INTERPRETATION OF ROCK VARNISH IN AUSTRALIA:
CASE STUDIES FROM THE ARID ZONE

R. 1. DORN* and D. DRAGOVICH**

SUMMARY: Rock varnish has a long history of study in Australia. Although Australian
varnishes have biological, chemical and morphological similarities to varnishes in other
continents, rock varnishes in arid Australia tend to be less stable than in other
drylands. Still, with careful sampling, radiccarbon and cation-ratio dating of rock
varnish has been used to constrain the age of Henbury Meteor Craters, Northern
Territory, and rock engravings in South Australia and New South Wales, as well as to
assess the geomorphic surface stability of Ayers Rock, Northern Temtory, and the
slopes of Pepuarta Bluff in the Olary Province of South Australia.

Rock varnish is recognised today as a dark
coating that forms on stable rock surfaces. Wis
thickness in Australia can range from less than 5
microns to over 200 microns. One of the thickest
subaerial varnishes yet observed, about 1.1 mm,
was sampled from the Ashburton surface, Northern
Territory (cf. Stewart et al. 1988). Often called
‘desert varnish’ because it is most noticeable in
drylands, rock varnish can be found in virtvaily
every terrestrial weathering environment. This was
observed early in the study of arid Australian
varnish (Moulden 1905; Basedow 1914) and
stream varnish (Francis 1921). Rock varpish is
composed typically of over 50 per cent clay miner-
als (Potter and Rossman 1977; Raymond ef al.
1988), about 20-30 per cent manganese and iron
oxides (Potter and Rossman 1979) and over 30
other minor and trace elements (Bard 1979; Dormn
and Oberlander 1982; Duerden et al. 1986: Table
1). The abundance of manganese (Mn) and iron
(Fe) in the upper few microns generally controls
its appearance. The colour is usually black if Mn is
present in similar concentrations relative to iron, or
if manganese dominates. If Mn is much less abun-
dant than.Fe, the colour becomes orange to
dusky-red.

The published study of varnish in Australia start-
ed with the observations of Moulden (1905), who
identified varnish on ‘pebble-covered plains’ in
central and arid South Australia. A more thorough
set of observations was made by Basedow
(1914), who was concerned mostly with the age of
rock engravings. The development of varnish was
believed to reflect the antiquity of the petrogiyphs.
At the time, the most authoritative works on var-
nish were by Walther (1891) and Lucas (1905).
While accepting Lucas’ hypothesis for the origin
of varnish by water evaporation, Basedow (1914:
199) believed ‘that the excessively fine, floating
and suspended material in the desert atmosphere
may aiso take part in the formation.” Basedow's
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hypothesis on the role of aeolian fallout in com-
posing subaerial rock varnishes was verified much
later by Potter and Rossman (1977) and subse-
quent researchers (for example, Allen 1978; Perry
and Adams 1978; Elvidge and Collet 1981; Dorn
and Oberlander 1982).

Francis (1921) presented from Queensland
some of the first observations in the world of
stream-side varnish. Francis, one of the first to
propose a biological origin for ‘desert varnish’,
argued that the manganese coatings found along
stream channels were from algal activity. Francis
also believed that the manganese and iron in the
varnish are derived from a source external to the
underlying rock; this was verified a half a century
later (Potter and Rossman 1977; Allen 1978; Perry
and Adams 1978; Dorn and Oberlander 1982; El-
vidge and Iverson 1983).

Recent chemical and archaeological work on
Australian varnishes has been conducted mostly
by Dragovich (1984a, 1984b, 1985, 1986a, 1986b,
1988a, 1988b) and colleagues (Duerden et al
1986). Staley et al. (1983) argued for the impor-
tance of microcolonial fungi in the development of
Australian varnishes. Other research on rock var-
nish in Australia has consisted of isolated b_ut
important observations on environmental associa-
tions with varnish (for example, Talbot 1910;
McMath et al. 1953; Mabbutt 1979; Bourman and
Milnes 1985). The purpose of this paper is to
present new data on the origin and characterisnc:s
of rock varnish in Australia, to review what IS
understood about rock varnish in Australia, and to
assess the use of rock varnish in archaeological
and geomorphological research.

STUDY SITES AND METHODS

Sampling was conducted in the central and
south-eastern parts of the Australian arid zone, a5
well as at selected humid locations (Figure 1)-
Rock varnishes were sampled from a variety ©
microenvironments: subsurface; ground-line band;
surface just above the soil; surface over 2 metre
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pove the sail and exposed to only subaerial
jiout (preferred microsite for dating work); in
nopered rock crevices; on soil peds; on rocks in
marine littoral environment; rocks on stream
pint bars; and boulders formerly exposed to the
ybaerial environment but buried by flood depos-

s.
Most of the varnishes analysed here are the

lack, manganese-rich variety collected in the arid
sne. Stream varnish, marine littoral varnish, var-
sh on subaerial surfaces in humid environments
or example, the Mount Gambier volcanics), and
arnishes from the arid zone that are not Mn-rich
ave also been analysed in order to assess the
semical variability of Australian rock varnishes.
t sites where varnishes were collected, other
aterial in the local environment was also sam-
ed: runoff (where available); dust deposited in
spressions on rocks; surficial soil; and adjacent
igetation.

We have used a wide variety of methods to
wderstand the nature of Australian varnish. Chem-
al analysis of varnish was carried out by proton
duced X-ray emission (PIXE) (cf. Cahill et al.
)84; Duerden et al. 1986), electron microprobe
f. Dragovich 1988a; Dorn 1989a), and energy-
spersive analysis of X-rays (EDAX) with a scan-
ng electron microscope (SEM). Structural obser-
ttions were made of varnish surfaces and cross-
ictions by SEM and light microscopy (cf. Dorn

1986, 1990). Age determination of rock varnish
was by cation-ratio (Dorn 1983, 1989a) and accel-
erator-radiocarbon {Dorn et al. 1986, 1989) dating
methods.

Biological culturing of microorganisms on var-
nishes was also conducted. Varnishes were
scraped with a sterile needle into sterile tubes.
The chips were then cultured in the laboratory as
described by Dorn and Obertander (1981, 1882).
In addition, undisturbed varnishes were collected
and placed in sterile collection tubes for later
SEM-EDAX viewing. Possible microbial influences
were studied at the following sites in Figure 1:
Undoolya Gap near Alice Springs (Northern Terri-
tory), Henbury Meteor Craters (Northern Territory),
Ayers Rock (Northern Territory) and Oulnina
Homestead (South Australia).

CHARACTERISTICS OF AUSTRALIAN
VARNISHES

Like rock varnishes elsewhere, the chemistry of
Australian varnishes is highly variable. This is true
on a micron-scale (Dragovich 1988a), from micro-
site to microsite in a 100 m? to 10 km? area, and
on the scale of a continent. The chemistry of
selected varnishes in Austrafia is compared with
varnishes from other sites worldwide (Table 1A,
1B, 1C).

ORTHERN

- =

ERRITORY
Bx

WESTERN

QUEENSLAND

Boxhole

Undoolya

Henbury

Ayres Rock

Depot Creek
Beltana

Culnina Homestead
Broken Hill

Mount Gambier
Port Campbell

X

g:mowc>==g

! SOUTH
AUSTRALIA I AUSTRALIA
i

) 400 800
L e e e e |
KILOMETERS

)

: TASMANIA

Figure 1: Areas of varnish collection in Australia.
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If only subaerial exposures are considered,
Austiralian varnishes appear to have a higher
Mn:Fe ratio than varnishes from other deserts. The
greater abundance of manganese in varnishes
from the Australian arid zone may be explained by
water balances of the locations where varnish
forms. Oberlander (1979) calculated Thornth-
waite’s aridity index (la) and Oberlander’s soil
water balance (Ib) for desert stations. When these
la and Ib values are compared with the Mn:Fe
ratios of varnishes collected near the meteorclogi-
cal stations, the least-squares correlation is sta-
tistically significant at p= 0.05 (Figure 2). When
more moisture is available, more manganese is
present in the varnish. This is probably because
alkalinity of the environment is reduced under con-
ditions of greater moisture effectiveness, and al-
kalinity inhibits the concentration of manganese
(Dorn 1990).

Ayers Rock illustrates the importance of micro-
site in controlling the concentration of manganese
and iron in varnishes. The natural colour of Ayers
Rock is almost white. Yet this photogenic land-
mark is world famous for the interplay of sunrise
and sunsets off its orange colouration. This colour
is due to the dominance of orange, manganese-
poor varnish. The surface of Ayers Rock is in a
constant state of weathering and erosion of scales
a few centimetres thick. The orange varnish starts
to form first in unexposed crevices that are ‘pre-
paring’ to scale off as they gradually separate
from the underlying shell. As will be elaborated in

the dating section, some of these ‘crack var-
nishes’ started to form within the subsurface dur-
ing the late Pleistocene about 27,000 yr BP. The
chemistry of this orange crack varnish (Table 1C)
is similar to ambient levels in the dust, reflecting
high levels of Si, Al and Fe with little or pg
concentration of Mn. Samples of the desert dyst
that accumulated in five crevices yielded pH val-
ues of 7.2, 7.7, 8.3, 8.6 and 9.2. Since alkalinity
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Figure 2: Manganese:iron ratios of varnishes collected
near meteorological stations compared with their water

~ balances, from Australian (indicated), western North

American, Negev Desert and Atacama Desert sites.
Thornthwaite’s aridity index and Oberlander’s (Ib) water
balance are presented in Oberlander (1979) and dis-
cussed in the text. As the water balance becomes more
moisture effective, the aridity index decreases and b
increases. The correlations between Mn:Fe and the wa-
ter balances are significant at p 0.05. These data
indicate that as the environment becomes more moisture
effective, manganese concentrations increase.

Table 1: Comparison of select varnish chemistries at worldwide sites (1A), with those around Australia (1B}, and

those at Ayers Rock (1C). Australian sites are shown in Figure 1. Unless stated otherwise, the type of varnish

analysed is black in colour and exposed to the subaerial environment. PIXE results are normalised to 100 per

cent. Electron microprobe values are in oxide weight per cent; however only the cation is listed. ‘bid’ indicates
below limit of detection; ‘na’ indicates not analysed.

Table 1A: WORLDWIDE SITES

Elemental Alibates Trail Cyn Fan Timna, Negev Beacon Valley, Khumbu Til Region near
abundance Nat Monum, Death Valley, Desert, Israel Victoria Land, near Lobuche, Ingenio, Peru
Texas, USA Calif., USA Antarctica Nepal
Method Used PIXE PIXE PIXE PIXE PIXE Microprobe
Li na na na na na na
F na na na ‘na na na
Na bid bid bid bid bld 0.35
Mg 0.26 0.14 1.23 bid 0.14 1.97
Al 27.91 23.74 20.93 6.24 2472 17.22
Si < 38.56 39.09 42.36 20.21 38.94 42.14
P bid - 0.49 0.26 bid 0.23 0.57
s bld 0.7 0.4 bld 0.55 0.92
K 2.53 3.45 20 572 2.35 2.53
Ca 6.76 4.87 5.29 8.4 4.69 5.73
Ti 2.1 1.52 1.62 bid 1.00 0.78
Mn 10.7 10.87 9.01 2.92 17.33 4.28
Fe 8.9 13.47 14.17 34.11 9.24 11.06
Ni 0.24 0.13 bid 0.36 bid na
Cu 0.3 0.12 0.36 0.21 bld na
Zn 0.21 0.27 bid 0.24 bid na
Rb bid bid 0.22 bld 0.13 na
Sr bid bid bid bld bid na
Zr bid 0.29 0.12 bid 0.14 na
Ba 1.53 Q.85 14 0.52 0.54 2.48
Pb bid bid 0.63 bid bld na
20 Australian Geographer 21 (1), May 1990.



eu eu PIq piq PIq eu (B,/6n) 049 P19 Pia 68°0 pIg qd
eu eu G560 9e'0 pIg g9t 8t'0 660 0e0 ¥S0 190 ed
eu eu P19 PIgq Plq eu (B/6n) g1 920 8r'0 10 1€°0 iz
eu Bu P19 PIg pIq eu (6/6n) zee P19 PIA Pig pIg 15
eu eu P19 PIq PIg eu (B/6n) 48 P19 PIq PIg £2°0 ay
By eu 020 9e'0 PIg eu (6/6n) e6¥ P19 PIq 020 PIg uz
BU Bu or'o vLo 920 eu (6/6n) &1 080 Pia 290 FA 0] no
eu eu A Ay ¥5'0 piq eu (B/6n) g1 PIq ¥c0 e PIq N
06'88 gg' Ll 8€'92 12ty 120l 9’6 L'y 19°02 88°01 L2 €91 CE
900 g'c 8F iy 9’0t ¥1'8l 1g¢Cl 8t 9L'6e 0g'tl 26'LE 62¢'0¢ uw
200 el ¥8°0 ¢L0 Sv'0 G6'0 lE°0 Le’t €20 98°0 el L
L2°0 ¥P0 00¢ 8g8'c 65} BC'E 6€°0- 0l2 BE'E 6E'2 €E'S €D
100 $S'L e} eyl 90t £g8'¢ soe - 9/.'¢c 99’2 652 Sl'E A
900 20 PIq piq PIq 600 BU PIa pIq pIg P19 S
810 952 piq gL0 ¥2'0 9’0 90 PIa pIg Piq veo d
¥I'E 90'sE el'tl £2'Gl S6'|¥ £1'8€ £0¢ S0'.2 9¥'.e 6162 29¢ee IS
av'o . ¢6'Gc €C'9 Ly'e 89'ce S0'L} 60t £0'8¢ 0062 0v'02 oLl v
¥y LT} PIq 8l vl 8¢ vL0 2] 9e'0 650 pIq B
900 ¥l Piq piq Piq 410 120 pla PIq e} Piq EN
=11] Bu Bu eu BU BU (6/6n) 065 eu eu BuU BU 4
BU eu eu eu Bu BU (6/6n) 01 BU eu BU BU N
aqeIdelaly aqoudoiol 3xid axld xXid agoJdoIolN 3xid axid 3Xid 3xid axid pesn poyie
yS ‘eisnbny MSN BLOJIA BLIOJ3IA ¥S
Hod jo'isam I usxoig lleqdwe) lleqdwe) ¥S MSN MSN ‘Aoid ABlO  IN 'v# Jelery [N ‘sBundg ¥$ ‘1snBny
USIUIBA YO JBau YSIuseA Jod Jeay Jod Jeau Jajquen 1IN III4 vexe.g IH ueyoig  |lIyeuvepy Jesu fingusy 80|y Jeau Jod Jesu 8oUBpUNQY
-0l ‘yieq pal ¥ieq  USIUIEA WE3J)S SNIO BULEWY  USIUIEA PIWnH JesN leaN Jinig epended 1ayue|g ejoel3  dep eAjoopun  ¥eaJ9) lodeg [LUEITETE]

S3LIS NVIMVHLSNY bl eiqel

21

Australian Geagrapher 21 (1), May 1990



Table 1C: SITES AT AYERS ROCK

Elemental Black surface Black water Black water Orange crack Orange varnish Black crack Surface black m'_
abundance varnish on  streak varnish streak varnish varnish, not  exposed at  varnish, not  vamish, on orange varnish
fracture w/o organics with lichens  exposed at surface exposed at layer of  beneath black
surface surface orange varnishsurface vamish -
Method PIXE PIXE PIXE PIXE PIXE PIXE Microprobe Microprobe
Li na na na na na na na na
F na na na na na na na na
Na na bld bid bid bid bid na na
Mg 1.36 1.01 503 1.15 1.44 1.58 1.48 0.72
Al 28.46 22.34 22.87 29.18 29.84 28.77 20.21 17.5
Si 37.63 19.4 18.07 34.31 35.9 35.69 38.99 31.63
P bid bid bld bid bid bid na na
S bid bid bid bid bid bid na na
K 1.68 1.35 4.88 1.33 1.38 2.11 2.09 0.84
Ca 1.25 1.67 1.05 1.25 1.31 1.45 4.88 . 5.76
Ti 1.07 0.91 2.2 0.9 1.45 1.19 0.86 0.77
Mn 7.52 36.79 22.07 1.21 2.01 11.91 15.74 0.27
Fe 20.15 14.41 22.74 30.04 25.82 16.57 10.3 28.55
Ni bid bid bid bid bid bid na na
Cu 0.15 0.2 bid bld 0.15 bld 0.23 0.06
Zn 0.23 0.38 bid bid 0.28 bid na na
Rb bld bid bid bld bld bld na na
Sr bid bld bid bld bid bid na na
Zr bid bid bid bid bid bid na na
Ba 0.48 1.55 1.09 0.62 0.43 0.73 0.51 1.22
Pb bld bld bid bid bid bid na na
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Platé 1: Thih section of rock vamish from Ayeré 'Rocf(. The darker sdﬂa

cé Iaye} is of Mh-ﬁch"subaerial

vamish accreted on an orange (Mn-poor, Fe-rich) vamish originally deposited in a crevice. In order to
enhance the conirast between the layers of black (Mn-rich) and crange (Mn-poor) vamish, the texture

of the underlying rock was washed out in the photographic printing. Still, the

irregular subsurface

boundary between the orange varnish and the rock can be detected. The total thickness of the varnish

is about 80 microns.
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* iphibits the oxidation of manganese by varnish-
‘forming microorganisms (Dorn and Oberlander
1981, 1982), and alkalinity would also inhibit the
concentration of manganese (Dorn 1984, 1990) if
it occurred by a purely abiotic mode of manganese
enhancement (cf. Smith and Whalley 1588), it is
not surprising that the varnish colour is orange
from an abundance of iron, but not manganese.

After the overlying scale spalls or opens enough
" 1o wash away the alkaline desert dust, the orange
crack varnish is effectively exposed to the near-
neutral subaerial environment and a coating of
manganese-fich black varnish forms. Plate 1 illus-
trates black subaerial varnish formed on an or-
ange crack varnish. Electron microprobe analyses
of the underlying orange crack and overlying black
subaerial varnish layers are presented in Table
1C. The scaling of the surface of Ayers Rock,
therefore, controls its colour. In places that are
more unstable, orange crack varnish dominates.
On surfaces that are more stable or where crev-
ices have opened enough to wash away the des-
ert dust, black varnish has had time to develop.
The appearance of Ayers Rock is also affected
by places where dark ‘water streaks’' have
formed. The streaks consist of two different types

f;‘ag’é f2: Cross-section of varnish collected from Pepuar-
el 1 uff, Oulnina Homes_tez?d,' South Australia. Thq parail-
Nm:meliarg structure indicates abundant clay minerals.
derf _fhe distinct morphological break between the un-

Tlying rock and the varnish. Width of SEM image is
about 40 microns.

Australian Geographer 21 (1), May 1990

of manganese-rich black varnish: with lichens and
cyanobacteria and without these organisms.
Where varnish grows with lichens (cf. Dorn and

Oberlander 1982; Dragovich 1986b) or cyanobac-

teria, its development is patchy, reflecting a bal-
ance of rapid formation and rapid erosion. Where
varnish grows in water streaks without competing
microorganisms like lichens, the development of
varnish is less patchy; it is also much thicker than
normal subaerial and crack varnishes at c. 5-50
microns, reaching over 0.5 mm in places. The
chemistry of the difterent varnishes are contrasted
in Table 1C: orange crack and surface; black
crack and surface; black water streak with li-
chens; and black water streak without lichens.
This variability reflects different environmental
controls on varnish development.

While manganese and iron have received the
most attention in varnish research, Si and Al make
up the bulk of Australian varnishes (Table 1B, 1C).
Aithough no clay mineralogical work has been
conducted on Australian varnishes, the proportion
of Al and Si is similar to varnishes in the US
deserts that are known to be dominated by clays.
Evidence for.the importance of clays is also found
in the structure of Australian varnishes as ob-
served by SEM. The structure of varnish in Plate 2
is strongly suggestive of the dominance of clay
minerals. Still, exceptions do occur, such as the
iron-dominated coating in Table 1B, from west of
Port Augusta.

Whatever is falling out of the atmosphere has a
probability of being incorporated into subaerial
varnishes. This includes organic matter, such as
pieces of pollen grains or organics adsorbed to

clay minerals. Minor elements of Australian var-

nishes are usually K, Ca, Ti, P, Ba, and Na. Trace
elements include Li, F, S, Cl, Ni, Cu, Zn, Rb, Sr and
Pb. With more sensitive analytical techniques such
as neutron activation, we would anticipate the list
would grow to over 30, as in some US varnishes
(cf. Bard 1979).

The origin of Australian rock varnishes is only
examined here for the arid zone. The origin of the
clay poses no problem. Most have agreed that
airborne dust of local or regional origin provides
the clay minerals in varnishes (Potter and Ross-
man 1977; Dorn and Oberlander 1982; Elvidge and
lverson 1983; Raymond et al. 1988) and likely the
bulk of the minor and trace elements in the var-
nish. Many trace elements such as Cu, Zn, Co, U,
Th and Pb are scavenged by manganese and iron
oxides (Do and Oberlander 1982).

The key to the origin of varnish is ‘the mecha-
nism(s) by which manganese and iron are en-
hanced one to three orders of magnitude above
concentrations in adjacent rocks and soils. Al-
though in some dispute (Smith and Whalley 1988),
three different research groups (Krumbein 1969;
Krumbein and Jens 1981 — Dorn and Oberlander
1981, 1982 — Tayior-George et al. 1983; Palmer
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et al. 1985) have concluded that the most reason-
able mechanism for manganese concentration is
biological. Iron, on the other hand, could be en-
hanced by either physico-chemical or biological
mechanisms. A purely physico-chemical mecha-
nism for the enhancement of manganese is unlikely
(Krumbein and Jens 1981; Dorn and Oberlander
1982; Dorn 1989b).

Methods used in microbial culturing of Austra-
lian varnishes are described by Dorn and Oberlan-
der {1981, 1982). Although not as systematic as
the work in western North America, this study
yielded clear evidence of manganese- and iron-en-
hancing bacteria growing on rock varnishes at all
sites discussed in the study sites and methods
section. Pedomicrobium, Metallogenium {or Arthro-
bacter, cf. Palmer et al. 1985), and eight other
unidentified manganese-oxidising bacteria were
cultured. These deveioped over a period of two to
eight weeks. Manganese-enhancing bacteria were
also observed in sitv on samples collected in the
field and placed in a sterile vial until examination
with SEM and EDAX (Plate 3a and 3b). Although
identification is not possible based on morphology
observed by SEM, the general morphologies seen
ranged from those resembling Metallogenium and
Pedomicrobium budding bacteria (cf. Dorn and Ob-
erlander 1982), as well as the cocciforms in Plate
3a. Antecedent rainfall occurred within three
menths of the collection of all samples, so it was
not possible to determine if prolonged drought
would influence the presence and type of manga-
nese-oxidising microorganisms on the surface of
varnishes in Australia.

One of the most noticeable aspects of the
biology of Australian varnishes is the development
of microcolonial fungi (Staley et al 1982). In
studying varnishes from a large number of sites in
arid Australia, Staley et al. (1983) found an abun-
dance of microcolonial fungi {(MGCF). We concur. An
important issue here is the role of the MCF in
concentrating manganese and iron. Most of the
observations made under SEM suggest MCF in
Australia are largely destructive of varnish, proba-
bly due to the secretion of organic acids (Plate
4a). Some MCF are buried by newly accreted
varnish (Plate 4b). There was little evidence pres-
ented by Staley et al. (1983), and little evidence
found here to indicate that microcolonial fungi
concentrate manganese or iron in varnish. The
vast majority of MCF appear to be agents of
varnish destruction, while some are simply adven-
titious.

The same factor, namely greater effective mois-
ture in the Australian drylands than in many other
deserts (cf. Oberlander 1979), promotes a higher
concentration of manganese in Australian var-
nishes. Greater moisture precmotes the develop-
ment of manganese- and iron-concentrating bac-
teria, but greater moisture also promotes the
development of microcolonial fungi, lichens, cy-
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Plate 3: Mn-concentrating bacteria observed in situ from
Wilkatana, South Australia.
a. Cocci bacteria growing on the surface of the varnisf].
Some of the cells are being coated with new varnish in
the upper part of the image. Width of image about 10
microns.
b. Two EDAX signatures of the varnish in plate 3a. The
signature that is greatly enriched in manganese and irgn
was taken by a spot chemical analysis from the bacteria.
The signature that contains more Si and Al was of a less
focused spot, incorporating X-rays generated from the
varnish surrounding the bacteria.

anobacteria and other organisms that compete for
space on rock surfaces. These organisms also
secrete acids that chemically erode varnish (Dorn’
and Oberlander 1982; Dragavich 1986b). In a mod-
el of varnish growth (Figure 3) much of the Austra-
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Plate 4: Microcolonial fungi from the arid zone of Australia.
a. Field of several hundred square microns dominated by microcolonial fungi eroding varnish, collected from near Jessie
and Emily Gap, near Alice Springs, Northern Territory. Width of image about 400 microns.
b. Higher magnification view of typical microcolonial fungi, coliected from subaerial orange varnish, Ayers Rock. Some
are being coated by newer varnish. Other microcolonial fungi are eroding pits into the varnish. None of these
microcolonial fungi tested with EDAX concentrate Mn or Fe. Width of image about 150 microns.
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Rapid Rate of Growth  (€.g. Central Australia)
(e.g. Central Australia ?
Great Basin)
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(e.g. Atacama Desert)
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Figure 3: Theoretical model of varnish growth highlighting Australian varnish, as compared to warm

drylands such as the Sonoran Desert, Mojave Desert and the Great Basin in North America, as well as

Negev Desert and Atamaca Desert varnishes. Competition from rock surface organisms can completely:
inhibit the development of Australian varnish when the environment becomes too moist.
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lian arid zone appears to be right around the peak
of growth, and also very close to partial or com-
plete varnish erosion. Whether varnish forms or
erodes in Australia appears to be more influenced
by biogeography than by inorganic geochemistry.

The micromorphology of rock varnishes in Aust-
ralia was found to be mostly lamellate (Plate 5a),
both at the surface and in cross-section (Plate
5b). Botryoidal varnish was observed on the Mount
‘Gambier volcanics (Figure 5c), but only in patches
elsewhere (Figure 5d). Botryoidai varnishes form
when the accretion of manganese and iron around
microbial nucleation points is greater than the
deposition of clays. Lamellate varnishes form
when the accretion of clays overwhelm the oxides
(Dorn 1986). We anticipated finding much more
botryoidal varnish, because a water balance simi-
lar to that found in much of arid Australia (cf.
Oberlander 1979) would be associated with botry-
oidal varnish in North American drylands (Dorn
1986). This might be explained by the high fre-
quency of dust storms in the areas of arid Aust-
ralia where varnish was collected (McTainsh and
Pitblado 1987). An alternative explanation might
be found in a different mineralogy of the clays in
Australian varnishes. North American and israeli
varnishes are dominated by mixed-layer illite-
montmorillonite clays. The mineralogy of the clays

in Australian varnishes is not known and could very .

well influence the micromorphology. Another ex-
planation might involve differences in the microbial
community concentrating the manganese and iron,
and whether the enhancement tends to occur at
nucleation centres, hence favouring the develop-
ment of varnish botryoids. While the microbial
communities of the Australian sites sampled
seemed to be similar to the North American sites,
the length of sampling and density of sampling
sites was not comparable to the North American
study (cf. Dorn and Oberlander 1981, 1982).

DATING GEOMORPHIC SURFACES

Dating the onset of rock varnish accretion pro-
vides a minimum-limiting exposure age for the
underlying rock surface. There are two types of
geomorphic applications of dating varnish. The
first use is in providing a surface exposure age for
a landform, if the vamish started to form soon
after deposition or erosion ceased. The second
use is in providing a time for when the very sur-
face of the landform was last altered by weather-
ing or small erosional/depositional modifications.

For a varnish date to reflect the true age of the
landform requires a condition of no erosion for the
microsite where varnish was sampled. Also, the
varnish itself must form continuously as a synsedi-
mentary deposit. This can be assessed by SEM or
thin-section analysis (Dorn 1980). Uninterrupted
deposition is frequently not the case in Australia.
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Thin-section analysis by SEM and light micr0scopy

often revealed erosion by microcolonial fungi, fj.
chens, and cyanobacteria (see also Dragovich
1986b). An age determination for an eroded var.
nish, whether it be by the cation-ratio or radiocar-
bon method, would represent a composite of the
original varnish and any varnish that had retitlleg

eroded pockets. It is especially critical that Aust-
ralian samples be thoroughly screened before
they are radiocarbon or cation-ratio dated, be-
cause the Australian drylands examined for this
study appear to experience active biogeochemical
erosion of varnish in all but the most xeric sites,

Henbury Meteor Craters in Australia provide an
excellent laboratory to assess the use of varnish
in providing a surface exposure age. There are
constructional ejecta surfaces that refiect the tim-
ing of meteor impact. Henbury craters have age
control from the cosmogenic "C content of the
meteorite, indicating a maximum age of less than
4700 radiocarbon yr BP (Milton 1968). The varnish
at Henbury craters also appears 1o be relatively
free of the destructive influence of microcolonial
fungi. Two accelerator mass spectromeiry (AMS)
“C ages for organic matter extracted from the
bottom < 10% of the varnish are 3420 + 90 (Beta
22213; ETH 3199) and 3770 * 85 (Beta 26690;
ETH 4293). The oldest analysis more closely re-
flects the timing of impact, as varnish radiocarbon
dates are minimum ages (Dorn ef al. 1989). If the
oldest age is corrected for a lag time between the
exposure of the ejecta blanket and the accretion
of the bottom layer of the varnish, calibrated to be
about 10 + 5% for semiarid sites of known age
(Dorn et al. 1989), the best estimate for the age of
the ejecta blanket is about 4150 + 650 yr BP.

The ejecta blankets of the different Henbury
craters vary in their degree of preservation. Some
are heavily eroded by gullying. Others are fairly
pristine in appearance, although pavement modifi-
cation (cf. Mabbutt 19798) has undoubtedly oc-
curred. The rills on the ejecta blanket of Henbur_y
crater #4 (Milton 1968) were measured; the verti-
cal lowering of the rills averages about 14 = 3
cm/ 1000 years. We do not feel this can be ex-
trapolated to the whole ejecta blanket, because
some solution undoubtedly occurs on the ungullied
ejecta and aeolian deposition is also likely. Still

this figure indicates that rill erosion has taken

place in the late Holocene; it provides oné
long-term estimate for erosion of unconsolidated
slopes in the region.

Ejecta from Boxhole meteor impact crater {Fig-
ure 1) were also sampled. However, the cover of
vegetation is substantially greater at Boxhole.
Varnish was collected from 17 different parts of
the ejecta blanket. In the laboratory, microcolonial
fungi were found eroding varnishes from every
sample. An accelerator radiocarbon date of 1230
+ 110 (Beta 2216; ETH 3202) was from the basal
layer of varnish from Boxhole. The true age of the
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Plate 5: SEM micrographs of varnish micromorphology from selected sites in Figure 1.
a. Typical lamellate surface varnish from Beltana, South Australia.
b. Cross-section of the surface varnish from Beltana (Plate 5a). Note the lamellate structure of the varnish.
dC. EOICVoidaI varnish from Mount Gambier (cf. Sheard 1978), South Australia, collected from the ‘Devil’s Punchbowl’.
P atch of semi-botryoidal varnish from Depot Creek, South Australia. Botryoidal Structures are being coated by
amellate varnish. Most of the rock varnish was lamellate, but areas on the largest clasts on the alluvial fan had areas
similar to this micrograph. Widths of images are about 100, 30, 140 and 60 microns, respectively.
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Plate 6: Pepuafta 'Bluff on Qulnina Homestead, near Mannahill in Sout Auétralia. The numbers refer to the accelerator

.

radiocarbon dates (in thousands of years) obtained from the hillslope surfaces discussed in the text. ‘D’ refers to a
varnish sample that was radiocarbon ‘dead’ at older than 38,000 yr BP. Scale is provided by cars in the foreground. The
dates are corrected for the lag effect discussed in the text.

crater is probably slightly older than Henbury
(Shoemaker and Shoemaker 1988). The young
radiocarbon date is probably due to the post-im-
pact erosion of varnish. This instance highlights
the need for careful evaluation before the sample
is accelerator radiocarbon dated.

Slopes of Pepuarta Bluff in the Qulnina home-
stead near Mannahill, Olary Province of arid South
Australia (Figure 1; Plate 6), were sampled for
AMS "“C dating of varnish. Pepuarta Bluff is com-
posed of Pepuarta tillite with varying degrees of
jointing. Three finite dates are reported in Dorn et
al. (1988): 2120 + 150; 21,550 + 240; and 34,590
+ 660 yr BP. In addition, a radiocarbon ‘dead’
sample at > 38,000 yr BP was also collected from
this slope. The locations of these samples are
indicated on Plate 6. The youngest sample, col-
lected from the small alluvial fan, was particularly
difficult to collect and analyse because of the
abundance of lichen on the fan. Still, we feel this
date is reliable, because the varnishes analysed
for the date did not indicate a lichen problem on
the surface or in thin sections.

These varnish radiocarbon dates are minimum-
limiting ages for the stability of the surfaces sam-
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pled. They indicate in a general sense that geo-
morphic processes have been irregular in the re-
treat of Pepuarta Bluff. The source area for the
small fan in Plate 6 has undergone active erosion
in the late-Holocene; a channel has incised into
the head of the fan something after the 2120 =
150 yr BP date on varnish on the abandoned fan
segment. The other samples are from more stable
positions on the cuesta, indicating that tens qf
thousands of years have passed while these post-
tions on the cuesta have seen very little modifica-
tion. This should not be surprising. Relatively great
surficial stability is possible adjacent to relatively
unstable sites, due to differences in jointing, bef"
ding, facies and lithology. What is significant IS
that it is now possible to determine quantitativgly
how long surfaces have remained stable, opening
up a new set of questions on the nature of hill-
slope evclution and allowing Quaternary hiltslf)pe
processes to be related to landforms on the pied-

~mont.

AMS C dating of the basal layer of varnish,
outlined by Dorn et al. (1989), provides a tech-
nique to obtain surface exposure ages for the
weathering of landforms, such as Ayers Rock. For
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example, a sample of orange varnish was collect-
ed for AMS radiocarbon dating from a slope of 32°
on the west face of Ayers Rock. It initially formed
in a crevice and was exposed when the overlying
scales (about 3 cm thick) were broken off during
sampling. The radiocarbon age of organic matter
in the basal layer { < 10%) of the orange varnish
is 27,100 + 410 yr BP (Beta 19893; ETH 2809).
The interpretation is that the orange varnish start-
ed to form in the crevice before 27,000 radiocar-
bon years ago. This analysis indicates that the
processes of scaling at Ayers Rock can operate
over tens of thousands of years. Using this one
sample that may not be representative, Ayers
Rock is scaling back at that location at a rate
greater than 1 ecm/10* yr. A more thorough sam-
pling grid including radiocarbon dates on orange
varnishes on scales at different depths would be
needed to establish what are representative rates
of erosion.

THE ANTIQUITY OF ROCK ENGRAVINGS

Many Aboriginal rock engravings in Australia are
completely or partially coated with varnish, or
occur on surfaces which themselves have some
varnish cover. Although the presence of adjacent
-non-varnished and varnished engravings on the
same rock exposure points to a difference in
engraving ages (Basedow 1914), such qualitative
assessments provide relative ages at best.

A minimum engraving age can be established by
dating materials overlying engraved surfaces. Ini-
tial attempts to date rock engravings near Broken
Hill, NSW, sought to utilise datable materials other
than varnish. Some calcium carbonate was found
superimposed on a thin layer of varnish, and radio-
carbon dating of the carbonate yielded ages of
10,250 + 170 yr BP (Beta 13803) and 10,410 =+
170 yr BP (Beta 13804). Other subsoil carbonate
f:oatings which had formed directly over engrav-
Ings were younger; carbonate over one varnished
engraving had an age of 2680 + 380 yr BP {SUA
2099) and over a non-varnished engraving at 45
¢m below the soil surface at 3530 + 210 yr BP
{SUA 2100) (Dragovich 1988b). As this site forms
Part of an Aboriginal heritage area, speculative
e_xcavation in search of carbonate-coated var-
nishes is not possible. An age of 17,000 years has

eep proposed for carbonate-bearing aeolian de-
Posits found at Fowlers Gap to the north (Chartres
1982), so datable carbonate coatings older than
;ﬁiooo years could occur at the site near Broken
il

Since most rock engravings are not coated by
Carbonate, only the varnish itself is left to date.
The most accurate method of placing a numerical
age. on the varnish would involve AMS radiocarbon
dating of the varnish itself (Dorn et al. 1989).
Unfortunately, this method normally requires larger
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quantities of varnish than is typically present with-
in engravings. Further, the collection of varnish for
radiocarbon dating would involve major alterations
to the appearance of heritage items.

Cation-ratio dating of rock varnish, as it is prac-
tised here, by removing the varnish from the rock
surface (Dorn 1983, 1989a; Tanzhuo and Yuming
in press) does not suffer from either limitation.
Varnish needs to be scraped from only a few
square millimetres of surface. This does not signif-
icantly alter the appearance of the petroglyph; the
sampling would be noticed in most cases only
upon examination with a hand lens. Other ap-
proaches to cation-ratio dating invelve the non-de-
structive in situ analysis by PIXE (Pineda et al.
1988) and destructive in situ analysis by EDAX
attached to an SEM (Glazovskiy 1985; Harrington
and Whitney 1987). Still, the accuracy of cation-
ratio dating is less than radiocarbon dating. Cat-
ion-ratio dating is based on the calibraticn of the
ratio (K+Ca)/Ti of varnishes with the established
ages for the exposure of geomorphological sur-
faces. Conventional radiocarbon dates for the
ages of geomorphological surfaces could be used
as a calibration, or AMS radiocarbon dating of
rock varnish if conventional ages are not available
near the archaeological site.

Cation-ratio dating was used to assign prelimi-
nary minimum-limiting ages to 24 rock engravings
in the Olary Province of South Australia (Dorn et
al. 1988; Nobbs and Dorn 1988). Varnish cation
ratios on these engravings were assigned calibrat-
ed ages based on only three AMS radiocarbon
dates. on varnish and a historical date for a rock

_engraving. The varnishes on the Aboriginal engrav-
" ings ranged in calibrated ages from about 1400 to

31,500 yr BP. The underlying engravings are as-
sumed to be only slightly older than the varnishes,
since varnish starts to form on an exposed surface
after about 100 years in this region based on
observations of historical petroglyphs. One of the
conclusions of this study is that what is now
recognised as a similar ‘style’ of tracks, lines,
dots, circles, grooves and designs has remained
quite similar for about 30,000 years. The work of
Dorn et al. (1988) and Nobbs and Dorn (1988)
supports Smith's (1987) results of human occupa-
tion in central Australia by 22,000 years ago.
These results are also consistent with the more
recent findings of Cosgrove (1989) that humans
occupied Tasmania by about 30,800 yr BP.

Future work on the dating of Australian rock
engravings will probably depend on AMS radiocar-
bon dating of rock varnish to calibrate varnish
cation ratios. This is because organic material
suitable for conventional radiocarbon dating is
rarely available to date desert landforms. Although
tested in North America and Hawaii (Dorn et al.
1989), AMS "“C dating of varnish has not been
compared with conventional radiocarbon dates in
Australia. An important future task will be to obtain
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AMS radiocarbon dates on varnishes buried by
calcium carbonate coatings where both the organ-
ic and inorganic fractions of the coatings can be
radiocarbon dated.

CONCLUSION

Rock varnish in Australia is superficially similar
to varnishes in other deserts of the world. It is
black, typically enriched in manganese by microbi-
al activity, and is external to the underlying rock. It
appears to have a trace and minor element chem-
istry also similar to varnishes elsewhere. The
chemistry appears to be highly variable on micro-
metre, metre, and kilometre scales. However,
there appear to be some substantial differences.
The varnish in Australian drylands is much more
susceptible to erosion than in other deserts. Rock
surface organisms like lichens and microcolonial
fungi appear to be more abundant in Australia than
in the drylands of North America, Israel, Peru-Chile
and Antarctica. While most of the varnishes ap-
pear to be composed of a similar amount of clays,
over 50 per cent by Si and Al chemistry, the
mineralogy could differ perhaps reflecting the min-
eralogy of ambient aeolian clays. The micromor-
pholegy of Australian varnishes is mostly limited to
lamellate, whereas varnishes eisewhere tend to
form botryoidal structures more readily in less
dusty sites.

Rock varnish in Australia has great potential as
an archaeological and geomorphological research
tool. This has been demonstrated at selected
sites in the Northern Territory and South Australia.

To fully utilise this potential, considerably more
basic research on the nature of varnish in Aust-
ralia will be required. Data gathered for this study
are from a few sites scattered over a smali portion
of the arid zone. It is very likely that new vamish
phenomena await discovery at other sites. We
have literally and figuratively barely scratched the
surface of the problem of interpreting rock varnigh
in Australia. Exploration is desperately needed on
topics such as environmental gradients from winter
to summer rain, of the interaction of cycles in the
aeolian system and possible cycles in varnish, and
of microchemical interactions at the micron leve]
(ct. Dragovich 1988a; Krinsley and Anderson
1989). Rock varnish studies will never provide the
instant fix of a radiocarbon date on charcoal in a
stratigraphic deposit, but we do believe varnish in
Australia has a demonstrated potential to justify
its further exploration.

ACKNOWLEDGEMENT

Funded by US National Science Foundation
Presidential Young Iinvestigator Award 87-57014
and University of Sydney research grants. Thanks
to D. Dorn and M. Nobbs for field assistance; D.
Tanner and D. Dorn for laboratory help; M. Turner
for the Antarctica sample; T. Cahill, T. Gill and the
Air Quality Group at UC Davis for PIXE analyses,
M. Tamers, J. Stipp of Beta Analytic and W. Wolfli
and the Zurich accelerator group for AMS 'C
analyses. Thanks to Conservation Commission of
the Northern Territory and National Parks Wildlife
Service of New South Wales for permission to
sample small quantities of varnish.

REFERENCES

Allen, C. C. (1978) ‘Desert varnish of the Sonoran Desert: optical and electron probe microanalysis’,

Journal of Geology, 86, 743-52.

Bard, J. C. {1979) The development of patination dating technique for Great Basin petroglyphs ut,‘lizing
neutron activation and X-ray fluorescence analyses, unpublished PhD dissertation, University of

California, Berkeley.

Basedow, H. (1914) ‘Aboriginal rock carvings of great antiquity in South Australia’, Journal, Royal

Anthropological Institute, 44, 195-211.

Bourman, R. P. and Milnes, A. R. (1985) ‘Gibber plains’, Australian Geographer, 16, 229-32.
Cahill, T. A., Eldred, R. A., Shadoan, D., Fenney, P. J., Kusko, B. H. and Matsuda, Y. (1984) ‘Completfa
elemental analysis of aerosols: PIXE, FAST, LIPM, and MASS', Nuclear Instruments and Methods In

Physics Research, B3, 291-5.

Chartres, C. J. (1982) ‘The pedogenesis of desert loam soils in the Barrier Range, western New South
Wales. I, Weathering and soil formation’, Australian Journal of Scil Research, 21, 1-13. .
Cosgrove, R. (1989) ‘Thirty thousand years of human colonization in Tasmania: new Pleistocene dates.,

Science, 243, 1706-8.

Dorn, R. I. (1983) ‘Cation-ratio dating: a new rock varnish age determination technique’, Quaternary

Research, 20, 49-73.

Dorn, R. I. (1984) ‘Cause and implications of rock varnish microchemical laminations’, Nature, 310, 767-70.
Dorn, R. I. (1986) ‘Rock varnish as an indicator of aeolian environmental change’, in Nickling, W. G. (ed.)
Aeolian geomorphology, Allen & Unwin, London, pp. 291-307.

30

Australian Geographer 21 (1), May 1980



" porn, R. | (1989a) ‘Cation-ratio dating: a geographic perspective’, Progress in Physical Geography, 13,
g-96.

porn, 35 1. (1989b) ‘A comment on “A note on the characteristics and possible origins of desert varnishes
from southeast Morocco” by Drs Smith and Whalley’, Earth Surface Processes and Landforms, 14,
167-70.

Dorm, RE.; I. (1990) ‘Quaternary alkalinity fluctuations recorded in rock varnish microlaminations on western
U.S.A. volcanics’, Palaeogeography, Palaeoclimatology, Palaeoclimatology, 76, 291-310.

Dom, R. 1., Bamforth, D. B., Cahill, T. A., Dohrenwend, J. C., Turrin, B. D., Jull, A. J. T., Long, A., Macko, M.
E., Weil, E. B., Whitley, D. S. and Zabel, T. H. (1986) ‘Cation-ratio and accelerator-radiocarbon dating
of rock varnish on archaeological artifacts and landforms in the Mojave Desert, eastern California’,
Science, 223, 730-3.

porn, R. I, Jull, A. J. T., Donahue, D. J., Linick, T. W. and Toolin, L. T. (1989) ‘Accelerator mass
spectrometry radiocarbon dating of rock varnish’, Bulletin, Geological Society of America, 101,
1363-72. ‘

Dorn, R. I., Nobbs, M. and Cahill, T. A. {(1988) ‘Cation-ratio dating of rock engravings from the Olary
Province of arid South Australia’, Antiquity, 62, 681-9.

Dorn, R. |. and Oberlander, T. M. (1981) ‘Microbial origin of desert varnish’, Science, 213, 1245-7.

Dorn, R. |. and Oberlander, T. M. (1982) ‘Rock varnish’, Progress in Physical Geography, 6, 317-67.

Dragovich, D. (1984a) ‘The survival of desert varnish in subsurface positions, western New South Wales,
Australia’, Earth Surface Processes and Landforms, 9, 425-34.

Dragovich, D. (1984b) ‘Desert varnish as an age indicator for Aboriginal rock engravings: a review of
problems and prospects’, Archaeology in Oceania, 19 (2), 48-56.

Dragovich, D. (1985} ‘Desert varnish and problems of dating rock engravings in western New South Wales’,
Proceedings, Second Australian Archaeometry Conference, Canberra, pp. 28-35.

Dragovich, D. (1986a) ‘Minimum age of some desert varnish near Broken Hill, New South Wales’, Search,
17, 149-51.

Dragovich, D. (1986b) ‘Weathering of desert varnish by lichens’, in Conacher,” A. (ed.) Readings in
Austraiian geography: proceedings of the 21st Institute of Australian Geography Conference, Perth
10-18 May, 1986, Institute of Australian Geographers (WA Branch) and Department of Geography,
University of Western Australia, Perth, pp. 407-12.

Dragovich, D. (1988a) ‘A preliminary electron probe study of microchemical variations in desert varnish in
western New South Wales, Australia’, Earth Surface Processes and Landforms, 13, 259-70.

Dragovich, D. (1988b) ‘Desert varnish and environmental change near Broken Hill, western New South
Wales’, Earth-Science Reviews, 25, 399-407.

Duerden, P., Cohen, D. D., Dragovich, D. and Clayton, E. {1986) ‘lon beam analysis studies of desert
varnish’, Nuclear Instruments and Methods in Physics Research, B15, 643-6,

Elvidge, C. D. and Collett, C. J. (1981) ‘Desert varnish in Arizona: distribution and spectral characteristics’,
Technical Papers, American Society of Photogrammetry, ASP-ACSM Fall Technical Meeting, San
Francisco, 9-11 September, pp. 212-22.

Elvidge, C. D. and Iverson, R. M. (1983) ‘Regeneration of desert pavement and varnish’, in Webb, R. H. and
Wilshire, H. G. (eds) Environmental effects of off-road vehicles, Springer Verlag, New York, pp.
225-43,

Francis, W. D. (1921) ‘The origin of black coatings of iron and manganese oxides on rocks’, Proceedings,
Royal Society of Queensland, 32, 110-16.

Glazovskiy, A. F. (1985) 'Rock varnish in the glacierized regions of the Pamirs’ (in Russian), Data
Glaciological Studies (Moscow), 54, 136-41,

Harrington, C. D. and Whitney, J. W. (1987) ‘Scanning electron microscope method for rock varnish dating’,
Geology, 15, 967-70.

Krinsley, D. and Anderson, S. (1989) ‘Desert varnish: a new look at chemical and textural variations’,
Abstracts with Programs, Geological Society of America, 21, 103.

Krumbein, W. E. (1969) ‘Uber den Einfluss der Mikroflora auf die Exogene Dynamik (Verwitterung und
Krustdenbildung)’, Geologische Rundschau, 58, 333-63.

Krumbein, W. E. and Jens, K. (1981) ‘Biogenic rock varnishes of the Negev Desert (Israel): an ecological
study of iron and manganese transformation by cyanobacteria and fungi’, Oecologia, 50, 25-38.
Lucas, A. (1905) The blackened rocks of the Nile cataracts and of the Egyptian deserts. National Printing

Department, Cairo.

Mabbutt, J. A. (1979) ‘Pavements and paiterned ground in the Australian stony deserts’, Stuttgarter
Geographische Studien, 93, 107-23. .

McMath, J. C., Gray, N. M. and Ward, H. J. (1953) ‘Geology of the country about Coolgardie Goldfield,
W.A", Bulletin, Western Australia Geological Survey, 107.

McTainsh, G. H. and Pitblado, J. R. {(1987) ‘Dust storms and related phenomena measured from meteoro-
logical records in Australia’, Earth Surface Processes and Landforms, 12, 415-24.

Austraiian Geographer 21 (1), May 1830 31




Milton, D. J. (1968) ‘Structural geology of the Henbury meteorite craters, Northern Territory, Austraha
Professional Paper 599, United States Geological Survey, pp. C1-C17.

Moulden, J. C. (1905) ‘Origin of pebble-covered plains in desert regions, a discussion of the paper by Mr.
William P. Blake from Cockel Creek, New South Wales, Australia’, Transactions, American Institute of
Mining Engineers, 35, 963.

Nobbs, M. F. and Dorn, R. 1. (1988) ‘Age determination for rock varnish formation within petroglyphs: -
cation-ratio dating of 24 motifs from the Olary Region, South Australia’, Rock Art Research, 5,
108-46.

Oberlander, T. M. (1979) ‘Characterization of arid climates according to combined water balance parame-

ters’, Journal of Arid Environments, 2, 219-41. .

Palmer, F. E., Staley, J. T., Murray, R. G. E., Counsell, T. and Adams, J. B. (1985) ‘Identification of
manganese-oxidizing bacteria from desert varnish’, Geomicrobiclogy Journal, 4, 343-60.

Perry, R. S. and Adams, J. B. (1978) ‘Desert varnish: evidence for cyclic deposition of manganese Nature,
276, 489-91.

Pineda, C. A, Peisach, M. and Jacobson, L. (1988) ‘lon beam analysis for the determination of cation ratios
as a means of dating southern Afncan rock varnishes’, Nuclear Instruments and Methods in Physics
Research, B35, 463-6.

Potter, R. M. and Rossman, G. R. (1977) '‘Desert varnish: the importance of clay minerals’, Science, 196,
14486-8.

Potter, R. M. and Rossman, G. R. (1979) ‘The manganese- and iron-oxide mineralogy of desert varnish’,
Chemical Geology, 25, 79-94.

Raymond, R. J., Harrington, C. D., Bish, D. L. and Chipera, S. J. (1988) ‘Mineralogic characterization of rock
varnish from Nye County, Southern Nevada’, Abstracts with Programs, Geological Society of America,
20, 345.

Sheard, M. J. (1978) ‘Geological history of the Mount Gambier volcanic complex Transactions, Royal
Society South Australia, 102, 125-39.

Shoemaker, E. M. and Shoemaker, C. S. (1988) ‘Impact structures in Australia’, Lunar Planetary Science,
19, 1079-80.

Smith, B. J. and Whalley, W. B. (1988) 'A note on the characteristics and possible origins of desert
varnishes from southeast Morocco’, Earth Surface Processes and Landforms, 13, 251-8.

Smith, M. A. 1987, ‘Pleistocene occupation in arid central Australia’, Nature, 328, 710-11.

Staley, J. T., Jackson, M. J., Palmer, F. E., Adams, J. B., Borns, D. J., Curtiss, B. and Taylor-George.'S.
(1983) ‘Desert varnish coatings and microcolonial fungi on rocks of the Gibson and Great Victorian
deserts, Australia’, BMR Journal Geology and Geophysics, 8, 83-7.

Staley, J. T., Palmer, F. and Adams, J. B. (1982) ‘Microcolonial fungi: common inhabitants on desert
rocks?’, Science, 215, 1093-5. '

Stewart, A. J., Blake, D. H. and Ollier, C. D. (1986) ‘Cambrian river terraces and ridgetops in central
Australla oldest persisting landforms?’, Science, 233, 758-61.

Talbot, H. W. B. (1910) ‘Geological observations in the country between Wiluna, Hall’s Creek and Tanami’,
Bulletin, Western Australia Geological Survey, 39.

Tanzhuo, L. and Yuming, Z. (in press) Establishment of a cation-leaching curve of varnish for the Dunhuang
region, western China’, Seismology and Geology.

Taylor-George, S., Palmer, F. E., Staley, J. T., Borns, D. J., Curtiss, B. and Adams, J. B. (1983) ‘Fungi and
bacteria involved in desert varnish formation’, Microbial Ecology, 9, 227-45.

Walther, J. (1891) Die Denudation in der Wuste, Akademi der Wissenschaften: Mathematisch- Physicalische
Klasse, Abhandlungen, 16, 435-61.

32 Australian Geographer 21 (1), May 1990



