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The frontispiece opposite shows part of the |arge
chanber of Aiyennu Cave near Stockyard Gully, Wstern
Australia. The roof is a thin arch of caprock in
aeolian calcarenite perforated by many sol ution pipes,
each a source of daylight. On the left there is a soi
hori zon bel ow the roof and a river flows at the foot of
the bl ockpile. Fromroof to river is about 25 netres.
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SYNGENETI C KARST | N AUSTRALI A
J. N. Jenni ngs

ABSTRACT

The i deas of various Australian spel eol ogi sts,
i ncluding the author, on the peculiarities of karst
geonor phol ogy in sone parts of the dune |inestones of
t he southern and western coasts of this continent are
reviewed. To a certain degree karst processes have gone
on concurrently with the consolidation of cal careous
shell sand into aeolian calcarenite, i.e. the karst is
partially 'syngenetic'.

Pi pes are not solely solutional in origin; calcite
deposition acconpanying their formation has hel ped to
lithify the sand, and taproot growh is involved also in
sone cases, Engulfnent of allogenic drainage is |ess
frequent than in normal karst because of the devel opnent
of 'gorges of construction'. |In this context any theory
of collapsed cave origin for a gorge nmust be viewed
sceptically, though short gorges due to retreating
i nfl ow cave arches are known and there is one probabl e
st eephead val l ey, now inactive. Anpongst closed
depressions, only soil subsidence and col | apse dolines
are found, and these occur sporadically, not in
cl ose-set fields.

Caves are well developed and in the main the result
of lateral solution at the water-table. |In many cases
cave excavation has acconpanied lithification and
col | apse has dom nated nore of their history than is
typi cal of consolidated |linestone caves. Differential
lithification is reflected in cave formin sone cases.
Li near caves seemto be associated with irregular relief
of a buried inpervious basenent, whilst inclined
fissure caves are nore preval ent where there is
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a |l evel basenent beneath the dunes. Vadose action has
usual |y been dom nant, though there are certain phreatic
systens of special type, the cause of which is not yet
ascertai ned. Absence of known outflow caves nmay be due
to seaward burial by young dune invasion or to
precociously early achi evenent of saturation by
underground waters in these incoherent and porous
limestones. A few radionetric dates published since the
preparation of this paper in 1964 indicate that at |east
sone of the caves have developed rapidly in the late
Quat ernary.



ZUSAMVENFASSUNG

Di e Mei nungen ei ni ger australischer Hohl enforscher,
einschliesslich des Verfassers, uber die Eigenschaften
der Kar st geonorphol ogie in einigen Teilen des
Dinenkal kst ei ns der sudlichen und westlichen Kiste

di eses Kontinentes werden erdrtert. Zu ei nem gew ssen
Grade sind Karstprozesse mt der Konsolidation von

kal k-i gem Muschel sand in &olischen Kal karenit Hand in
Hand gegangen, daher ist der Karst zum Tei
"syngenetisch".

Di e geol ogi schem Orgel n haben i hren Ursprung nicht
ausschliesslich in Lésungen; Kal zitabl agerung, als eine
Begl ei terschei nung i hrer Entstehung, hat zur

Ver st ei nerung des Sandes bei getragen, und

Pf ahl wur zel wuchs war in einzelnen Fallen auch

mtw rkend. | nf ol ge der Kntstehung von "auf gebauten
Schl uchten" ist das Verschl ungenwerden von
Fremdl i ngsfl issen weni ger haufig als in normal em Karst.
I n di esem Zusanmmenhang nuss jegliche Theorie des

Hohl enei nst ur zur sprunges von Schl uchten skeptisch
betrachtet werden, obwohl kurze Schluchten, die auf das
Zur ickwei chen von Ei ngangshohol enbogengéngen

zur uckzuf dhren sind, bekannt sind und es ein

wahr schei nli ches Karstsacktal gibt, das gegenwértig
nicht aktiv ist. Von ringsunschl ossenen-, Vertiefungen
wer den nur Bodenei nsi nken - und Ei nsturz-dolinen
angetroffen, und di ese kommen nur sporadi sch, nicht in
di chten Fel dern, vor.

Hohl en sind gut entw ckelt und rdhren hauptsachlich von
seitlichen Losungen am G- undwasser spi egel her. I n
manchen Fallen ist die Versteinerung von Aushdhl ung
begleitet worden, und in manchen Fallen war Einsturz
mehr charakteristisch fur ihre Entstehungsges-chichte
als es fur Hohlen in verfestigtem Kal kstein typisch ist.
In einigen Fallen ist differentielle Versteinerung in
der Hohl enf orm ausgepragt. Linienf6rm ge Hohl en

schei nen i m Zusanmenhang mt dem
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unr egel massi gen Relief einer unterirdischen
undur chl &ssi gen Unterl age aufzutreten, wahrend geneigte
Ei nstur zspal t enh6hl en dort vorliegen, wo ei ne ebene

Unt erl age unter den Dinen vorliegt. Vadose

Wasserw rkung war gewodhnlich vorherrschend, obwohl es
gewi sse phrea-tische Systene ei nes besonderen Typus

gi bt, deren Grund noch nicht erkannt ist. Der Mangel
an bekannten Ausfl usshdhl en diufte auf seeseitiges

Begr aben i nfol ge jungerer Dineni nvasi on zurtckzuf tren
sein, oder auf frihzeitige Sattigung der unterirdischen
Cewdsser in diesen | ockeren und por6sen Kal kst ei nen.

Ei ni ge weni ge radi onetrische Daten, die seit der
Zusammenstel l ung dieses Artikels in 1964 publiziert

wur den, wei sen darauf hin, dass zum ndestens einige

di eser Hohlen sich imspateren Quartar rasch entw ckelt
hat t en.



| NTRODUCTI ON

Karst usually develops in marine |inmestone which
has consolidated previously. Indeed a long tine
interval is comon between the diagenesis of a
sedinentary body and its energence to formpart of a
|l and mass and its exposure to exogeni c processes.
Consequently rock consolidation and karst devel opnent
have usual |y been consi dered as successive events. But
in aeolian calcarenites - terrestrial |inestone -
lithification and karst phenonena are likely to be
produced sinmul taneously, for the sane agents are
responsi bl e for both.

Bernmuda is one of the few areas where karst in
aeolian cal carenite has been investigated. Yet the two
maj or di scussions (Sw nnerton, 1929; Bretz, 1960),
though differing in interpretation, are both conducted
internms of a successive relationship of karst to
di agenesis. This sequence cannot be assuned even though
Ber nudan caves are restricted to dune |inestones and
absent from unconsolidated cal careous dune sands.

Bretz' position is the nore defensible in that he argues
that the dunes were enplaced during interglacial high
sea |l evel periods when in his view there was not a | arge
enough body of groundwater to produce caves and rel ated

phenonena. These are supposed to have devel oped in
subsequent gl aci al periods when the islands were | arger
and so al so groundwat er storage. Thi s sequence all ows

time for lithification before the onset of significant
kar st devel opnent.

However this inference of Bretz has little or no
force for the dune |inestone belts of Australia, which
has probably the nost extensive deposits of this kind of
all continents. In the absence of adequate superficial
geol ogy maps, the area of cal careous dune sands and
dune |inestones nust be estinmated as |ying between the

- 45-



- 46-

broad |imts of 50-100,000 knt . Here the context
allows the possibility of syngenetic karst devel opnent
and so an enquiry is warranted into the extent of its
occurrence and its norphol ogi cal consequences.

The exploratory essay in this direction which
follows is based on field work in the Sout hwest of
Western Australia (Fig. 6), the Nullarbor Plain,
Kangaroo Island (Fig. 7) and the Sout heast province of
South Australia and King Island, Tasmania, in Bass
Strait (Fig. 9). Included is a discussion of caves,
whi ch owes much to ny fell ow spel eol ogi sts, not sinply
t hrough the inevitable teamwrk of cave exploration but
in particular through the witings and surveys of T.D.

Bain, L. Bastian, A L. HIlI, B.C. Lowy, and R T. Sexton
wi th whom | have had much di scussion, which | trust has
been nmutually profitable. | have also had the privilege

of access to the records of the West Australi an
Spel eol ogi cal G oup.

AUSTRALI AN CALCAREQUS DUNES AND DUNE LI MESTONES

Cal careous dune sands are found al ong substanti al
| engths of the coasts of Australia from Shark Bay in
Western Australia to NNW Tasmania, and associated with
them are older dunes lithified to aeolian calcarenite
(Fairbridge, 1950; 1954; Fairbridge and Teichert, 1952).
Along with their distribution pattern, the cal carenites
retain sufficient of their dune form despite varying
degrees of degradation, to confirm coastal origins.

Comm nuted shells, cal careous al gae and foram nifera,
together with varying proportions of inorganic sands,
are cenented to different degrees by secondary calcite
to make up the calcarenite. The inorganic sands are
chiefly quartz, partly fel spar on occasion, plus a heavy
m neral fraction. Intercalated in the
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aeolian rocks are thin marine |inestone nenbers, usually
towards the base, and al so fossil soil horizons (Pl. 7,
Pl. 11). These soil horizons, varying froma few
centinmetres to as nmuch as 3 mthick, include fossil |and
snails, e.g. Bothrienbryon sp. and insect pupal cases
(Lept ops duponti). Sone of the soils resenble

rendzi nas; others are red |loans, called '"terra rossa',
but often differing very nmuch in mechanical conposition
fromthe red residual clay soils of S. Europe, which
gave rise to this term

Since the eastern coasts of Australia from Fraser
Island to E. Tasmania are characterised by quartz sand
dunes, often extrenely |large, the broad distribution of
the two kinds of dune sand suggest an ocean current
expl anation. Subantarctic waters are carried to the
western and sout hern coasts, whereas tropical waters
nmove down the east coast. The higher nutrient status of
the subantarctic waters may i nduce greater biol ogica
productivity offshore and account for the higher
proportion of biogenic sand relative to quartz sand
al ong the nei ghbouring coasts. This hypothesis is faced
wth the apparently contradictory fact of prolific
organi c cal careous growh in tropical waters along the
Barrier Reefs of Queensland, even though distinctly
different biota are involved there. Various factors are
probably involved in this pattern of quartz and
cal careous coastal dunes and many nore dataAare required
before the distribution can be under st ood.

A Fai rbridge has pointed to the opposite contrast
bet ween the richness of the Queensland coast in coral
reefs and the poverty of northwestern Australia in this
respect. Equatorial currents set westward, sweeping

pl anktoni ¢ coral larvae to eastern tropical coasts,
wher eas western ones are inpoverished. Nevert hel ess
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Fai rbridge considers that no inbal ance in nutrient
status is produced by oceanic upwelling so this

expl anation of the tropical coastal contrast is not
conpletely consistent wwth the one offered here for the
extra-tropical one.

In a paper given at the ANZAAS Hobart Congress in 1965,
J.M Bow er suggested that a possible source of biogenic
sand for the western and southern coasts of Australia

m ght be the reworking of offshore Tertiary |inestones.
The pattern of Tertiary |linmestones roughly parallels
that of the Quaternary cal careous dune sands and

i mestones and the question arises whether the sane
background of oceanic water nmasses and currents could
not |lie behind both.

Bird (1967) has discussed a different mechani sm which

m ght explain the pattern of quartzose and cal careous
sands in the southern parts of the continent, nanely the
wave energy factor. The south-easterly swell dom nant
on the east coast has significantly |l ess energy than the
sout hwesterly swell of the southern and western coasts
(Davies 1964); this could contribute to a variation in

t he amount of shell material driven onshore.

The whol e question remai ns an open one of absorbing
interest to many disciplines.

The cal careous sands and aeol i an cal carenites have
t hi cknesses up to at least 160 m though usually much
| ess than that. Where the dunes have advanced inl and
over a rising hilly basenent, absolute el evations of 200
m and over are known. |In these circunstances successive
dune systens generally overlap one another in conplex
fashion e.g. on the west coast of King Island and the
Cape Naturaliste-Cape Leeuwi n sector of the Southwest of
Western Australia (Fig. 6). Were, on the other hand,
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t he dunes have accumul ated on coastal plains, sequences
of separate dune ridges may develop and a relative
chronology is nore readily established, e.g. Swan
Coastal Plain, Western Australia; Southeast Province,
Sout h Australi a.

I n the Sout heast Province of South Australia, there
is a very elaborate array of parallel ridges of aeolian
cal carenite reaching as nuch as 100 km i nl and behi nd the
unconsol i dated sands i nmedi ately al ong the coast.
Hossfel d (1950) and Sprigg(1952) agreed in regarding
themas related to Pleistocene high sea | evel s of
interstadial and interglacial age and in assigning
themto the whole spread of the Pl ei stocene, but
differ radically in dating individual ridges. De Moy
(1959) finds a sonewhat sinpler situation in the Lake
Al exan-drina area. Sonme of the dune |inestone ridges
extend into the Portland district of western Victori a,
wher e Bout akoff (1963) al so thinks they belong to both
the Lower and the Upper Pleistocene but that they forned
in the glacial periods; a tenuous link in his
chronology is the altitidinal correlation of an erosion
surface truncating the older dunes with the Tyrrhenian
| evel of Europe, itself by no neans a certain datum
Mor eover the existence of additional ridges of parallel
pattern but of quartzose material, reaching as far as
240 kmfrom the present coast (Bl ackburn, 1962),
underlines the uncertainty attaching tB all efforts of
dating in this area up to the present.

B. The nost inportant addition to the literature on dune
i mestone since this paper was prepared is by Bl ackburn
et al.(1965). It deals with many matters treated in the
present study and several footnotes refer to it. These
aut hors have presented simlar and additional criticisns
to those presented here of earlier efforts to date
relatively the coastal dune ridges of the Sout heast.

I n Bl ackburn (1966) initial efforts at absolute
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dating of the sequence are to be found. C 14 dates of
24,950 + 300 and 30,600 £ 450 for shells belonging to
relatively young ridges close to the present coast in
t he Sout heast suggest that the whole series nust reach
wel | back into the Pleistocene.

G111 (1967) divides the cal carenites of southwestern
Victoria into the Port Fairy Calcarenite and the

War r nanbool Aeolianite, and attributes themto the Last
Interglacial and previous interglacials respectively. A
mari ne shell fromthe younger formation gave an ionium
dating of 125,000 years.

The situation is sinpler in the Swan Coastal Plain
where there are only three major parallel dune systens:
the ol dest quartzose, the internedi ate of well
consol i dated dune |inestones, and the youngest of
unconsol i dated or slightly consolidated cal careous
sands. MacArt hur and Bettenay (1960) ascribe these
three to the Riss-Wirminterglacial, the Wirm
interstadials, and the Hol ocene respectively. However
their dating al so depends on | ong range eustatic
correlations on an altitude basis, which cannot carry
much convi ction; noreover Bastian (1964) clains four
dune systens in the sane area.

In the southernnost part of the Cape
Nat ur al i st e- Cape Leeuwi n sector, there are three dune
systens (Bain, 1962). Mst inland are found well con-
sol i dated dune |inestones of very subdued relief beneath
red | oans (Deepdene Soil Association of Smth, 1951).
Internmediate in position and nature are found dune
i mestones of nore vigorous relief but |acking the depth
and continuity of soil cover found in the previous belt.



-54-

Coastward of them are unconsolidated cal careous sand
dunes of fresh appearance but fixed by vegetation for
the nost part (Leeuw n Soil Association of Smth, 1951).
A correlation of these three systens with MacArt hur and
Bettanay's three of the coastal plain t8 the north
cannot yet be other than a suggestion.

C. Coral wunderlying Coastal Linestone from Rottnest

| sl and, has been dated radionetrically as 100,000 +
20,000 years (Teichert, 1967). Tei chert attributes the
whol e of this formation to the Last d acial | ow sea

| evel on this evidence, but the conposite nature of the
Coastal Linestone renders such a sinple ascription
unconvi nci ng.

What ever their age, the terrestrial cal careous
sands of Australia's western and sout hern coasts have
been subjected fromthe nonment of their enplacenent to
the el enents, which have simultaneously consolidated and
karstified them The climatic conditions governing the
geonor phol ogi cal processes range fromal nost tropical to
the verge of cool tenperate and fromsem-arid to humd
wth either a well distributed regine or a winter
concentration. In addition to their direct influence,
these climatic differences are significant indirectly
through their effect on the runoff from adjacent
i npervi ous rock areas. Certain climatic el enents of
the areas to which nost reference will be nade are set
out in Table 3.

Nat ural vegetation varies with clinmte. Now
|argely cleared, King Island had its dunes and dune
| i mestones covered by open eucal ypt woodl and or
boobyal | a - manuka shrubl and. In South Australia, the
sands carried coastal wattle and boobyal | a shrubl and
wi th mal | ee- broom bush and mal | ee-heath on the
calcarenites. A greater
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range in type occurred in the Sout hwest of Western
Australia with its strong decline in rainfal

nort hwar ds. In the high rainfall of the south, wet

scl erophyl| forest with karri covered the cal carenites,
w th heat h-scrub, including pepperm nt (Agonis) and

bl ackboy (Xant horrhoea), on the sands. Nor t hwards dry
scl erophyl | woodl and repl aced the wet scl erophyll forest
but in the areas north of Perth heath-scrub stil

dom nates nearly the whole coastal |inestone belt.

TABLE 3

REPRESENTATI VE CLI MATI C DATA FOR SELECTED AEQLI AN
CALCARENI TE AREAS

MEAN DAILY TEMP ° C | MEAN KOPPEN
ANNUAL CLI MATI C
AREA RAI NFALL | TYPE
JAN JULY ANNUAL | MM
King 1., Tasnmania 16 11 13.5 700- 1000 | Cfb
Sout heast 18 10 14 500- 750 Csb
Provi nce, South
Australia
Kangaroo |I., 18 12 15 500- 630 Csb
Sout h Australia
The Sout hwest ,
Western Australia
(August a - Dongar a)
(a) Sout h 18.5 | 14 17 900- 1150 | Csb
(b) Centre 23 13 18 750- 900 Csa
(c) Nort h 24 15 19.5 500- 750 Csa




LI TH FI CATI ON AND SOLUTI ON Pl PE DEVELOPMENT

When vegetation has fixed cal careous dune sands,
t he downward percol ati on of rainwater becones an
effective lithifying agent. " Bi ol ogi cal' carbon
di oxide fromroot respiration, vegetal decay and soi
m cro-organi sns greatly magnifies the aggressiveness of
rai nwat er whi ch contains only noderate anounts of this
gas when it reaches the ground surface. Acidic
percol ation water | eaches surface |ayers of cal cium
carbonate and deposits it |ower down, cenenting the

| oose sand grains with a calcite matrix. The mechani sm
of precipitation of the carbonate in the dunes does not
seem to have been closely investi gated. Negati ve

variations in CO, content in the air in voids in the
dune sand coul d cause such precipitation but it is not
known whet her such variations occur. Capillary rise of
soil waters through the drying out of the surface could
certainly result in evaporation and the precipitation of
carbonate, but capillary rise of this type is thought to
operate only over very short distances and close to the
surface. More i nportant nmay be the sinpler process of
the retention of thin filnms of water around sand grains
t hrough surface tension as water descends to the
groundwat er table and the subsequent drying out of such
carbonate-rich fil ns.

In the early stages of consolidation, at |east,
much of the precipitation of calcium carbonate takes
pl ace along roots (Fletcher, 1934). This is evident
fromsections in partially consolidated dune sand, e.g.
in coastal cliffs, blowuts or road cuttings, where very
of ten branching calcite bodies are freed of the | oose
sand between and can resenbl e dense thickets as Darwi n
(1845) observed (Pl. 8). Darwi n and ot hers cl ai ned
that calcite has al so accreted round and repl aced stens
and trunks of vegetation buried by the incom ng sand.
This idea fostered the appellation given to the
so-called 'petrified forests' e.g. near Seal Rocks, King
| sl and. Bout akof f (1963) has naintained that this
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second process does occur in the Portland area of
Victori a. However secretion round the roots of
vegetatiBn grow ng down into the sand seens to be nore
conmon.

D. Bl ackburn et al. (1965) give a val uable

di scussion of pipes in the cal careous dune ridges of the
Sout heast of South Australia. They di spute
interpretation in terns of buried tree trunks because of
the rounded bottons of pipes and regard them as due
solely to solution under gravity with soil infil
follow ng. They correlate maxi num depth of soil pipes
wth both relative ages of dune ridges and depth of

capr ock.

Consol i dation proceeds fromthe building of this
nore resistant framework within the sand to the overal
lithification of layers and ultimtely of the whole
bodi es of dunes. Sections frequently show t hat
lithification of an horizon parallelling the surface or
of the surface layer itself is succeeded downwards by
| ess consolidated sands; for this frequent devel opnent
the term ' caprock' has | ong been used and ' kankar' nore
recently. The comon process seens to be one of
case- hardeni ng, acconpani ed by sone | oss of volune and
reduction in vigour of dune form

Caprock has not in general devel oped in the zone of
oscillation of the water-table, either seasonal or
| onger term In the Augusta caves area of the
Sout hwest of Western Australia, the considerable depth
to the water-table and its very flat nature there
precl ude such an explanation (D.C. Lowy, pers. comm).
Mor eover the caprock has quite strong relief in many
areas whereas water-tables in dunes generally have the
formof broad gentle dones (e.g. WIllis et al., 1959;
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Ranwel |, 1959). Only in waterl ogged holl ows does the
groundwat er reach the surface periodically and caprock
formation is not confined to such situations.

Conpact ed dune |inmestone often occurs beneath a
soil cover e.g. in the innernost belt near Augusta
menti oned above; however it can al so be w despread at
the surface, especially over the higher parts of dune
systens. This fact, conbined with the frequent
occurrence of siliceous dunes in the rear of aeolian
cal carenite systens, has |ed several authors to
postul ate the stripping of residual siliceous sands from
aeolian cal carenite cores and the accunul ati on of these
| eached residuals inland as separate dune systens
(St ephens and Hoski ng, 1932; Crocker, 1941; Boutakoff,
1963) . Since many of these siliceous dunes formranges
parallel to the seaward cal careous dune ridges, it seens
unlikely that these are secondarily derived since
transgressive systens are to be expected fromsuch a
process. Instead they are either earlier primary
dunes, initially chiefly cal careous but now very deeply
| eached, (Macarthur and Bettenay, 1960) or prinmary dunes
al ways of siliceous conposition (Jennings, 1959). The
occurrence of conpacted dune |inestone at the surface in
the nore seaward belts can then be regarded as due to
| ocal deflation and short distance transpoEt to
accunul ation sites in nearby dune hol | ows. The net
result on the latter hypothesis is a | oss of original
st eepness and sharpness of individual fornms but little
| oss of sand froma given dune system as a whol e.

E. Bl ackburn et al., (1965) al so consider that the
siliceous sands are by no neans all derived fromlong

di stance transport of |eached sands from cal careous dune
ri dges seaward but in part represent | ocal
transportation.
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Closely related to the process of lithification is
the problem of 'solution pipes' in these cal careous dune
material s. Under this nanme are included a range of
features resenbling the 'solution pipes' of the
Cretaceous chal k of W Europe (Kirkaldy, 1950), the
"Orgel pfeiffen' in tougher, nore conpacted |inestones
(Penck, 1924), lapies wells (Cvijic, 1924) and open
pot hol es in such rocks. But they also differ fromthem
in inportant ways, for instance in their |ack of
association with joint planes, and in the fact that they
are not solely solution phenonena. They are
cylindrical or conical forns, either soil-filled or
hol | ow, and of varying size. Most often described from
the coast, where they are often seen in section and are
to be neasured in decinetres to at nost a few netres
e.g. at Point Peron, Western Australia (Fairbridge,
1950), they also occur inland, where they are known up
to the size of Arunvale Pipe, which is an open pipe 27 m
deep.

This variety itself suggests that nore than one
process is involved but individual occurrences show this
al so. Thus in a road quarry in young and only
partially consolidated dunes on the west coast about a
kil onmetre north of Cape Leeuwin is a series of pipes
filled wth black hunus-rich rendzinas and nuch
penetrated by the roots of scrub growing in the dune
surface (Pl. 9). The pipes vary fromshort, blunt cones
projecting downwards fromthe general soil cover to
irregular cylindrical forns of somewhat greater |ength
up to about 2.5 mlong. These pipes are defined by a
surround cenented by secondary calcite, which forns a
much nore consolidated envel ope than the lightly
consol i dated sands into which the whole features are
inset. This envel ope sonetinmes projects farther down
than the soil-filled pipe itself but roots in sone cases
penetrate this solid continuation. It is hard to envis-
age a nmechani sm wher eby hol |l ows devel oped first, to be
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filled ater with soil and penetrated by roots; a

si mul t aneous devel opnent of all elenents is indicated.
Root growth down into the unconsolidated sand provides
aggressive solutions which preferentially | each the

cal careous material around them Thi s produces a
greater depth of soil along the pipes, extends their

| ength and causes precipitation of calcite around to
formthe walls. In the earlier stages at least, this
associ ation of pipe, soil and walls is a syngenetic one.

Hol | ow pi pes occur in two main kinds of situation,
coastal and inl and. Al ong the coast open pipes occur
chiefly within the spray zone and the passage of nuch of
this spray as well as rainwater seepage through soil and
rock would seemto have been responsible for the
evacuati on. Sone of the topsoil may have been stripped
in these exposed positions by aeolian erosion to pronote
the renoval downwards by percol ation of corrosive
wat er s. Enl argenent by spray and rain would foll ow
evacuation of the soil fill.

I nl and open sol ution pipes seemto be associated
W th caves. They usual Iy narrow downwards and then
open into cave chanbers normally at roof level, as in
the natural entrance to Jewel Cave. Arunvale Pipe
already nentioned is 3 mby 2.5 mat the surface and
slightly angular through fracture but this formis
qui ckly repl aced downwards by a snooth rounded tube, 2.5
min dianmeter to begin with but reducing to 1.5 mat the
bottomwhere it opens laterally into a cave about 100 m
| ong. Easter Cave, Augusta, has three solution pipes
cl ose together leading fromthe bottom of a do-IiEe into
the roof of its entrance chanber about 8 m bel ow.
There is a large flowstone and earth pile beneath the
pi pes but it is chiefly conposed of soil which the pipes
have fed into the chanber, not of rock debris.
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Further on in the cave in the 'Chanber of Tresses', is a
simlar pile of earth and fl owstone, which in this

i nstance | eads upwards into a pipe in the caprock sone
3-5 mbefore a conplete soil blockage is net. The
"tresses' to which the chanber's nane refers are tree
roots, sone of which conme down the pipes.

F. Since this paper was prepared, Lowy and Bain
(1965) have described the main pipe here as
"travertine-lined" i.e. differentially cenented.

Whet her these deeper pipes are due mainly to
solution of the caprock after consolidation or devel oped
fromtop to bottomduring lithification by the
conbi nation of |eaching along a descendi ng water thread
t hrough the sand and associ ated cenenting of the
surround is uncertain. In the well forested part of
the dune linmestone in the Sout hwest of Western
Australia, it is evident frommany caves that large tap
roots of such trees as karri and tuart comonly pass
t hrough sol ution pipes into cave chanbers bel ow e.g. one
of the Easter Cave pipes nentioned above has a karr
taproot along it. There are the two possibilities (a)
that the taproot followed a pre-existing, soil-filled
pi pe downwards or (b) that the growh of the taproot has
proceeded pari passu with the downward extension of the
pi pe and that the root has gui ded water down the
devel opi ng pi pe. It nust be renenbered here that with
forest trees a substantial proportion of the
precipitation falling on the crown is carried down the
trunk and seeps into the soil imedi ately around the
stool wth a possible concentration of subsurface
noi sture beneath the trees. Root respiration and
organi c acids associated with roots would increase the
aggr essi veness of water seepage down the root. Fi ne
grow ng roots can be seen in Lake Cave,
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Wtchcliffe in sand nearly 60 m beneath the surface;
many simlar instances at |esser depth can be seen in
this area, showing that the possibility that root
devel opnent acconpani es anderonDtes sol ution pipe
devel opnent is a real one.

G Lowy (1967) has cast doubt on this process of
concentration of vadose water by trees but does consider
root 'exudates' inportant in the attack on the

| i mestone.

Surface exposures of caprock often show forner
solution pipes largely or conpletely infilled by
concentrically disposed calcite. CGentilli (1963) has
suggested that the pipes devel oped beneath the surface
ina 'humd phase' and the infilling in a succeedi ng
"dry phase'. It is not clear whether Gentilli neans
substanti al phases of climatic history or short term
phases of season and of weat her. Fresh sections in
young, soil-filled, small pipes such as those near Cape
Leeuwi n nenti oned above certainly give the inpression
that | eaching and precipitation are both going on at the
present tine and favour a theory of short term phasing
in their devel opnent. There is in fact no reason why
| eachi ng and precipitation should not be going on
simul taneously in close proximty.

So instead of the famliar solution phenonena al ong
joint intersections, characteristic of older |inestone
conpacted | ong before their devel opnent, sol ution pipes
in aeolian calcarenite are involved also in the process
of lithification through precipitation of calcite al ong
the walls of | eached passageways through the sands.
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Root growt h both pronotes and is pronoted by pipe

devel opnent. Furt her nore nechani cal evacuati on of deep
pi pes of their soil and sand fill can acconpany cavern
formati on bel ow.

A different aspect of the solution pipe phenonenon
is found in the |inmestones north of Jurien Bay in the
coastal plain of the Southwest of Wstern Australi a.

The Tonbstones, which are as nuch as 2 m high, represent
the calcite walls of solution pipes, standing free at
the surface through the renoval of the surrounding
unconsol i dated sand by wi nd transport (Pl. 10).

It is possible that joints as opposed to beddi ng
pl anes are not as conpletely |lacking from aeolian
calcarenite as this account so far m ght suggest.
Where caprock is exposed over substantial dune surfaces,
not only the projecting tops of partially or entirely
calcite-filled solution pipes are to be seen but also
linear, narrow ribs, a few centinetres high and severa
metres long, wth cracks al ong them These are
suggestive of accentuated lithification along a joint
produced at an early stage in consolidation perhaps
through differential |eaching in neighbouring sand
masses. Such incipient joints would pronote both flow
and calcite precipitation along thensel ves.

Where caprock is exposed directly to rai nwater
solution at the surface in conditions of little or no
di sturbance of the natural vegetation e.g. in the
heat h-scrubs north of Perth, the characteristic result
is aquite irregular corrosional pitting. Only very
occasionally are there to be seen poor incipient
Rill enkarren (solution flutings) e.g. around coll apse
dolines on the top of the dune ridge northwest of
St ockyard Gul ly Cave. Simlar absence of gravity-
controlled rai nwater solution features has been
attributed to | ow rain-
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fall in the Nullarbor Plain (Jennings, 1963) but here
the rainfall seens to be too great and too well
concentrated seasonally for this explanation to apply.
This is supported by the fact that the caprock shows the
sane surface characters where it is exposed between open
canopy woodl and on the internedi ate dune |inestone belt
in the Deepdene- Augusta area of the Sout hwest where
rainfalls are quite high. The corrosional irregularity
may have its origin in the porosity and the irregular
l[ithification in detail of the calcarenite. Artificial
removal of soil cover fromthe ol dest cal carenite near
Jewel and Moondyne Caves, Augusta, has exposed snooth
subsoil solution surfaces in solid caprock. Thi s m ght
be attributable to greater consolidation were not
sim |l ar snoothed subsoil surfaces including Rundkarren
(rounded sol ution grooves) and Kluftkarren (grikes or
solution slots) found over the roof of A yennu Cave and
around Moore's Cave, both near Stockyard GQully Cave, in
the sane cal carenites nenti oned above as carrying

i nci pient Rillenkarren. It seens instead that subsoi
solution is less sensitive to mnor differences of
Iithhfication than rai nwater sol ution, which etchs them
out .

H. It is apparent fromillustrations in Bl ackburn et
al. (1965) that this account of Karren applies also in
t he Sout heast of South Australia. They also note
vertical joints in the caprock

DRAI NAGE

When rain falls onto i ncoherent dune sands, it
usual ly fails to produce surface runoff. In the case
of cal careous sands, this condition persists into the
| ater phase of conversion into |inestone.
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An exception is provided by certain cal careous
dunes near Eyre on the Roe Plain south of the Null arbor
Pl ai n. Here am dst a broad field of nmallee-covered
dunes of normal form vertical air photographs reveal ed
a small nunber of ridges with a herringbone pattern due
to gullying on both flanks. Fi el d exam nati on of one
of these, not the nost extrenme, showed there were
shallow, widely flaring gullies, with active |linear
i nci si on above and fan deposition bel ow The only
i nstance of a conparable nature known to the author is
in ferruginised and partly consolidated quartz dune
sands, recorded by Coal drake (1962) in the Teewah Sands
of South Queensl and. In the exanpl es in cal careous
sand, this gullying may be related to a particul ar
i nternedi ate stage of consolidation, which is sufficient
to prevent the imedi ate percol ation characteristic of
i ncoherent sands and produce sone concentration of
surface runoff but not enough to provide the resistance
to erosion presented by caprock. However, this
hypot hesis is open to the objection that such an
i nternedi ate stage of consolidation should occur w dely,
and provide plenty of exanples of this kind of dune
form whereas this one area is all that is known so far.

Climatic conditions and basenent topography can
conbi ne to produce other exceptions. Thus the
cal careous dune sands and aeolian cal carenites of King
| sl and have a rather high effective precipitation for
such areas in Australia, and here sonme swanpy
wat er cour ses such as Boggy Creek are found within the
west coast dune belt. In the case of Boggy Creek it is
probabl e that a bedrock valley buried beneath the dunes
hel ps gat her underground flow, which gives rise to a
short surface river course near the coast where the
basenment is not far beneath the surface. At the coast
this stream has built a sequence of rinstone dans (Pl.
14) from about 3 m above high water nmark down to | evels
bet ween tidemarks (Jennings, 1956).
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- PLATE 11

Aeolian calcarenite cliffs with two buried soi
hori zons at Hanelin Bay. Hanelin Island al so of
Coastal Linestone in background.

PLATE 12

Deepdene near Karridale, Wstern Australia.

On the eastern (left) side aeolian calcarenite
cliffs rise 60m The crystalline basenent
outcrops in the channel of Turner Brook, which
fl ows through the gorge to the sea which can be
seen in the distance.

- PLATE 13

Col | apse doline in crest of aeolian calcarenite
ridge near Stockyard Qully, Western Australia.
The caprock overhangs all round penetrated by
solution pipes (bottomleft), whereas
unconsol i dat ed crossbedded sands bel ow are
recessed.
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More usually the rain soaking into the dunes
energes in springs on or close to the shore. In King
| sland, the Dripping Wlls, on the west coast a little
north of Boggy Creek, are petrifying springs energing
froma low marine cliff in aeolian calcarenite and
formng stalactites and stalagmtes in shall ow over hangs
(PI'. 15). Again just north of Cape Leeuwin in the
Sout hwest of Western Australia is an old waterm ||,
whi ch has been cenented solid by tufa. The spring that
feeds this mlIl energes fromthe foot of only slightly
consol i dated dunes, which have advanced up the seaward
face of a bedrock ridge; this spring's supply cones
entirely frompercolation into the dune surface.
Percol ation into dunes is general over their surface but
exsurgence is usually localised in springs such as these
exanpl es di scussed. Whet her these springs are
| ocal i sed by bedrock topography beneath the dunes or
whet her they are |linked to the devel opnent of joint
pl anes in association with lithification of the
i ncoherent sands is a matter for investigation. Along
the west coast of King Island, the basenent topography
judging fromits outcrop along the shore bel ow t he dunes
seens to be part of a well planed erosion surface; as a
result outflow can be continuous along | ong stretches of
the coast a little above high water mark and cl ose to
the contact with the basenent. A convexly bulging strip
of 'tufa-marsh' develops along this line (Jennings,
1959) .

O nore frequent occurrence than the conplete
burial of coastal valleys and seaward directed slopes is
the tendency to the formation of barrages or dunes
across the coastal parts of drai nage systens. The
consequences vary. Mst frequently, the rivers maintain
a nore or less direct course to the sea, renoving the
sand as it blows into their channels. Big discharges
and uni formregi nes favour the preservation of previous
cour ses.
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In the climatic conditions of King Island steady fl ow
all the year round is the nore inportant factor, whereas
in a case such as the HIl River well north of Perth

mai nt enance of its course despite the enpl acenent of
successi ve coastal dune systens has depended on few but

| arge winter fl oods.

One result of a persistent surface course in these
condi tions can be the building of 'gorges of
construction' (Jennings, 1957). Thus in King Island,
the Ettrick R ver and Badger Box Creek flow through the
dunes in steep-walled valleys up to 60 m high; these
wal |s are not the result of river erosion but of aeolian
accunul ation on either side whilst sand blown into the
river was renoved

On gently inclined coastal plains, though a surface
course nmay be maintained, |ateral deflection of the
river is usually involved e.g. Seal River, King Island;
Serpentine River, and Harvey River., Swan Coastal Plain,
Western Australi a.

Where gorges are found in consolidated dune
i mestones, the question arises whether they may not be
due to cave collapse rather than to construction in the
manner descri bed above. For exanple, a coll apsed cave
origin may be considered for Deepdene (Fig. 8, PI. 12),
a cliffed valley through which Turner Brook reaches the
sea in the southernnost sector of dunes along the Cape
Nat ur al i st e- Cape Leeuwi n coast. But certain features
of the physiography tell against such an interpretation.
East of Deepdene there is a broad belt of dune Iine-
stone, though it is largely buried by a | ater advance of
still largely unconsolidated dunes fromthe sea. In
this calcarenite there is along line of high cliffs up
to 60 m high. West of the Brook, there is only a short
I ength of steep wall in consolidated rock and it
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is also nmuch | ower. Bain (1962) has argued that this
di screpancy between the two walls tells against a
col | apse origin. The di screpancy is certainly related

to the fact that there is only a small patch of aeolian
calcarenite on the western side of the river, surrounded
by younger unconsoli dated cal careous sand dunes. A
depression in these dunes | eads round the northern and
western sides of this outlier of dune |inestone, though
it is separated fromthe sea by the outernost dunes,
which in fact deflect the Brook slightly at its nouth.
The hi gh eastern Deepdene cliffs extend north of the
junction of this depression in the new dunes with the

Turner Brook vall ey. Vi ewed nore generally, the new
dunes bl ocked a gap in the ol der dune chain north of the
Deepdene vicinity. | f the ol der dunes represented by

the aeolian calcarenite were fornerly continuous across
the line of Deepdene, the Brook woul d have been
deflected only a short distance to the north to reach

t he sea uni npeded. There woul d have been little to
pronote the devel opnent of a cave, especially a big
cave, across the northern nose of the old dune ridge.

It seens nore probable that Turner Brook persisted in
surface flow through the old dunes as they accunul at ed.
After consolidation and sone cliffing on their seaward
face, the old dunes were later partially swanped by a
younger sand invasion, through which the river once nore
mai ntained its westward course. Though Turner Brook
has only a small catchnent, there are other streans in
no nore favourable climatic conditions and with even
smal | er catchnments not far to the north which have
continued to follow their earlier courses through dune
barrages e.g. Biljedup Brook and Qui ni nup Brook.

Though streans generally were able to renove the
sands tending to block their path, there are cases where
the drainage fromthe interior was unable to maintain a
surface course through an accunul ating sand barrier.
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These streans were bl ocked and their waters had to pass
under ground t hrough the dunes. In a climate which is
rainy throughout the year such as King Island's only
smal | drai nage basins are usually blocked in this way.
These circunstances are likely to result in pernmanent

| akes; for exanple, Lake Flanagan, the | argest |ake in

King Island, is of this type (Jennings, 1957). In the
seasonal ly dry conditions of the Southwest of Wstern
Australia, the pattern is nore conplicat ed. In the

hi gh rainfall sector between Cape Naturaliste and Cape
Leeuwi n, conditions are rather |ike those of King

| sl and. All the large rivers such as Margaret River,
El | enbr ook, and Gal gardup Brook retai ned their courses
to the coast. A few smal l er streans were bl ocked by

the dunes, e.g. N ndup Brook, Breakneck Gully Creek.
Swanps and intermttent |akes sonetines devel oped round
the point of entry into the dunes e.g. near Ruddock's
Cave. In lower rainfall country such as north of
Perth, longer dry seasons and | ess frequent high stages
during the winter season permtted nuch | arger
catchnents to be barred by the coastal sands, e.g.

Nanmban Ri ver. Large tenporary | akes may formin such
circunstances, e.g. at Stockyard Gully. Farther north
still Arrowsmth River flows into a rather nore

persi stent pondage, Arramall Lake, which drains
under gr ound.

So al l ogeni c drai nage may go underground in this
context as in the nore usual karsts in marine
limestones. In the case of the latter, however, there
is the possibility to be reckoned with that initially
the allogenic streans fl owed across the karst concerned
and t he di sappearance devel oped later. |In the case of
the coastal dune |inestones this kind of evolution is
not invol ved.
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As with the rain waters percolating vertically into
the dunes, the waters entering laterally as drai nage
from nei ghbouring inpervious rock terrain energe for the
nmost part either on or close to the shoreline. Thus,
in King Island the Lake Fl anagan waters reappear at The
Springs, resurgences in collapsing | oose sand a few
yards from high water mark on the coast about 1.5 kmto
the west of the |lake (Fig. 9). Al ong t he Cape
Nat ural i st e- Cape Leeuwi n coast in Western Australia many
springs on or near the shore are plotted on the parish
maps; sonme of these nust represent the resurgences of
drai nage entering the inner margins as well as
exsurgences such as the Cape Leeuw n water m | spring.
No such connection has yet been proven, however,
al t hough fluorescein testing has shown that the stream
in Calgardup Cave at the inner margin of the dune
i mestone near Wtchcliffe flows to Connolly's Cave
about a kilonetre and a half to the west and this in
turn lies fairly close to Bob's Holl ow Spring not many
metres fromthe shore. It is likely that N ndup Creek
and the stream entering Ruddock's Cave energe here al so.
Bob's Hollow Spring rises at the foot of an aeolian
calcarenite cliff about 6 m above high water mark, a
hei ght corresponding with that of an energed nmarine
platformjust to the north. Al ong ot her stretches of
t he coast the dune |inestones extend bel ow sea | evel and
there is the additional possibility of submarine
springs; none has been reported as yet however.

Spring recession producing 'steepheads', charac-
teristic karst features, has not yet been noted in
Australian dune |inestones, though a possible relict
case is discussed bel ow.



CLOSED DEPRESSI ONS AND SOVE RELATED FEATURES

In nore usual kinds of karst, closed depressions
are the product of karst processes, though in gl aciated
areas rock basins due to glacial scour can conplicate

the picture (Jennings, 1960). I n cal careous dune
systens, closed depressions occur as initial features
due to the inequalities of aeolian accunul ation. These

persi st through the |lack of surface drai nage, which
woul d tend to produce integrated slope and thal weg
systens. Even after leaching and lithification has
greatly subdued the initial aeolian forns of dune
country, the primary cl osed depressions remain
significantly different in formfromclosed karst

depr essi ons. Broad i nter-foredune swal es and t he axi al
hol | ows of parabolic or U-dunes are primary fornms, which
remai n recogni sable after considerable tinme has el apsed
and much sharpness of form has been | ost. Thus
Strong's Cave is situated in a forner U dune axi al
hollow in the ol dest aeolian cal carenites of the Cape
Nat ural i st e- Cape Leeuwi n sector of the Sout hwest.

Superinposed on these primary forns are distinct

features of karst origin. Thus in the Sout hwest of
Western Australia there are solution dolines, collapse
dolines and certain el ongated col |l apse features. These

are all found, of course, in old lithified dune systens,
at least to the extent of having a crust of 'caprock'.

A corollary is that they are conpletely absent from Ki ng
| sl and, where aeolian calcarenites are nearly everywhere
buried by | ater dunes as yet unconsol i dat ed.

J. Bl ackburn et al. (1965) nmap the distribution of
cl osed depressions in the Southeast of South Australi a;
they occur in several dune ridges but mainly nore inland
ones.
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In the Sout hwest, the solution dolines known to the
witer are all small in size; such are found associ ated
wth Easter Cave, Jewel Cave and Labyrinth Cave near
August a. The Easter Cave exanple may be cited in nore
detail (Fig. 3, Fig. 10; PI. 1). Breaking a gentle
slope, it is asymmetrically conical, being about 4 m

frombottomto lip on the downhill side and about 7.5m
on the uphill. In plan it is 35 mw de downsl ope and
29 mw de across the sl ope. From t he base of the cone,
three sol ution pipes | ead down through undi sturbed
caprock into the initial chanber of Easter Cave. The
smal | est of these |eads a taproot into the chanber
though there is no tree directly above. The si des of

the doline are alnost entirely soil covered as is the
general surface of this ol dest dune system of the

Sout hwest . There seens no reason to exclude the
possibility of such solution dolines devel opi ng par
passu with the solution pipes and with the caprock. A
nore |ikely sequence may be the formation of the caprock
and pipes with a soil fill first, then subtraction of
the soil fill into a cavern bel ow The pronotion of
soil novenent to the pipes woul d acconpany and foll ow
this, so bringing the surrounding top surface of the
consol idated cal carenite nearer to the surface proper
and subjecting it to greater subsoil solution; this
concentration of solution would result in the

devel opnent of a conical hollow in the caprock.

K. Recently Lowy (1967) has augered around this
doline and found that it is not a solution doline as
proposed here; the depression is actually in a thick
soil cover and the surface of the caprock in fact rises
t owar ds the pipes. This depression is due to soi

sl unpi ng down the sol ution pipes. O her coni cal
dolines in the vicinity are probably simlar in origin.
They do not fall easily into existing term nology and is
proposed here that they be called 'soil subsidence
dol i nes'.
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Col | apse dolines are not characteristic of this belt
of lowrelief in which these Augusta caves are found,
though the Big Hole within the belt is nore of a
col | apse doline than a solution doline, both processes
contributing to it. The Wtchcliffe cave area, a
little further north but still within the high rainfal
belt, has the nost prolific developnent in the Southwest
of collapse dolines, both in nunber and si ze. The
entrance to Lake Cave nmay be taken as representative and
not an extrene case. It is about 45 m across and has
nearly vertical to overhanging cliffs. On one side the
cliffs are only some 7 m hi gh above the top of a | ong
tal us sl ope which | eads down to the base of
stalactite-clad cliffs about 28 mhigh on the far side,
whence access is to be had to the descendi ng cave
passage. Strong's Cave has a nuch snaller and
asymmetrical collapse doline at its entrance. This is
at the foot of 8 mcliff on one side with the remaining
sides form ng an anphitheatre of steep soil covered
sl opes; a 6 m bl ockpile beneath the doline | eads down
into the entrance chanber.

Though nore conmon in the rainier south, coll apse
dolines are not absent fromthe drier northern part of
t he Sout hwest. A chain of such features in various
st ages of devel opnent are spaced over a |line severa
kil onetres |long northwest fromthe beginning of the
Stockyard GQully cave system R ght on top of the dune
ri dge northwest of the Stockyard GQully depression is one
whi ch appears the freshest and youngest, breaching the
dune crest abruptly as if it were a cracked eggshel
(PI. 13). It is round in plan, approximately 25 min
di aneter and about 12 m deep. Al nost all the way round
it, the caprock projects in an overhang of varying w dth.
The recessed |l ower walls consist of nuch | ess consoli -
dat ed, al nost incoherently sandy calcarenite. The form
of this collapse doline is thus closely related to the
characteristics of this kind of |inestone. Bet ween 400
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and 700 mto the northwest are four other collapse
dolines in various stages of degeneration. The
northernnost is oval (60 mby 45 m and has nearly
vertical upper margins only 4-6 min height, bel ow which
tal us sl opes reach down 7-9 m nore. Over hangs are
small and only found at the ends of the major axis,
which is related to the fornmer underground drai nage

I'ine. Col | apse dolines nust clearly postdate caprock
devel opnent and so are not wholly syngenetic, though
clearly the first exanple nentioned still has

characteristics deriving fromthe fact that
lithification is not yet conplete.

Certain larger features are closely related to these
col | apse dolines and also owe their origin predom nantly
to col | apse. St ockyard Qully proper is a short gorge
in the dune linmestone imediately in front of the first
section of the cave, where the river goes underground.

It was undoubtedly caused by recession of the entrance

arch of the inflow cave through breakdown. | ndeed in
1963 a substantial piece of the entrance lintel of the
order of 7 mby 3 mby 2 mfell into the river channel

Beyond the first section of cave, there follows an open
si nuous valley, sone 10 m deep, the flaring sides of
which are mainly of soil or of broken rock; only in
parts do the sides culmnate in slight cliffs. From
one arch to the other at the ends, this valley is about
400 mlong and is nost readily explained by roof
col l apse of a cave along its | ength. It resenbles in
principle, though not in size, the Rak valley near
Postojna in the Sloveni an Karst.

Breakneck Gully near Wtchcliffe is a short gorge in
whi ch a creek di sappears underground in a boul der
ruckl e. It is another but smaller exanple of arch
recession of an inflow cave as at Stockyard Gully.
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Boonerang Gorge at Yanchep about 110 km north of
Perth appears to be basically due to resurgence head
retreat, though it no | onger possesses a river and its
head now cl oses in a gradual sl ope. However, a spring
rises at its nouth, feeding into Loch McNess, which
occupi es part of an interdune swal e and drains
underground into the next seaward ridge, Centilli
(1963) has pointed to the absence of |arge coll apse
bl ocks i n Boonerang Gorge as an argunent for gradual
' st eephead’ devel opnent as opposed to general roof
col | apse along the I ength of cave.

Not hing akin to the | arger kinds of closed
depression of the classical karst of Yugoslavia - uval a
and polje - has yet been recognised in Australia's dune
i mestones even in the rainiest parts of the Sout hwest
of Western Australi a, At first sight the interdune
corridors mght well be thought of as suitable loci for
t he devel opnent of poljes by |ateral solutional
undercutting and there may be the very begi nni ngs of
this process in the interdune corridor at Yanchep, in
which the artificial Loch McNess has been made. Thei r
general absence, however, may be a result of inadequate
time for their formation since the enplacenent of the
sands. O her possible causes are insufficient materi al
suitable for the formation of alluvial seals, which seem
essential to polje formation, catchnments which are too
smal |, or insufficiently aggressive waters.

CAVES

Per haps nowhere else in Australia is there, area for
area, such a great array of devel oped and potenti al
"tourist' caves as in the Yallingup-Augusta belt in the
Sout hwest of Western Australi a. Ext ensi ve caves have
devel oped with el aborate calcite decorations (Pl. 17),
particularly in the formof straw stalactites and helic-
tites. Wat is thought to be the world' s |ongest straw
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stalactite, 7.2 mlong, is found in Strong's Cave and
others, e.g. in Jewel Cave, fall not far short of this
| engt h. These facts give an indication of the
propensity of aeolian calcarenite, given suitable
climatic conditions, for underground devel opnent during
[ithification because the materials in which the caves
are found are far fromall being as conpletely and
uniformy lithified as i s possible under present

condi tions, (Sinpson, 1906). | ndeed quite | oose sand
is encountered in sone cave walls.

Di scussi on of cave devel opnent in the dune
i mestones of Australia is hanpered by the fact that
very few of them have been surveyed in sufficient detai
for norphol ogi cal anal ysis, a notable exception being
the Kelly Hlls Caves in Kangaroo |Island, South
Australia (Fig. 7). Nevert hel ess germ nati ve
di scussi ons have been witten by H Il (1957), Bastian
(1962; 1964) and Bain (1962) and the foll ow ng account
rests heavily on them

Both Hi Il discussing the Kangaroo |sland caves and
Bastian with regard to those of the Sout hwest of Western
Australia have argued that the chief nmechani smof cave
formation is horizontal solution by water flowing into
the dune belt laterally fromthe inland areas and not
vertical solution by percol ating rai nwater. It is
mai nt ai ned that the high porosity retained after
lithification and the absence of joints prevent
downwar d percol ating water from concentrating to pronote
cave evacuation. This point of view exaggerates the
absence of joints; as an instance a very large fallen
bl ock defined on one side by a joint plane can be cited
from Lake Cave, Wtchcliffe. It al so neglects the
exi stence of solution pipes which can concentrate
surface drai nage as we have seen and so play a role in
cave devel opnent. It is true that we are
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chiefly aware of pipes where they are associated with
cave breakdown e.g. the Chanber of Tresses in Easter
Cave. However there seens no reason to preclude the
possibility of solutional work prior to coll apse being
fed frompipes to a significant degree. Mores Cave
near Little Three Springs north of Perth has a pothol e
type of entrance, which is sinply an enl arged pi pe and
as yet there is no evidence of lateral stream solution
being involved in this cave's fornmation.

Bastian finds a contradiction in allocating to
percolation water the two roles of lithifying the sand
into rock on the one hand and renoving sonme of it in
solution to formthe caves on the other. Thi s negl ects
the real possibility of seasonal or aperiodic variation
in the aggressiveness or saturation of these waters,
varyi ng perhaps with the biological activity of the soi
and vegetation cover so that they nmay be responsible for
cave evacuation sone tinmes and for sand consolidation at
ot hers. Mor eover these waters could help in cave
formation by mxing with laterally noving water of
different properties ('M schungskorrosion', Bogli,

1964) . The view that caves can be fashioned by the
rain of the dune belt itself finds sone support by the
actual occurrence of the caves near Augusta in the

sout hernnost sector of Cape Naturaliste-Cape Leeuw n

cal carenite. Here the underground drai nage seens to be
directed fromthe dune belt itself towards its inland
margin, into swanps, and thence to the Bl ackwood Ri ver
(Bain, 1962). Despite this case, however, it is to be
expected that after the dune belt rai nwater has

percol ated through the cal careous nass and gathered into
| arger waterbodies, it will be nmuch | ess aggressive than
the stream drainage fromacid soil country inland. I n
Table 4, sanples 17 and 6 are perhaps indicative in this
respect; 17 is a roof drip in Lake Cave, Wtchcliffe,
and is saturated, whereas 6 fromthe streamin the sane
cave renmai ns aggressive, admttedly after a fairly short
travel underground fromthe eastern margi n of the dune
bel t. The fact that nost caves are found near the

i nl and margins of the dune
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belts argues strongly for Hill and Bastian's standpoint.
Neverthel ess there is the possibility that burial of
caves on the seaward flank by younger, unconsoli dated
dune systens is partly the explanation al so. | ndeed

t he absence of any known caves from King |Island could be
because nearly everywhere younger dunes have advanced
further inland than ol der ones al ong the west coast
where the cal careous dunes occur. Mreover in the

Sout hwest of Western Australia at |east one cave -

Connol ly's Cave, Wtchcliffe - is known at a distance of
only about 1000 mfromthe coast. So Hill's and
Bastian's views on horizontal and vertical solution need
sone qualification

According to Bastian there is a sequence of three
phases in the history of the lithifying dune sands with
respect to cave formation. During the first phase, the
i ncipient calcarenite is so incoherent that as water
percolates laterally through it, any sand renoved is
replaced by falls from above, and the whole mass settles

down and prevents cave formation. Then follows a

peri od when sone limted degree of coherence has been
achi eved. Barely coherent masses fall down and are
removed in solution but coherence above is sufficient to
permt cavities to form small at first. In these
conditions coll apses follow quickly one after the other
and cave enl argenent is rapid. Basti an envi sages t hat

free surface streans are characteristic during this
phase of rapid evacuation in sem -coherent material.

So the caves are vadose in origin fromthe start; any
phreati c phase has been one of novenent through
capillaries? in the unconsolidated sands. In the third
phase, coll apses becone | ess frequent because the rock
has becone nore strongly coherent. They do not cease
conpl etely because the cave stream neanders and
undercuts part of the sidewalls, causing further wall
and roof adjustnent.
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A possibility which needs to be considered, but for
which the witer can offer no field evidence at the
monment, is whether or not the devel opnent of a cavity
wth a free atnosphere in itself pronotes the
lithification on the roof through diffusion of CO from
percolating water into the cave air causing carbonate to
be precipitated. This is, of course, the chief
mechani sm of stalactite formation but stal actites inpose
additional |oads on the roof rather than strengthen it.
On very steep walls calcite decorations nay, however,
act as strengtheners in sone degree. The high primry
porosity of partially consolidated sand may in fact
i nduce a process of internal case hardening.

The dom nance of coll apse through virtually the
whol e history of these caves is their nost distinctive
trait and it is directly a consequence of lithification
bei ng acconpani ed by cave devel opnent. It continues to
the present since substantial collapse between visits to
certain caves have been reported by Bastian and ot hers.

Hi Il has concerned hinself particularly with the
col l apse process in relation to the Kelly Hills Caves,
Kangar oo | sl and because so nuch of the systemis of this
origin (Fig. 11). Only a few shallow, flat-roofed
roons, e.g. Miud Chanber and Bone Chanber show signs of
occasional current novenent with fresh i nwashed nud and
wat er - washed wal | s about 25 m bel ow the surface; these
seemto represent primary solution cavities at the
wat er -t abl e. Most of the system consists of roughly
circul ar collapse dones, 40-60 min dianmeter, but with
only a few netres separating floors fromroofs. At the
sides there are frequently cleanly broken fissures at
40-60 as a result of large scale roof fall, which are
bl ocked off by rubble at the bottom between are
arched roofs 10-20 m across in roughly broken rock,
with broken material |ying bel ow them Col | apse
tunnel s of |esser dianeter |ink



TABLE 4

WATER ANALYSES FROM THE COASTAL LI MESTONE BELT OF THE SOUTHWEST OF

VWESTERN AUSTRALI A

No Nanme Dat e

Streans at entrance to inflow caves

1 Arramal | Cave 22.7.63
2 St ockyard Cave 24.7.63
3 Ruddock' s Cave 29.7.63
4 Manmot h Cave 1.8.63

Streanms in caves near eastern margin of |inestone

5 Cal gardup Cave 29.7.63
6 Lake Cave 1.8.63

Streans in caves well within |inestone

7 VWite Grotto, Yanchep 6.7.63
8 Manbi bby Cave, Yanchep 6.7.63
9 Aiyennu Cave (in flood) 24.7.63

St andi ng pool s and | akes in caves

10 Labyrinth Cave 15.7.63
11 Easter Cave 16.7.63
12 Jewel Cave 18.7.63

Spring not far from coast
13 Spring in Deepdene 19.7.63

Springs on coast

14  Cape Leeuwin Water race 16.7.63
15 Bob's Hol Il ow Spring 29.7.63
16 Snall spring Canal Rocks 3.8.63

Percol ati ng water in cave roof

17 Drinki ng Fountain Drip, 1.8.63
Lake Cave

A = Aggressive E = Equilibrium

°c

14
14.5
12
11

14.5
16

19
17
14.5

15.5

17

16.5

17.8

14

17.8

18

16

S = Supersaturated

pH

6.9
(7.1)
(4. 4)
(6. 6)

(5.8)
6.9

CaCo;
ppm

12
23
30

12
124

122
86
13

343

243

422

142

224

204

284

318

MyQ0,
ppm

127
22
94
64

19
70

76
42
37

501

157

32

86

106

110

598

18

State

> >» >» >

pH readings in brackets are | aboratory determ nations by potentionetric pH
neter, carried out because peaty discol ouration of the waters nade
Cal ci um and magnesi um

colorinetric determnations in the field uncertain.
hardnesses were determined by the E D. T.A nethod.
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the donmes, which are however scattered over a conpact
area and are not arranged in linear fashion. On the
basis of carefully surveyed cross sections, H |l thinks
coll apse is a two-stage process of tension and shear
(Fig. 12). The roof of a flat solution chanber at the
wat er-table is regarded as a conpl ex beam supported by a
conbi nati on of tension and shear. First of all tension
cracks appear towards the top of a tension done so that
this part affords no support. The load is transferred
to the periphery where shear stress is increased. This
builds up to the critical level of ultimte shear stress
and then shear occurs along the periphery as a final
stage of collapse. In this way structural stability is
achieved for a tine at |east and the cavity is displaced
towards the surface.

This viewof HIlI's seens to presuppose a nore
general degree of lithification to permt |arge nasses
to col |l apse together than is involved in Bastian's
interpretation. However it would be unw se to presune
evolution will be everywhere the sane with material as
di verse in degree of coherence as the dune |inestone.

The two main kinds of caves (Fig. 13) found in the
Sout hwest of Western Australia - the linear and the
inclined fissure types - are considered by Bastian nore
related to hydrol ogical conditions than to variation in
t he dune |inestones thensel ves.

The linear type e.g. Strong's Cave, Wtchcliffe, is
a long sinuous, arched cave along a well-defined
under ground watercourse (Pl. 10). There can be a good
deal of height in these caves through renoval of sub-
stantial amounts of coll apsed material and the arching
can be nore rounded than that found in the dones of
Kelly HIls Caves. Rubble piles shift the streamthis
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way and that and it is clear in sone cases that streans
are deflected permanently into fresh channels | eaving

| arge donme caverns to a fl ank. Crystal Cave,
Wtchcliffe is cited by Bastian in this connection where
small tunnels |ink two doned caverns to an active stream
passage on one si de. G ants Cave in the sane area is a
Iinear arched cave with its floor conpletely littered
wth talus; here the stream presuned responsible for it
can no | onger be reached. In sone of these |inear
caves the inpervious basenent rock over which the dunes
advanced i s exposed along varying | engths of the floor
e.g. Ruddock's Cave, Strong's Cave, and there is sone
slight incisioninto it.

The inclined fissure type conprises generally snal
caves irregular in plan, normally with no great height
and with floor and roof profiles paralleling one another

because of the dom nance of coll apse. The resenbl ance
of such caves to one side of a coll apse done as
described by H Il is clear. Where streans are found in

them they are shallow and neandering, with very little
gradient, e.g. in Manbi bby Cave, Yanchep. Usual |y
several fissured chanbers of this type occur in rather
unsystemati c arrangenent and Bastian attributes these
characteristics to collapse upon diffuse flow or broad,
ill-defined waterways. Such streans nay be defl ected
|aterally easily and so | arge areas of collapse can
resul t.

Since both HIl's collapse dones and Bastian's
inclined fissure caves in sone degree assune fornms which
bear resenblance to the original dune shapes, the
guestion arises whether they partly reflect those forns
t hrough the gui dance of a coherent caprock devel oping in
relation to the dune surface. Such data as are
available with relation to this suggest that in this
extrenme formthe hypothesis cannot be sustai ned. The
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overall pattern of Kelly H Il Caves does not resenble a
dune pattern. Nevert hel ess the contrast in coherence
of caprock and core appears to affect cave formin
particul ar instances. Thus several parts of the
Stockyard @Qully Cave system have very flat only slightly
arched roofs, which consist of a caprock zone with
weaker materials bel ow

This is shown particularly well in Aiyennu Cave to
the northwest, which is probably part of the sane
underground river system (Fig. 14; Frontispiece). The

mai n chanber, sone 60 mlong, 30 mw de and 25 m hi gh,
has a thin arched roof, which reduces to a thickness of
1.5-2 min the centre and is perforated so nuch by

cl ose-set solution holes up to 1 mdianeter that it

| ooks |ike |acework from bel ow. | medi atel y beneath
this well lithified roof of caprock, there is a |ayer of
3 mof unconsolidated reddi sh sand contai ni ng root
concretions; it is in fact a buried soil of the
so-called '"terra rossa' type. Beneath an incline on
this buried soil, well lithified calcarenites give rise
to vertical walls, though there is another soil horizon
| ower down in parts of the walls.

The formof the very fresh col |l apse doline on the
dune ridge top between Aiyennu Cave and Stockyard Gully
Cave, which has already been discussed, is rel evant
here, since it inplies the previous occurrence of a cave
of Alyennu type with its forminfluenced by caprock
above and i ncoherent sands beneat h. Al so the entrance
chanber to Easter Cave seens to have a caprock above and
slip-slope bedding in | ess consolidated nmaterials form
ing the walls. R T. Sexton (pers. conm) reports that
Frosted Fl oor Cave at Kelly Hills, Kangaroo |sland, has
a roof congruent with flat bedding in the calcarenites
and wall's in crossbedded, |ess coherent materials bel ow,
and his survey of Marcollat Cave in dune |linestone in
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t he Sout heast Province of South Australia suggests that
cross-bedding is there influencing cross-sectional form
Simlarly L. Bastian (pers. comm) describes inclined
room devel opnent in Wallcliffe Cave, Margaret River, in
accordance with the aeolian beddi ng. The conclusion is
that variation in consolidation of the aeolian
calcarenites is a fector i nfluencing the formof sone of
the caves in them

L. Since this paper was given, Lowy and Bain (1965)
have pointed to control of direction of passage

devel opnent by the strike of the aeolian cross-beddi ng
in Easter Cave.

It is appropriate at this point to discuss the
August a caves, which seemto stand genetically apart
fromthe others in the Southwest. These caves -
Easter, Jewel, Deonderup, Moondyne, Labyrinth - lie
cl ose together in the ol dest and nost inland
cal carenite. Their natural entrances are by solution
pi pes, sonmewhat enlarged by coll apse in one case,
| eadi ng down into coll apse done chanbers. The main
extent of all of them however, is horizontal within
confined vertical limts of 3-6 min | ow passages and
roons, Wth network nazes in sone caves. el |
devel oped spongework is prevalent and in places it is
guided in detail by aeolian cross-beddi ng. Al nost
stagnant | akes are typical of this |evel of horizontal
devel opnent, which relates to a very flat water-table.
From the evidence of re-solution and subnerged
decorations, a water |evel oscillation of about 1.5-2 m
has taken pl ace.

Bastian (1964) has descri bed these caves as of
shal | ow phreatic origin. 'Shallow phreatic' is an
Anmerican terminplying strong current close to the
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wat er-table, an oscillating level in itself, of course.
However the el aborate spongework of these Augusta caves
precludes the strong currents, frequently under
hydrostatic pressure, associated with the shall ow
phreatic or epi-phreatic concept. | nstead we have
characteristics associated with deep phreatic solution
in the Davisian sense of mainly slowy noving water in
conpletely waterfilled cavities. However here these
characteristics seemconfined to a very shallow zone; so
perhaps a better designation is to describe the caves as
of phreatic origin within narrow vertical limts.

Wat er sanples fromthree of these caves, sanples 10-12
in Table 4, all show very high carbonate contents and
are saturated. No sol ution could have been goi ng on at
the sanple sites in the four day period covered by the

r ecor di ngs. (bservations representative of much | onger
periods are required to ascertain the processes now
operative in these caves. However, these sanples were
taken in the mddl e of an exceedingly wet w nter, when
wat ers m ght have been at their npbst aggressive |evel.

A second statenent of Bastian's with regard to these
caves conmmands nore conpl ete acceptance, nanely the view
that they nust have devel oped after a greater degree of
lithification had been reached than is necessary for the
ot her types of cave. The very preval ent spongework can
scarcely have forned at all otherw se. The al npost
perfectly horizontal and very | arge roof over the
Fl atroof Lake in Jewel Cave, which is 160 mlong and up
to 45 mw de w thout any support, argues even nore
strongly in this sense.

The formof the underlying crystalline basenent may
wel | have induced the special character of these caves
through its control of groundwater novenent and this
formis well worthy of geophysical investigation.
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There is great variation in the occurrence and
nature of caves fromone part to another of the | ong
coastal linestone belt fromDongara to Augusta in the
Sout hwest, and according to Bastian six factors
contribute to this.

(a) Basenent relief

From Busselton to Dongara the dunes have been
enpl aced over a flat coastal plain, whereas from
Yal I i ngup to Augusta the dunes advanced into hilly
relief on igneous rocks. In these latter circunstances
cave devel opnent tends to be guided and concentrated
along the lines of the buried valley systens both by the
feeding of inland water into the dunes along theme.g.
Mammot h Cave, Wtchcliffe, and by inposing a relief on
the water-table within the |inmestone which reflects in
subdued fashion the buried topography. As a result the
caves are frequently of the linear type and tend on the
whol e to be of |arge dinensions. Water-tables are nuch
flatter beneath the dunes on the coastal plain and here
broad sheet-1ike water novenents result in nore inclined
fissure caves e.g. in the Yanchep area north of Perth.

(b) Rainfall

There is a rough correspondence between the decrease
in size and nunber of caves fromsouth to north and the
decline in nmean annual rainfall from about 1150 nm at
Karridale in the south to 500 nm at Dongar a. There is
al so a northwards decline in the anobunt and variety of
secondary calcite decoration.

(c) Sequence of Linestones

The younger the dune systemthe less tinme there has
been for the necessary degree of lithification and al so
for the actual solution of the caves. Thus in the
Deepdene- Augusta belt, only three caves are known from
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the internedi ate dune belt - A d Kundardup, its unnaned
nei ghbour and Bat Caves - whereas nine are known from
the inner, ol dest dune belt. In the Fremantl| e- Mandur ah
belt it is noticeable that despite an excell ent

devel opnent of caprock the underlying parts are very
friable and there is scarcely a cave worthy of the nane.

(d) Depth to the Water-table

The greater the thickness of |inestone above the

wat er-tabl e the nore substantial caves may be. In this
respect Bastian contrasts Yanchep with the water-table
10-15 m below the surface wth depths between 30 and 60
min many parts of the Yallingup-Augusta belt.

(e) Inland Drai nage

Where dunes bl ock the course of rivers frominl and
areas and force themto seep underground, the nost
potent factor of all pronoting cave devel opnent is
called into play, as the precedi ng discussion on the
relative inportance of vertical and lateral solution
i ndi cat ed.

As it is in the drier parts where rivers flow | ess
regularly that they are nore liable to be bl ocked, this
factor can counter the effect of rainfall on cave
di stribution. Thus Arramal| Cave, receiving its water
fromLake Arramall which is in turn fed by the
Arrowsmith River draining a very large area in the | ow
rainfall belt, is a very long cave for the Southwest.
The Stockyard Qully Cave system further south seens
likely to prove the biggest cave devel opnent in the
whol e area fromthe indication of the chain of collapse
dolines and caves stretched over a line of several
kil onmetres in |ength.
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(f) Progress to Saturation of G oundwaters

Bastian mai ntains that as underground drai nage from
the interior noves westward through the dune-belts,
there is progressive |loss of power to dissolve |inestone
and fashi on caves. There is a reduction of nunbers of
caves in this direction and the observations set out in
Table 4 are in accordance too, show ng a progress from
very aggressive waters on the inflow side to saturated
springs on the coast.

In sone karst areas cave devel opnent may be as
substantial on the outflow side as on the intake side,
t hough often the outflow caves may be waterfilled and it
is difficult to determne their size. For exanpl e, at
Cool eman Plain in southern New South Wales, the inflow
caves are nuch larger; it nust be noted, however, that
the main springs remain aggressive all the year round
her e. The comon case nmay be that the outflow side is
mar ked by fewer but |arger caves conpared with the
i nfl ow side.

If Bastian is right in thinking that saturation and
with it ineffectiveness in cave formation is reached
more rapidly than is the usual case with consolidated
i mestone areas, the explanation may lie in greater
porosity and i ncoherence than is comobn with nost karst
ar eas.

A further factor additional to Bastian's six is
variation in purity of the calcarenites; this is known
to vary markedly and nore caves can be expected in the
purer |inmestone.

It is instructive to nuster the caves of the aeolian
cal carenites of the Sout hwest of Western Australia and
South Australia in terns of a very sinple classification
into inflow, outflow through- and between-caves.
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Much the | argest nunber fall into the |ast category,

bet ween-caves, (Ger. Zw schenhohle), in which entrance
into a cave is effected fromvertically above at sone
point in its |ength. Their entrances vary fromsinple
sol ution pipes (Arunval e Pipe Cave, Karridale), solution
pi pes in solution dolines (Jewel Cave, Augusta), roof

w ndows (Lake Ham |ton Cave, Eyre Peninsula), and
col | apse dolines (Lake Cave, Wtchcliffe). | nfl ow
caves are fewer, their entrances being open arches
(Ruddock's Cave, Wtchcliffe) or collapsed arches at
former points of entry (Arramall Cave). The t hrough
caves known are parts of inflow caves (the first two
parts of Stockyard Gully Cave). No outfl ow caves are
known as yet. This last fact can be regarded as due to
the preval ence of burial of seaward parts of the aeolian
cal carenite by unconsolidated dunes or to rapid
saturation of cave waters or both in conbination

Connol ly's Cave, Wtchcliffe, a between-cave fairly near
to a coastal spring in Bob's Hollow, suggests the
possibility that burial is nore inportant than
saturation of underground water. The conparative

i nfrequency of inflow caves is due to the ability of
many of the larger rivers fromthe interior to maintain
surface valleys through the cal careous dunes as the
|atter are being enpl aced. Mor eover the smaller
streans incapable of this spread out in swanps at the

i nner margin of the |inestones. There is diffuse
percolation into the |inmestone, which retains in any
case a high porosity permtting such entry. Penetrable
caves are not common on this inner margin in
consequence.

Bain (1962) and Bastian (1962, 1964) have cl ai ned t hat
the caves of the Sout hwest have devel oped especially
fast because of their lithological characteristics and
exposure to aggressive water action fromthe nonent of
their enplacenent. Conparative data with which to test
the matter are not readily available particularly from
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Australia, where caves are often in very old rocks, and
where late Tertiary and Quaternary geonorphol ogi cal
history is generally not well established. In addi tion
there is, as has been indicated earlier, nuch
uncertainty as to the preci se age of the aeolian

cal carenites thensel ves, though we can wth sone
confidence regard them as belonging to the Pl ei stocene.

| f the whole of the Pleistocene were available for the
caves of the Southwest to form it does not need nuch
consideration to cone to the conclusion that there is
not hi ng unusual about such a rate of devel opnent. Not
only have | arge cave systens been devel oped within the
Pl ei stocene but also the gross land-forns in which such
caves lie. This is true for instance of the caves in
the M ocene |inmestones of the central cordillera of
Australian New Gui nea where Pliocene rocks are invol ved
in the orogeny; they are regarded therefore as mainly
Pl ei stocene in age, though the |inestones had been
lithified prior to this period. If, as follows
indirectly from Macarthur and Bettenay's reasoning, the
ol dest calcarenite in the Southwest of Western Australia
belongs to the Last Interglacial, then the possible tine
i nvol ved i s about 100,000 years and rapid devel opnent is
an appropriate description.

There is a little support for this shorter history
fromthe Southeast Province of South Australia, where
t he dozen known caves in the aeolian cal carenites occur
in four of the dune ridges. In Sprigg' s chronol ogy
(1952), these ridges range fromthe ol dest to the
youngest but one, i.e. fromthe begi nning of the
Pl ei stocene down to the Last Interglacial. Hossfel d's
very different dating (1950) would still include one at
| east of the caverniferous dune ridges in the Last
I ntergl aci al . Therefore in either case sone cave
formati on has taken place since the Last Interglacial.
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Adlier and Tratman (1955-6) have argued strongly for
regardi ng quite substantial cave systens in
Car boni ferous Linestone in part of County C are,
I rel and, as conpletely Postglacial in age but they
regarded this rate of devel opnent as exceptional. | t
has simlarly been clainmed that sone deep caves of West
Norway in even older, crystalline |inestone have
devel oped since the | ast Pl eistocene glaciation (Corbel,
1951) and this would be thought by many to be even nore
exceptional. There is considerable interest therefore in
nmore precise dating of the dune |linestones so that it
can be determ ned whether or not the caves of the
Sout hwest and perhaps other Australian dune |inestone
caves bel ong toNp conparatively small class of very
yout hful caves.

M The various footnotes nentioning the begi nnings
of radionetric dating of the dune |inestones in the | ast
few years nake it clear that sone at | east of the caves
have devel oped within the |last 100,000 years.

CONCLUSI ON

Many karst attributes are to be found in dune
I i mestones of young geol ogi cal age in the Sout hwest of
Western Australia in particular and to a | esser extent
i n Kangaroo |Island and the Sout heast Province of South
Australi a. Sone of them have been produced
concurrently with the transformati on of carbonate dune
sands into aeolian calcarenite of variable degree of
consolidation and certain special characteristics have
resul ted.

In this context solution pipes are not solely
solutional in origin; calcite deposition also plays a
part in their evolution. |In consequence their formation
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contributes to the lithification of the sands. In sone
cases taproot growth contributes to pipe devel opnent and
encrustation and repl acenent along rootlets is of

general inportance.

Though m nor surface solution fornms associated with
subsoil conditions e.g. Rundkarren (rounded sol ution
grooves) occur and nmay occasionally be found stripped at
the surface, rock outcrops rarely if ever exhibit
properly devel oped gravity-controlled scul pture due to
direct rainwater solution such as Rillenkarren (solution
flutings). Any caprock which has been exposed to direct
rai nwat er action usually shows very irregul ar
corrosional action. It is possible that slight
variations in degree of lithification to be expected in
young aeolian calcarenites are sufficient to find
expression through rain solution but not through | ess
sensitive subsoil solution

Al t hough sone engul fmrent of all ogenic surface
drai nage occurs, the proportion is |less than frequently
is the case with |inestones consolidated prior to
formng part of the | andscape. This is due to the
propensity of rivers frominland areas to renove dune
sands tending to encroach on them even though this
results in quite deep and steep-sided valleys through
the grow ng dune belt. Because of this, gorges in dune
i mestone nust be even less readily assuned to be of
col | apsed cave origin than on |inestones well conpacted
prior to karst devel opnent. Nevert hel ess sone drai nage
frominland goes underground and resurgence as well as
exsurgence types of spring occur on the seaward fl ank.
Cl osed depressions of karst origin are present and are
generally readily distinguishable fromthe sonewhat
degraded primary encl osed depressions of aeolian origin.
They chiefly take the form of scattered dolines,
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and not close-set doline fields as can occur in karst on
ol der |inestones. However, as individuals, the dolines
can be well|l devel oped and quite | arge. Sone are
denonstrably of surface solutional origin, though
col l apse origins are perhaps nore common and give rise
to the larger features. In their initial stages, the
col | apse dolines have a formrelated to the structure of
the partially consolidated, case-hardened aeolian

cal carenites. At inflow points of inland drai nage, two
i nstances are known of short gorgelike valleys produced
by roof or retreating arch coll apse. There is al so one
conpletely closed valley with a surface stream which is
due to coll apse. There is one short steep-head vall ey,
now relict and probably due to springhead recession.
None of the nore el aborate closed depressions - uval as
and poljes - is known; inadequate tinme for their

devel opnent may not be the conplete explanation of their
absence.

On the other hand caves are well devel oped and
regarded as chiefly the result of |ateral solution at
the water-table, though vertical solution associated
wi th piping cannot be excluded altogether. I n many
cases cave excavation has acconpanied lithification and
col | apse has dom nated nore of their history than is
characteristic in consolidated |Iinmestone areas.

Col | apse fornms are in fact particularly common in these

caves and in sone instances have been influenced by dune
beddi ng through the factor of differential

lithification, though nore frequently collapse forns are
those of optimal structural stability in a nore or |ess

isotropic, weak material.

Li near caves along well defined underground streans
appear to result fromthe guidance of underground drain-
age by the relief of the inpervious basenent beneath
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t he dune nass. Inclined fissure caves and col | apse
dones are nore preval ent where a | evel basenent beneath
the dunes results in a nore sheet-1ike underground fl ow
in the porous cal carenites. The i nportance of coll apse
froman early stage inplies a vadose history for these
caves, but in a few Davisian phreatic phenonena dom nate
t he norphol ogy and inply a substantial degree of
lithification before spel eogenesis.

The absence of known outfl ow caves may be chiefly
due to burial of the seaward flank by later and still
i ncoherent dune sands, but, in these porous and
i ncoherent |inestones, underground waters may achi eve
saturation precociously and thus substantial cave
devel opnent may be inhibited towards the seaward side of
the coastal |inmestone belt.

The undertain age of the aeolian cal carenites nake
it difficult to verify or reject clains that these caves
interrestrial |inmestones have devel oped extrenely
rapidly. This is, however, by no neans the only problem
for future investigation which energes fromthis
di scussi on.
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