in R2702 the magnetite
is large, skeletal and ragged . Strings of small magnetites locally lie along the banding direction, and
assist in the definition of band edges ( Plate 20) .
Riebeckite usually occurs in small scattered prisms
about 0 .1 mm long, in various textural situations,
but never forms a significant proportion of the
rock . Spongy, rounded carbonates up to several
millimetres across have a very irregular distribution. They may be absent or abundant and concentrated in bands . From refraction index observations they are probably dolomite, but may be
ankerite ; they have not been reliably identified .
A single small rounded grain of zircon, and
several of possible epidote have also been noted .

The first porcelanite is divided by two thin partings rich in stilpnomelane into three sections,
respectively 18, 8 and 10 centimetres (7, 3 and 4 in)
thick from below upwards . The analyzed samples
R2701, R2700 and R2699 were taken from these
three divisions, respectively, at a point in the base
of Joffre Gorge about 1 .6 kilometres (1 mile) upstream of Oxers Lookout (Trendall, 1969, Plate 25) .
R2702 is from the third porcelanite, 0 .4 kilometres
(0 .25 miles ) farther upstream .
The sample (30527) of Joffre Member iron formation used is from a depth of approximately 152
metres ( 500 ft ) in a drillhole (No . 47), 4 kilometres
(2 .6 miles ) north of Oxers Lookout, at a stratigraphic level about 70 metres (230 ft) below the
first porcelanite.

EXPERIMENTAL PROCEDURE
Sample Preparation
About 100g of each sample were reduced to -100
mesh using a jaw crusher and a Kurt Resch hammer mill . After splitting, about 10g were further
ground for about 15 minutes in a Kurt Resch automatic mortar grinder .

PETROGRAPHY OF THE PORCELANIT E
Although the porcelanite appears almost homogeneous in hand specimen, thin bands of slightly
paler colour are sometimes discernible, parallel
with the stratification . These appear more plainly
in thin section, where they can be seen to be defined
by variations in proportions of the main minerals,
rather than by major differences in mineralogy
(Plate 19A) .

Chemistry
An accurately weighed sample of each rock
selected for analysis was placed in a teflon dish .
For a 0 .5g sample approximately 10 mls of 48 per
cent HF and 1 .5 mis of 70 per cent HC1O4 were
required for the dissolution, the mixture finally
being taken to dryness on a hotplate . The residue
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ured Sr88/Sr8C !ratio to 8 .2800, the actual value
found for the Eimer and Armend standard Sr17/Sr8°
ratio was 0 .7080 . The Sr97/Sr88 ratios contained in
Table 1 have likewise been normalized to Sr 88/Sr so
equal to 8 .2800 .

,was then dissolved In .30 mis of 2 .5N :HCI and the
.solution taken. to dryness . Approximately 10 mls
of 2 .5N .HCl were then added and the solution
transferred to a quartz Ion exchange column containing 20g of wet Dowex 50W-X8, 200-400 mesh
.cation exchange resin . Strontium was eluted using
2 .5N HC1, the cut being taken between 45 and
`55 mis . The eluted sample was taken to dryness,
redissolved 'in a minimum of 2 .5N HCl, and placed
on a micro column containing lg of cation 'resin .
The strontium was then eluted as before and the
eluant taken to dryness ready for mass spectrometric analysis .

TABLE 1. RUBIDIUM-STRONTIUM ANALYTICAL
DATA FOR SAMPLES FROM THE JOFFRE MEMBE R
Sample lib/Sr
30527

Mass 'Spectrometry
Isotopic analyses were carried out on a 12-inch
radius, 90° magnetic sector, solid source mass spectrometer . The source and collector slits were set
to 0 .004 inches and 0 .020 inches respectively to
provide a resolution of approximately 400 . The
.sample was :mounted as the chloride on the side
filament of a conventional triple filament surface
ionization source . Rhenium filaments, which were
.outgassed prior to use, were employed throughout .
No evidence of rubidium or strontium contamination from the filaments or ion source could be
detected. New filament buttons were used for each
sample and the source was cleaned between successive analyses .

....

Rb8'/ Sr8'

SreT/Sre e

.. . .

. .. .

2 .11±0 .08
'*2 .14±0 .04
2 .13±0 .04

6 .30±0,13

0 .9550±0 .0010

112702 (1101)

. . ..

....

*2•.51±0 .05

7 .46±0 .15

1•.0054±0 .001 8

R2702

. . ..

....

10 .6±0 . 4
*10 .5 ± 0 . 2
10 .5±0 .2

.33 .0±0 .7

1 .6235±0 .001 7

R2702 (Residue)
.82701 . . ..
.. . .
82690 . . . .
.. . .
!;-700 . . . .

.. . .
. .. .
. .. .

*20 .4±0 .4
21 .1 ±0 •8
22 .9±0 .9
28-4±1 .1

69-0±0•4
71 .4±2 .0
78-8±3 .2
102 .3 ±4 .1

2 .4670±0 .003 5
2 .4580±0 .0025
2 .0736±0 .0028
3-2348 ±0-0034

Mean

.. . .
'Mean

* These values have been determined `by isotope dilution, ; all `the
others in this column were determined by X-ray fluorescenc e

X-ray Fluorescence
This technique was used to select rocks with
favourable Rb/Sr ratios for mass spectrometric
analysis and also to determine precise values of the
Rb/Sr ratio for the selected samples. A Siemen's
SRS-1 fluorescence spectrometer equipped with a
molybdenum tube, a lithium fluoride (200) crystal
and a scintillation detector, was used for the Rb-Sr
analyses . Finely ground samples (-200 mesh) were
pressed with a boric acid backing and were then in
a form suitable for X-ray fluorescence analysis .
Rubidium was read at a 20 position of 26 .56°
and strontium at a 2s position of 25 .09° . Before
selecting the background positions, consideration
was given to possible interference effects, and the
profile of the background in the vicinity of the
RbKa and SrKa peaks was carefully observed,
the most satisfactory background positions for this
spectrometer were found to be at 20 positions of
27.06° and 25 .81° for rubidium and 25 .59° and 24 .59°
for strontium .

The usual -operating currents for strontium,
loaded as the chloride, are 4 .0 amps for the centre
ionizing filament, and approximately .1 .0 amps .for
the side filaments . For rubidium chloride, slightly
lower currents were used . For a strontium analysis
the filament currents were initially adjusted to a
value where strontium emission was minimal . These
.conditions were retained for about 1 hour to enable
the alkali beam, which was invariably present, to
be reduced to a level where it no longer had a
serious suppressing effect on the production of
strontium ions. After the rubidium beam was reduced to 'a negligible size, the side filament temperature was gradually increased until an Sr" ion
beam of the order of 10-12 amps was obtained.
For a 1 ug sample this beam could be maintained
over several hours of operation without a marked
decrease in intensity.
The mass range 84 to 88 was scanned on a sensitive scale during the analysis in order to detect
the 'presence of any rubidium at mass 85 . The
isobaric °contribution of Rb87to the Sr" ion beam
was always less than 0 .01 per cent .

A preset count of 2x10° was used for each
position and a dead-time correction was then made .
Each sample was measured a number of times depending on the concentrations of rubidium and
strontium in the particular sample .
A factor was used to convert the raw Rb/Sr
ratios to the true weight ratios . This conversion
'factor was determined'by calibrating the spectrometer against a number of standard rocks of accurately known Rb/Sr ratios . The concentrations
of rubidium and strontium in the standard rocks
were determined by the stable isotope dilution
technique We Laeter and Abercrombie, 1970) . The
calibration of the spectrometer allowed for matrix
effects and the variable fluorescent response between rubidium and strontium . Machine drift
during an analysis was obviated by analyzing a
reference sample between each run . In addition
an appropriate standard rock was analyzed with
each suite of samples .

An electron multiplier with a gain of about 10'
was used as the ion detector . The resulting signals
were amplified in a vibrating reed electrometer
with a 101 ohm input resistor . A voltage to frequency converter, followed by an electronic counter
allowed digital presentation of the data, which
was 'fed on-line to a small digital computer . The
amplifying system was periodically calibrated for
scale factors, linearity and speed of response .
The isotopic peaks were scanned from the lowest
mass to the highest mass and then back again,
this operation constituting one sweep . Ten sweeps
'usually comprised a ,mass spectrometer "run" . The
sweep speed was adjusted so that at least five counts
of 1 second <each were recorded across the top of
each peak, whilst a minimum of time was spent
on the baseline between the peaks . The computer
was programmed to select a number representative
of the height of each peak immediately after
sweeping through the peak . This information was
then stored in memory until the mass spectrometer run was finished, after which a complete
statistical analysis of the isotopic ratios was carried
out. The final results could thus be presented at
a teletype, situated in the mass spectrometer laboratory, within a minute of the end of run .

:Isotope Dilutio n
The Rb/Sr ratios of two of the samples listed
in Table 1 were -determined by isotope dilution
as well .as by X-ray fluorescence . This enables a,
minor adjustment to be made to the X-ra y
PLATE 19 (opposite )
A Macrophotograph of part of a thin section of the first porcelanite,
approximately 20-24 cm from the base . The banding, clearly defined
by variation in grain-size and proportions of quartz, feldspar and
stilpnomelane, is not apparent in hand specimen . R2700 for
location see text .
B Microphotograph of material from the third porcelanite~(R2702 : see
text) . Asubhedral carbonate crystal (upper left) lies in a matrix of
-fine-grained potassic feldspar and ferrostilpnomelane . The .distribution ofthese two constituents vaguely defines elongate pale patches
interpretable as shards .
C Microphotograph of part of the lower hand of A, showing thin flat
"flake s flakes", posshards, outlined by black •ferristilpnomelane ,and
magnetite .

Replicate analyses of Eimer and Armend standard
strontium carbonate were made over a period of
time to give a mean value of Sree/Sr88 of '8.2800
rather than 8 .3752 as determined by other authors
(Faure .and Hurley, 1963) . The difference is 'largely
due to the influence of electron multiplier-induced
mass discrimination . After correcting the meas-
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PLATE 1 9

1CM

12876

PLATE 20

12877

fluorescence values if necessary, for differences in
matrix between the standard rocks and the samples
representing the Joffre Member . In the present
project, however, the isotope dilution and X-ray
results were identical to within experimental error .
Two samples, R2702 (HCl) and R2702 (residue),
were analyzed only by isotope dilution since the
matrix in each of these two samples was completely different from the standard rocks which
had been used to calibrate the X-ray spectrometer .
Weighed quantities of Rb87 and Sr" spikes were
added to the rock samples prior to dissolution.
Each sample was dissolved as discussed above in
a HF-HC1O4 mixture, and the rubidium and strontium separated by cation exchange chemistry .
Blank determinations showed that the Rb and Sr
contamination introduced by the chemical processing was . less than 10-8g and 10-'g respectively . Full
details of the isotope dilution technique used in
this laboratory are given by De Laeter and Abercrombie (1970) .

given. at the 95 per cent confidence level. Five of
the samples are whole rocks, but in addition,
sample R2702 was allowed to stand in dilute hydrochloric acid for approximately 12 hours, and the
solution then separated from the residue . The
Sr87/Sr86 and the Rb/Sr ratios of both solution and
residue were determined and these values are also
listed in Table 1 . Sample R2702 contained- some
carbonate which dissolved fairly readily in the
hydrochloric acid . Strontium was concentrated in
the acid-soluble minerals and this portion gave a
much smaller Rb/Sr ratio than in the whole rock
sample . Conversely the insoluble residue was depleted in strontium, and gave a Rb/Sr ratio almost
twice as large as the original Rb/Sr ratio of sample
R2702 .
All seven samples fell on an isochron which is
plotted in Figure 27 to give an age of 1,720±25
m .y . and an initial Sr87/Sr86 ratio (R1) of 0 .8114
±0.0037 . The age and initial ratio were calculated
using the method of Williamson (1968) which
minimizes the weighted sum of the squared residuals. The age calculation is based on a Rb87
decay constant of 1 .39 x 10-11 year-'. The errors
associated with the age and initial ratio are calculated from the standard deviation of the slope and
intercept respectively .

RESULTS
The measured Rb/Sr and Sr87/Sr86 ratios as wel l
as the Rb87/Sr86 ratios calculated from these, are
given in Table 1 for each of the seven samples
analyzed : The errors accompanying the ratios ar e
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Figure 27. lsochronplots for the data of Table I . The horizontal bars show the errors as given in that Table . Errors
for Sr87/Sr86 are within line thickness.

DISCUSSION

represent tuff, without supporting discussion . They
also, in discussing the origin of stilpnomelane
bands in which shard pseudomorphs put a volcanic
origin beyond doubt, wrote (p.290) : "direct addition
of airborne ash to the basin resulted in thin layers
of glass shards which were probably replaced by
stilpnomelane during or soon after their fall into
the water" . Stilpnomelane-rich shales and black
porcelanites are visibly separate rocks within the
iron formation, between which no intergradational
types have been recognized : the further problem
therefore arises, not discussed by Trendall and
Blockley, of how basinal volcanicity gave rise to
two petrographically distinct types of tuff within
the iron formations .
In considering initially the problem of stilpnomelane tuffs there are three reasons why acid vol-

Origin of the black porcelanite s
Before discussing the isotopic results it is necessary to establish the geological status of the black
porcelanite . Trendall and Blockley (1970, p . 78)
recorded the view that the black porcelanite may

PLATE 20 (opposite)
A and B are microphotographs in ordinary light and with crossed nicols,
respectively, of the same area of the first porcelanite about 10 cm above
its base. The main minerals present are ferristilpnomelane, potassie
feldspar, quartz and magnetite . Magnetite appears black in both
A and B . ferristilpnomelane appears darkgrey in A, but cannot be
distinguished from the fine-grained feldspar mosaic in B . The larger
quartz and feldspar crystals, which merge with the mosaic in A, stand
out clearly in B . The string of small magnetites at the base of both
photographs lies at the edge of a paler band, and helps to define the
stratification. 112701 : for location see text.
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TABLE 3 . COMPOSITIONS OF VARIOUS MATERIALS
DISCUSSED, EXPRESSED AS WEIGHTS PER CENT
OF SILICON AND MAJOR METAL S

canic ejectamenta are to be preferred as the initial
materials available . Firstly, acid glass tuffs are
generally more abundant than those of basic or
intermediate composition ; secondly, acid volcanics
form the Woongarra Volcanics, closely above the
Joffre Member in the Hamersley Group ; and
thirdly, the relatively high potassium content of
stilpnomelane argues strongly for a rhyolitic
association . Four analyses of rhyolites from the
Woongarra Volcanics, of which three have not previously been published, are given in Table 2 together with an analysis of a black porcelanite
sample, referred to later in this discussion . The
mean of the rhyolite analyses is given in column
1 of Table 3, recalculated as weight per cent of
silicon and major metals to the nearest 1 per cent .
This form has the advantages of showing ferric
and ferrous iron together and of focussing attention on the materials presenting the principal bulk
problems. In columns 2 and 3 of the same table
analyses of ferrostilpnomelane and ferristilpnomelane, from the Dales Gorge Member and Joffre
Member respectively, are shown in the same form .
Although there is, between these two stilpnomelanes, a wide disparity in several chemical
features which are commonly variable in Hamersley
Group stilpnomelanes (for example, K/Al ratio),
it is clear that over-riding these there is a major
paucity of silicon and a similar abundance of iron
in the stilpnomelanes, and also a disparity in magnesium . Column 4 of Table 3 shows column 1
recalculated to 100 per cent after addition of sufficient iron and magnesium by weight (79 and 14 .5
parts respectively per 100 parts rhyolite cations)
to bring the final contents of both metals to the
mean of those of columns 2 and 3 . This process,
eminently credible in the iron-charged waters of
the basin, brings the silica content close to that
of stilpnomelane, and while aluminium is still high,
the aluminium/potassium ratio is well within the
wide limits of different stilpnomelanes . While not
proof of the hypothesis, this chemical comparison
does give it plausibility . It is worth noting that
the implied access of magnesium into the rhyolitic
glass, along with the more readily anticipated iron,
may be related to the unexpectedly high magnesium
content of many of the iron formation carbonates
reported by Trendall and Blockley (1970, p . 118121) .

1(
Si . .. .
Al . .. .
Fe . . ..
Mg
Na
K . .. .

2

3

4

R89
74 .3
10 . 8
0 .69
3 .19
1 .10
n .d.
0 .31
7 .59
0 .31
1 .65
0 .09
n .d .
0 .29
n .d .
n .d .
0 .04

R207
75 .4
10 . 6
0 .66
2 .93
0 .64
0 .44
0 .81
6 .19
0 .15
1 .46
0 .11
n .d .
0 .33
0 .03
0 .1 0

15624
73 .93
11 .2 8
0 .73
2 .42
0-60
0 .51
0 .43
S•0 2
<0 .01
1 .07
0 .15
0 .24
0 .50
0 .09
n .d .
0 .02
0 .0 7

R2701
65 .54
11 .5 4
4-22
4 .5S
1 .2 0
<0 .01
<0-01
11 .43
n .d .
0 .91
0 .12
0-21
0 .08
0-3 3

0-03

11627
75 . 2
9 .54
0 .87
3 .17
1 .17
0 .24
0 .71
6 .28
0 .17
1 .82
0 .10
n .d .
0-27
0 .23
0-03
0 .0 4

1120+
II,0Co,
TiO2
P,os
s0,
MnO

. . ..
. . ..
.. . .
. . ..
. . ..
. . ..
. . ..
. . ..
. . ..

. ...
. . ..
. . ..
. . ..
. . ..
. .. .

Fes, . .. .
Total

100 .36

99 .88

09•S4

100 .11

100 .2 5

. . ..
. . ..
. . ..

.. . .
.. . .
.. . .

70
11
6
1
1.
11

41
5
41
0
1
3

36
2
47
7
. . ..
8

4 1
36
6
44
8
(0-5)
6

5

6

7

5s
11
12
1
.. . .
18

56
1s
. .. .
.. . .
. .. .
26

61
11
10
1
. . ..
17

If this mechanism, reaction of rhyolitic glass
with basin water to form stilpnomelane, is accepted
as the "normal" depositional end product of basinal
volcanicity, why are the black porcelanites, if
they are tuffs, different? Although there is no
direct evidence for their igneous derivation, of
equal strength to the reliable shard pseudomorphs
in some stilpnomelane bands, several points argue
persuasively for their similar identity as tuffs .
2''irstly, from a total reconstruction of the basin
environment (Trendall and Blockley, 1970, p . 278
on), the introduction of elastic material in thin
confined bands within the Joffre Member by normal
sedimentary means would be quite anomalous ; the
material is not likely to be a precipitate, and
volcanicity is the most reasonable alternative purely
as a transport mechanism . Secondly, the chemical
composition is anomalous for that of normal shale.
According to Pettijohn (1957, p . 369) "only about
one shale in twenty has 5 or more per cent potash" .
Of the analyses of high-potash shales used by
Pettijohn as examples of the group, the highest
K20 content quoted, 10 .85 per cent, belongs, in fact,
to a feldspar concentrate rather than the total
rock (Gruner and Thiel, 1937), and the highest
total rock K20 quoted is 5 .96 per cent. Clearly
then, the black porcelanite is chemically unusual
for a clastic sediment. Thirdly, the textural suggestions of volcanic fragments (Plate 19), and the
compositional banding, conform with an igneous
air-fall derivation .
Any suggested origin of the porcelanites must
take into account, as a major feature to be explained, the abundance of potassic feldspar, and
the consequent approach of the total chemical
composition to this . In column 5 of Table 3 the
composition of black porcelanite given in Table
2 is re-expressed in terms of major cations . In
column 6 of Table 3 appears the theoretical cation
weights of KAISi5Os, while in column 7 a similar
theoretical composition is shown of a material consisting of 20 per cent of column 3 (the "normal"
volcanic end product of the Joffre Member), 60
per cent of column 6, and 20 per cent of silicon .
Columns 5 and 7 then appear sufficiently similar
to investigate whether this purely arbitrary mixture
can be related to a realistic genetic model .

I
SiO,
AI .O,
Fe,O,
FeO
MgO
CaO
Na,O
N,0
Li,O

.. . .

3

NOTE : Major metals in this table are defined as those exceeding
0 .5 per cent as oxides in the full analysis . A11 the columns
above are recalculated to 100 per cent and rounded to the
nearest 1 per cen t
1 . Mean of four rhyolites from the Woongarra Volcanics (Table 2)
2. l+errostilpnon :elane, Dales Gorge Member (Trendall and Block-ley,
1970, Table 16, 3 )
3 . Ferristilpnomelane, Joffre Member (Trendall and Blockley, 1970,
Table 16, 4 )
4. Column 1, recalculated to 100 per cent after addition of iron and
magnesium to bring each of these to the mean of columns 2 and 3
5. Black porcelanite, Joffre Member, It 2701 (see column 4 of' able 1)
6 . Theoretical KAlSi,O ,
7. Recalculation to 100 per cent of an arbitrary mixture of column 3
(20 per cent), column 6 (60 per cent) and Si (20 per cent)

TABLE 2 . TOTAL ANALYSES OF FOUR RHYOLITES
FROM THE WOONGARRA VOLCANICS AND OF ONE
BLACK PORCELANITE FROM THE JOFFRE MEMBER

1

. . ..
. . ..

2

There are good grounds to interpret the larger
quartz and feldspar grains (Plate 20) of the black
porcelanite as volcanic crystal ejectamenta . Although clearly marginally affected by diagenesis,
their variably angular shapes do not suggest authigenic growth under any consistent post-depositional
stress field within the rock . The authigenic growth
of relatively "giant" quartz grains within an otherwise fine-grained rock is not observed elsewhere
in the Hamersley Group . Finally, such textural
features as the termination of rutile needles noted
in the description of petrography seem to give
proof of primary individual origin to at least some
of the grains .

<0 .01
0 .09

n .d . = not determine d
Analysts : 1 . R W. Lindsey ; 2 and 3 . M. B . Costello ; 4 and 5 .
R. S . Pepper
1 . Rhyolite, Boolgeeda Creek (not previously published)
2 . Rhyolite, Woongarra Pool (not previously published)
3. Rhyolite, Nalgan Creek (not previously published )
4 . Rhyolite, Nallanarring Creek (Trendall, 1972, Table 1 )
5. Black porcelanite, Joffre Gorge : for location see "Material
used " . (Analysis also appears in Trendall and Blockley, 1970,
Table 16)
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It is therefore envisaged that the volcanicity
which produced the black porcelanites differed
markedly from that resulting in stilpnomelane in
that, instead of producing only glass fragments,
its products were a mixture of glass, potassic feldspar crystal debris, and quartz crystal debris, in
the very approximate weight proportions 10 per
cent, 60 per cent, and 20 per cent ; the remaining
10 per cent of material was taken up from the
basin water by the glass . On settling, much of the
finer feldspar debris recrystallized into a fine
mosaic, leaving the smaller content of quartz as
the dominant presently visible primary material.
Although the suggested weight proportions result
from calculations on major cation compositions
(Table 2) the accuracy of the estimate does not
justify recalculation back to the slightly different
total oxide weights, since the actual proportions
evidently differed within wider limits : the banding
of Plate 19A, which has been preserved through
intense diagenesis, testifies to these fluctuations
in glass/crystal proportions . The authigenic development of potassic feldspar in tuffs is known
in relatively recent tuffs (Hay, 1966 ; Sheppard and
Glide, 1968, 1969), but in these cases there has
been a zeolite precursor.
The suggestion that the volcanicity which gave
rise to the black porcelanites differed in character
from the usual volcanicity of the basin is in accordance with their much greater thickness than any
visibly shard-bearing stilpnomelane shale (1 to 5
centimetres : Trendall and Blockley, 1970, p . 114) .
The greater volume of crystal debris may be
assumed to be correlated with eruptions of a larger
order in terms of both violence and total volume .

Significance of the apparent ag e
It is apparent from Figure 27 that at 1,720 m .y .
there was virtually perfect isotopic homogeneity
not only between different mineral phases (acidsoluble and others) of R2702, but between all the
porcelanites and their enclosing iron formation
over a substantial stratigraphic thickness. The
high initial Sr17/SrR° ratio immediately argues
strongly against this as a depositional age, since
this interpretation would require this initial ratio
to be that of the basin water with which all the
material equilibrated . Although the possibility of
such an extreme value cannot be ruled out from
available data in the at least partly confined waters
of the Hamersley Basin (Trendall and Blockley,
1970), it is virtually certain that this could not
have represented the ratio for oceanic water of
the time (Peterman and others, 1970 ; M .I .T .,
1965) .
An additional argument comes from previous rubidium-strontium data from the Mount Bruce
Supergroup, and from rocks intruding it . Although
there is now a significant body of such data no
part of the supergroup can yet be confidently assigned an age within narrow limits . However, in
Table 4 all relevant published determinations are
assembled in a vertical sequence which, on geological evidence not discussed in detail here, should
be chronological . From this it can be seen that,
apart from a minor anomaly derived from inadequate data within the Wyloo Group, all the ages
except the 1,720 figure under present discussion are
in chronological sequence within the quoted error
limits . On these grounds also, then, its interpretation as a. depositional age is not preferred, and it
remains to discuss whether it has real significance,
or whether it is an accidental result of various
processes not related to any geological event at
that time .
There are again two arguments for the geological
reality of the 1,720 m .y. age . Firstly, as has been
pointed out, Figure 27 testifies to isotopic homo95717 (6)
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geneity on a wide range of scales at that time :
within a single 36-centimetre (14 in) thick porcelanite (R2699, R2700, R2701), between two porcelanites 18 .3 metres (60 ft) apart, and between both
these poreelanites and iron formation 70 metres
(230 ft) farther below the lower porcelanite . This
argues strongly for an abrupt termination in time
of previously extreme isotopic mobility ; any gradual decrease of mobility would surely result in a
corresponding gradual decrease of the scale of isotopic homogenization, which would be reflected in
the analytical results . Secondly, geological reality
is supported by the concordance of the age with
that of the Boolaloo Granodiorite, which intrudes
the Wyloo Group (Table 4) some 240 kilometres
(150 miles) west of the location of the material
here discussed, and close to the likely western margin of the depositional basin .

TABLE 4 . SUMMARY OF PUBLISHED RUBIDIUMSTRONTIUM GEOCHRONOLOGICAL RESULTS FROM
ROCK UNITS FOR WHOSE TIME RELATIONSHIP
TO THE JOFFRE MEMBER THERE IS GEOLOGICAL
EVIDENCE
Rock unit

Quoted
age (m .y .)

Type of
determination

Authorit y

Granodiorite intruding Wyloo
Group (Boolaloo Granodiorite )

1,720

Concordant isochron of total
rock, biotite and
feldspa r

Leggo and others,
196 5

Wyloo Group acid
igneous rocks :
flows or sills

2,020±165

Total rock isochron ; details not
yet published

Compston an d
Arriens, 106 8

Wyloo Group tuff

1,850
maximum

Single total rock

Leggo and others ,
1965

Woongarra Volcanics

2,000±100

46 total rock
samples : 2parallel isochrons ; full
data not yet pub lished

Compston an d
Arriens, 196 8

about 2,100

Isochron of 4 total
rocks

Leggo and others ,
196 5

Joffre Member

1,720±25

See text

This paper

Lavas in upper
part of Fortescue Group

2,100±100

Total rock isochron ; details not
yet publishe d

Compston and
Arriens, 196 8

Granophyre intruding lower
part of Fortescue Group

2,196±56

Isochron of 6 total
rocks

De Laster an d
Trendall, 197 1

We therefore suggest that the apparent age of
1,720 -L 25 m .y. reported here marks a real period
of regional geological activity which included both
the intrusion of the Boolaloo Granodiorite and the
termination of free isotope mobility within the
Joffre Member. It is usual, when discussing the
record, within a rock, of an age later than its
origin, to refer to this as an up-dating due to a
later event . In this instance it may be useful to
consider a distinction between the reported age as
an event, that is, as a relatively short-term imposition at that time of a new state of isotopic equilibrium replacing a former state which had remained
stable since deposition , or simply as the termination
of a condition of isotopic mobility which had never
been otherwise . Once again, the excellent agreement of different sampling scales seems to argue
here for a preference for the second alternative .
The preferred hypothesis , by no means proven, is
thus that the 1,720 m .y . "event" in the Joffre
Member represents the time at which initial
isostatic recovery of the depositional basin after
the termination of Wyloo Group deposition led to
an abrupt diminution of the pore fluids which,
originating as entrapped basin water at the time
of deposition , had subsequently remained in the
rocks to facilitate extreme and continuing internal
chemical mobility .

Peterman, Z . E ., Hedge, C . E., and Tourtelot, H . A .,
1970, Isotopic composition of strontium in sea
water throughout Phanerozoic time : Geochim .
et Cosmochim . Acta, v . 34, p . 105-120 .
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