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ABSTRACT: "Eolianite" and"Eustasy"are both 20th centmy termsand even in their most rudimentaIy beginnings were not alluded to
in most early 19th century treatises of geology. Darwin saw beachrock fur the first time in 1832 when HMS Beagle stoppedat Recife
(Pernambuco) in Brazil, then saw raised shore terraces in Patagonia and Chile, followed by coral atolls in mid-Pacific, and examined
eolianites on Ascension, S.W. Australia, South Africaand on St. Helena. during the Beagle's extended voyage (1831-1836).

The subsidence theoryof atolls,based on studies of Capt. Rtzroy's navy charts, was fonnulated already before :reaching Recife.
and the crustal uplift in Patagonia offm:d a perfectly logical contrast to Pacific subsidence that eventually led to the conceptof "tectono­
eustasy". Although a decade or so before Charpentier, Agassiz and Gei.kie, the Ice-Ageglaciation must have been clearly implanted in
Darwin's mind, for he also reasonedon the assumption of its hydrologic implications, now known as "glacio-eusrasy".

Darwin repeatedly observed lime-cemented sandstones (later to be called "eolian calcarenites" by Grabau and"eoHanites" by
Sayles) in coastal settings. Their steep dips and bedding orienlation suggested wind-borne ("aeolian") transport from seaWBl'd, from a
continental or insularshelf, now inundated by what - he reasoned- was a rise of sea level or sinking of the land Darwin's obsenrldions of
eolianites at King George's Sound in southwestern AustIalia in the last year of the voyage of IheBeagle (March 1836) may perhaps have
been the final "crucial experiment" that convinced him of the fundamental concept the worldwide natureof eustasy.

INTRODUCTION

Thehistoryofscience isabmdantlylitteredwithtales
of serendipity: the felicitous chance. When CharlesDarwin
was appointedasnaturalist to accompany HMSBeagleon its
worldvoyage in the year1831,he wassingularlyill-equipped
in an academic sense, although he had enjoyed Professor
Henslow's lectures on natural history(and country walks)at
Cambridge and had evenservedas field assistantto Charles
Lyell ona trip to Wales. His background in the"natureversus
nurture" stakes wasto havebeendescended from several gen­
erations of remarkably gifted people, reasonably well-to-do
and country-oriented, But the reallyserendipitous eventwas
the publication of the first volume of Lyell's "Principles of
Geology" in 1830,and this was thoroughly read before the
Beagledropped anchorat Pernambuco, Brazil. Volumes two
and three reachedhim later on the voyage. In his introduc­
tion to the 1959edition(p. vi) of"The Voyage oftileBeagle"
(1839) H. GrahamCannonpoints oot the profound effect of
the Principles on youngDarwin, who had never previously
strayedfrom the shoresofBritain.

"Unexpected indeed were the results that followed, and in
this rook the reader can seefor himselfthe gradualdevelop­
mentof thechange thatcame about in Darwin'smentalout­
look. HeleftEnglandscorning geology. Bythetimehereached
the southernmost tip of South America he had become the
most ardentuniformitarian geologist. FromMonteVideo he
was writing to his sister Carolineof '...myfeelings of exces­
sivepleasure which geology gives as soon as one partlyun­
derstands the country.' It is easy to see what had happened.
ArmedwithLyell's Principles hehadbeen abletoobserve for
himself, in the various pans of South America, the way in
which the scenery gradually unfolds itselfthrough the ages.
Later he writes to his sister Catharine from the Falldand is­
lands: There is nothing like geology; the pleasure of thefirst
day's partridge shooting...cannot be compared to finding a
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fine group of fossil bones, which tell their story of former
timeswithalmosta livingtongue.' This is praise indeedcom­
ingfrom sucha sportsman asDarwin, whoinhis youth placed
shooting in fimt of almosteverything else."

Darwin, ofCOW'Se, isknown primarilyfor his renowned work
(Il biological evolution and itsphilosophicallibemtirn ofthe
intellectual world. from thefetters and hobgoblins ofcreation­
ismand fundamentalism. Lessknown,regrettably, ishis role
asageologist.. although thelaurels fortherecognitioo ofphysi.
calevolution, oneofthefundamental "EarthLaws"(Fairtridge
1980, 1987),havealways veryproperly gone to L)dl. Can­
non (op.cit, p.vi) wrote:

"Now, Lyell's Principles is an amazingbook. In it
thereis the wholeconception ofevolution. It deals,ofcourse,
with theevolution of inanimatethings,withrocksand rivers
and deserts and mountains. Buthe left it tobeinferred by the
reader that theseevolutionary ideas mustalso applyto living
fonnsandeventoman.Thishe admittedin replyto thosetwo
olddiehardsat Camlridge,Whewell and Sedgwick theelder,
whotaxeshimwiththis heresy. Now, Darwin musthavenoted
all thiswhenhe read the book on the longvoyage southwards
through the Atlantic, so that when he cameto see the actual
structure of thelandmasses ofPatagonia. and then the Andes
themselves, the light shoo.e and he must have realized the
soundness of Lyell's views."

Thus forearmed, Darwinexploited the voyage of theBeagle
as the greatestlearningexperience ofall time. FromDecem­
ber 27, 1831,when sheweighed anchor from Devonport, to
herhomecoming in Falmouth onOctober 2, 1836,everyport
ofcalloffered newexperiences, newsceneryto observe, new
inteUectual challenges.

The theme of this essay "Eolianites and Eustasy"
deals with twin concepts that grew on Darwinas the voyage
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progressed,although, indeed neither term had yetbeen pro­
mulgated. Of neither term is there much more than a hint in
the voluminous works of Lyellor any other basic geological
text of the 19th century. The role of wind ("aeolian" pro­
cesses to Darwin) in creating coastal rock formations
C'eolianites" of Sayles 1931) was in fact documented by a
youngofficer of the Royal Navy, Lt Nelsonand publishedin
oneof the earliest volumesof the Geological Societyof Lon­
don (Transactions, v.5, 1840). Eustasy, for its part, in the
categoryof glacio-eustasy, emergedalmostas soon as the ice
age theory came to be recognized (MacLaren, 1842). The
actual term "eustatic" motions of sea level had to await the
visionof the greatEduard Suess (1888)and the specific cat­
egory"glacio-eustasy", the pen of HenriBaulig (1935).

It was Darwin who integratedthe two. On a volca­
nic island like St. Helena, for example, there are abundant
eolianitesbutalmostno beaches. Whencecameall that sand?
Ex nihil, nihilfit. Evidentlyit came fromoffshore, blownin
from the insular shelf, at a time when either the land was
higher or the sea levelwas lower. Fresh fromhis Patagonian
observations, at first he quite naturally favored land uplift,
but in later writings it is clearly implied that he accepted the
glacial theory. (A basic, encyclopedia entryon "Eolianite" is
providedin Fairbridgeand Johnson 1978;seealso Battistini
1964;Sanders and Friedman 1967;Sanlaville 1977;Yaalon
1967;Buchbinderand Friedman 1980).

An important diagenetic process that appears also
to havebeen firstaddressedbyDarwinis therole of timingin
calciumcarlJonate cementation, a questionwhichis intimately
bound up with both eolianite formation and eustatic fluctua­
tions. This phenomenon,socharacteristic of the littoralzone
in the tropics is almost unknown in the middle and upper
latitudes,and so had escapedthe attentionofmostof the18th
and early 19thcentury geologists. Someof the problemsre­
lating to it appear destined to persist into the 21st century
(Friedman 1995).

To concludethese introductory words, one mayre­
turn brieflyto the theme of serendipity, when the curiousvi­
cissitudes of WorldWar II brought Fairbridgeand Teichert
(1953) togetherin Australia,one of us (R.W.F.) via the o.K.,
Canada, Central Europe, and the MiddleEast, and the other
(C.T.), fromKOnigsberg (once, EastPrussia),viaCopenhagen,
Greenland, and Washington, D.C. Together we studied
beachrock, eolianites, coral reefs and eustatic processes
(Fairbridgeand Teichert 1948, 1953) and pioneered the in­
terpretation of reefs and kindred coastal forms by the use of
air photography(Teichertand Fairbridge1948).

CALCIUM CARBONATE CEMENTATION
OF BEACHROCK

One of Darwin's first experiences on South Ameri­
can shores was at Pernambuco (now Recife), where he ob­
served the astonishingsandstonereef about3m aboveMSL.
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This is classical"beachrock" (Branner 1904;Guilcher1961).
Waves beat over it, but it clearlyhas thestructureand petro­
graphic composition of a sandy beach, in fact, a structural
pseudomorph now firmly cemented, and at an elevation that
today we might well identifyas "non-actualistic": in short,
wecouldnotexplainit without callingfortwo unusualmecha­
nisms: recent cementation and recent change in elevation.
Since that time numerousintrepid coastal touristshave rre­
discovered" beachrock (e.g. Russell 1959), but have added
precious little to our knowledge, and in numbers of papers
transparentlyincorrect conclusions have been promulgated
(see discussions: Alexanderson 1972; Friedman and Gavish
1971;Pytkowicz 1971;Hopley 1982).

Darwin's description of beachrockobservedon As­
cension Island is worth repeating (from "Geological Obser­
vations on the Volcanic Islands...": 1844; 1851/90,p.198):

"Formation of calcareous rocks on the sea-coasu-­
Onseveralof the sea-beaches, there are immense accumula­
tionsof small,well-rounded particlesof shells and corals, of
white,yellowish, and pinkcolors, interspersedwitha fewvol­
canic particles. At the depth of a few feet, these are found
cemented togetherintostone,of whichthe softervarieties are
used for building; there areother varieties, both coarse and
fine-grained., too hard for this purpose: and I sawone mass
divided into evenlayershalfan inch in thickness,whichwere
so compact that when struck with a hammer they rang like
flint It is believed by the inhabitants, that the particles be­
come united in the course of a single year. The union is ef­
fected bycalcareous matter; and in the mostcompactvariet­
ies, each rounded particle of shell and volcanicrock can be
distinctly seen tobe enveloped in a husk: ofpellucidcarbonate
of lime. Extremelyfew perfectshells are embedded in these
agglutinated masses; and I haveexaminedeven a large frag­
ment under a microscope, withoutbeing able to discoverthe
least vestige of striae or other marks of external form: this
showshow long each particle must have been rolled about,
before its turn came to be embedded and cemented. One of
the mostcompactvarieties, whenplaced in acid, was entirely
dissolved, with the exception of someflocculent animal mat­
ter; its specific gravitywas 2.63. The specific gravityof ordi­
nary limestonevaries from 2.6 to 2.75; pure Carrara marble
was found by Sir H De la Beehe to be 2.7. It is remarkable
that these rocks of Ascension, formed close to the surface
shouldbe nearlyas compactas marble,which hasundergone
theaction of heat and pressure in the plutonicregions."

'Thegreataccumulation oflOOlecalcareousparticles,
lying on the beach near the Settlement, commences in the
monthofOctober, movingtowards the S.W.,which, as I was
informed byLieutenant Evans, is caused by a change in the
prevailingdirection of the currents. At this period the tidal
rocks,at the S.W. end ofthebeach,wherethe calcareous sand
is accumulating, and round which the currents sweep, be­
comegraduallycoated witha calcareousincrustation, half an
inch in thickness. It is quitewhite,compact,with someparts
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slightlyspathose, and is firmly attachedto the rock. Aftera
short time it gradually disappears, being either redissolved,
when thewateris lesschargedwith lime,or moreprobably is
mechanically abraded.LieutenantEvans has observed these
facts, during the six years he has resided at Ascension. The
incrustation variesin thicknessin different years... Consider­
ing the position of the tidal-rocks, and the period at which
theybecome coated, therecanbe nodoubtthat the movement
and disturbance of the vast accumulation of calcareous par­
ticles, many of them being partially agglutinated together,
cause the waves of the seato be so highlycharged withcar­
bonateof lime, that they depositit on thefirstobjects against
which they impinge."

Darwinprovideda footnote, pointingto an illustra­
tion of turtleeggsencasedin beachrock, in Lyell'sPrinciples
(1833,vo1.3, ch.17). In theaboveextraet,and in severalother
places, Darwin refers to a "white incrustation ... that gradu­
allydisappears". It appears to bewhatTchecmak: (1878)once
described as a new mineral Pelagosiie (fromthe Adriaticis­
land of Pelagosa (nowbelievedto belongto Croatia). It ap­
pears instead to be an ephemeral evaporitic mixture of car­
bonatesand other seasalts thateasilyredissolves in saltspray
(X' rain (Fairbridge 1952,1957; RevelleandFairbridge1957).

Beachrock, it turns out, is in many ways an ideal
indicator of former sea levels (Hopley 1986);a lOOO-yr-old
examplefrom 1.5-2mbelow presentdatum wasrecently re­
portedfromSanSalvadorIsland,Bahamas(Kindlerand Bain
1993). Failuretoidentifyit, (X' todistinguish it fromeolianite,
leads to common errors (Dalongevi1le and Sanlaville 1981;
Bain 1988; Friedman 1995).

DARWIN'S OBSERVATIONS OF EOLIANITE

Onthe homeward stretch 00 March6th, 1836,HMS
Beagledroppedanchor in KingGeorge'sSound,notfar from
the presentsiteofAlbany, in Western Australia, Darwinwas
not favorably impressedby the poor soil and sparse vegeta­
tion, but evidently fascinatedby a corroboree put 00 by the
localaborigines, whowereregrettablydismissed in ignorance
as "the lowest barbarians". Itwashereat BaldHeadnear the
entranceto the Soundthat hecameface to face witheolianites
00 a largescale. Thisis00 theworld'slargest tractofeolianites
(Sandecs and Friedman 1967), extendingover 5000 km of
coastline. In his 10yage (1845/1959 ed., p. 433), he says:

''One day I accompanied Captain Fitz Roy to Bald
Head; theplacementionedbysomanynavigators, wheresome
imaginedthat theysawcorals, and othersthat theysawpetri­
fied trees, standing in the positionin which they had grown.
According toourview, thebeds havebeen funnedby thewind
having heaped up fine sand, composed of minute rounded
particlesof shellsand corals. during whichprocess branches
and roots of trees, together with many land-shells, became
enclosed. The wholethen becomeconsolidated by the perco­
lationofcalcareous matter;and the cylindrical cavitiesleftby
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the decaying of the wood, were thus also filledup witha hard
pseudo-stalactical stone. The weather is now wearingaway
thesofter parts, and in consequence the hard castsofthe roots
and branchesof the treesproject abovethe surface, and, in a
singularly deceptive manner, resemble the stumpsof a dead
thicket."

There is more information in Volcanic Islands (1844; 1851/
90, p.260-265):

"A calcareous depositon the summitof BaldHead,
containing branchedbodies, supposedbysomeauthorstohave
beencorals,has beencelebrated by the descriptions of many
distinguished voyagers. It folds round and concealsirregular
hummocks of granite.at the heightof600feetabovethelevel
of the sea. It variesmuch in thickness; where stratified, the
beds are often inclined at high angles, even as much as at
thirty degrees, and theydip in all directions. Thesebeds are
sometimes crossed by oblique and even-sided laminae.The
deposit consistseither of a fine,whitecalcareous powder, in
which nota trace ofstructure canbe discovered, <r ofexceed­
inglyminute,roundedgrains, ofbrown,yellowish, and pur­
plish colors; both varieties being generally, but not always,
mixedwithsmallparticlesofquartz,and beingcemented into
a moreor less perfectstone. The rounded calcareous grains,
when heatedin a slight degree, instantly lost their colors; in
thisandineveryotherrespect, closelyresembling thoseminute,
equal-sizedparticlesof shellsand corals, whichat St, Helena
havebeendrifted upthe sideof the mountains,and have thus
been winnowed of all causer fragments. I cannot doubt that
the coloredcalcareous particleshere have had a similar 00­
gin. The impalpable powderhas probably been derived from
the decayof the rounded particles; this certainly is possible,
for on the coast ofPeru, I have traced large unbroken shells
graduallyfulling into a substance as fine as powdered chalk.
Bothof thea1x>ve-mentioned varieties ofcalcareous sandstone
frequently alternatewith,andblendinto, thin layersofa hard
substalagmitic rock,which,evenwhen the stone00 eachside
contains particlesofquartz, is entirelyfree fromthem:hence
we mustsupposethat theselayers, as wellas certainvein-like
masses, have been formed by rain dissolving the calcareous
matterand re-precipitating it, as has happenedat St, Helena.
Eachlayerprobablymarksafresh surface,whenthenowfirmly
cementedparticlesexistedasloosesand.Thesela~aresome­
timesbrecciated and re-cemented, as if they had beenbroken
by the slippingof the sand whensoft I did not find a single
fragment ofa sea-shell; butbleached shellsof theHelixmelo,
an existingland species, aboundin all the strata; and I like­
wise found another Helix, and the case of an Oniscus." ...
."Calcareous deposits, like theseofKingGeorge'sSound,are
ofvastextenton the Australianshores...... .... "The extentof
thesedeposits, consideringtheir origin, is Wry striking;and
theycanbecomparedin thisrespectonlywiththe greatcoral­
reefsofthe Indian and Pacific Oceans.:"

The presentauthor (R.W.F.) had the goodfcrtuneto
be able to explore Bald Head more than a century later, as
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well as numerous other eolianites around the coastsof Aus­
tralia (Fairbridge and Teichert 1953) as well as others, for
example,in SouthAfrica,Madagascar, Mozambique, South­
ern California, Florida, Mexico (Yucatan, Baja California),
Bermuda, Bahamas, the Canary Islands, Morocco, Algeria,
Tunisia, Libya, Egypt, Palestine, Israel,Lebanon, Greece, Italy,
Arabia, China, India and Hawaii. (For a global review, see
Goldsmith 1985.) The Bald Head examples were described
earlier as sceniccuriosities of coral origin,by Vancouver in
1791 on his worldvoyage. Moredetailson anotherarea of
Western Australia(latercalledPointorCapePeron)werefur­
nishedbytheFrenchexplorers Peronand deFreycinet (1807­
1816, p. 75, 168-173), who recognized their eolian nature.
Teichert (1947) provided a historyof thesediscoveries.

It is thus possible to explainnow that the well-bed­
dedsets are clearlyofeolianorigin. Thesemembers are sepa­
rated fromoneanotherbypowdery layers offossil soils, which
in placescontain abundantterrestrial gastropods. In Western
Australia we observed that the gastropods (of the genus
Bothriembryon) appeared tobespecies-specific toeachpaleosol
layer(Fairbridge andTeichert 1953),justasSteven JayGould
(1969) discovered later in his in-depth studies on Bermuda
and the Bahamas. Amiel(1975) hasdescribed the pedogen­
esisofeolianite soils. The ecology ofthegastropods provides
a valuable insightinto the paleoclimates involved. The free­
driftingofsand(withouthuman interference) requires anan­
nual precipitation generally of less than about100 mm;oth­
erwise the dunes will become vegetated and sand migration
will cease. The paleosols, for their part, are mostly of in­
soluble desertdust(silica,iron oxides, etc.) andcall fora shift
or reversalin prevailing winddirection, i.e, from on-shoreto
offshore directions. The fossil gastropods for the most part
tend to clusternear the topof eachpaleosoland.bycompari­
sonwithlivingenvironments, requirea rainfall of> 200mm.
In Western Australia, wereachedthecooclusion thatthedune­
building incidents were quite brief, corresponding to inter­
vals markedbyabruptfall of sea level that laid bare a sandy
shelfarea, withanaridclimatebutmarkedbyonshorewinds.
The paleosols, in contrast reflected mainly offshore winds,
but withseasonal rainfall > 200 mm. Fora discussion of the
Bermudapaleosols, see Rube et al. (1960, and Brickerand
Mackenzie 1970); and thoseof the Bahamas, see Carew and
Mylroie (1991). We will return briefly to the paleowinds,
below.

NeitherDarwin,norFairbridge andTeichert (1953),
had access to modem isotopic age determinations, but geo­
morphic reasoning in Western Australia showed that the
youngest dune series were probably the result of a series of
events in the early to mid-Holocene. These deposits over­
lapped older, more cemented eolianites, in turn overlapping
fossil reefs or marine deposits apparently belonging to the
last interglacial. The latter then cappedstill older series of
Pleistocene eolianites. In Western Australia the whole se­
quencehas longbeen known as the "Coastal Limestone"; it
later received a formal stratigraphic name, "Iamala Lime-
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stone(playford 1977). Thesegeneralconclusions werelater
confirmed by isotopicdating.

The most complete eolianite sequence in Western
Australia in vertical sections is that ofRottnestIsland,cover­
ingabout1900ha, situated20km offshore fromFremantle. It
was named by the Dutch explorer WI11em de Vlamingh in
1696, but it was not explored geologically until studiedby
Teichert (1950). It has the farthest-south coral reef in the
worldand its interglacial reef-- called"RottnestLimestone"
byFairbridge (1953) --hasbeendatedbyVeeh (1966) asabout
1oo,OOOyr (see also Teichert 1967). The site was named
"FairbridgeBluff" 00 thegeological surveymap issued in 1976.
An excellentguidebookwaspreparedbyPlayftrd(with Leech:
1977: see also Playford 1983). A deep boringshowsthat the
base of the eolianite sequence (collectively named "Tamala
Limestone") reaches 70m below MSL, a total thickness of
115m. Holocene climatic andsea-level fluctuations areshown
byemerged rockplatforms, undercut cliffs and "raised" shell
beds. Offshore, atvarious depths, planed-off"reefs"ofeolianite
correspond to Pleistocene interstadial stillstands (Carrigy and
Fairbridge 1954). These can be matched elsewhere, e.g. a
recentreportoffGrand Cayman (Blanchon and Jones 1995).

Elsewhere in Australia, eolianites are foundall up
thewestcoastformorethan 1500km tothe regionofBI'OCllle.
Ocean-facing ridges of them reach more than 300m above
MSLsouth ofSharkBay. Eolianitesarealsowidespreadalong
the coasts of SouthAustralia, western Victoria (see, e.g, Gill
1943) and N.W. Tasmania A slowtectonic upliftassociated
with late Quaternary volcanism has caused an upwarp near
theS.A.lVictaiaborder, exposinga magnificent sedesofthem,
withno less than seventeen majorridges. the inner onesbe­
ingprogressively moreand moreconsolidated andkarstified.
Sprigg (1952,1979), withremarkableperspicuityfrr thattime,
speculated that they represented a continuous sequence of
Milankovitch cycles. Subsequent iSOlq)ic datingcoofirms this
suggestion.

In the northern hemisphere, the mostextensive de­
velopment ofeolianites is all along thecoastof NorthAfrica,
from the Levant (Sanlaville 1970, 1977) to Malta (Paskoff
and Sanlaville), to Tunisia (Paskoff, Oueslatiand Sanlaville
1982; Paskoff and Sanlaville 1983), to Morocco. Isotopic
dating. with associated archaeological material, notably in
Morocco (Steams 1978; Weisrock 1980; Weisrock and
Fontugne 1991)suggests that their agesgo back to the early
Pleistocene (pebble-tool cultures). Morescattered examples
in the northern Mediterranean disclose interfingering rela­
tionships with cryoclastic periglacial solifluction surfaces
which can be followed below sea level (Ozer and Vita~Finzi

1986). In places (e.g. Istria) the calcareous-cemented solif­
luction sheets cootain bonesof the giant Pleistocene mam­
mals that existedduring thecoldestphases(Pirazzoli 1980).
On the NW coast of Corsica an inhabited cave deposit
("Wormien") showswedges of theeolianites.
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In the Atlantic,volcanic islandssuch as St. Helena,
Ascension, Cape Verde and the Canaries all have eolianite
veneers, but the truly oceanicislandslikeBermudaand liter­
ally thousands of members of the Bahamas are essentially
builtofeolianites, with minorcomponents ofmarineor lacus­
trine origin (Nelson 1840; Sayles 1931; Lind 1973; Zankl
and Schroeder 1972;Garret and Gould 1984).

The natureof the eoliangrainsis largelydictatedby
regionalfactors. Alongcontinentalcoasts, suchas Australia,
SouthAfrica,Madagascar, Western Indiaand Mediterranean
Africa, the grains are of terrigenous origin (quartz, feldspar
and black minerals), generally in the range 50-90%,having
been transported to the site, progressively, by rivers, waves
andwind; theyarethereforeasa rulewell-sorted, well-rounded
and lightlypittedby eolian impacts. On oceanicislands,the
grains are dominated by calcareous bioclastics, fragmented
fomminifera, corals,smallmollusca andcalcareous algae;the
last-namedarerich in magnesiancalcites whichnucleatepro­
gressive dolomitization of the cements (Friedman 1975).
"Regressive diagenesis" also marks climatic fluctuations
(Milller and Tietze 1975).

Pleistocene eolianitesare widelyused for construc­
tion purposes (when freshly exposed, theyare easy to cut by
saw), and have thereforeaccumulated a wide range of local
names,e.g. kurkar in Palestine,Israel and Lebanon.

The red paleosolsin the easternMediterranean are
knownas hamra in Arabicor limons rouges in French (in the
Levant, they originate from Sahara dustsblownin from the
westduringglacialstages: Yaalon and Ganor 1973). In M0­
rocco,in contrast,theycomefrom easterly oc southerly winds
(Delibrias, Rognon and Weisrock 1976); likewise in teh Ca­
nary Islands. In the Bahamasand Bermudatheyareclearly
terrigenous (Bricker and Mackenzie 1970),but,witheasterly
winds,couldtheyalso comefromthe Sahara?

Somepuristswill dispute theuse of thetermeolianite,
first proposed by Sayles (1931)from his experiences in Ber­
muda. As explained by Friedman, Sanders and Kopaska­
Merkelin theirrecent textbook (1992,p. 124),"the bestclas­
sification is based on purely descriptive parameters,but into
which genetic interpretations, wherethey can be reasonably
inferred,canbejudiciously blended.... Bothparticlesizeand
composition must be employed." A rock that at first sight
lookslike a sandstone(defined byparticlesize),but behaves,
in response to a drop of acid, as a limestone (thus definedby
composition), creates a paradox. We can, however, turn to
theLatin-based system of Grabau(1913),whowouldcall it a
calcarenite. To introduce a third parameter, bedding struc­
ture, that defines its origin, we call it an eolian calcarenite
and for brevity, the universally known term eolianite
("aeolianite" of someBritish writers), or sometimes, calcare­
ouseolianite.

Someexamplesof eolianiteare made distinctive by
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peculiarities of thegrainsorcement. The grainsmaybeooids.
sothatoolitic calcarenite (or eolianite) isappropriate; or, they
maybe entirelyof fomminifera, as in an areaof western In­
dia, wherea genus thencalledMiliolina led to therockbeing
calledmiliolite (Evans1900,Bruckneret al, 1987). Cements
anddiagenesis generate)Uanothee set oflabels, suchassparite
and so on.

RHIZOMORPHSt CALCRETES AND KARST PIPES

Twoof themost interesting aspectsof eolianites are
relatedtodune vegetation, diagenetic processes (cementation),
surface crust (calcrete) formation and karst drainage. All the
earlyinvestigators, including Darwin, noticed thebizarreland­
forms relatedtoweathering and winderosionofpartlytraver­
tine-consolidated features that created a ''petrifiedforest"or
laceworkofalveolareeosion and weaklycementedstructures.

The solution and redeposition of CaC03 were not
understood in Darwin's dayand still present recurrentpr0b­
lems. A generalconsidemtion and bibliography is provided
in Revelle and Fairbridge (1957). For his part, Darwin (Vol­
canic Islands..., p.261)wrote: ''The causes whichdetermine
waterto dissolve lime,and then soonto redeposit it, are not, I
think, known. The surface of the substalagmitic layers [a
termDarwinborrowed fromLL Nelson] appears always to be
corrodedby the rain-water. As all the above-mentioned coun­
tries [he had reviewed the many examples] have a long dry
season, comparedwith the rainy one, I should have thought
that thepresenceof the substalagmitic [layers] wasconnected
with the climate, had notLieutenantNelsonfound this sub­
stanceforming undersea-water." Indeed, he wasright about
the climate connection, but in all probability, the submarine
travertine seen by Nelson in Bermuda was inherited from a
eustatically loweeed sea-level state. In someexceptional cir­
cumstances, however, a deep-water carbonate has been 0b­
servedin formation underbiogenic control.

The verticalstructures are clearlyrelated to former
vegetation whichreadilypropagates across the dunesduring
humid climatic cycles, Their lower parts tend to be more
sinuousandtwisting, andhaveacquired thenamerhizomorphs
(i.e, root pseudo-morphs: Northrop, 1890). Another varia­
tion is rhizoconcretion (used in France by Tees 1961) and
rhizolith (Klappa 1980). At Bald Head, Darwin (Volcanic
Islands..., p. 261)says:

''The branches are absolutely undistinguishable in
shapefrom the broken and upright stumpsof a thicket; their
rootsareoftenuncovered, andareseentodiverge onall sides;
hereand therea branchliesprostrate. Thebranches generally
consistof the sandstone, rather firmer than the surrounding
matter, with the central parts filled. either with friable, cal­
careous matter. orwith a substalagmitic variety; this central
part is also frequently penetrated by linear crevices, some­
times, thoughrarely, containinga traceofwocxly maner.These
calcareous, branchingbodies, appear to havebeen formedby
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finecalcareous matterbeingwashedinto the castsor cavities,
left by the decayofbranchesand rootsof thickets, buriedun­
der driftedsand. The wholesurfaceof the hill is now under­
goingdisintegration, and hence thecasts,whichare compact
and hard, are leftprojecting. In calcareous sandat theCapeof
Good Hope,I foundthecasts,described byAbel, quite similar
to these at Bald Head; but their centersare often filled with
blackcarbonaceous matter not yetremoved It is not surpris­
ing, that the woody matter shouldhavebeen almostentirely
removedfrom the casts on Bald Head; for it is certain, that
many centuries must have elapsed since the thickets were
buried;at present,owingto theformand heightof thenarrow
promontory, no sand is drifted up,and thewhole surface, asI
have remarked, is wearing away. We must, therefore, look
backtoa periodwhenthelandstoodlower, ofwhich theFrench
naturalists [peronand Freycinet, 1807-1816] foundevidence
in upraised shellsof recent species, for the drifting on Bald
Head of the calcareous and quartzose sand, and the conse­
quent embedment of the vegetable remains. There was only
oneappearancewhichat first mademe doubtconcerningthe
originof thecase, --namely, that the finerrootsfromdifferent
stems sometimes becameunited together into upright plates
or veins;but whenthe manner is bornein mindin whichfine
roots often fill up cracks in hard earth, and that these roots
woulddecayand leavehollows, as wellas the stems,there is
no real difficulty in this case."

In his various revisions, Darwin (1851/90) had access to the
WOlle on Madeira by Macaulay (1840, p.35Q-351), who de­
scribeda ''FossilForestof Canical", already(at that time!) a
celebrated touristattraction. As in 51. Helena there was no
contemporarysource for thesand,"onlya tinyamountofmud
beach".

Modern observations of vegetated dune structures
havebeencarriedouton the coastofIsrael(Goldsmith 1973).
On the older, Le, Pleistocene, dune surfaces hard duricrusts
are formedof calcrete (term introduced byLamplugh 1902),
whichin the fonnerswales becamepenetratedbyvertical karst
pipes; examples from Syria were described by Day (1928).
The surfacepipesin Western Australia(Fairbridge 1950)can
be traced well below present sea level, and in the Bahamas
and Bermudaare found to be linked to extensive karst cave
systems associated with Pleistocene low sea level stands
(Vasher 1973; Mylroie and Carew 1988; Vollbrecht and
Meischner 1993). It seems likely that these pipes followed
guidelinesprovidedby the originalclusters of interduneveg­
etation.

EUSTASY, GEODESY AND CLIMATE CHANGE

These three subjects were being discussed conceptually in
Darwin's time, but even now, at the end of the 20th century,
theyare still "on the table"and manyaspects arestill highly
controversial. Darwin's own contributions were not insig­
nificant His experiences in South America impressed upon
him two fundamental aspectsof the Earth's crust: (1) it pos-
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sesses remarkable up- and down-mobility (epeirogeny), as
shown by the warping and tiltingof shoreplatforms, and (2)
its motions may be quite abrupt, indeed potentially cata­
strophic, andassociated with powerful seismiceventsandeven
tsunamis (although he did not use this term). The science
historian mayfindit somewhat paradoxical that thispractical
argument for theStevenJayGouldconceptofpunctuated evo­
lution should have been such a feature in the experience of
the futureproponentof evolutionary gradualism.

Itshouldbeappreciated thatthevoyage oftheBeagle
took place more than a decade before the glacial theory of
Agassiz and Charpentier, and befoce its glacio-eustatic con­
sequence was first spelledout by MacLaren (1842). Never­
theless ''raised beaches" in Scotland, Scandinavia andCanada
werebeingobserved and widely discussed. Indeed, an entire
bookon them "Ancient Sea-Margins" waswrittenbyRobert
Chambers (1848), who corresponded with Darwin and who
was a contemporary and friend of Hugh Miller in that re­
markable Edinburgh society of interestedamateurs. Cham­
bers' book was largely descriptive (with carefully measured
elevations) and compilative, but near the end he permitted
himselfthe modestprivilege of a brief speculation as to the
originofthe warpedstrandlines hesopainstakinglydescribed
-- Darwin'santicipation of teetono-eustasy (see below).

Darwin'sempirical observation ofupliftinPatagonia
vis-a-vis hisdeductive assumption ofdownwarping toexplain
thePacific atollswasverymucha common-sense conclusion.
In a wayit could be interpreted as a forerunnerto the theory
of isostasy, the hydrodynamic natureof the Earth's crust In
point of fact, however, the two phenomenaare totally unre­
lated. TheupliftofthePatagonian terraces is a glacioisostatic
consequence of load removal due to recent deglaciation. In
contrast, the majority of Pacific atolls are built on sinking
volcanic foundations, true,butnoton freshcones,alas. Most
of the atollsare compound upgrowths from guyot-type volca­
nic stumps that wereplanedoffalreadybeforetheend ofCre­
taceous. And their upgrowth has been episodic (cf. the Vail
eustatic curve),and superimposed ona slowly subsiding oce­
anic crust, sinking as it cooled off,following the mid-Creta­
ceous thermal crescendo, which marked the most-rapid and
protracted sea-floor spreading intervalofthePhanerozoic (Pit­
man 1978; Caldeiraand Rampino 1991).

The subsidingvolcanohypothesis was,of course,a
generalization. On theGreatBarrierReefandelsewhere (e.g.
Sahul Shelf)there are "shelfatolls" created by tectonic sub­
sidence and eustasy (Fairbridge and Teichert 1948; Hopley
1982). In Darwin's timethe subsidence hypothesis wasvehe­
mently opposed by some scientists, for example, by Murray
(1888), who was over-impressed by widespread evidence of
solution processes. He remarked (p. 144): "It is at once evi­
dent that the views now advocated are in almost all respects
the reverse of thosedemanded by Mr. Darwin's theory.... it
seems impossible with our present knowledge to admit that
atollsor barrierreefshaveeverbeendeveloped after the man-
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There are other,and possibly moreimportant areas
ofneeded research thatemerge fromtheevidenceofDarwin's
eolianites. Forexample: (1)The amplitude of Holocene sea­
levelfluctuations varies regionally; to what extentare these
differences illusoryandrelatedto neotectonics oraretheydue
to changesin ocean-current velocities (Coriolis effect?) or to
regional shifts in the jet stream, atmospheric pressure cells
and winddirections? (2) The climateswitches fran hyper­
arid conditions to moderate (seasooal) precipitation exceed
therate and arebeyond the rangeof presently observed vari­
ability. Whatarethefircing conditions? (3) Theabove-men­
tioned switches seem to implyfeedback-accelerated chaotic
states from onerelative equilibrium toanother. Whatarethe
geochemical conditions and consequences?

This essay, a somewhat nostalgic trip for its author
back over experiences of half-a-century ago. has served to
underline theimportance ofan historical approach to science.
In salutingthe "greats",as well as some of the mere"spear
carriers", let us rejoice that whilesomeof the problems have
been solved, manymoreemerge to challenge futuregenera­
tions.

Weobserve howDarwin'sexperiencesbecamegradu­
ally locked together within a dynamic-historical approach to
earth science that owed moreto the paIeontologically guided
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ner indicated by Mr. Darwin'ssimpleand beautiful theory of Daly (1934), in his masterful book The Changing
coralreefs." World of the lee Age, not only pointed out the widespread

existence of recentshoreplatfonnsup to around 3m that he
observedin thePacific (also,Daly 1924), butalso coosidered
the possible role of what Higgins (1969) later called
hydroisostasy. This concept was based 00 two knownfacts
(a) the loading that must have been applied to the world's
oceanic crustbythe transfer ofwaterfrom meltingicesheets;
and (b) the plasticity calculated to existin the asthenosphere.
Several distinguished geophysicists have recently taken up
this themeanddeveloped world-wide models (e.g. Lambeck
1990). Collectively, oneandall, theyhaveconvenientlycho­
sento ignorethe field evidence: (1)The evidence intrinsicin
the eolianites, observed by Darwin and all subsequent writ­
ers, that episodes of aridity and rainfallmust alternate in or­
der to create the accurnulatioo - solution - cementation se­
quences soevident in themulti-cycle eolianite complexes. (2)
The steadily accumulating literature that shows that simulta­
neously with sea-level fluctuations, dune building, paleosol
development, transgressions andregressions, elsewhere in the
world, there havebeen risesand falls of lake levels, together
withadvance andretreatof mountain glaciers thatreflectpa­
leobotanically (pollen) demonstrated arid versus humid cli­
mate changes. These globally activephenomena could not
act in a vacuum. Climatechanges vary in expression from
pointtopoint,buttheirextentisplanetary. Thehydroisostatic
models will therefore require a great deal moremodification
beforetheycanbe takenseriously.

Darwin'satoll-foundation subsidence theoryisnone­
theless, in principle, correct, although it was simplistically
overplayed byboth criticsand admirers (Steers and Stoddart
1977; Hopley 1982; Stoddart 1994). Butwhileit has littleto
dowithisostasy, it nevertheless provides thenucleus forwhat
latercametobecalledthethea)'of tectono-eustasy (Fairbridge
1961; Rona 1995). As Darwincorrectly reasoned, ifa large
area of the ocean basins subsided, there would indeedbe a
land emergence aroundthe margins. The eustatic theory of
Suess (1888) was basedlargely on hisobservations of''Medi­
terranean" regressions and transgressions in the Paratethys
domainof easternEurope, whichhebelieved weredue to an
alternation of subsidence and sedimentary filling of the ba­
sins. The latter has received the label sedimento-eustasy
(Fairbridge 1961), but its quantitative role is insignificant,
and the sharplysaw-tooth Vail "sequence curve"of thePhan­
erozoic is nowlargelyattributed to episodic pulses(ona 1()6

yr scale) in sea-floor spreading and subduction {Dott 1992;
Rona 1995).

On a different scale, the so-called ''third order" Vail
oscillations, relate to climatic forcing by the Milankovitch
radiation mechanisms (with 1()4-1()S yr periods). It is these
that control the major fluctuations of sea level during the
Quaternary Period(ofthe orderof l00-15Om) which explain
Darwin'seolianites that plungebelow sea leveland result in
the exposure of a large supply of littoral and shelf sands. If
the eolianites were single-event phenomena, consideration
couldbegivento the ideaof tectonic control, but theircyclic
recurrence (and isotopic dating) clearly points to the
Milankovitch mechanism.

Superimposed on these third order Milankovitch
oscillations are4th, 5th and 6th order climatic-eustatic con­
trols (Lowrie 1995),althoughtheir nature is still hotlycon­
testedin someareas. As late as the 1960's the "standard"
(Shepard 1963) sea-level curve of the last 20,000yr was a
smooth rise but it was opposed by the fluctuating records of
Fairbridge (1961), Morner(1976), Ters(1987) andothers. It
was the stepped erosion platforms of the Southwest Pacific
and Australia's IndianOceanshores that convinced Teichert
(1950) andFairbridge (19481950)that fluctuations werein­
volved. These fluctuations are reflected in the eolianite
paleosols, interfingering beachdeposits and multiple erosion
notches. It might be added that in southwestern Australia,
themainrivervalleys e.g. theSwanandHelena wereterraced
duringthe Holocene, and, beingthalassostatic (controlled by
sea level), are strong evidence of eustatic fluctuation
(Aurousseau and Budge1921); pollenanalysis confinnsthe
climatic oscillations (Churchill 1959). Radiometric dating
andfieldobservations confirm theoriginalconcept (playford
1983), though someproblems remain. Nevertheless, it should
be addedthat somescientists preferneotectonic models (e.g.
Wyrwoll et al. 1995).
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stratigraphy of William Smith than to the fossil-systematics
of Baron Cuvier or the geometric and chemical mineral sys­
tems of JamesDwightDana (see ed. 3of his System). Darwin
benefitted greatly from receiving Lyell's Principles (3 vols.,
1830-1833) which evidently gave him a genuine feeling for
cause and effectin physical geology: not to forget the persis­
tent questioningby thepragmatic, ifsomewhatirascibleCapt
Fitzroy.
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