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. EXPEDITION TO RAROIA, TUAMOTUS &/ -
By Normen D. Newell

INYTRODUCTION
Preface

An intensive ecological reconnaissance of Raroia, 2/ a Polynesian atoll
about 450 miles northeast of Tahiti, was successfully completed during July and
August, 1952, by a seven man research team representing the biological and geo- .
logical sciences. This study, the third project in a program of atoll studies
organized by the Pacific Science Board of the National Research Council and
supported principally by contract N7-onr-291{04), NR 328~001 with the Office of
Naval Research, enjoyed the active ald of the French colonial government at
Tahiti, without which the study of Raroia could not have been undertaken. Funds
equal to about 20 per cent of the total budget were supplied to some of the
team members by The American Museum of Natural History, vnder a grant from the
Humble Oil and Refining Company, and by the U, S. National Museum, The Univer-
sity of Hawail, and Mr. George Vanderbilt,.

Although splendid results were obtained, the team was handicapped by
failure to receive approximately one-half of the expedition equipment, strike-
bound on the eve of departure in a California port. Part of this highly spe-
cialized equipment, assembled at considerable cost over meny months, was
generally irreplaceable and the success of the expedition was, therefore,
jeopardized. Esgentiel items withheld from the team in this way included a
boat, several rafts,. outboard motors, a compound microscope, books for field
determinations of corals and plents, an underwater camera, fishing gear, war-
farin for studies in rat extermination, fish poison and gasoline. Without
replacement of scme of the most crucial of these items a comprehensive study
of Rarcia could not have been undertaken.

The problem of supply was difficult for the expedition because freight
gailings from the United States to Tahiti are infrequent and there are none
from Hawaii, where the team members were convening early in June. The expe-
dition was reprieved by the circumstance that the Tahiti government had just
purchaged & small vessel which was being prepared in Honolulu for an early
voyage to Papeete. Through the courtesy of H. Rend Petitbon, Governor of
French Oceanla, certain replacement items were carried on this vessel to Ta-
hiti. These included fishing gear and poison, warfarin, special fish drums,
cans and canning equipment for gea weeds, and one outboard motor. The equip-
ment and supplies were delivered to the team on Rarcia in time for use of
most items buit too late for use of the warfarin in the projected studies on

1/ Pronounded Rah-ro-ee'-a o

2/ Members of ewpedition, in sddition to author, were John V. Byrme,
Bengt Danielsson, Maxwell S. Doty, Robert R. Harry, J. P. E. Mor-
rison, snd W Jan Newhouse. ' ‘
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rats. The rat’poison was returned to Papeete and turned over to the Institut
de Recherches Médicales de 1'Océanie Francaise for studies in Tahiti.

The selection of Rargia among the numerous atolls of French Oceania was
most fortunate. The seléction was made because the team anthrepologist, Bengt
Danielsson, had recently. spent 18 montbs on the atoll studying acculiuration
of the people. "He was thoroughly familiar with the language, -the inhabitants,
and working conditions. More important, he was assuréd of the complete sup-.
port of the people.. He was enthu51astlca11y'Welcomed a5 an- adopted som of a:
Raroian family and 2 membér 6f the communlty. Hav1ng come to: them, first-as aﬁ
member of the intrepid Kon Tiki crew, later as scholar and ‘student of their ‘
ways, the people had acquired respect for Danlelsson that amounted almost to -
veneratlon.

Because of these special circumstances the people nade avallable to . the,
expedition team their considerable resources including boats, outhoard motorb,.
clean cistern water, several houses, a shoiver bath house, a toilet, refriger-
ators, and all-wave radio receivers. The transportation facilities Were
neither adequate nor reliable, but they permxttea & successful comprehen51ve
reconnaissance of the atoll.

Cooperation of the Freneh Admin’istration-in Tahiti

‘1‘,, .
iy

- Besides supplying tran8portatlon for part of  our’ equ1pment from’ Honolulu
to Tahiti, Governor Petitbon provided round trlp transnortatlon from”Papeete to
Raroia on the govermment schooner Tamara. . Frederick Ahnne, Aamlnzstrator of
the Tuamotu Archipelago, accompanied the: ﬁeam to Raroia to explain the govern-
ment!s interest in the project. to the pecple af the atoll. The Governor ar-
ranged also for the .charter of the Alr Tehiti Grumen-Condor seaplane for the

“purpose of an aerial nhotovraphlc survey of Raroia by the expedition members.
- The Papecte government COﬂtrlbutea & substantial part of the charter cost..g0
‘that. a medical officer could visit Raroia, Hikueru and Anaa for routine exan-
1natzons of the population. He elso ‘persuvaded Colonel Chavat, chief .of a
French mapplng mission, to accompany thex Flight to Raroia 1n order to asslst
in obtaining- su1table photographs of the atodls .

‘ The staff of the Institut de Rechevchec Wédicales de 1'Qcéanie- Franca1se,
br. ‘John. Kessel Br. Georges Torreu, and Mr. and Mps. Glen Parrish, were help-
ful and covrteous to members of the expedition. Helpful aid and counsel were
freely given by many- of | uhe 01tiZens of Papeete. -

Valerie Zirkle Newell and G Robert Adllngton of The ﬂmerlcan Museum of
Natural History devoted many weeks in the selection, . purchase, and’ packaging
of expedition supplies in New York, and Mrs. Newell, who preceded the research
team to Tahiti, gave valuable aid there in completion of arrangements with
the Government. Without Mrs. Newell's intervention it is doubtful that the
difficult but vrgent radic communication between Papeste and Rarcis would have
been finally esgtablished. Untiring efforts of the staffl of the Pacific Sci-
ence Board, Mr, Harold J. Coclidge, Mrs. Lenore 8Smith, and especially lliss
Ernestine Akers, on behalf of the expedition were in large measure responsible
for the successful conclusion of the field work.

v e



Through the courtesy of Dr. Preston E. Cloud, Jr., & pH meter and a plane
table, alidade, and surveying rod of the U, S. Geological Survey were made
available on loan for our studies. Dr. John W. Wells identified the corals and
Mr. J. Sperrazza, the Foraminifers. ' :

Fortunately for the needs of the expedition, the people of Raroia are mod-
erately prosperous. They live in a single village, Garumaoal/ (Ngarumaova},
sitnated on the lagoon rear the single ship pass. The numerous facilities of
the village of 127 persons were more or less continuously avsilable to the re-
search group. Two radic recsivers monitored the Papeete programs slmost con-
tinuously, so that officiel messages in the Tahitian language sent to us from
Tehiti were promptly received and delivered, This was a valuahble service
during three difficult weeks before our contact with Papeete, via Hikuveru, wasg
established by means of our small hand-generated two-way radio.

The climate of Raroie is ldeal and altogether the working conditions were
very comfortable. : . ;

Figld Operations

411 direct pegotictions with the peoplsz were turned over toc Danielsson,
who was ailded by Miss aurora Natua, a Tahitian scholar. Besides his own seci~
entific investigations of the people, Danielsson waes given charge of the medical
supplies, the kitchen help, and the paying of wages. General camp policies and
prcject plens were developed by the combined team. '

Seientific activities were digtributed as follows: Physiecal ecology of
the atoll (geology) and coral distribution, Norman D. Newell, assisted by John
V. Byrne; biological factors of ecology, snd plant distribution, Maxwell S,
Doty, assisted by Jan Newhouse; animal distribution, excepting corals and
fishes, J. P. E. Morrizon; fish distribotion and ecology, Rotert R. Harry;
ethnology and human ecology, Bengt Danielsson. B

Ihe Map

The flight for asrial photographs wasg itaken during the early morning of
June 20, 1952, which luckily happened to be the only clear day of a long ser—
ies of overcast days. Two 35 mm Argus 0-3 cemeras with K2 filter were used
interchangeably for vertical views., One camera at a time was mounted in a
blister replacing a side window. Bengt Danielsson and Maxwell Doty operated
these two cameras, making exposures at 15 second intervals., The flight was
made at an altitude of 3000 meters in order to obtain negatives of convenient
scale (1:60,000) and the scale was later confirmed on the ground by plane-
table traverse. Surprisingly good resulis were obtained in two circuits of

1/ Ve have adopted standard Polynesian rather than French forms of the
native names. The Polynesian g is pronounced and often spelled ng.



- the atoll with nearly complete coverage (95 per cent) of the rim. In addition,
obligue photographs of the lagoon show hundreds of small patch reefs many of
which eventually may be approximately plotted on the map after caleulating cor-
rections for oblique perspective, The vertical photographs were printed at
1:20,000 and this scale was smployed for compilation of = base map., The nega-
tives have been filed with the Colonial Government in Papeete, The final map
is Part 2 of this Bulletin.

Collshoration in Field Work

Integration of heterogeneous field data from dlverse disciplines is essen-
tial in an ecclogical reconnaissance such as this study of Raroia. Personal
bias in the collecting and evaluation of data is not easily weighed, however,
and it is usually difficult for the specialist to accommodate nis attention to
problems outside the fringe of his personal experience. Efforts were made et
~ Raroia to overcome these natural difficultiss., Time was taken by each partic—
ipant from his special tacks to accompany the other members in the field in
order to establish and maintein contacts in overlapping areas of investigation
end to learn about more divergent metters. There were several round-table dis-
cussions and inanumerable conversations involving various combinations of per-
sonnel. In general, the smaller groups were more seatisfactory for discussions
than the asgsembled tean. : R

Within the framework of the project a number of special studies were
tndertoken involving two or more collaborating members of the team. Examples
are: 1) several transect surveys, 2) land tenure and copra production, 3)
clagsification of native names of, and utilization of plants and animals, 4)
native terms for geclogic festures, and many othevrs. '

General Results

Raroia is similar to other Tuamoiwan atolls, but conspicucusly unlike re-
cently studied atolls of Micronesia (Bikini, Arno, and Onotoa). Since Poly-
nesian atolls generally have been inadequately known, Raroia may well serve
as a gtandard of reference for Polynesia. Great quantities of field data and
specimens were obtained. Thess include photogrammetric data probably super—
ior to those available for other Scuth Pacific atolis. The collections indi-
cate an unexpectedly rich bicta comparable to those of Samoa and Bikini. Our
results suggest that previous conclusions have been based on inadeguate col-
lecting. For example, 286 species of fishes have been known from all of the
Tuamotus, but our collections from Rarola include spproximately A00 species.
Fifteen species of corals have been known previously from the Tuamotus, but
our collections from Raroia contain 53 species. This work shows that very
many species range much farther to the esst in the Pacific than had been be-
lieved, and knowledge of the biota of the central Scuth Pacific has been great-
ly expended., Data on the people and their history are especially complete.
The first results on the expedition to Rarcia have been issued as Bulletin 18,
Ichthyological Field Data of Rarcia Atoll, Atoll Research Bulletin, 190 pp.,
1953, Other reports appear in the present and subsequent numbers of the Atoll
Research Bulletin,



Seme Pundamental Problems of Atolls

Coral atolls, justly celebrated in a voluminous scientific literature
running into tens cf thousands of pages, have long attracted the fascinated.
attentlon of voyagers in bvoplc seas. The center of interest until recentTy
has lain chiefly in the genesis of reef forms and the neture snd origin of the
central lagoon which gives atolls their most charzcteristic expression.

Atclls support nore or less balsnced marine and usually also terrestrial
commnlties surrounded by relatively sterile waters such as charecterize the
plankton-poor waters of the tropics &nd subtropics (Sargent & Avstin, 1949).
The origin snd econouy of these relatively simple commumities provide many un~
solved ecological problems of the greatest fundamental importance,

Consider the difficult and complex initial colonization of a newly formed
shoal area or volcanic island surrounded by deep sea. In the great eruption
of Krakatau in 1883 the loecal islsnd life and shaol-water orgenisms were
largely exterminated and the area for a time was rendered uninhabitaeble for
most species {Dammerman, 1948;. Within a few weeks reinoculation by airborne
and seaborne spores, seeds, lurvae, and adulte of hardy pioneers was begun.
Colonization of Krakatau, car ePully tudied by Dutch biologists, seems to have
followed predictable chance frequence directly related to larval hardiness,
length of migratory stage, and various other factors that make up the repertory
of diepersal facilities. Some species arrived early, others later, the rela-
tive time of introduction being directly related to the freguency with which
colonizers of each species could successfully bridge the barrier of deep water.
Only the barest outline in this complex series of events is really known.

Much must still be inferred.

The colonizabion of a volcanic mountain like Krakatau on first considera-
tion may appear much more complex than the colonization of a low, relatively
sterile atoll. However, avcoiding for the moment the involved question of the
various origins of atolls, it is generally sgreed that many atolils undoubtedly
did originate through the gradual sinking of reef-encircled volcanic mountains.
‘The biota of such atolls, in a sense, are in some guarters considered relicts
derived from the ancestral high islands, restricted and modified by relatively
homogenesus and almogt monotoncus ecclogic conditions, The ecologic simplicity
of atolls makes them especially attractive to those who weuld try to understand
the interrelationships and processes among the organisms of a primitive sea-
land community. This simplicity, however, is only apparent and misleading.
Most of the ecologic problems of atolls are indeed poorly understood.

The ecologic interrelationships between corclline and other kinds of al~
gae on the one hand end the coral animals so characteristic of tropical reefs
are not understood. The intimete and almost universal assccistion in reefs
of these specialized plants and animals strongly suggests that they may be
interdependent. Reef-building (hermetypic) corsls invariably contain in their
tissues gooxanthellae, unicellular algsl symbicnts, which sid the corzls by
vtilization of animal waste and by secretion of oxygen. However, many corals
may feed exclugively on animal plankton (Yonge, 1940}, which in turn must feed
on phytoplankton. Sargent & Augtin (1949) have determined that the quantity
of plankton swept across the reefs of the northern Marshalls by wind-driven



currents is grossly inadequate to support the reef animals. They conclude,
therefore, that the reefs are self-supnorting; that ig, the reef algae pro-
duce at least as much organic maiter as consumed by the reef animals, and that
the rate of production of organic matter by an atoll as a whole is seversl
times as high as that of the surrounding cceam. Rather than filtering plank-
ton, the marine community of the atoll, according to these investigators, ab-
sorbs imorgenic nutrients from the pessing equatorisl current (Ssrgent & Austin,
1949, pp. 245-249) .

. Surface tropical waters in midocean are classically considered deficient
in avtrient salts. The situation over deep waters near coral reefs has not
been sufficlently investigated, but it sesms probable that turbulence extends
to considerable depth where coral reefs are bathed in the equatorisl currents
and thig turbulence would certainly dring mutrient rich deeper waters to the
surface. Orr (1933, p. 62) found evidence of upwelling along the Great Barrier
reef, This might well be most proncunced Goring rough weather when adequate
obgervations have not been made,

© Coral animals, as well as coralline algae, generally ere most productive ab
the outer margins of seaward veefs. This growth vigor on the geawsrd side, ac-
cording to Yonge {1940, p. 332} is most probably related to the greater trans-
parency of the wabter there as compared to the lagoon which allows photosynthe-
g#ls of zooxanthellae and coralline eslgae to sxtend %o maximum depths. He
congiders this factor more importani than greater supplies of oxygen and animal
plenkton at the outer reef edge. This matter requires further study.

It is a matier of considerable iaterest that a low bank of coval gravel
thrown up above high tide level by a storm very quickly supports a character-
istic varied assemblage of higher plants without the development of humus and
a soil profile., Coconuts germinate end become healthy trees in apparently
sterile gravel. It has been demonstrated that several kinds of algae fix ni-
trogen from the air. Some of these (Myxophyta) grow better on an alkaline sub-
stratum than elsewhere. Algae aided by bvacteria fix nitrogen better than do the
bacteria alone (Chapmen, 1941, p. 304). It may be considered as probable that
the fertilily of newly exposed accumulations of coral gravel and sand is to &
large extent a result of the activities of nitrogen-fixing algae and bacteris
having a range of osmotic tolerance such as charazcterizes the flora of the
littoral zone, OSome of these very likely are normal inhabitants of the sea.

Sea birds, which rest on rocks and gravel bars, precede the terrestrial vegeta-
tion and enrich the ground with fertilizer gathered over a wide radius of open
sea, Invegtigations into the colonization and produvetivity of atolis, along
these and other lines, promise to yield significant results. Hatheway (Atoll
Research Bulletin 16) has emphasized the relationship between atoll vegetation
and variations in the bird populations and phosphate concentrations in the soil.

Corsl atolls are enormous accumulations of calelum carbonate. Interest
in the conditions of origin of limestones has greatly stimulated the investi-
gation by geologists of calecium carbonaté in moderm sess. In mogt areas of the
sea floor at the present time and during the geologic past celeareous material
has been predominently in the form of skeletal struetures of animals and
plants, hence, the sedimentationist, the paleontologist snmd the marine biolo~
gist ere all directly concerned with the protlem of formation of such sediments.

B



Calcium carbonate is alsc precipitated directly from sea water to form inor-
- ganic muds and sands (Nemell, et al., 1951). Although’ the problem hés been

. vnder sbudy for ‘many years, final conclusions cannot be recched regardmng the

‘relative’ importance of inorganic pre ecipitation because the solub;lluy of caln
ciuin caertonate in sea water is not well understood. :

Surveys by wany investigators (Trask, 1927), show that the calcium car-

" bonate content of modern marine sediments is greatest at low latitudes. This .

ig related cer alnly to the highsr production of calcareous animals ‘and p?ants
Ain whHrm waterg, and to the fact *bat warn marine waters’ often are supersatur»
ated “with calcium carbonate., It is well known that anlmaTS with calcareous
skeletons, such as corals, mollusks and foram¢n1fera, can extract lime from 514
paturated waters, but the exact maaner in which this is dove is not fule

- understood. In any case, the secretion of lime by these organisms ig endrmous v
‘igreater in warm, shallow seas where the waters are supersaturated with resppct
to calecium carbonste. In the case of lime-sscretiug algae, extraction of car-
“bon dloxide during photosynthesis causes concentration of carbonate ions and
precipitation of lime. Heating of the water and concentration dwe to evapora-
tion will also cause precipitetion of calcium carbonate from sea. Watmr, par-
“ticularly xhen the water is a”ltoteé

-The coral reefs of the Seuth Pacific are among the chief areas of caléium
carbonate deposition of the world. It is no doubt significant that thesé,
‘1like other important areas of lime accumulstion in the Atlentic and Indian
- Ocean's, ‘are bathed by werm equetorial currents (Fig. 1) probably supersaturated
with respect to calcium carbonate. It 1s highly probable that dep081tlon ‘of
" lime sediments in all of these areas would be greéatly diminished or even neg»
ligible without a "eonveyor helt" source of supply.

<
vl

Regional Setting of the Tuamotu Archipelago-

General introduction.-Lying near the center of the Pacific Qcean the Tua-
motu Archipelago is exceptionally isclated from both édstern and western con-—
tinents. The atolls of thisg group are cutposts at the southeastern fringe of
the great Indeo-Pacific biclogical realm, separated from the Americas by the
most effective water barrvier on earth to migrations of shallow marine and ter-
restrial organisms, the broad and uninterrupted deep waters of the eastern.
Pacific {Fig. 2). The biota of the Tuamotu is an attenuated Indo-Pacific 1/
assemblage having little in common with that of the Americas (Ekman, 1953, p.
72}. It was derived mainly from the west, partly by innumerable island jumps
and perhaps via the equatorial counter current (Fig. 1) =nd other occasional
drifts opposed to the prevalent westerly 01rcu1atlon at these low latitudes.

 Most of the Polynesisn islénds are oceanic in the sense that they lie -
well ingide the andesite line (Fig. 2) which is rather generslly held by ge-
ologlsts to form the structural margln of the Pacific Ocean.

ﬂ/ Locally, as at Clipperton Islands, less than 700 miles from ﬂex100,
Indo-Pacific elements have successfully crossed most of the eastern

- Paeific without really obtaining a foothold along the Americas’

© {Hertlein and Emerson, 195,)



Many geologists now favor the view that the continenﬁs are gradually ex—
panding by successive orogenies at the expense of the ocean basins., Implicit
in this view, the island 'arcs of the western Pacific rather than representing

old -and collapsed areas are late increments welded to the Ausgtral-Asiatic
continent. ' '

Next to the Maldives the Tuamotu Archipelago contains the greatest number
of atolls, spread in a broad belt two hundred miles wide and more than a thou-
sand miles long from northwest to southeast. The 7¢ islands of the Archipelago
of which 76 are atolls are arranged in several iinear series reminiscent of
islend arcs (Fig. 3). The distribution and proximity of these atolls to the
voleanic Scelety Islands, which ideslly illustrate the successive stages in
Darwin's theory of subsidence, encourage the view that the Tuamotu atolls rest
on chains of volcanic mountains which have sunk beneath the sea so slowly that
the reef growth has been successfully maintained near the surface. This is
not the same as Stearns {1946) sugzestion that the reefs of low islands were
formed in shallow water on the crests of submarine folds.

There are rather striking features that characterize most of the Tuamotu
atolls and Raroia is in most respects typical of the group. The regional trend
of islands in the south central Pacific is from southeast to northwest, but a
few of the atolls along the northeast side of the archipelago, including Rarois,
are elongate toward the northeast, alt right angles to the regional trend. The
prevailing currents in this area are alasc from the northeast. However, since
there is no correspondence of form with current directions in most of the
atolls, it seems safe to conelude that the northeast trend of Rarcia and a few
other atolls reflects structural conditions of the basement divergent from the
regional trend. '

The configuration cf the sea floor around the Tuamotu group is very poorly
known. A few soundings teken by the Albatross suggest that the northwestern
atolls of the archipelago rise from a platform about 800 fathoms beneath the
surface, Soundings around the central and eastern atolls indicate smaller pla-
teaus or spurs uniting adjoining islands and show that the eastern atolls are
separated by channels of great depths (Agassiz, 1903, p. xxviii).

1/ Kuenen (1947 points out that the postulated folds would all have to rise to
about the same critical level of reef growth near the surface, an extremely
unlikely coincidence. Following Daly's conclusion (1910) that all pre-
Pleistocene reefs were killed and destroyed during low water levels of the
Pleistocene Kuenen argues that solution, rather than mechanical destruction,
may have reduced many limestone banks and islands to the temporary low water
levels, 1 am inclined to believe, that only the smallest limestone islands
were truncated during Pleistocene lows. For exsmple, there are innumerable
small limestone cays and islands in the Behamas, B.W.I., which were terraced
during Pleistocene low levels, but the general forms of the islands were not
much affected., Terraces cut at this time are rarely more than a half mile
wide [{e.g, Newell, et al., 1951). Most likely the Pleistocene low levels
resulted in some defudaTion of exposed surfaces, but there is no compelling
evidence for extensive marine planation during ine short duration of tne
low levels. Evidently the reef organisms were not eliminated but they were
maintained near the level of the fluctuating sea. Of course, this argument
does not affect the possibility that some stolls may lie over submerged
guyots (see Hamilton, 1953).

B
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The bottom deposits in the deep parts of the ocean {1700 to 2500 fathoms)
separating the groups of Twamotu atolls are predominantly red clay. In shal-
lower waters plercped and coral sandy ooze is the principel sediment {Qp. cit.,
p. xvii)., Soundings near the atolls show steep slopes characteristic of atolls
(Op. cit., p. xxix}.

Several observers have recognized elevated resf limestone in some of the
atolls at the northwest end of the archipelago. From this evidence Agassgiz
hag concluded that Mazkates, which is somewhat dissected, was uplifited almost
230 feet (Agassiz, op. cit., p. 20), Hatahiva, 10 to 12 feet (Op. cit., p. 55),
Tikahau, seversl feet {(Op. cit., p. 52}, Rangiroa, 15 to 16 feet {Op. cit.,
p. 20), Kavkura, 17 feet {Op. cit., p. 17}, and Niau, 20 feet (Op. cit., p. <0).
In addition might be cited elevated coral reef limestone examined by vs on
Anaa, which rises at lsasht 18 feet above low water, near the village, along the
northern shore of the atoll.

Evidence of appreciable and uneven recent vwplift throughout the north-
western part of the Tuamotus is well establiched. Agassiz'!s observaticns bear~
ing on uplift farther to the southeust must be teker with reservations because
he freguently mistook large reef blocks thrown up by storms end welded to the
reel flat as erosion remnants of once higher platformsml/ Dana had earlier cor-
rectly interpreted these as erratic rsef blocks (Dana, 1890, pp. 179-180).

As pointed out long ags by both Dena (1890} and Agassiz (1903) the Tuamotu
atolls are characterized by a narrew rim &nd by reietiveiy few and narrow ship
pagsses., Of the 76 atolls of the group 47 are without a ship pass, 21 have a
single pass, and 10 are each provided with twe ship passes (Carte de la Marine,
No. 1716). The passes mark gaps in the atoll rim where crganic accretions evi-
dently have not kept pace with the general uvpward growth during subsidence.

The majority of the passes occur approximately on the leeward side (fig. 4).
This suggests that the distribuition of passes may in some way be controlled by
the prevailing winds, Production and deposition of caleium carbonste ssdiments
apparently is greatest on the windward side of Rercia atoll since the dsepest
part of the lzgoon iz dewnwind from the center. Farly gaps zlong the windward
rim doubtless were filled before those of the leeward rim. Possibly the flow
of weters through the leeward passes, especially concentrated at ebb tide,

i?rin general, Agassizls work on coral reefs is poorly documented and strongly
colored by his crusade for the view expressed by Semper (1863) that subsi-
dence is not invelved in the origin of atolls, HMany of Agaassiz's assertions,
such as the prevalence of outcrops of basaltic rocks on barrier reefs in
the Soclety Islands, lack documentation and subgequent confirmetion. His
general explanation of the origin of the Tuamotus seems fantastic. "In the
Tuamotus there is a great development of Tertiary coralliferous limestone,
the last remmsnts of the former elevated land once covering a large area of
the atolls as found alsc in the Gilberts! (Qp. eit., p. xvii). It is to
the cutting down of the elevations of the old ledge to the general level,
and the subsequent building up of the atolls by the material supplied from
the reef flats and from the coral slopes thabt is due the great vniformity
of all these atelis® (gp. cit., p. 13}. This casual dating of elevated
limestones of Tuemotu ztolls was based entirely on supposed lithologic re-
semblances to certain Terliary limestones of Fiji (Agessiz, op. eit., p. 18).
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Inhibits growth of corals and coralline algae, but the particular factors in-
volved are not clearly understood.

Ciinate.~The Tuamotu Archipelago lies within the belt of southeast trade
winds and enjoys a mild ard equable climate., Danielsson (1951) reports dom-
inantly easterly winds at Rarcia with a meximum velocity in 1950 of 7
(Beaufort). There were 37 calm days in 1950. The mean diurnal high tempera-. -
ture in 1950 was 30.4° C and the mean low 23.39C, giving an average of 26.8°C.
The rainfall for that year was 1181 millimeters. Out of the entire year 215
deys were clear (Danielsson, 1951). ALecording to the inhabitants of Raroia,
1950 was not an exceptional. year. However, Danieleson does not record westerly
winds such as are supposed to occur during the rainy season (Sziling directions,’
Paclf1§ Islands, vol. 2, Fastern groups, 1940, Publ, 166, U, S, Hydrographic
Office :

.. Burrents.-In accordance with the Coriolis effect the circulation of sur-
face waters in the Tuamotus moved along by the southeast trades is usually
toward the southwest at rates ranging from five to 25 miles & day. "In the
rainy season, from Octcber to iarch, vwhen westerly winds, squalls, and rains
are freguent, the currents vary most and occasionally set to the eastward at
rates from one-half to two knots." (Saling directions, Pacific Islands, vol.
2y Eastern groups, 19/ O Publ. 165, U. S. Hydrographic Office).

D:snersal of larvae of shd]low—wator animals tomard the east may be largely
accomp¢1shed at these tlmes.

Southern swell.-Atolls of the Tuamotus are pounded on the south and south-
west by a strong swell which produces continuous surf usvally heavier than that
of the windward side. -  The south margin of the rim in meny of the atolls is
relatively broad, low, and free from islets, characteristics which resuit ap-
parently from the exceptionally vigorous and continuous sheet flow of water
across thls sector.

"The effect of the prevalent southwesterly gales in high souithern lati-
tudes in transm;ttlng the heavy sesa, which is felt many’hundrpa of miles from
the latitudes of its origin, occasions a serious obstacle %o landing on these
low isglands by rolling in on the shore in an opposite direction to the trade
wind, meking it often more dangerous to land on the lee thar on the weather
side of the islands." (Sailing directions, Pacific Islands, vol. 2, Eastern
groups, 1940, Publ. 166, U. S. Hydrographic Office).

Hurricanes and tsunami.-According to native tradition violent storms have
played an important part in wodification of Tuamotuan atolls and this is
abundantly confirmed by the physical characterigtics of the islands. Accord-
ing to the Reroians winds of hurricane velocities that occasionally strike
Raroia and neighboring Takume generally blow from the northwest, ordinarily
the lee side of the atolls. These and many of the Tuamotu atolls have the
highest and most extensive land, the coarsest coral rubble, and the largest
displaced reef blocks on the lse side.

1/ Wind directions given by Danielsson {personal communication) were uncor-
rected for magnetic declination. The declination at Rarcia for 1950,
when his obsgervations were made, was approximately 12° 02' east.
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The actual frequency of tropical cyclones in these waters is unknown, but
there are published records of seven severe hurricenes in the Twamotus between
187¢ and 1906. ‘“There are also less well substantiated accounts of a hurricane
in 1823 and another in the i850's. The latest hurricane, of minor consecuence,
touched Rarois in 1926. The wind of this storm iz szid to have blomm from
the goutheast guarier &t Raroia.

During the storm of 1903, still clearly recalled by many inhabitents at
Raroia, sea waves were 40 feel high at the cvter reef and water was higher than
the house tops at the village. Opposing waves ars szid ‘to have swept over the
highest land from both see and lagoon, meeting within the islands. Topographic
forms of the islands, including conspicucus flow-lines in the coarse coral
rubble, generally at right angles to the atoll rim strongly suggest that the
land has been inuncdated many times; indeed built up in places, by translistion
waves that sweep across the atoll rim to the lagoon.

Native traditions réfer to “esunami, but apparently these had but little
geological sigaificance in the Tuamotus. The latest cccurrence was on April 1,
1946, when the water of the lagoon at Raroia rose some two feet above the level
of gpring highs flcoding the willage, Garumaca, to a depth of about cne foot.
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PHYSTCAL CHARACTERISTICS OF RAROIA

by Norman D. Newell

General Introduction

According to a survey of Rarois and Takume, made in. 1950 by the Service
Hydrographique (L. V. Nay), Raroia lies between 15° 55! and 16° 14' south
latitude and 142° 18' and 1420 32! west longitude. It is elliptical with the
long dimension toward the northeagt. In size it ig intermediate among the
atolls of the Tuamotus with dimensions of 14.4 km by 44 km. The most obvious
featurea ol Raroia are a relatively large proportion of land surface to water
slong the rim and-a large number of shallow, narrow chnannels, many of which
are shorm splllways, incomplete at the sesward end., _The land surface is low,
rarely exceeding four meters above normal high water_/ and for the most part
the surface is less than one wmeter high. The normal tidal fluctuation is
swall, sbout one-half meter, attsining perhaps one meter at gpring tides;

hence wind direction and velocity influence the water level far wmore then do
the tidel fluctuationg.

Qalowu, like many other Tuamotuean atolls {Fig. 5) has a single ship pass
on the leeward side of the atoll. The lagoon waters are clear, and relatively .
deep (55 @) in the center. Neighboring Takume on the.other hand, and several
other atolls of the Tuamotus lack pessges. In every case, these lagoons are '.
ghallow, being largely filled with muddy gediments. IBvidently sediments ac-
cunilate slowly in open lagoons.

Cheracteristics of Raroia

3

Location 150 5518 to. 269, 148 Lat,, and. 14 0. laf'w to 1420 32! W Long. -

VWinter temperature.of surfacs: sea water . . 260 ¢
Preveiling winds - : . : > s Easterly
Cyelones (hurricanes). . . . - - .. , Westerly
Rainfell (195G) . .- : ' 110 em
Tides 0.6 m
Area of .atoll (including lageon) : o 400 km<
area of.lagoon . : : : ' 340 km<
Area of atoll yim : - s 60 km?
Length of atoll . . . oo 4d ¥m
Breadth of atoll. ' . 14 km
- Mexdimun depth .of 13goon 55 m

Maximup height of. land . : . 6 u
Gircumference at outer reef edge - ‘ , 9C knm

Awerage bread? h of atoil rim Lo 0.6 km

1/ ‘The outer.gravel rampart at the elbow of Onerda, the westeramost point of -
Rarola, reaches the extreme elevation of 19 to.20 feet above normal high

water. 4 few other pointe on the altoll are 12 to 15 feal above normal
high water,
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,c., i

Land area (35% of rlm) _ 21 km<

Vegetated area : ' g 6 kme
Lagoon patch reefs (ﬂumber) ' ca 2000
Ship pesses (number) 1
Visiblllty of 8" secchi disk

Qcean 34 m

Lagoon : _ ‘ : 28 m

Distribution of underwater terraces, reef, and land forms recognizable
on the photographs were mappcd for the entire atoll and salient geologic fsa-
tures were recorded by means of aerial snd ground photographs and by maps and
crogs—-sections. A number of topogrephic profiles wers constructed across the
atoll rim, and in certain criticsl places levels were surveyed by means of
alidade and plane table. Underwater nbgervations and photographs were made
with the aid of two Browne masks and a motor-compressor built at The Americen
Museuvm of Natural History. A bathymebric map of the lagoon was prepared by
Byrme from handline soundings. 411 of these observations reveal a number of
facts of interest.

The Atoll Rim

Introduction.-The rim of Rarcia atoll is narrowest, averaging 500 to 700
meters wide, along the northwest side where there are relatively few channels
and the grestest extent of vegetated island upland. Much of the surface here
rises from one and & half melers to three meters above normal high water level,
On the other hand, the broadest sector of the rim, 800 to 1250 meters wide, is
at the south end of the atoll {see general map, Section 3 of this Bullehin),
vhere the surface is more or less continuously awash. Thisg is the lowest part
of the rim. In other sectors intermediate conditions between these extremes
are found.

Although it cannot, of course, be supposed that the rates of reef growth
are uniform all around the atoll, it is probable that wave ‘truncaition of the
existing land areas snd deposition of The resulting debris in the lagoon would
result in a nmore nearly uniform rim width than is now the case. Ve may sur—
mise with confidence that the relative narrowness end height of the northwest-
ern rim are a result of full exposure to the most violent storms.

Channels and islets.~There is only one ship pass through the leeward rim
and on the neighboring twin atoll, Takume, there is none. The Rarciza pass is
narrow (700 m)} ané shallow (five and one-half to eight meters) and choked by
vigorous coral growth which may evenitually block the pass. At the south end
of the atoll facing the strong southern swell characteristic of the region,
there is a broed inundated sector of the rim approximately five kilometers long

snd one and a half kilometers wide which is barely awash at low tide. Else-
where, there are approximately 2060 shallow channels across the rim which are
drained or are awash during low walter at the seaward ends and covered by two
to two znd a half meters of water near the lagoon ends. There are roughly 280
islets around the atoll, of which only €0, including most of the larger and
higher land areas, are on the leeward (northwest) side of the atoll. Although
the larger islebts also lie on the leeward side of neighboring Takume, this is
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wnusval among atolls, even in the Tuamotus, because most frequently the land
areas are concentrated to the windward where gravel and gand are most vigor-
ously heaped up by waves. The storms of greatest violence regularly strike
the west (lee) side of Raroia and Takume snd there is much evidence of island
building by horricasnes there.

In addition to the shallow channels or spillways between 1slets, there are
some 160 deep, angular clefts or notches (incomplete channels) in the lagoon
shore similar to the chennels except that they do not extend across the island
to the seaward side. These clearly are being lengthened headward as storm
vaters cross the islets toward the lagoon, and they represent various steps in
formation of shallow channels. " The method of formation of ths channels is ii-
gelf an interesting problem considered more fully on subsequent pages. It is
concluded that the shallow channels are all of very recent origin and were
formed chiefly by mechanical (hydraulic) erosion of the vwplifted rim, but the
ghip pass probsbly hag been inherited from a Plelstocene low waler level,

IToland conglomerate platform.-The smaller islets are formed of a flat plat-
form of coarse limestone conglomerate (vakokota in Tuamotuan) from about one-
half te a little less than one meter above normal high water on which, here _
and there, are small patches of sand and coral debris generally lagoonward of
the istet center (Figs. 6, 7). A few of these paiches of rubble are vegetated;
the rock platform is bare. The larger islands are bordered by the rock plat-
form, but wells dug in the interior (Garumaoca, Cneroa, Tetou) reveal that the
central areag are underlain by uncemented sand and gravel to the water table,
becoring loosely cemented below the water table.

Joints.-Irregular joinis are visible here and there on the conglomerate
pavement but they do not show lineation. Joints somewhat opened by soclution
are occasionally visible on bare areas of the oguter reef flat near the shore.
These are slightly sinuous and generally are approximately parallel with the
reef front. None can be followed more than about 100 meters. Presumably they
have been produced by adjusiments or slump in the marginal talus of the atoll,
There 18 not any visible displacement along these joints, but the effects of
gifferential movement would probably be guickliy effaced by erosion.

Remparts and beaches.-One or more rampart ridgeg of gravel on the rock
platform defend the seaward sides of nearly all the islands. These are coars-
est and highest along exposed vromontories. The highest surface on the atoll
(approximately six meters) is the crest of a rampart on the leeward side of
the atell {at Oneroa, Fig. 7,B). In more sheltered places the ramparts tend
te flatten, becoming sandy beaches. These are all storm features which lie
inland upon the rock platform at some distance from the normal high walter line.
Folian sediments are completely lucking on Raroila.

Island gravel.-A striking feature of the surface away from the lagoon
shorve on the lee side of the aloll is a veneer of cosarse, elgal-blackened coral
rubble with very little sand. Reef blocks up to & meter or so in diasmeter, in-
cluding corals which live only in fairly deep water outside the atoll (Acro-
nora conipera), are scattered over the land on the leeward side of the atoll
as far as the lagoon shore. - These are storm gravels deposited by sheet flood
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during hurricanes. The gravel is ccoarsest on the northwest rim of the atoll,
appreciably finer on the routheast side, which generally is the sheltered side
during hurricanes. This surface gravel does not contein fire sediment, but

the interstices are sandfilled a few centimeters below the surface., Presum-—
ably, the water which passes over the islands during storms has capacity to
carry sand and humus lagoonward, leaving well-washed coarger rubble on the
higher ground near the outer shore and ‘somevhat finer sediments near the lagoon.
Some sand is trapped between pebbles, however, end doubtless it is washed down-
ward by the rain. Pits dug on the larger islands show that the upper one to -
two meters of earth is composed of coarse rubble and entrapped sand which could
have been deposited only by wloTen storms.

Subinerged terraces.-There is evidence of an outer terrace believed to lie
at approximately 20 meters similar to those degeribed for Bikini {Tracey, Ladd,
and FHoffmeister, 1948) and Andros Islend (Newell; Rigby, Whiteman and Bradley,
1951) and there is a shallower terrace which slopes outward at the reef front
from about low water level to eight meters. A submérged rock terrace, probabiy
also at about eight meters, lles along the lagoon shore, This is largsly
covered, however, by sediments and fringing reefs go that the depth to the ter-

‘ace rim cannot be determined accurately Usually there is a pronounced break
1 -slope st ‘about five meters or so. ‘ '

Er081on g£ tﬁe'land.—The rocky outer shore all around the atell is being
cut sway and the land area is decreasing. Outlying erosion rémnants on the reef
flat show clesrly that the shore hes retreated along a broadly curved front as
much as R0 or 30 meters since the conglomerate platform was formed and elevated.
Most of the products of this erosion togsther with the coral gravel and foram--
inifersl send swept through thé channels during storms accumulates in the lagoon,
which in spite -of leavy sediméntaticn is moderate¢y deep (55 m) and is floored
by fine’ Suﬂd and gravel rather than mud. .

The water of the chennels on the windward-side and at the broad reef flat
at the south end of the atoll generally flows lagoonward, even during low water,
becavse of the strong swell, Thére is reversal of flow in ithe larger channels
on the lesward side of the atoll where the wind generailes a feeble geawsrd cur-
rent dvring high water, but this current carries hardly any sediment.

Legoon shore currents receive and rework the debris freém the seaward reef
which, together with lagoonal sediments, forms a nearly continuous band of
beaches, beach ridges, spits and bers; these are mainly sand along the- 1éewara_
(southeastern} shore and sand and gravel on the windward (northwbetern) shore
of *he lagocr. Each channel is marked at the lagoon by a small cresceuzlc

delha of more or less locse sediments, and there is little or no reef growth
et thege places.

“Aceretlon of sediments along the lagoon shove tends to mask signs of ero-
sion end retreat of the shore, but almost all “the islands have low headlands
and cutliers of beach rock ?lsxng o few centimeters above nﬂgn vater. The edge
sf the beachrock has Been cut back at mahy places wome 15 or 20 meters sinde
it was formed. However, it appears that the lagdon shore may be- advan01ng la~~
zoonward at the northeast and southwest end‘z of the atoll. R .
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Ground mater.-Analyses of nine well waters were made at the Garumsoa vil-
lage near the close of & dry psricd (June 29) when the wells were being used
to capacity. Therefore, the salinity was probably higher than the average for
a yeer. Salinity was determined by hydrometer measurement, Values for pH
were obtained with a Gamma electric meter loaned by the U. S. Geologlcal Survey
for the purpose. Toital hardness was determined by titration. DBecause of in-
advertent omission of an essentisl reagent, chlorinitf of the water could not
be determined. The wells ranged from shout 14 to 17 parts per thousand salm——
ity, with pH of 7.6 1o .7.8. Totol hardness xaﬂged between 240% 13 to 360%
12 parts per million. .. 7

Garumaos and other well waters

Well # Temperature C° Salinity ofoo Hardress o/oo0o pH
1 26.5 A 320 X 13 7.8
2 5.0 14.6 360 * 13 7.6
3 25,0 13.6 280 13 7.7
4 26,0 1.2 240 * 13 7.7
5 26.0 14.2 300 % 13 7.6
6 25,0 14,1 340 * 13 7.8
7 27.0 4.,2 360 13 7.9
2 25.0 15.4 360 X3 7.7
9 . 26,0 16.6 360 £ 13 7.6

10 — bl - - -

¥2ll at Tetow, little used, August 23; the others are at Garumaocs, June 29.

Five tesl nits were dug to the water table in a series acrogss the north end
of Garumaca Islet {Fig., 2). The pits at esch end of the series were within 75
neters of the sea. Analyses of water samples from these pits sre shown below.
Pits four snd five were not dug waiil after the onset of showers which ceame
shortly after the middle of July, breaking a drought of many weeks.

Yiater znalyseg from tegi pits on Garumaos

pit . Temperature 0 Selinity o/oo Hardness o/000 pH
A {5) 26.0 Ll 380 ¥ 13 7.5
B (2) 26,0 9.0 ' 420 13 7.9
¢ (4) 25.0 | 3.5 420 * 13 8.0
D {3) 27,5 7.6 420 €13 - 8.
B (1) 242 2.7 420 * 13 7.9
Pond #

2 ' 2345 5.6 400 % 13 8.3

813 of the wells and woat ponds rise and fall thh the tldes, but the de-
tails of effects of! tides on the lems of ground wa Ler were not ptudied. In
general 1t appears that the fresh water lens is adequats for plants snd snimals
on the larger islands even during periods of drought. Rain-water clsterns
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supply nearly all of the drinking water, however, at the village. In all of
the welle end pits the sand and gravel were uncongolidated down to the highest

level of the fivctuaiing water table. Below this level the sediments sare .
loosely cemented to form friable calcarenite.

Boils.~The land areas of Raroia are almost destitute of soil over all but

the iowest gurfaces. Probebly leaf mold and humus are periodically stripped .
away or burisd by sheet flood during hurricanes. - Sulphurous mueck 4is found in
a few swamny areas just inside the lagoon beach ridges. These ars hatural
moats and the waters are quite saline (see preceding table, pond 1). Farther
inland are small tare pits all dug before the present century. The muck of
tese pits is acld. As might be expected, the surface rubble of the islands
generally ie slkaline. The conglomerate, corel gravel and foraminifersl sand
which compose the islandg are nearily pure caleium carbonate. Clay minerals and
gilice ocour only as traces end do net form significant accumulsiions. High
alxalinlty is assured by the local custom of periodically burning over under-
brusi and coconut husks, which results in the disintegrastion and caleining of
the surface gravel.

Stratigrapihy.-Five test pits two to three meters deep were dug across
Homohomo (north end of Garumaoca islet) in order to study the succession of de-
posits and to secure samples of ground water (Fig., €). The outer pits were
near the two shores and the oceanward hole was dug within 20 meters of the con-
Zlomerate platform. Contrary to expectation the conglomerate, composed of
firmly cemented coarse debris of corals, was not encowntered in any of the
pits, although all were deep enough. Thus apparently it does not form the foun-
dation of this large island as with the small islands. The succession 6f strata
penetrated in these pits is remarkadbly uniform across the igland. There is a
lower it of well sorted medium limesand which extends upward from the high
water level some 50 to 240 centimeters. This is everlain by coarse, sandy gra-
el 150 to 350 centimeters thick containing one or two buried seil zones and
& pocrly developed humus zone at the top., Wells at Garumaoca, at Cneroa and.
Peton also show tha® the sediments are generally finer helow and coarser sbove,
Samples of the sediments exposed on the five test pits were collected for soil
analysis and carbon 14 determination. It seemg probable that the onset of de-
position of the coarse materials may heve originated in a marked climatic
change, such as development of, or shift in, a hurricane track. The slight
drop in sea level discussed earlier probably resulted in increased rates of
evosion of reef and lsland conglomerate,

Logs of five test pits at the north end of Garumacs Islet (Fig. 8)

Test pit A {5). Hortheast corner of Garumaoca Islet, Depth of hole, 79 inches.
Top Inches

Bed 1. Loose gravel
2. Algsi crust on pebbles
3. Gray-buff sand and gravel
4e  Gray sand with some humus
5. Gravel, subangular pebbles up to 4"

Wt D=l e
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8. Correlation of strata in test pits, Carumaoca Islet.
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Test pit

Bed 6.
7.

8.

9.

1G,
1l.

Sandy gravel with roots

Sand, light-buff with scattered pebbles

Coarse gravel, washed, angular, a few boulders
Sand, medium, well sorted, light-buff

Sand, gravelly, grayish

Sendstone, like above

Salinity 4.1; original temperature 27°C.

N.B'

cated above. The section locks ag though beds above # are
burial of older profile, perhaps by 1903 hurricane.

pit B (2}, North end Gerumaca Islet. Depth of hole, 121 in

2.

-

e
5.
6'

3.

9.

Mantle of coarse angular coral fragménts, the whole
being coated black at surface by blue-green slgae
Dark-gray sandy gravel with orgenic material

Gray sandy gravel with many roots

Gray sandy gravel

Open coarse gravel

Small. cobbles with open interstices several inches
across; lowest root zons

Poorly sorted sand and gravel

Poorly sorted subangular gravel, no sand, unconsoli-
dated

Semi-congolidated, coarse sand, light-buff, rather
well sorted (oeach sand)

Water table

Ruots occur scattered throughout, but predominate at levels indi-~

result of

ches.
Inches
2
2 }
i2 .
20
10

10
10

9
46

Sallnltv 9.0; ormglnal temperature 27 5 03 pH 7.92; hardness 420 £ 13
parts per m11¢1on.

Top

Bed 1.
2.
3.
s
5e
6.

7.
8.

1C.

€ (4). North end of Garumeoa Islet. Depth of hole, 113

Unsorted coral gravel, washed

Mgal film on pebvbies, black

Gravelly sand, dark-gray, with small roots -
Sand and gravel, darker, major root zone
Sand snd gravel, light-gray, buff, some cobbles
Mngular’ small cobbles and gravel, grading down
into sengd, light-gray

Brownish dark-gray, sandy; with a feWw roots,
humic soll with a few pebbles

Brown, well sorted medium to fine sand.

Brown gravel, sandy, fragments up to & inches
Sand, coarse, light-taen, well sorted with a few
small pebbles; lightly cemented : :

Water table

Salinity 3.5 (diluted by recent rain); original temperature

19—

inches
Inches
-3
ﬂ6.
A B
b
10

tulm_:{w

e
4
16
49

2806’ pH 8.@0, :



fest pit D (3). North end of Garumsoa Islet."Dépth of hole, 90 inches.

Top _ ' Inches
Bed 1. Surface weneer gravel R 1
2. Black humus and leaf mold ' o 1
3. Gravel, gray, sandy, with roots 12
4+ Gravel and cobbles, sandy, light-gray, W1th a
few small roots 1R
5. Gravel, washed, subangular, up to 3 1nches Wlth _
open interstlces, fine rcots Y
6. Sand and coarse gravel, light-buff, flne roots 5
7.  Brown sandy humic soll, gravelly, darker at top . 18
8. Cravelly sand, yellowish tan 10
9. Sand, coavse, light~buff, well sorted with a
few small pebbles R4

Water table
Fluctuation of water level at least 10 inches.

N.B. The sediments below #7 are tan, thoge above are light-buff to bone
colored.

Test pit B (1). Northeast corner of Garumaca Islet (see Figare for location).
Depth of hole, 68 inches, _

Profile
Top | Inches
Bed 1. Surface corazl rubble, partly calcined by burning; ﬁo 2

sand vigible; fragments small pebbles to boulders.-

2. Upper half inch black, humic, lower part dark brownish-
gray sandy gravel full of small roots, mainly horizontal

(2 samples) e
3, Sand with pebbles, light-gray (sample taken) 2
/» Pebbles and cobbles, subangular, light-gray, no sand -6
5. Sandy gravel, light-gray A i2

6. Humic soil, dark-grey, sandy gravel, full of living
roots, both horizontal or vertical (sample)

7. Gravel, hardly any sand (sawple)
8, Sand, brown, pebbly (sample)
9. Buff sand and pebbles (sample)

(LT L SN 6 BN L

10. Gravel, washed; no sand _
13. Sand, buff, with a few P?bblesw(sample)- ' . : 1
Tiater table

0

Original temperature 27.5°C.
) g N
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Part 3

GENERAL MAP OF RAROIA

by Norman D. Newell

Abundant patch reefs acrogs the central part of the
lagoon have not bsen mapped. Stippled areas, vegetatioﬁ
cover; black areas, bare land surface {limestone, gravel
and sand). Original wind date corrected for magnetic

declination.
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