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RPEFE aND SEDIMENTARY PROCESSES OF HAROIA
Ly Norman D. Neweil
- INTRODUCTTON

Reef types. of Rarois are about as diverse as those of other atoils.
A ovter, or.sea reef (akau), is essentiolly continucus around the aar- -
gin of the atoll, and it is somewhat different on the windward and leevard
sides. Extensive slump sectors such as those of Bikini (Mmery, Tracey, and
Ladd, 1949) .were not recognized.

There are indications that the rate of sresion of the reef front may ac-
tually exceed the accretion of organic material. The enul11ov¢um among SUDSl—
dence, reef growth, and evosion apparently hLas been mlstTUQd recently by a
rate change in cune or more of +the controiling variabies. Croscland {1928, 1931,
1935) has concluded that growth of the reefs of nearvy Tshiti and Mocrea is not
keeping pace with erosion. He tentatively sugrests that the recent epoch of
reef formation isg drawing to a cloge as a result of.world-wide decrease in vigor
of the reef corals., The evidence as presented haxdly gusthlbs such a swaeping
conclugion, and the 1mp11ca+1on of racial senescence does not have & plece in
modern evolutionary theory.  Shtearns (1945) has mede the interesting suggestion
that "decadency" in modeyn reefs is reltated in some way to reecent negative
shifts of the sea. That is, a drop in sea level would destroy the organisms
of reef flats previously just awagh near sea level and might thus lead to wave
destruction of the exposed and shallowest paris of the reefl, Such a veel might
display extensive dead areas in the upper part. If,- however, a reef in equi~
librium to existing tide conditions werse upllfted oa]y g few centimeters, many
organismg would gquickly be eliminated because of exoosure even thouch still
regularly covered at high -tide. Slight uplift may be responsible for observed
conditions on Raroia.

Ranson (1952) makes the pertinent observation that the Marquesas Islands,
which are almost lacking in reefsg, and the Tuamotu atolls, although situated
at low labitudes, are marginel with respect to suitable temperatures. The
southern equatorial current, which bathes these islands, was quite cold as a
result of up-welling at the Sonth American continent where the Humboldi cur-
rent swings westward scross the eastern Pacific. The point is. that these waters
continually store solar energy during the westerly drift. Although the surface
waters are warm at the longitude of the Marquesas and Tvamotu, the thermocline
is doubtless much shallower here than at points farther west. Great storms may
bring very cold waters to the surface with deleterious effects on reef corals.
This promiging ides requires study. It must be gtressed, however, that reports
of the feebiencss of reel growth in the Tuamotu are exaggerated.

In the Raroia lagoon a discontinuous, generally narrow, shore reef lies
along the northwest shore, where the prevailing sediment is gravel. This reef



is exposed to the fetch of the prevailing winds, hence ig the windward shore
reef, even though it lies at the downwind shore of the lagoon. The sheltered,
or lee shore, along the southeast side of the lagoon lacks a well defined reef,
but small patches composed mainly of wessive heads of Porites sre common. The
sediment here is mainly fine foraminiferal sand. An estimated 1500 %o 2000
patch reefs—ﬁrise from all depths of the lagoon to the surface. The largest of
these are termed karena in the Tuamotu language. Dovbtless they are en import-
ant source of sediments in the lagoon. Corslla and rounded and irrsgular knolls
are visible from the alr over shallow bobbtoms, and results of dredging indicate
that living corals are scattered over the deeper pert of the lagoon but they
generally do not rise far above the bottom. .

Field identifications of the algee and mollusks cited in the following
paeges were made by M. S. Doty and J. P. E. Morrison, respeciively. Names of
corals were supplied by Jobhn W, Wells after examination of the collections ob-
tained by the field party. '

THE OUTER REEF

The sea reef (skau in Tuamotuan) is the peripheral reef zone out-
gide the land arveas and channels. It forms the outer part of the atell
rim. Since the reef is continucus around the atoll, it is hardly appropriate
to refer to windward reefs and leeward reefs ag though they were sepzarate reefs.
Wherever islands are lacking and the reef flal extends across the atoll rim, as
at the southern end of Raroia, the inner boundary of the sea reef is not clear-
1y delimited.

Reef front.-In some reef areas, perhsps in many, the most luxurient growth
of corals is not on the reef flat or margin but lies on the reef front well be-
low wave base of ordinary sterms. This outer zone commonly 1s not convenientlily
accessible for direct observation becavse of the strong ocean swell. HNeverthe~
less, a5 at Rarcla, the bottom may be examined from a small boat by means of a
wvater glass. This zone of maximum productivity of the corals is ususlly over—
looked, or it is dismissed with a few words 2

It may be fairly argued that this rather than the algal ridge or the
Yapur and groove" zone is the front of the living parts of the ses reef, Al-
wost certainly it is the chief producer of gediment at Reroia. The lower part
of the reef front iIs an uneven, rather steeply shelving surface relatively
free from loose sediment. It exbtends dovmward from approximately eight melers
at the edge of the gpur and grocve escarpment to beyond the limit of wvision at
34 meters. A terrace at approximately 20 meters {10 fathoms) comparabie to

L/ Pateh reefs are flat above and reach the surface. 1 am reserving the
term reef knoll, or knoll reef, for the rounded or irregular pinnacles that do
not reach the surface. Many writers use "knoll reef" for all small, circum-
scribed lagoon reefs., On Rarcia practically all of the visible small lagoon
reefs are patch reefs.

2/ This outer zome has been recognized on the CGreat Barrier Reef, Andros
Isiand, Bahamas, and elsewhere. '
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that at Bikini {Tracey, Ladd. and Hoffmeister, 1948) and the Bghamas (Newell,
Rigby, Whitemsn and Brediey, 1951) is vizible on aerial photozrenhs of Reroia.
OQur handline soundings in the agitated outer wuters are not, hovever, very re-
liable, o

The visible bottom in front of the reef spurs is blanksted by robust liv-
ing corals, some of which are uniike those elgewnere on the atoll. Of the spe-
~cles apparently limited to this zone most conspicuous is a great flabeliat
Acropora (é, conigerva) which locally covers as much as 25 per cent of the bCu~
tom. This . .coral forms irregular horizontal plates up to two meters across and
one-third of a meter thick. They are atiached by & short thick trunk at the
center of the lower surface or directly at one margin. The species supplies
most of the coral slabs scattered over the reef flat and a*t least 30 per cent
of the slabs of the island conglomerate. Another speciss, unrecognized else-
where, is a robust staghorn, a Pocillopora, which rises more than one meter
above the boitom as bushy clumns s with stout stalks seven or eight centimeters
in diameter. This form is richly represented in the island rubble, of which it
comprises sn estimated 10 per cent of the smaller fragments,
trest hoagey/ | o B
reat heeds™ up to two meters in diameter of a massive Porites are common
as is a robusl species of Fungia. Several of the corsl species of the reef
flat also occur on the outer slope, especially corymbose species of Acropora
and several species of Pocillopora besides the sitaghorn referred to above. Tae
abundance of material in the island rubble derived from the reef front indi-
cates that an estimated one-half to three-fourths of the island debris was de~
rived from this wzone during hurricanes.

Groove and spur system.-Rarcoia atoll is surrovnded by & conspicuous, groove
and spur zone some 50 to 100 meters wide ab the top of the reef front. The
outer edge of this zone forms a low escarpment at a depth of about sight meters.
Lendward the, crests of the spurs form a terrace surface vhich rises rapidly to
about the extreme low water ievel at the algsl ridge., The ferrace is traversed
by rather regularlv spaced vertical walled gorges or grocves (koehae) which
extend seaward at right angles to the margin of the atoll. Gensrslly these
grooves terminate at the algel ridge, but a few cut.across the ridge end extend

ross the reef flat ag Yegurge channels." The groovs and spur zone is very
llke the "seaward slome" of Bikini, which hag been interpreted as tie advancing
margin of the reef, composed mainly of aigal deposits (u&auﬂ Tracey, Gellsg &nd
Emery, 1950, p. 412). Many reef features of Rarpia clearly combine both ero-
sional and depositional processes, aad it 1s probable that this is aisc true of
reefs in geneval R

The outer grooves of the sea reef were investigated in several placesg at
the surface and by means of a swimming mask and the Brownme diving mask. Char-
acterigtically the deeper .gorges descend precipitously from the head at the

algal ridge to a depth of six or seven meters; then flattening gradually to a
depth of about 1C to 15 meters they debouche on the lower slope of the reef
front beyond the spurs. The grooved terrace is rather uniformly dissected, the

: l? A corsl "head" as used here is a hemigspherical corallum,.not 2 knoll
. or patch,
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deepest grooves of which terminate beyond the terrace; but msny of the shal-
lower grooves do not extend coupletely acrogs the terrace but instead terminate
on the terrace surface,

The walls and floor of the grocoves generally are smooth and free from all
but scattered very young colonies of corals. The rock surfuce is pitted,
rounded, and scouvred smooth, and the floor is uneven and ungraded except nesr
the mouth where there usually is an accumulation of boulders and gravel. Here
and there on the floor of the grooves are hemisphericel shallow patholes of
varying size move or less fiiled with rounded pebblas and cobbles, In some in-
stances the potholes attain diameters up to sbout two meters and are occupied
by boulders of worn Porites thet could have been derived only from the outer
slope. A few of the gorges sre quite narrow, ouly one meter wide whers they ave
as much as seven meters deen. For the most part they are deeper than wide at
" places of maximum relief but a few are as wide ss they are deep aear tie mouth.
Many of the grooves divide near the head, producing & rough derdritic pattern of
tributaries. Rather capaciovs rooms often are formed at the confluence of these
tributaries. Others show effects of & kind of "stresw niracy" whers they di~
vide seaward in distributaries. HWMuch shout these grocves “ecalls mourtain
gorges of high gradiedt cut in massive rocks

Pothele formation by gravel and scour by sand clearly ig the chief agency
of erosion along the floors of these grooves. Gravel, which is trapped tempo-
rarily in depressions, cubts pits in linear series dovm the slope. These even-
tually form more or less straight furrows. The grooves are graduelly extended
headward by gravel scour, in many places reaching well onto the reef flat a8
very shallow, more or less bare, furrows, embryonlc strge channels.,

Part of the gravel responsible for scour in these grooves cleariy ig de-
rived from the outer slope and this is the only possible source of the largest
coralla. The remainder vprobably originates on the reef flat.

The grooves of the windward outer reef are somewhat narrower and more
closely spaced than those of the leeward side. Otherwise they sre about the
same.

The ridges or spurs (tauta) between grooves form the general surface of
the terrace. In msny places the spurs are about ag wide as the grooves, and
with the latter form a comb-like pattern. In other nlaces there are sectors
of the terrace us much as 50 meters long thalt are undissected or incompletely
dissected by grooves as the reel sector on Bikini illustrated by Ladd, Tracey,
Viells, and Emerv (1950, Pl. 34). In these places grooves have rnob been formed.
Wnere dissection is incomplete mnet sll the grooves extend to the ovter edge of
the terrace (Fig. 1). This and the fact thait the terrace has a very regular
outer margin suggests that the form of both spurs and grooves are effects of
erosion rather than construction. There is very little roofing of the grooves
by algsel deposits. The spurs are duite unegual in breadth. If bhey were sim—
ply buttresses of algal deposits being extended seaward sgainst the surf, thev
would probably advance at uaequal rates and this should produce a jagged, ir-
regular margin,.



Bikini Reef

1. Spur and groove zone of a Bikini reef. Reef front at lower
ieft, (From a photograph published by Ledd, et al., 1950)



The tops of the spurs form a flat surface which slopes gently seaward. It
is covered by a thin blanket consisgting mainly of liwving brown Pocillopora
elegans (25 per cent), and Porolithon onkodes (identifisd by Doty), which is
most prevalent at the inner margin (50 per cent), decreasing rapidly seaward
toward the outer ends of the spurs. Other abundant forms of the terrace are a
green alga Microdictyon sp. and the gastropod Vermetus maximus. The boving
echinoid Fchinometra metheei and a tufted coralline alga Amphirca £p.. are abun-
dant in the shallowest water of the terrice. In addition to the ubiguitous
small Pocillopora cited above, two or three species of small Acropora and small
massive forms of Plesiastraea and encrusting Millepora and Montipora are visi-
ble. AlL of these forms are securely attached and do not project above the
bottom more than 10 to 15 centimeters. This is an association of strongly tur-
bulent shallow waters. It is evidently from this zone that most of the large
reef blocks of the reef flat are derived,

places overhangu half a meter into the gorgeu and extends a few ceqtimevers
down the gravel scoured rock surface. However, under conditlons now existing
on Raroia these organisms are not significantly modifying the topography of
the reef margin.

In summary, there is a well-defined shallow outer terrsce which slopes
gently seaward. This probably lies at about the wave base of heavy surf but
above wave base of the greatest hurricanes., These inferences are drawn f{rom
the fact that all of the corals of the terrsce are low and small, indicating
that they are more or less constantly subjected to strong turbulence and are
doubtless frequently decimated. On the other hand the slope in front of the
escarpment formed by the spur ends carries large, in some caseg, fragile corals
which must be many years old. These evidently escape the violence of geasonal
storms but during hurricanes they are stripped away to supply much of the is-
land debris. The lower surfaces of the walls and the floors of the grooves
generally are scoured free from algal deposits and corals. ALl of the corals
of the rims of the grooves are small; a colony 20 centimeters scross 1s ex-
ceptionally large. From this it must be concluded that these surfaces are
rather frequently scoured clean by storm turbulence and that few planulae heve
ann opportunity to form colonies.

The surface of the grooves, as those of the reef fiat and ticdal pooleg,
ig colored light pink by a film of Porolithon onkodes the "pavement Ldtho~
thamnion". This pigmentation evidently appears within a few days on fresh
surfaces and does not require deposition of a heavy accumulstion of caTClun
carbonate. Chips freshly broken from the walls and bottom of grooves sand from
the reef flat show that the rock is of heterogeneous origin, containing coral
skeletons and foraminiferal sand. -The algal deposits are quantitatively not
significant although they may perform the function of cementation.

It is probable that the grooves are cut into the terrace anﬁ that both
were formed more or less concurrently. However, it is clear that gravel scour
so potent in- the grooves does not-affect the terrace, the surface of which 1s
relatively free from loose material. As shown by recent work in the Bahamas
(Newell, Righby, Whiteman, and Bradley, 1951) grooves and spurs like those of
Raroia may be formed in inorganic limestone free from the supposed influence
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of coralline algae, and Cloud {1952, p. 43) reports similar ercsional forms in
Hawaiian basalt. There is uo indicabion that the spurs on Rafoia are being
extended seawsrd. On the contrasry, artundance of reef blocksL, fraguente of s
spurs thrown up by stowms, clearly indicates net erosion (Fig. 2).

The algal ridge.~2/There is a well developed, narrow ridge at the cuter
margin of the reef, flat which separates the reef flat from the grooved tervace
(8ee Figs. 6,7).2/ The ridge commonly is from five to 15 meters wide and riges
some 0.3 to 0.6 of a meter above the lowest part of the reef flat. The ridge
crest rigses at ieast one meher above the adjscent ends of spurs. In a few lee-
ward sectors the reef flat riges gradualliy toward =z steep seaward margin, term-
inating iu a sort of cuesta that faces the sea. Elsewhere the ridge is more
narrowly defined. At irregular intervaels along the ridge a few grooves cut
across the ridge at low places on the reef flat., At intermediate stages in the
tidal cycle waves break over the ridge, building a head of water on the reef
flat. Much of this water returns seaward in excurrent stresms whlch issue at
the gaps in the ridge. At low water stage the water of the reef flau, which in
the daytime mey be several degeees warmer than normal. ses water and depleted of
much of the dissolved oxygen, invariably drains seawsrd at the excurrent points.
Becauge of less favorable living conditions in these areas the surface commonly
is relatively bare of attached organisms.

In a seuse the algal ridge is intertidal, but it may rise locally above
mean high tide level. It i8 congtantly bathed by breaking waves wherever ex-
posed to the wind, but it is cccasionally dry cn the les side of the atell in
gulet weather during low tides. It is difficult to determine the tidal range
along a sea reef. For one thing the influence of fthe wind is coasiderably move
gignificant in controlling the water level than are the tides. In any case
the tidal fluctuation is small at Ravoia, about 0.6 meter in the lagoon. The
strong ocean swell, even on & windless day nroduces iransiation waves with
amplitude of two meters and more along the south and sontheast sides of the
atoll, and perhapsg half as high on the leeward or northwest side of the atoll.
At low water stage with a moderately rough sea a sheet of water pours over the
ridge with each breaker though the mean Level of the sea has dropped well be-
low that of the reef flat. The head produced on the reef flat in this way
carries much of the water and suspended gediment te the lagoon exceph where
blocked by islets. Opposite the latier the water returns to the sea in many
well-defined excurrent streams. It is tempting to speculate on the circula-
tion of reef flat water in the breaker zone during high water. The circulation
may be somewhat like that at low tide, excurrent water psssing seaward at the
gaps in the algal ridge. It is probable that sach groove in the terrace func-
tions as an excurrent channel during times of great turbulence. bkater laden
with outgoing sediment tends to be channelled by the grooves. Circumstantial
evidence that this is the case is described in subsgequent pages.

l? In spite of a natural repugnance for the inslegant term "nigger-head"
or "negrohead" slmost wniversally employed by students for these reef blocis,
I would follow accustomed usage if there were justification on grovnds of spe-
cial aptness. There is none. Lebt us call a reef block a reefl block.

2/ This term is preferred to "Lithothamion ridge" because the dominant
coralline is Porolithon onkodes, not Lithothemnion. The two are quite dif-
ferent structurally, though similar superficially.

3/ Figs. 6 and 7 appeared in Atoll Research Bulletin 31.
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Mataira Islet

2. Seaward view of large reef blocks, leeward side of Raroles atoll.
The block at the right is sbout 30 feet long, with an estimated
volume of 9000 cubic feet.



Therever the biota of the algsl ridge is healthy and vigorous, the ridge
ig covered by pink blister-like crusts of Poroiithon onkodes, with here and
there small hemispheres of ramese Peorolithon gardiperi. The blisters of the
former are often as large as a man's hand and they partially enclose open cav-
ities, refuges of innumerable little crabs., There are many small patches of an
encrusting blue—green alga colared light yellowish-green. A narrow belt of
digcontinuous patches of encrusting Millepora follows the outer flenk of the
ridge and extends around the heads of the greoves. A helmet urchin (Colobocen-
trotug sp. ), acorn barnacles, limpets, -and species of the gastropods Drupa and
Turbo live here. A small brown Pocillopors elegang, one of the chief reef
iormers, and the green alga Microdictvon sp. extend upward over the outer flank
of the ridge. Almost every fragment of roek taken from the algal rldge con- .
tains the remains of the Pocillopora, yet it is comparatively rare on the crest
and lendward side of the ridge. Presumably growth accretions on the algal ridge
are mainly on the seaward face. Commonly the landward slope of the ridge is
deeply pitted and eroded by the burrows of & large siate pencil urchin (Hetero-
centrotus sp.) and the boring urchin Echinometrs mathaei. The latter produces
a broadly U-shaped cleft several centimelers deep within which the animal moves
back and forth in a plane nearly perpendicular to the surface. On the landvard
face of the ridge the urchin borings are but little modified by algal incrusta-
tion but-on the crest and front slope the borings ahd barnacles are encrusted
by laminse of Porolithon onkodes. '

The landward face of the ridge, just below the crest, commonly is rela-
tively free from encrustations. except for a pink film of Porolithon onkodes.
Here:the rock, unlike the more active areas on the seaward side of the vidge,
is solid. Inspection of broken fregments indicetes that the spaces between
algal ilaminae have been filled by foramlnlferal sand which hes since become
firmly cenmented by al gal aceretiong.

In many places around the atoll the algal ridge is being reduced by ero—
gion over most of the surface. This is especially the case around the southern
end of the atoll from the elbow at Oneroa as far-as the southernmost islets of
the east side.

Persistent erosion of the algal ridge is in every case accompanied by sus-
tained activity of Porolithon onkodes at a level a few centimeters tc a meter
lower around the heads of the grooves and over the cresis of spurs. ‘This fact
might suggest a very recent drop in the relative level of the sea. If so, the
drop cannot have been more than a few centimeters because the ridge is not ex-
posed to view even on the leeward side of the atoll during times of high. water.:
Erosion of the ridge is correlated with local depopuiation of the coralline
algae and . coralw. But the factors responsible for thls are not clear .

. Outer reefs of Blklnl on which there is a low unlnterrupted algal ridge o
were. designated type I-A by Tracey, et al., (1948, pp. €70-871). On Raroia
this is the dominant type on both leeward and windward sides of the atoll, It
is noteworthy, however, that on Bikini this type of reef is poorly developed
on the leeward side and is especilally characteristic of reef segments between
islands. On. Raroia there appears to be no correlatlon between reef type and
location of channels.



Surge channels.-In a few piaceg around the sea reef on both windward and
leeward sides of Raroila, the outer grocves exténd threugh the algal ridse soms
25 to 50 meters as narrow cleftq., These are found chiefly in low arees of the
réef flat. Because they sre low, thesé places are also excurvent arezs which
drain seaward much of the time. In some examvles the troughs are partlally or
“completely roofed over by a thin crust of Porolithon cnkodes and small corals.
Spouting jets of water and hissing of gir are chareclterietic phenomena at open-
ings over the caverns thus formed. The channels, which form a soecial habitat
for many reef fisheg, are lined ai the rim by small corals and blisters of
Porolithon onkodes. The lower walls and floor, however, are scoured by sand
and gravel like those of the outer grooves. Judging from the exiensive depo-
sits of coraliine algae over and at the mergins ol the surge chanrels, it seems
that this environment is almost zg faverable for a few reef organisms as that
at the front of the algal ridge. The corslline algae are not, hovever, very.
active in the gloomy recesses of the caverns where ercsion clparly is dominant
and accretion is alt a minimum.

The surge channels are headward extensions of the cuter grocves and they
are now being cut and deepened by gravel scour. All of the Rarois exsmples con-
tain pot holes filled with rounded cobbles and pebble ,‘Many extend withiu 15
meters of the shore. ' '

None of the surge channels of Raroia is being filled or being displaced
seaward by algal deposits. As the channels are extended heedwsrd and roofed
over 'in the intermediate aress, they are widensd toward the sea. ZEven vhere
the surge channels are partly or completely voofed the cover is only a thin
veneer cver extensive caverns that clearly are being deepened and widened as
they are extended headward., Reef secltors bearing suvige channels were desisna-
ted type I-B (2) on Bikini {Tracey, et al., 1948, p. 871) vhere they are best
developed on the windward side of the atoll along convex arcs in frout of
islands. On Rercia surge chennels are campara+1vely uneonmon . They do oecur,
however, on both windward and leeward 81deu.

The reef flat.-This term is used in a purely descriptive gense for the
flat rock pavement which extends from the algal ridgé to the shore of the ils--.
lands; or, where islands are lacking, as at the south end of Rarois, the reef. .
tlat extends almost to the lagoon, being practically coesxtsmsive with the
atoll rim. All parts of the reef {lat are not necesgarily nart of the reef
and it may not be underlain everyvhere by reef limestone. Probably the inner
part of the reel flat of Raroia is an erosional surface cuit in whabever rocks
compose the islands. Tt appears to me improbable that atoll islets are always
formed on a preexisting reef flat., Granted that atoll islets are ephemeral
there is still little evidence thal they are peculiar to the modern scene. It
is more probable thalt island deposits (1 e., terrestrial rubbie, may form an
appreciable part of the interior- %tructure of any atoll xdm,

On Raroia the reef flat is a pavement which descends gently inward from
the algal ridge to near low tide level opposite islands and one to three meters
below low water at the lagoon margin between islands. The piiing of water on
the reef flat by breskers makes it very difficult 1o correlete water levels on
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the two sides of the algal ridgze. The normal tidal renge in the lagoon is

about 0.6 meter, but the range on the reef flat of the leeward side of the

atoll is about 0.35 meter es indicated by characteristic intertidal orgdnisms
and eroglon forms.t , This sugpests thal although the high water mark
on the reef flat is probably at about the level of high tide, the low water mark
may be as much as 0.25 meter sbove low tide. For this resason the reef flat con~
tinues to drain at low water state. As stressed elsevhere by Doty and Morrison
(Atoll Research Bulletin No. 35), it is essentially a tide pool.

Characteristically, the Raroisz reef flat is narrow, 30 to 150 meters, ex-
. cept at the south end of the atoll where there are no isglands and the reef f{lat
comprises most of the rim srea. On the windward reef fiat there are few ab-
tached organisms and most of these are sparsely distributed in low areas around
surge channels where they are gsomevhat sheltered, The leeward reef lat is
more populated, even though it is exposed for longer periods than the windward
flat, and at many places there is en ouvter belt behind the algal ridge that is
completely covered by a matte of small corals (especislly Pocillovors elegsns)
and encrusting red algae. This coral-algal zone contains innumerable burrows
of the echinoid Echinometre mathaei which retain water during emergence, hence
provide shelter for a diverse and distinctive community of ophiuroids, crabs,
gastropods and fishes. Shorewsrd, the corals are less crowded and the algal de-
posits more sparse. The coral fauna becomes specifically more diverse and ex-
tensive areas of smooth rock pavement dotted with Foraminifera appear between
coral colonies,

Generally the corel colonies sre sgmell. Hesds 25 centimeters across are
large for most areas. From studies of growth rates in corals (Vaughan and
Wiells, 1943) it appears prohable that the majority of the reef flat stony cor-
als - are not more than 15 or 20 years old, and provsbly none antedates the
great hurricane of 19032. Rings of Montipora sp. one and a half meters across
were observed on the leeward reef flat, but these are excepticnally large.

Wherever corals are abundant there is a rather well-defined differentia-
tion into 1life zones probably determined mainly by the degree and length of
exposure to the air and by the temperature conditions.

Large, brown slate pencil urchins {Heterocentrotus sp.) occur sparsely
in a belt about two meters wide on the sheliered side of the algal ridge. For
the most part these urchins occupy plits and depressions in the rock, similar
to potholes, which they apparently have excavated. The gurface in this zone
is bare and smooth., There is little indication that these vrching and the much
smaller Echinometra move about freely and it is presumed that food is brought
to them by the 01rculau1ng water.

From the pencil vrchin belt landward for some 5 to 25 meters the reef flat
is here and there completely overzrown by the small brown Pogillopora of the
algal ridge and small colonies of Acropora spp. Many of these are heavily en-
crusted by Porolithon onkodes which generally is brownish, apparently moribund,
and abundantly perforated by the toring urchin Echinometrs mathaei. Some of
the openings, however, are partly closed by algal deposits. In some areas
there are as many as 50 to 100 of these urching to & square meter. Most indi-

viduals are black but a few are brown. The superficial depesits cver the reef

1/ According to Doty, the interval is less than this.
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flat form a superstructure of coarsely cellular material 10 to 20 centimeters
thick over a basement of solid rock in which pores have been €illed by cemented
foraminiferal sand. The cpen burrcws and entripped water provide shelter for

a variety of ophiuvoids, crabs, snails, fishes and octupi at low tides when
much of the surface is out of water.

In a few pleces the surface adjacent to the algal ridge ig overgrown by
meadows of' & purplish-red jointed corsliine Amphiroa sp. The black, long
spined vrchins (Diadema) range from the edge of the algal ridgze {at high water)
to the shore, migrating hack and forth as necessary to remain covered by water.

Census of a square meter in Amphiroa Lelt

Per cent of total
area {estinated)

Porolithon onkodesg, covered by Amphiros sp. 40

Pociilopors elegang (27 smell colonies legs than 25
12 cm across)

Echinometra (chiefly of black form) 20

Porites sp. {pavement type with Vermetus sp.). 10

Alga, blue-green _5

100

Censug of ancther sguare meéter in Amphirca belt

Per cent of total
area {estimated)

Porolithon onkodes and amphirea overgrowing dead corals 60

Pocillopors elegans (21 heads less than 12 cm scross) 15

Echinometra (burrows of black form) _ 20

Acropora conferts (purple corymbose form) five colonies 2.

less then 12 cm across:

Plesiagtrea spp.? (five small colonies) 2

Porites sp. (two colonies) i
100

Corals become more varied as Porolithon decreases in importance toward the
inner margin of the coral-algal zone where the water is a few centimeters deep-
er and the surface is more continuously covered than the slightly higher sur-
face near the algal ridge. A scuare meter in this pert of the corsl-algal area
provided the following estimates.
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Census of a square meter near_inﬁer_maréin of corsl-algal area

Per. cent of total
ares. (egtimated)

Porollthon onkodes encrusting dead corals (mainly 58

‘Pocillopera - ele?aﬂs;
‘Pocillopora (17 live colonles 1905 than 20 on across) 3
" Echinometra burréwsA(Biack_variéty) o . 30
Porites {encrusting) ' . ' 5
.Acrogora S0 (tﬁfee'éélonieéj 1ess'thaﬁ i-‘ : _' . - 1
Montipora Spe I | o . i
Massive coral (P1951astraea sp.?) iess tnan ::i,
- Diadema setose (six individuals) move +han , i@%'

Shoreward from the coral-algal area the supersturcture of'small ramdsei
corals and Porolithon onkodegs breaks up inte scattered, more or less isolated
coral colonieg, separsted by flat low areas of sclid pavement. Porolithon
onkodes is relatively unimportant here and forwms only a thin pink fiim on dead
corals and the pavement. Discoid Foraminifera (Penercplidae) are abundantly
scattered over the surface loosely adherent by their pseudopods. Desd tests
may become pHermanently anchored by the algal film eventualiy to be incorporated
in the rock of the reef flat. Serpulid tube worms are scatiered over the rock
pavement, ' ' :

There are perhaps a number of environmental feactors whichn prevent the ex-
tengion of the coral-algal cover to the shore. Porolithon onkcdes finds op-
timum growth conditions near the algal ridge. HReproductive activity of this
alge apparently decreases rapidly away from the ridge, both seaward and land-
ward. On the reef flat wherever conditionsg greatly reduce the number of coral
colonies that can become established and wherever the coralline alga is unable
to encrust dead corals and roof over the intervening space the supersiructure
does not develop. There are several factors near the shore that inhibit coral
growth and limit the number of larvae that can successfully establish them-
selves., In the first place, there is a tendency for ephemeral depcsits of
sand end gravel to be accumulated temporarily near the shore, so that undoubted-
1y the effects of cover and scour are much more important here. ¥ffects of
scour, of course, are much more deleterious to larvae and very young colonies
and the corals do rise well above the bottom where scour is mogt pronounced.

A second unfavorable factor is the great temperature fluctuations found in the
shore waters. Water draining from shore rocks and tide pools at night and
gearly in the morning is cooled by evaporation to a degree or so below the gen-
eral temperature of the reef flat waters: In the daytime, especially when low
tides coinecide with high air temperatures, excurreni water draining from the
exposed areas of reef flat is heated to 32°C and more as compared to the
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(winter) temperature of 26° C of the incoming water which splashes over the
ridge and flows shoreward over the flat.

Zonation, more or less parasllel to the reet mar Wlﬂ, ig largely a conse-
quence of the fact that the reef fiat slopes stioreward from the creat of the
algal ridge to a trough or pool some two-thirds fu three-fourths of %the distance
from the reefl edge (F*gs. 6 and 7, Atoll Fesearch Bulletin Ho. 31). The trough
may be as much as 20 or 30 uentjmeterg Lower than the outer part ¢f ihe reef
flat., Because of this the outer part of the reef flat generally is drained be~
fore the slightly lower inner pert; hence, during very guist weather the latter
is less exposed to the alr. On the olher hand, the ovter pari, corresponding to
the coral-algal belt, is nearer to the source of norial ges water with its more
abundant supplies of food and oxygen.

The most conspicuous feature of the middle area of the reef flat is low,
irregular cclonies of the coral Montipora spp., usually alive only around the
periphery. ‘These usually accomwodate seversl individuals of the gastroped Ver-
metus maximus in the dead centrasl ares. Seversl massive corals and one o - two
"brain" corals are betiter developed here than elsewhere., Individvals of Diag-
deme setoga are common to abundant in this zone, but Echinometra is rsaresented
by relatively few individuals, and tuese are the reddisgh-brewn phese rather
than black. Tufts of the arhorescent coralline alga, Gpnioiithon sp. are com-
mon here on dead corvals. The Montipora zone /This ig the "Hel;_pora zone™ of
Doty and of Doty and Morrison, Atoll Research Bull. 32 and 25. 6ﬁ, rangss in
breadth from about 5 to 30 meters, and it 1s lxmLted to the leeward side of the
atolil.

Cengusg of a sauare meiter in the Montipora bel*

Per cent of total
ares. [estimated)

Rock pavement, -covered with discoid Foraminifera, 70
blue-green algae, and film of Poro-
iithen onkodes

Montipora {a single colony)

A%

Acropors digitifera (three colonies) 5
Acropors conferta (purple, tuwo colonies) 1
Massive coral (Plesiastrea sp.?, nine colonies) 8
Porites sp., encrusfing {four colonies) 5
Echinometrs (burrowé of'b:own forﬁ) . | 5
Diadema getoga . .-a. l , 1

100

1/ The term "microatoll" for these and other single colonies of coralg is
not very appropriate. T¥hy not reserve the term for ringed patch reefs enclos-
ing more or less dead central areas such as are so abundant in the Behamag
(Newell, et al., 1951)7
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Cengus of another sgusre meter in Montipora belt cloger 1o ghore

Per cent of total
“area {estimated)

Rock pavement, with surface film of discoid Forami- 76
‘nifera, blue-green algae, and Poro~ :
llthon onkodes

Montipors (two colonles) o . | 10
Acropora digitiferé (three coloniéé) "' . 2
Acropore (purple, two colonies) o 1
Pocillinora elegans (fivéAcolonies) _ o 2
Massive coral (spiﬁy, favites?)' _ _ o 1
Messive coral (Pleslagtrea sp.?), = ' 3.
Ebhinometfq (burrbws of .brown form) . ‘ _mi'

- ' 100

A shore strip of the reef flat some 15 to 30 meters wide, as well as the
floor of many rock pools behind cutlying masses of beachrock, consigts pre-
dominantly of smooth pavement almost continwously inundated even at low spring
tides. Most of the loose rubble of the reef flat and blocks broken from the
shore passes over this zone and serves as tools for the excavation of nUMerous
" shallow potholes below the general surface of the reef flat. The entrances to
small landlocked rock basins within the area of beacnrock commonly 1xe 20
centimeters or so below the general level of: the bottom.

-The reef flat descends gently from the algal ridge to & low trough gome
5 to 10 meters from the shore. The slope is the result both of upbuilding
‘along the reef margin and erosion near the shore. The surface even near the
~ghore'is covered by a thin film of pink coralline algge, presumably Porolithon
onkodesl/ and adherent discoid Foraminifera. As will be shoun below, ‘mach of
the inner part, at least, of the reefl flat is an eroplonal plabform cut in old
" island con“lomerate.

Two spec1es of large black holothurians are abundant in this ‘area. One
is sausage shaped and ordinarily is coated by adhering grains of gand. The
other is extensible, living mainly under rock slabs and thrusting its oral
crown out many centimeters in search of food. A large rock Yoyster," Chama
pacifica, occurs in some abundance here with several gastropods, Mogpla EDo 4

'Conus sponsgalis, Vasum spp., and others. Flat, knobby encrusting plates of
orites spp. occupy &8 nwuch as 30 per cent locally, of the bottom. -

1/ Maxwell S. Doty has made the suggestion to me that the algal film of
the shore zone and the deeper parts of the outer grooves may. be non-reproduc-
tive colonies of Porolithon onkodes incapable of secreting massive deposits
of caleivm cartonate,
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The excurrent areas of the reef vary considerably around the &toll. They
are alike in being appreciably lower thau adjoining reef sectors. Some of
these, as at the Garumaoa transect (Homohomo), may be nearly devoid of bottom
organisms, although adjcining reef sectors are well populaited. Thess areas
comacnly are furrowed by potholes and irvegular shallow grooves converging, fan-
like, toward the gaps in the algal ridge. The grooves are disconitinuous and er-
ratic. Tor example, a groove five metlers long and a:guarter-meter wide abrupily
shallows from a maximum depth of 20 or 25 centimeters ftowerd both ends aud dis-
appears, being continued a few meters farther on by arnother more or less alignsd
groove. The floors of the grooves are scoured clean by gravel snd sénd bui are
very uneven and interrupted here and fthere by gravel-filled pniholes. These
grooves are incipient surge channels, and like the lattser they lead tc outer
2rooves.

Some excurrent areas are populated by scattered corsls; and perhaps bascause
of the greater depth of water in these places, the corals altain relabively
large dimensions as compared with cother reef flat corals. They atbttain very fre-
aquently a lateral diameter of one-half meter and a hsight of 20 or 30 centimeters.
In these aveas more than two-thirds of the botitom is deveid of corsls, and
hardly any of the coloniss are very small., Hence, an inferenice may be drawn
that the area is most commonly unfavorsble for planuise, perhaps hecause of sed-
iment gcour, perhaeps becausge of unfavorable temuervature conditions. " On the
other hand these areas are not too wfavorable for the continuance of oolonies
established under tempcrarily more favorable conditione.

On the windward reef flat the excurrent points are st rather shollow busing
cn the reef flat sround surge channels., These bagins contain 2 few gmall corals
but the genersl surface of the flat is completely deveid of corals. The general
barrenness of the windward reef flat is difficult to understand. This area is
not subjected to protracted exposure to the air, in fact 1t is almost always in-
undsted by piling up of adjacent waters. It may be thab sedimwent scour is re-
sponsible for these special conditions. o

Erogion of the reef flaht.-Poth the ouviler énd’inner_garts of the rzef flat
are being conspicucusly eroded over lurge scctiondg ol the sea reef, It is
perhaps more accurate to say that the reef {lat is being extended landward by
planation of the siiore to a level approximating the deepest parts of the reef
flat. Aligned ovtlying erosion remnants of beachrock, elevated reef pedestals
beneath reef blocks, and distinctive pitted areas all clearly indicate that
the beachrock was formerly considerably more extensive geawsyd than at preseant
and that the inner reel flat is baing lowered by erogion. On the windward side
of the atoll the shore has retreated at least 50 meters for long distences and
on the leeward side.at least 15 or 20 meters. %hus the reef flat has been ex-—
tended by thisg amount at the expense of the land. Lacking facilities to exca-
vete the reef flat in these places we were unable to ascertain whether the rock
is composed of conglomerate or organic accretions. There 1s no indication that
the beachrock and island conglomerate were welded to a preexisting reef {iat.

In meny places around the atoll the landward flank of the algal ridge
shows generslly a moribund condition of the reef builders and consequent ero-
sion. Along the windward side and the southern end of the atoll the cuter -
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part of the reef flat, some 10 to 30 meters widé, is deeply pitted by potholes.
Joints in the reef flat are clearBy etched in "el1ef £11 evidence points to
net erosion. S L R ~ ’

The same deep pitting occurs dt the outnr mawgln of thp reef flat at many
places along the leeward side of the atoll. sually this zone is narroW, one
or two meters wide, and it is not racognlzabze at all in a few aress of excep-

tional growth activity.

This evidence ¢f erosion of the reef flat, taken in conjunction with the
generally sterile appearance over great areas, suggests an appreciable very re-
cent velative drop in sea level of perhaps 20 or 30 centimeters (the local re-

" lief of erosion remnants between excurrent channels) with attendant far-reaching
effects on the 1ife zones and acceleration of clastic sedimentation.

LAGOON REEFS

Lagoon shore reefg.-A discontinuous reefl lies along the windward {northwest)
shore of the lagoon (in Tuamotuan, tahora}. Reef growth is inkibited or pre-
vented at the mouths of channels and along the edge of the legoon at the sou-
thern end of the atoll where there ig active depesition of fine sediments. The
leeward (southeast) shore lacks well-developed shore reefs but instead has in~
numerable coral heads (mainly massive Poriteg) and small patch reefs. The gif-
ferences in lsgoon reef's on the two sides of the atoll probably are attributable
to 1) more effective delivery of oxygen and food to the windward shore, and 2)
more favorable conditions there of sedimentation.. The shore reefs rest on a
shallow terrace which nay correspond Lo the. eight-meter terrace of the sea reef.
Few of the shore reefs rise more than sbovt.six or seven meters above the bottom,
and in most places the relief at the reel front, well inside the terrace rim is
only three or four meters. &n exception to this is found at Onerod, where a
small Darvier reef extends across a broad bay in about 20 meters of water. Pre-
sumably this reefl originated as a fringing shore reef and maintained upwsrd
growth during subsidence of the bottom. » R

St

Well-defined habitat zones are shown by the windward shore reefs. Commonly,
the beach is formed of fine gravel which forms the border of a narrow reef flat.
A black, sausege-shaped holothurian, presumably the same as one of tnose of the
outer reef flet, ranges from the low water line at the shore cuiward to the
outer limit of the reef flat pavement. The holothurizns ingest Foraminifera
end other particies not firmiy attached to the pavement. Loose pebb“es in the
holothurian belt are commonly heavily encrusted by a knobby pink cordlllne
alga, possibly Porolithon onkodes with a small commensal Valmetu 8Da s, dnd an

Isognomen.

A gmall club-shaped Acropora digitifera, a flpger—llxe rancge Borltes jilshae
dax, and Cbama pacifica locally are numercus among the holo,hurlaﬂw.'

Two to 10 meters or so from the shore 1c'lan”c,ened hem¢spher1eaL “m*llstones"
of knobby Porites make their appearence. The largest of these heads is about
one-half meter high and one meter across the disk, but the majority are iess
than a quarter this size. The massive Poriteg forms o favored habitat for a
species of smell Chama, & Vermetus of intermediate size, Isognomon sp., and
burrowing pelecypods of several species (Iridacna maxima, Lithophaga sp., Pedum
sp., Barbatia sp.).
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Rather abruptly, within two to 20 meters of the reef rim = .small brown
‘Pocillopora elegans?, interspersed with a few swall Acrorors and massive corals
of ‘several kinds become abundant. Dead corals sre in pleaces overgrown by
Porolithon onkodes and Zonaria sp., a brown alga which forms a superstructors
15 to 20 centimeters thick on the reefl pavement, like that of the coral-algal
surface of the outer reef flat. Here, conditions ave favorable for the brown
phase of the boring vrchin (Echinometrs methasei). The black prase was not en.-
countered in the lagoon.

The Pocillopora belt varies in breadth. It is replaced a meter or sgo from
the reef rim by & more robust species of staghorn Pocillopors sp. and knobby
massive coral (Plesiastrea sp.?) which extends down the reef front, forming
heads a halfl meter in diameter., The front of the reef drops neaz;y verticelly
or with slight overhang a few meters to the sediment-covered terrsce below (ﬁlg.

3). Somewhat shaded from the sun beneath the rim is a cosrse "hrain' coral
(Lokophyliia costata?) which forms massive surfaces. The wmost conspicuous of
the reef-front corals, however, is & massive Montipora sp., most prevalent iun
the lower part of the reef face, composing a large part of the liviag surface.
Small and fragile Acropora spp. are scabtered over the fromt of the reef, ex—-
tending over the bottom beyond the reéf edge. ;

Opp081te the south end of Garumaoa Isigt the shors reef spreads far into
the 1agoon,.iorm1ng,ﬁbe most consplonous fzature of bhn.w1ndwura shore of the
lagoon., The reef flat here is about 700 meters wide, occupied malniy by the
holothurian association. There is circulation acrosa the atoll rim through sev—
eral shallow channels at this place, tul these do not offer a cluve to the excep-
tional development of the shore reef. - The atoll rim swings inward here in an
embayment, so directed as to form a sorbt of funnel to ocean swell from the
northwest, the direction from which the strongest winds blow. It is probable -
that the expanded shore reef is built on a gravel fan or delta. The form of
the reef suggests that this is the case.

At irregular intervals around the lagoon shore, especially on. the north-
west, thers are siender tongues of the shore reef which extend into deeper
water as spurs at right angles to the shore, These are termed kaca in Tuamo-
tuan and meny sre given distinctive names. Fuceptionally the kaos sxtend a
half kilomeher into the lagoon (e.g. Miramirau). Apparently they represent
fusion of patch reefs with the ghore reef by growth acrcss the intervening gap.
The consistent crientation of the reef tongues at right angles te the shore
must be related in some way ito the prevaalanc circulation of the lagoon waters,
This problem will be again considered in the discussion of patch reefs.

The leeward {southeast) shore of the lagoon has very few shorve reefs,
those being quite small patches, and there is only one xaca reef. The black
holothurian which characterizes the near-shore belt elsewhere is abundant here
below low water level. Pebblee are coated with deposits of Porolithon onkodes.
Massive disks of Perites with &1l of their commensals are scattered abundsntly
over the sand. They are not attached to the substratum and can easily be
turned over. A finger-shaped Poritss mordex and a fragile Acropora implicatsa
are occupante of the sand hottom. ’
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3.

Profile of lagoon shore reefl gt north end of Garumeocaz Islet.
1, Reef flat pavement; 2, large disks of Porites; 3, Pocillo-

pors sp. 1; 4, Favia; 5, Pocilloporse sp. 2; &, Lobophyllia;
7, Montipora; 8, Acropors prolixs




Patch reefs.-Viewed from an airplane the Rarcia legoon ig impressive for
the large number of patch reefs scattered over the entire lagoon, but somewhat
less numerous toward the leeward (sovtheast) shore than elsewhere. Practicai-
1y all of these are near the surface, just awash at low spring tides, and there
are few coral knolls visible at intermediate depths althéugh the water is suf-
ficiently clean_/ for them tc be visible from the air at 10 or 20 meters.
Dredging shows that most of the bottom between pateh reefs is covered by sand,
gravel and corals rather than by fine sediments. Evidently the finest sedi-
ments do not accumulate in the lagoon. It seems justifiable to conclude from
these observations that there are many low coral knolls on the bottom and many
patch reefs, and that there are relatively few intermediate knoll reefs.-

There are an estimated 1500 to 2000 patch reefs outside the shore zone in
the Raroia lagoon. They range from circular patches three or four meters
across to great streamiined reefs & half kilometer long. snd 200 meters across.
Hand~line soundings indicate that they are characteristically stesper on the
windward than leeward end and they have slopes of intermediate steepness on the
sides., The margins down to sbout 10 or 15 meters are very steep with a few
overhanging ledgess Most of the living corals are within this depth range. At
greater depths the glopes flatten tc angles less than 45 degrees.

Viewed from a boat, or better from the air, the windward margin of the
patch reefs is invariably ¢olored olive-breown by the living corals. The lee-
ward margin is marked by turquolse-colored streaks of shallow water over gravel
and sand. The loose sediments aré shed mainly to the leeward through shallow
channels or gaps between living corals, and in the larger patch reefs much of
the leeward surface is occupied by gravel and sand heaped up by the waves.

The marginal and surface corals of the patch reefs form the same associa-
tions as those of the windward shore veef. Black holothuriens live in the sand
areas to the leeward of the summits of the patch reefs, and the associated
corals.are dominated by species of Poriteg and Acrogor&. Small Pocillopors
elegans? become crowded together forming a marginal zone at the rim on the wind-
ward and intermediate sides. Coralline algae and the boring Echinometrs ocecur
with Pocillopora near the rim in some pateh reefs, but for the most part the
soft green algae Zonaria and Caulerpa are more conSpiCUOus here,

In plan, some of the patch reefs are voughlj equidimensionsl but many are
four or five times as long as wide, elongate roughly in the direction of the
prevailing wind. The majority of these show a tendency for the leeward end of
the reef to taper more gradually than the windward end, streamlined in tear-
drop form.

-In air views it can readily be seen that the patch reefs are not entirely .
distributed at random. Many are arranged in rows generally oriented downwind,
but there is some deviation near the windward shore vhere the linedr series of
patch reefs gradually assume en orientation normal to the shore. The majority .
of reef tongues (kaos) of the shore reef are aligned with and apparently are
the terminal members of individusel geries. Probably the distribution of these
reefs is controlled by wind induced currents, perhaps broken into meny. Jets at
the wmndward channels. : :

1/ Mn gight-inch Secchi disk was visgible from a small boat down to 28
meters.,
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Unfortunately it was impospib o to survey the lagoon by vertical photo-
graphs end a map of the lagoon from aerial oblicue photographs has not yet bean
completed. It is expected thet a mep of the coral patches would lead to satis—
factory inferences regarding their ulslrabut¢on and possible telaﬂloush$n of
the patch reefs to channelg,

The tendency for ‘the reefs to lie in paralTel rows suggests linear cells
of turnover presumably with a counter-clockwise motion in accordence with the
Coriolis principle. Plans to test this theory by means of fluoricins dye were

frustrated by unavailability of tranegnortation during suitable veatner.

REEF BIOTA

Diversity.-Outer and lagoon reefs of. various types tre well developed and
contain a flouvrishing bicta probably more diverse thau that of Tshiti and com-
parable to that of Samca. The often cited attenuatiop of reef crganisms sast-
ward across the Pacific iz much more marked between Hewaii and the Tuamotuy
group than between the latter and Samca.

Reef builders.-The only quantitatively importznt reef-forming coralline
algsa on Rarcia, according to Doty, appears to be Pornlithon onkodes which hes
the unique ability to deposit extensive encrus*tations in the surf zone, eape-
cially at intertidal levels. This alga is most conspicucus on the algal’ ridge
snd around the heads of grooves and around surge charmels where it truly is a
rock-former, composing perhaps as much as 25 per cent or more of a very cellu-
lar rock. Pocilloporas elegans perhaps makes up as much as 25 per cent here and.
the rest is represented by voids on a fresh example, or by foraminiferal sand
in an old example. The alga effectively binds corals together in a rigid frame-
work in the algal-coral belt of the reef flat, and on the unshaded crests mnd
edges of the spurs to a depth probably not much greater than six or eight meters
below low water level.

The innumerable reef blocks cast up on the reef flat by storm waves permit
direct examination of reef limestone from the groove and spur zone of the reef,
In most of the blocks examined the cellular rock consists mainly cof tier above
tier of small Pocillopora elegang with an occasional massive coral ard a stag-
horn Pocillopora. On the surface, interstices between corals are unfilled, ‘
An occasional fresh fracture across a reef block reveals that the unweathered
interior is compact and the space between corals is filled with lithified sand
composed largely of Foraminifera. This sand "matrix" weathers awav readily on
expesure, leaving corals, almost vnaffected, stanoLng in relief. Zesides in-
terstitial material and voids the substance of the blocks generally 1s-50 ‘o
95 per cent Yoeillopora élegans. Porolithon onkodes ravely occupies as much
as 15 per cent of the volume, and in many blocks we were unable Lo recognjze
algal deposits without micres COplC examination.

Certainly Porollthon onkodes plays an importent role as a building agent
and its importance should not be underrated, but guantitatively it is a great’
rock builder only slong the algsl ridge. Algal deposits are rarely recognized
in the island rubble. e
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About 600 pounds of corals representing the common shallow-water species
at Rerole were transmitted for identification to John ¥. ¥ells vho reports 53
species in the collections, of which only eight had previously been reported
from the Tuamotus. &ix species reported from the Archipelage are not repre-
sented in our collections.

PRELIMINARY LIST OF REEF CORALS COLLECTED AT RARCIA (identified by John ¥. Wells)
" Pocillivora danse Verrill Lepiopseris hawaliengis Vaughan

E. eiegans Dana
P. liguleta Dane

#Fungia seutaria Lam,

P. wverrucosa {E. and S.) Fungia concinna Verrill
Acropora conferta (Quelch) Herpolitha limax {Esper)

»

conigera (Dana)

*E- corgmbose. (Lem.) Porite§ australiensis Veughsan
. dansi (M. E. and H.) L. lobats Dena
. digitifers (Dana) - £ poxdax Dma
. exilis {Brook) _ __E-_ﬂ-'ﬁE} .
« formosa (Dena) o P. guperfusa Gardiner
#A, humilis (Dana) *Favia stellizera (Dana)
. implicata (Dane) ¥F, rotumana {(Gardiner)
. ef. nobilis (Dsna) F. paliida (Dana)
. procumbens (Brook) o v g
. Proliza Verrill Favites nemprichii (Ehrenb.)

quetlehi (Brook)

! ¥Plegiagtres versipora {Lam.)
rayneri {Brook) - '

-

I I Iz - B U DB e 52 5 = P B

. rotumens (Gardiner) ¥Platyoyra rustica {(Dana)
£0. ) Cyphastres serailis (Forskaal)
syringodes {Brook) T :
Tubicinaris. Levtastres purpvrea (Dana)
. voriabiiig (Klunzinger). #Acanthastrea echinata (Dana)
‘Montipora aus%raliepsis Bernard Lobophyllia corymbosa {Forskaal)
M. venosa {Fhrenb.) _ L. cogtata {Dana)
M. calicuvlata (Dana) T
. vercilli Vaughan : Culicia rubeoia (Q. and G.)
. verrucosa ) :
E- E:”:ﬁ:“"'. : | Millepora viatyphylls Ehrenb.
Astreopora myriophthalwae {Lam.) ¥Previously reported from the Tuamotu
Pavond clavus Dana group.

Other species reported from the Tuamotus but not found in the Rarcis col-
lections:

Acrovora hyvacinthus (Dena) Poeillopors meandrina Dans
Favia favus {Forsk.) Pavone {Pgevdocolumnagtraean) sp.-

Fungia cooperi Gardiner
F. paumotuensis Stutchbury
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SHORE PROCESSES

The shore nrofile.-A vertical succession of well-defined, narrow biozones
occurs on the shore and outlying reef bFlocks around the stoll but these are
best developed on the lesward side of the atoll. These zones are readily dis-
tinguished by the character of the surface and the color of the encrusting blue-
green algae. FEach zone is occupied by gastropods which fezd on the algae or on
the herbiveres. In addition tube gastropods (Vermetus) and boring goose-neck
barnacles are consnicuous on the reefl blocks between high and low water marks.
All of the animals are truly marine foris in that they pess at least the larval
stage in the sea and thelir shore distribution depends on the varying degress of
their tolerance to exposure to sun, air and rain, =znd fto competition and preda—
tor pressure. Probably to a lesser degree they show prefersnce for various
kinds of algal pastures.

At the bottom, always covered by sea water, is the scoured pavement cov-
ered by adherent Foraminifera and a film of pink coralline slgse. The surface
is smooth, undulating, or pitted by potholesv& Foraminifera can be scraped
Trom the surface where they cling %o the bottom by msans of their pseudopods.
This is the holothvrian belt of the reef flat. In some places it is borcered
by a vertical rise of smooth, pinkish rock surface some 20 centimeters high to
the clearly defined low water mark.

Abcve the low water mark the rock surface is yellowish~brown snd scorie-
ceous through a vertical interval of 40 to 45 centimsters (a little less on the
windward outer shore). Although this is considerably less than the normal tide
range of 0.6 of a meter, it represents approximetely the usual range betmeen
low and high water at the outer shore. A species of Turbo, a medium--sized Ver-
metus, & Prups and a boring gooseneck barnacle awell here.

This yellowigh~brown surface grades into the lower part of & grayish sur-
face above which is wet less frequently. This higher belt may be termed the
Herite zone from the dominant gastropod, Nerita plicate (Fig. 4). This form
feeds mainly at night end ranges into the intertidal zone ag the tide recedes,
However, the species is most characteristic of the surface immediately ahove
the high water level. The numercus pits of the Neriis zone are rounded and
smooth and colored bluisgh-gray. The projecting coral fraguents between pits
are etched in relief by removal of intervening matrix. The projections are tin
in the lower part of the zone, becoming brown in the upper parv. The interior
of the rock a millimeter or so beneath the surface is white, and the bluish-
gray color of the pits, as observed in fresh fracturs, ig a stain which pene-
trates the rock below the algal film. Immediately outside the bluish-gray

1/ Emery (1946, p. 225) implies that potholes are more frequently deep
and narrow than shallow and broad. At the beginning of excavation a pothole
can be shallow &g are many of the examples ailuded to here,

-20-



Light gray cavernous limestone

REEF BLOCK

Dk. gray to black cavernous Ls.

'ngecting brown coral fragments

and smooth blue-gray pits with 8

: radular marks %

Pitted, yellow and green; perfor- é

ated by goose-neck barnacles | —
Smooth, pink pavement REEF

L. Shore profile, reef block, leeward side of Garumsca Islet.




layer, but covered by the superficial gray film, there of‘ten occurs a thin pink
layer. Presumably these are pigments derived from the algae.i/ The bluish-
gray pits are striated by vadular marks of a gastropod, presumably Nerita pli-
cata, the only abundant form in this zone. These gastropods feed on the sur-
face algae and possibly also the algal filaments below the rock surface. The
grooved surfaces over which_thé,gastropodS'have-browsad clearly have been modi--
fied by radolar rasping. It is interesting that the projections between pits
correspond to coral fragments.and the pits to matrix of foraminiferal sand.

The latter is relatively non-resident to the prevailing processes of ercsion.

Ag tested by scraping the surface with a knife blade, the pits sre underlain

by much softer material than the corsl fragments, and it may reasonably be sup-
posed that the nits have been excavated largely by thue feeding sctivities of

the Herita plicata. Above the zone of Neriits olicata, moistened chisfly by
spray, the rock ig uniformly blackened by a film of blue-green algae.2/ This
blackened area, reaching above high water some 20 {o 60 centvimeters or more is
the feeding ground of a robust turbinate snail {Tectarius grendinatus). This
gestropod does not screpe the surface deeply; although raduisr marks are plenti-
ful, and there ig little indication that it significantly modifies the rock
surface. The Tectarius is rarely seen on the windward shore except on reef
blocks. The blackened algal stain of thig belt shows distinctly on aerial pho-
tographs as a narrow band at'the,shore.on the leeward shore and a breoader band
o the windward shore. Apparently ehough moisture as salt water spray reaches
the surface to maintain an algal cover sufficient to color the rock and to sup-
ply pastures for the Techarius. Immediately above the normal reach of spray

the rock surface changes from black to gray, the color, as shown elsewhere by
Newhouge, being derived from dessicated blue-gresn algae. On reel blocks this
grayish surface is occcupied by a small bluish gastropod, Melzraphe coccinea, which
is most active at night and following rains when foraging is best. This species
does not produce consnicuous effects on the rocks. iielaraghe coccinea ranges

" over the surface of the conglomerate platform to the edge of beaches oxr ramparts.
Doty and Morrison have described the shore profile more fully on an earlier page
In connection with ecological zonation.

Solution of limestone by seg water.~Iin spite of the well-known fact that
‘tropical sea water normally is saturated or supersaturated with calcium car-
bonate & number of investigators have suggested thal aerated sea spray snd the
sea water of rock pools mey become sufficiently acid from CO, liberated by or-~
ganisms to dissolve limestone (Emery, 1946). Kuenen (1950) has recently sum-
marized these various views and cites quite a lot of evidence in support of the
theory thalt sea water does dissolve limestone, particularly in the intertidal
zone, even though attempts generaliy have failed to satisfactorily demonstrate
that the water, excepbting in small enclosed pools, is sufficiently acid to dis-
solve limestone. The topographic forms produced by rainwater ahbove the reach

1/ Bergman expresses the following opinion about these color zones: "1
believe that your original suspicion was right that the pigment is indeed of
the porphyrin type, or the closely related bile-pigment group. It is probable
that it ig derived from the algal pigments, that it is acidic in nature, that
it has penetrated inte the lower layers where they form calcium salts (Werner
Bergmann, personal communicaltion 3/18/53). Newhouse has gone into this matter
more fully in a preceding report (Atoll Research Bulletin No. 33).

g/ This film of blue-green algae was mainly Intophvsalis crustacea.
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of the sea are strikingly unlike those of the intertidal and spray zones and

the botiom topography beneath low water is also different. Emery has shown that
intertidal gastropods play an importeant, if vnevaivated, role in erosion.

Newell, Rigby, Whiteman and Bradley (1951) and Ginsburg {1953) have concluded
that mechanical as well as biochemical activitles of organisms are adequate to
produce the distinctive erosion forms of the intertidal zone on limestone coasts.

On Raroia many of the reef blocks of tiae reef flat rest on deeply undercut
pedestals. The pedestals in some cases consist of beachrock which is reduced
by erosion more rapidly than the overiying reef rock snd this ends %o accentu-
ate the distinection between overhanging cap rock and pedestsl helow. As pointed
out by Kuenen (1933} these pedestal rocks are notched uniformly on all sidess
therefore, it is unlikely that sction of waves is particularly involved. If so-
lution by sea water is the dominant process, then it follows that at times the
waters of the entire reef flat must become sufiiciently scid to dissolvs the
limestore, since undercutting is as proncunced on the reef flat as at the shore
and the process is not peculiar to small enclosed basins.

Clouvd (1952, p. 40) has found that at Onotoa the pl often rises towsrd a
meximum of 8.6 in open shoal water and 9.1 in tide pools duriag the day when
CO» is being diminished by photosynthesis. A% night when the €0z content of
these waters is increasing, pH falls to 7.3 or 8.0, Ee believes that it is
probably at vimes of lowering of pH below about 7.8 to 8.0 that solution oc-
curs (Op. cit., p. 40). :

The solubility of calcium carbonate in sea water vader natursl conditions

- is rendered particularly complex by buffering effects and by great wvariations

in COo concentration. Unfortunately, pH determinations zlone sre not very heip-
ful in determining vhether or not caleium carbonate is heing dissolved or pre-
cipitated, but these must be considered in conjunetion with analyses for titra—
tion alkalinity (Smith, 1940; Fmery, 1946). While precipitation is faking
place, the pH will fall because of release of carbon dioxide from the bicar-
bonate, and vice versa. My plans to make alkaliniiy determinations at Raroia
were frustrated by failure to receive essential reagents included in our
strike-bound Los Angeles shipment.

A number of pH measurements were made witih a Gamma electric nB neter in
an enclosed high rock pool and on the outer leevard reef flst at Garvmaoa with
the following results:

, Large Rock Pool Reef Flat
Time Temp. . pH Temp.- pH
9:00 pm . 22,00 ¢ .09 23.0° ¢ 8.01

10:00 pm . 1.7° 8,02 R3.3° 2.0
12:00 mn 21.5° 8.06 23.0Y £.06
2:00 an 2z.5° g.1L 24,.5° 2.20
5:00 am 25,0° 8.20 25.,0° 8,20
7:00 em 23.5° 8,11 25.0% 8.10
9:00 -am 26,59 8.15 R7.5° 8,20
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At 5:00 am the rock pool was receiving fresh see water... At other times
it was isolated. Additvional isolated measurements were made several times with
the result that pH values were iuvariably ahove 8.00, too high for solution of
calciun carbonate.

Rock surfaces of the reef flat and the land are generally covered by a
thin £ilm of algal vegetation (See Atoll Res. Bull. Ho. 33 on algae) Outlying
blocks and shore rocks betwsen low and high.water levels are conspicuously
colored tan to brown and are particularly roughened by erosion. & fresh frac-
ture of this rock revesls that the filaments of blue-green algae penetrate
the capillery fringe of the rock and the entire surface in . places is blanketed
by the algae. It seems likely that the carbon dioxide and possibly other
acids liberated by plant metabolism and decay are brought into inbtimate con-
tact with the substratum, providing an acid enviromment in which the rock is
rather rapidly leached, mvueh as a limestone surface is leached by a blanket of
lichen, or a calcareous soil by plant roots. This would explain the marked
solution effects in precisely the zone wiere blue-green algae are most active
on_limestone shores in the intertidel and splash zones. It also explsins why
solution effects are about the same on oublying reef blocks end in rock pools
vhere pH conditions are generally differeut,

Qrganismg as agents of share erosion.—We nave inferred that the 1ife pro-
cesses of blue-green filamentous algae, which are especially asctive between low
water level and the top of the splash zone, are reupor51ble for the character—
istic pitted surface of the rocks at thie level. DBut it is noteworthy that
the deepesgt part of the shore notch of the pedestal rocks of the reef fiat on
Raroia is not below or within the intertidal zone as might be expected if ero-
sion were accomplished mainly by inorganic sclutlon by sea water or solsly by
algal leaching. Instsad it is at the high weter level. Undoubtedly direct
solution by sea water and algal penetrabtion of the rock are both significant
but not dominant factors. The zone of Nerita vlicata occunies the deepest part
of the furrow around the pedestal rocks {Fig. 4.). Assuming thet the growth of
blue-green algae on and below the surface initistes ercsion by penetration of
slgal filements into the rock, it may safely be concluded that the rasping of
the softened surface f£ilm by gastropod radulae sccelerates the process of lime-
stone removal. Nevhouse, Doty and lorrison arrive at this same conclusion in eer—
Her reports.d/ Frosion in the underlying intertidal zone is only a lititle less
pronounced, The surface of the reef blocks, more rarely the shore rocks, is
perforated deeply at this level by a boring gooseneck barnacle wvhich, in ex-
treme cases, removes as much as 20 per cent of the rock tc a’ depth of two or’
three inches.

Exfoliation.~Erosion by organic agencies and by wave action have resulted
in many places in a low escarpmeht one-half to one meter high at the edge of
the igland conglomerate, Thig is highest on the leeward side of the atell,
This bench breaks down by exfoliation aslong fracture planes which dip seaward
at’ low engles ranging from nearly horizontal to about 35 degrees. The fracture
planeg cut smoothly through coral blocks and cobbles. Freshly broken tabular
magses are shifted by the waves exposing fresh surfaces. These displaced slabs
remain near the place of origin until a storm carvies them onic the conglomer-
ate platform.

1/ Atoll Res. Bulls. 33 end 35.
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The exfoliation planes generally intersect the front of the conslomerate
bench at the undercut notch near the nigh water line., It seems probable that
the hydravlic pressure of storm waves concentrated below the overhanging rim
of conglomerate is responsible for the fractures.'

SEDIMENTATION

Introduction.-Presumably the outer slopes of Raroia at depths of several
hundred meters are talus slopes inclined at the repose angle. Down io the
limit of direct observation at 34 meters on the outer glope the botibom is cov-
ered by living corals and is kept relatively free of loose sediment. Gravel
and large vworn boulders of Porites more than a meter across are shrewn over
the floors of the grooves where they reach the cuter slore. The size and con-
stitution of the boulders indicate clearly that they are derived from the outer
slope and are swept intc the grooves by storm waves.

Sand and gravel of the outer beaches and ramparts accumulate well inland
from the rock shore where they ares deposited by storm waves of intermediate
emplitude. This debris is composed partly of corels and Foraminifera that
1ive on the reef flat. There ig a direct interrelationship smong degree of ex~
pesure to ocean swell, texture, and height of the ridges. f%he ramparts pro-
gressively become higher and cosrser where the coastline forms s high angle or
an embayment directed toward the prevailing storm divections. The sediment in-
cludes fine send, composad mainly of orown Foraminifera (Amphistesina lessoni)
and discoid Deneroplldse, the largest of which are about five or six millimeters
across.

The prevalence of the brown Foraminifera gives the sand decldedly a reddich-
brown color. The more conspicuous Foraminifera of the beach sand were all ob-
served on the reef flat, where they cling to the pavement, to slgze znd dead
corals. Detrital material is inconspicuous and subordinste to the Foraminifera
among perticles of cand size,

As discussed elsewhere, the land surfaces behind the ovter rampart are
covered by coarse gravel and boulders of coral, much of which cleariy must have
been derived from the outer slope at depths of more than eight meters. Much
of this material is coarsger than that of the rempart, hence it is judged to
represent deposits left by hurricances. The ocuter slopes of the gravel ramm
parts are vhite in color, the normzl coler of bleached coral debrig, but b
surface of the moat and higher ground beyond the moat is siained davk gray by
a film of blue-green algze, and this suppcerits the view that these surfaces are
disturbed only infrequently and by the greatest storm waves. The surface gra-
vel bscomes progressively finer foward the lagoon.

A1l evidence, incloding testimony of the inhabitants, shows that the sedi-
ments of the outer resf are driven overland across thne islets or toward the
lagoon through the channels by storms. Aprnarently there is relatively little
migration of sediments seaward.

According to eyewitnesses the land is swept during hurricanes by great
waves from both the sea and legoon, but the sges waves generslly are by far the
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greater, even on the leeward side of the atoll. Most of the hurricane winds,
judging from inadequate records, strike Raroia from the westerly quadrants,
normally the lee side of the atcll. These reports are borne out by the fact
that the highest ramparts and the ccarsest storm’ debris are found on the lese~
ward side. However, it is clear that the southeast, or upwind, side of the
lagoon receives more sediment than does the northwest side. The deepest part
of the lagoon lies well to the northwest of the midline of the lagoon (see
Atoll Res. Bull, No. 31, Fig. 5). This observation harmonizes well with the
fact that most of the channels oceur on the windward side of the atoll, and
these flow lagoonward practically continuously.

The lagoon beaches are composed of sand to fine gravel snd much of the
finer sediment is idential with that of the outer beaches and ramparts from
which it evidently was derived.

Dredging by hand for sediments in the lagoon turned out to be discourag-
ing. Only five samples were obtained after 40 unsuccessful hauls, each invelv-
ing laborious recovery of the dredge. In several attempts branches of the
sand-tolerant Acropors prolixe were brought up from various depths in separate
localities, leading to the inference that this coral is sbundant on the lagoon
floor. The sediment samples recovered consisted meianly of silt and sand-sized
particles of calcium carbonate. Very few segments of Halimeda were cbserved.
It is supposed that most of this sediment is the fine frection winnowed from
the lagoon shore sands,

General lack of mud-bottom areas in the lagoon suggests that the finest
detrital fractions dp not accumulate but are carried out the pass in suspension.
The adjoining atoll, Takume, which lacks a ship pass, has extensive areas of
mud bottom, as alsc is the case with Hikveru, Anaa, and probably other enclosed
Tuamotu atolls. In general, those atolls of the Tuamotu group with lsgoons more
than 40 meters deepvhave one or two passes and the waters are clear.

Prellmlnarv reporb on the sediments (by John V. Byrne).-Lack of _proper -
dredging equipment angd boats made the collection of lagoon sediments at Raroia
extremely difficult. UYevertheless, more than a dozen lagoon samples were col-
‘lected from depths greater than 10 feet by the use of a hiological dredge,
hauled by hand from sn outrigger cance equipped with outhoard motor. Semples
were collected at points evenly spaced along traverses between known locations
on opposite sides of the .atoll. Most of the dredge samples consisted solely of
biological material, but several hauls containing sediments were made. The
abundance of bottom coral was evidenced by the number of times the dredge caught
on the bottom or returned with only fragments of coral. The dredge caught on
bottom coral on spproximately 90 per cen®t of the heuls. h

The lagoon sediments congist of recognizable coral.and shell fragments,
Foreminifera, fine sand and silt, probably derived from the comminution of
shells and coral fragments, echinoid spines and other organic skeletons. Hal-
imeda is represented in the semples. However, unlike Bikini and other atolls
of the northern Harshalls remains of Lbnﬂ alge comprige a very small percentage
of the total sediment.

Particles composing the bottom sediments.range from fine silt to cobbles,
but fragments of cobble size were infrequently recovered. Median diameters in

25



the semples range between 0.08 mm and 0.7, mm. . The average, based on 15 sam—
ples; -is in the medium send class, 0.36 mm.  The sorting of moat of the samples
is gcod but a few of the exhibit medium to poor sorting.-

Comp081t10n analyses were mede in order to determine percentages of the
major constitvents of the sediment. The sampleg were divided under the micro-
scope into shell, coral, Foraminifera, fine sand and silt, and miscellaneous.
A1lL material finer than 0. 25 mm in diameter was classified as fine sand and
silt. The miscellaneous classification incivdes echinoid spines, algae and
other material not classifiable in the other groups.

GeneralLV, fine sand and silt make vp the largest marﬂentage of each saim-
ple; in aone case 79 per cent. The averaze percentage, based on 15 samples,
however, isg 42 per cent. Corsl fragments are comsistent in making up fair-sized
portions of each sauple, averaging 25 per cent, but comprising up to 60 per
cent of some of the samples, Foraminiferse, averaging 16 per centh, mske up no
more than 25 per cent of any single bottom sample. 'Miscellaneous" material, in-
cluding unrecognizable material, comprises not more than 10 ppr cent of any sam-
ple and averages 3 per cent for the 15 samples.

The beach samples have not been completely analyzed, but preliminary study
indicates that sand is mere than 75 per cent of the material. Sampling errors
may be responsible for this high value, for field cbservaticns seem to indicate
that material coarser than sand is more abundant than preliminary studies showed.
It may ke pointed out that Foraminifera meke up more than 35 per cent of sone
of the beach samples collected., ' '

The lagoon bottow samples obiained at Raroia are not adequate for the de-
ternination of distritvtion patterns; however, there are points of resemblance
with the distribution of sediments obtained from previously studied atolls.

A trsvevse across Haroia lugoon opposite Gaerumaoa village shows tinat the
percentage of Foraminifere is greatest close to shore on both sides of vhe atoll.
Likewise, shell fragments make up a larger percentege of gediment near the is-
lets than in the center of the lagoon. Deposits in the deeper parts of the la—
goon are dominated by fine sand and silt which decrezses toward the rim of the
atoll. The relative abundance of miscellaneous material is fairly wniform
throughout. The coral constitvents, however, are irregularly distributed, The
abundance of patch reefs throughout the lagoon may account for ®his lack of
trend.  The distribution of sediments, as suggested by the few available sam-
ples, resembles those observed by K. 0. Fmery for atolls of the northern Mar-
shalls (personal communication). In fact, the only conspicuous difference be-
tween the twe areas seems to be in the role played by Halimeda. In stolls of
the northern Marshall Islands, Halimeda makes up a major portion of the sedi-~
ment, pariticularly in deeper parts of the lagoons. At RHaroia it is insignifi-
cant as a gediment producer.

The patch reefs supply much coarse sediment which tends to complicate the
over-all pattern of deposition in the lagoon. In genersl it may bhe said that
Foraminifera and shell fragments make up a larger per cent of the sediment in
a zone arownd the ovter edge of the lagoon than elsewhere. These congiituents
are probably equelly abundant in the ceniral, deeper areas of the lagoon where
they are magked by fine sand and silt which accumulates there.
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Lagoon-beach sediments on the windward side of the atoll consist primarily
of' fine material, mainly Foraminifera. Legoon beaches on the opposite side of
the atoll are more expoged. They are composed essentially of coarse shell and
coral Iragments. Where these fragments are sbundant, they are ususlly deposited
in small beach ridges. There are, however, areas on both sides of the atoll in
which the above generaliszation is reversed. Tae seawerd sides of the islands
are characlterized by coarse cobble and boulder ramparts and ridges, storm
beaches behind beachrock areas, snd well sorted accumulations of sand in depres-
slons; both along the landward margin of the reef flat and on the island conglom—~
erate behind the reef flat. In genersl, the more exposed shores are characiter—
ized by coarse material, whereas protected areas have accumulations of finer
material, '

o

Distribution of Foraminifera (by J. Sperrazza}.-£ preliminary survey of
sediment samples from Raroia atoll revesls the usual troplcel shallow water
specles of Foraminifera of the Indo-Pacific fauna., Many of thege range from
southeastern Africa to the Polynesian Islands. . The Foramiaifera are closely
related to thoss of Samoa described by Cushwan (1924) and those of the Kerimba
Archipelago of southeast Africa covered in studies by Heron-Allen and Bariand {91).
Several of the Rarcla species are known from Hawali, the Philippine region, the
Malay region end Funafuti.

A check list and a itable showing the percentage of foraminiferal content
Per sediment sample are presented in this preliminsry survey. Volumetric mea-
sures were used in esgtimation of percentsges., The Foraminifera were separated
from a representstive sampie from each station and volumetrically compared
with the total representetive sample. The detsrminations are believed to be
accurate within an ervcr of plus or minug three per cent of the recognizable
foraminiferal fraction. '

The beech sands show varying percentages ranging from 0.1 per cent to 72
per cent in Foraminifera content, depending, probably, on the degree sorting by
waves. PBhoal reefl benthonic forms of larger Foraminifera are abundant and
generically represented by Margiropera, Sorites, dmpanlsorus snd Amphistegina,
Amphistegina is by far the most abundant form and appears in all samples. Small
and large forms of Miliolidae are slso common in the beach sands.

The dredge samzles show a richly diversified Tauna with depth. Families
commonly represented are the Miliolidae, Amphisteginidee, Peneroplidae, Valvu-
linidae, Textularidae, Cymbalopoidae and Anomilinidae, with the grestest diver-
sity of genera occurring in the familv Miliolidae. Less asbundantly represented
are the Alveolinidae, Camerinidae, Heterosteginidase, Nonlonidae, Legenidae,
Fischerinidae, Buliminidae and Hotaliicdae.

Pelagic forms are present butbt of rare occurence. They are represented by
Globigerina and the azdult floating stage of Tretomphalus. '
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The tests of Foraminifere in lagoon sediments may be classed in depth
zones azs follows: '

none 1.

Zone 2.,

Zone 3.

Sample

Depth range G - & meters

Abundsnt: Amochistegina lessoni
Amvhistegina madagascarensis
Marglnopors vertebralis
Quingueloculina sulcata

Conrmon 3 Aeervulina inhaerans
Amphlsorus hemprilchi

Depth range € - 30 meters

Abundant: Amphistegina madagoscarensis
Sorites mayginails
archaias adunca
Clavulina pacifica
Clavulina difformis
Textuliaris candelsna
- Anomaiinella rostrata

Common Acsrvuline inhserans
Amphisorus empricnl
Articulina sulcata
Cypsina globuius
Heterosiegina dsprosss
Hubecuiina divaricata var. advens
Quingueloculina parkexrd.
Quingueloculina tropicelis
Scenlumbergerina slveoliniforuls
GQuingueloculina samoacusis

Depth range 20 meters and over

Abundent: Textularia candeliana
Quingueloculina samcasngis

Common : Bolivina tortuosa

Percentage by volume of Foreminifers per susple

Per cent
of total lLeeation

7-G-1

794

22,0 Sond from small beach betmeen seaward reef flat
and beach rock at traverse north of Garumaca vil--
lags.

5.0 Outer beach sand just inside conglomerate platform
at Garumaos traverse.
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7-9-5 13.0 Send and gravel 10 meters inland from outer plat-
form of beach rock; first zone of coarse materisl
at Garuseca traverse.

7-9-6 1.0 Sand and gravel 20 meters inlund from outer plet-
form of heach rock at Garumaca traverse.

7-9-7 7.0 Sand and gravel inland from preceding station,
Scaevola zone at Gacumaca traverse.

7-13-1 Gravel, lagoon beach, Garumaca tiransect.

7-13~2 20.0 Beach sand from heneath large cobblesg just below
suall ridges of gzravel of ganple 7-12-1,

7-13-3 24,0 Coarse sand from lagoon beach just north of Garu-
maca village,

7-13-4 2.0 Fine gand taken near Gafumaoa village on lagoon
beach. ' '

7211 Pink foréms on piece of drift (lagoon shore).

7221 38.0 Sand from depth of 6 inches in test pit C{4).

7-23-L 7.0 Sand from test pit A(5) bottom 3 feet.

726K Lagoon beach saunles collected south of Garumaca
viliagg.

T26-2 14.0 Lagoon beach gouth end of Garumaca Islet.

7-26--3 16.0 From rbék} pbint near sample 7-26-2.

._7»26~4 4.0 Lagocn beach at embayment behind spur fo south of

Garumaoa villsge,

7265 3.0 Lagoon beach south of Garumaca villege.

7-26-6 10.0 Legoon beach south of Garvmaca village.,

7267 14,0 300 meters éouth of ¢ld wier, Garumaca village.

7271 7.0 At Jarue pass, lagoon beach between gravel ridges.

7272 20.0 Lagoon beach, north side of channel mouth south

of Tekeke Islet, south of Garue pass.

7273 25,0 Lagoon beach, ncrth gide of channel south of Temari
Iglet, south of Garue pass.

1274 10.0 Lagoon beach, norih end Korere Islet, scuth of pass.
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TR 9.0 Lagoon beach, south side of incomplete channel,
Korere iglet, south of pase.

T2 -6 12.0 Lagoon beach, 20 meters north of incomglete chai-
~nel., Betwsen Tomogagie and Garutmaoa Islet.

8-5-1 0.1 Pateh reef top near south end of lagcon.

8-5.2 14.0 Patch reef top near south end of lagoon.

8-5-3 20.0 Lageon beach, Kakipuku.

8-5-4 55.0 Lagoon beach, Kakxipuku.

8-5-5 72.0 Lagoon beack, Kahuruna.

8-7-1 8.0 Outer beach, DOneroa.

g-9..1, 2.0 Sand patches between corsils, lagoon pavement bot-

tom, 10 fzet of water, off second channel month
north of Oneroe {Marie).

111 9.0 Dredge semple, lagoon hal® way between Oneroa and
- Garusaoa village, '

8--11-2 10.0 Dredge sample, lagoon 300 meters east of Chava
patch reef, near Garumaca village.

8121 15.0 Dredge sample, lagoon 200 meters east of Ovete
pateh reef near Garumaca village, depth 90 feet,

8-13-1 20.0 Dredge sample, lagoon, half way hetween Ohave reef
and old wharf, near Carumacas village, denth 65 feetb.

8-13-2 5.0 Dredge semple, lagoon, 200 meters southwesst of
Kumekumne Islel, depth 45 fest.

8-13-3 9,0 Dredge samvle, legoon, 400 meters sovthwest of
Tomogagie Islet, depth 70 feet.

8--13-4 12.0 Dredge sample, lagoon, 100 meters eest of end of
' Wiramirau reef spur, soutn of Garumeoa village,
depth 40 feet.

8-13-5 16.0 Dredge sample, lagoon, 400 meters southvest of
Ovete pateh reef, nesr Gapuwaca village, depth 60
feet.

8-13-6 14.0 Same locatbion as £-13-4.

8-13-10 11.0 Beach sample, ocean side at extreme northera tip

of Raroid sztoll.
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8-13-11 32.0 Beaci: ssmple, lagoon side at extreme northern tip”
of Raroia atoll.

8-19-1. © 6.0 .. Dredge samole, 1agoon, taken off Nepgonongo Ielet;
- < - ' deptn 150 Teet

201, 4.0 ‘Beach sample, lagcon side‘at'Tetqu.

8~20~2‘ 10.0 Dredge sample, lagoon, 500 meters west of Pirikau-

taringa Islet, depth’ 80 fset.

8203 12.0 ' Dredge semple, lagouri, 1000 meters west of Rata,
' depth 70 feet. '

g-21-1 10.0 Dredge sample, center of lagoon between Fakatomo
Tehuna Mero, depth 110 feat.

8-&1l-2 AeQ Dredge sample, lagoon, 500 meters east of Teiocu,
a depth 90 feet.

' 3:?I~3 7.0 ' Dredge samnle, lagoon, 100C neters esst of Tetou,
' © depth 85 feet.

8-21-4 - 3.0 Beach sample, seaward side at Tetou Lslet,

Bottle Contains forams collected on seaward reef, Garumesoa
Isles, at first transect., ‘

In summary, the following: conclu51ons may be dramm w1th ‘respect to the
Forsminifera of Raroia:

1. The lagcon and oute” reef of Rarcis Atoll support a prolific foram-
iniferal fauna, .

2. Foraminiferal lime sends, silts eand mixtures of these were found o
be the predominant types of sediments in the lagoon.

3. All samples collected in and a;ound the ;agoon comtained Forsminifera,
ranging from .1% - 72%. The greater percentagss of Foraminifera to other con-
stituents occur along the shallow, southeostern or windward side of the lagoon
and in general, the smaller percentages appear to oceur al the greater depths
of the lagoon and along the outer seaward reef.

A. The outer and inner block sandgrand patch reef'sands contein six pre-
dominani species, They differ chiefly in relative abundance of individuals
of those species. 7The tests may be largely derived from the reef flats.

5. In general, thare is a aecrease in relative abundaice of Foreminj ‘era
with depth. '

6. The sediments of Rarcia lagoon contain & rich foraminiferal fauna
consisting of 56 genera and 126 species. Amphistesine lessoni, was fourid o
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be most abundant in outer and inner beach sands and on shallow lagoon bottom
less than six meters deep. Amphistvegina madagascareasis, which 1s common in
the beach sends, is the most abundant form in the lagoon becoming rare only at
the greatest depths. Merginopora vertebralis is a common agsociate of
Amphistegina Jessond in the beach sands, and has a similar hathymetric distri-
bution., It attaing maximum dimensions on the seaward resef,

" 7. 0Of the total of 126 species, approximately 22% were found only in the

: beach sands of the inner and outer reef. These are indicated in the distribu-
tion chart. A1l of the species found in the outer beasches are also represznted
in the lagoon samples, This 1s to be expected since sediments are continually
being swept lazgocnwerd by storm waves. ' :

Origin of Tsland Conglomerste znd Beachrock.-—

The golid rock of the islands of Harcia congists mainly of tightly csmented
gravel of low porosity. The coarsest texture, dominantly of cobbles and bould-
ers, is found along the sesward coast, particularly on the lee side of *he atoll
and along the windward shore of the lagoon. Some of the snore oubtcrops on the
upwind side of the lagoon congist of fine-grained calcarsnite, Wt even along
thig sheltered shore much of tae beachrock consists of nebbled sandstone with
fragments sn inch or so in dlameter.

The frapgmental cousbituente of the rock are mainly broken and worn colcules
of corals. An occasional disoriented reef block, however, is ’‘ncorporated in or
welded to the conglomerate. These blocks are composed of entire colonies of
Pocillopora elegsnsg in parallel arrangement bound together by Porolibthon ankodes.

On the leeward outer shore there are erosional remnanis of one or more low,
parallel ridges, old beschrock ridges along the gseaward lee gnore, couposed of
strata of fine-grained conglomerate dipping seaward at 15 degrees 1o 20 degrees.
These ridges form low cuestas a few centimeters to about one meter high beuvween
ghallow tide pools. The ridges originally extended seaward as much as 20 to 30
neters as shown by detached low ridges on ‘the reef flat parsllel to the shore,
and nearly ohliterated by erosion. These generally nave been completely cut
away by the waves on the windward shore.

Inclined beds of beachrock are quite rare along the lagoon shore. At most
of the outcrops the rock is essentially unstratified and it is exposed in & low
ledge with a verticel face which riges from low water level, or a few centi-
neters below, to as much as 25 centimeters above normal high water., Cl=arly
the rock has been eroded to sowe extent and the normal lageonvsrd inclination
of the strata of the original beach nas been cui away by erceion.

The modern beacheg and ramparts show no tendency for cementation, perhaps
because they are frequently disturbed by storms, Swall patches of blue-green
algae on the sand beaches lightly bind together thin crusts of the sand, but
these are not cemented by calcium ecarbonate. Moat areas benind the lagoon shore
ridges and behind the gseaward ramparts, particularly those of the windward side
of the atoll, frequently are inundated by the sea. In many places these areas
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are actually below the level of high water., Wnerever a surface inlet is lack-~
ing, sea water seeps through snd beneath the gravel rampert at high water

stage. These places are swampy and are underlain by vrganic wuck snd sand.
loats with surface sccess to the sea at high water levels commonly are free of
muck and have a firm floor of gravel and sand. It is particularly in these
areas that cementation of the sediments by celcium carbonate is taking place.
Here blue-green algae sextend geveral miliimeters into the sediments snd into

the coral fragments. Benesth the gray stain of the surfece is a thin green
layer colored, probably, by chlorophyll. . The nebbles and send are here and
there bound together by filaments into a firm friable fabric several centimeters
thick. The sediments immediately below the algal crust are lightly cemerted for
e few mllTlmebers, below which the rock is firmly cemented.

Without experimental data 1t is Aifficult Yo judge the funct,on, if any,
of the blue-green algee in cementation of the sediments. Certainly the binding
action of the‘algae is of significance in anchoring the sediments wnitil they
cen become cemented, a process which on Raroia evidently requires much more time
than elapses between storms {Uloud, 1952, p. 29). It is also possible that the
algae dissoblve calelum carbonate at surfaces of contact, If so, this dissolved
calcium carbonate might be available for cementation immediately below the sur—
face,

I agree with K. 0. Bmery (personal communication) that sse water, vhich is
gsaturated with calcium carbonate, is probably the most important source of the
cepmenting sgent. There is little evidence tThat meteoric water plays a signifi-
cant role here. WNormal sea water floods these moats twice daily, end for hours
at a time the areas are exposged 1o the air with consequent concentration of
salts held in the sediments. Iu is highly probable that lime is precipitated
under these conditions and that part of it is incorporated asg cement in the sedi-
ments.

There are itwo ‘cther situations in which lithification of sediments sppar-
ently ig taking plece. The test pite and water wells on Carumaoce Is]et contain
frisble sandstone below about the highest level of the fInctuating water table.
The water ranges from brackish to fresh and presumably ie saturated with cal-
cium carbonate most of the time. Rain water, percolating down throuvgh the loose
sediments carries dissolved lime to the water table where it is conceptrated.
There is no indication of large scale upward migration of calcium carbonate by
capillarity to form caliche. LV&DOTaElOH rates probebly are not high under ex-
isting mild climatic conditions.

The Third condition is encountered on the seaward reef flat, particularly
on ‘the windward side of the atoll at the edge of the conglomerate platform,
where coral blocks and reef Ylocks are occasionally welded loosely to the reef
flat by mesns of blue-green algae. Algal blackened coral slabs, mainily Acropors
conigera, imbricating toward the sea, form continuous patches of rubhle in the
intertidal zone. Fresh fractures reveal a green layer of living algae beneath
the blackened surface film. At first examination it seems that the conglomerate
platform of the windward shore is being extended by deposition at ‘the shore of
coral rubble. However, closer examination indicates that the rock platform is
generally retreating. The algal cementation is not permanent under existing con-
ditions. An earlier margin of the pletform is identifiable by the erosion rem-
nants and can be mapped well out on the reef {lat, Apparently reef blocks are

t%mporarlly and loosely attached at the shore to be later stripped away during
storms.
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