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INTRODLI CTION 

Reef types. of P.aro5.a a r e  a b u t  a s  di-verse as  those of other a to l l s .  
An outer,  or. sea reef (&c) i s  e s k t i o l l y  continur,us around t!le mr- 
gin of the atoll . ,  and i t  i s  somewhat d i f fe ren t  on the windvard m d  l ee la rd  
sides.  Extensive -slump sec%ors such a s  those of Bikini (Ihery, Tracey, m d  
Lsdd, 1949) !$%:ere no t  recognized. 

There are indica-tioris tha-t tile ro t e  of ercsion of :the reef  f ront  may ac- 
tualljr exceed the accretion of orga!~ic ma.teria1~. The egui!,ibriurn al?oni: subsi- 
dence, reef powtil, and erosion auparently kas been ::istuur'ced recently by a 
r a t e  change j.n one o r  more of the controll ing var%abLes. Crossland (1328, 1931, 
1935) has concluded tha t  growth of the  reefs  af 3eari)yTa,rhi.-~i and Moorea i s  not  
keepkg pace with erosion. He tentati.vely suggests t ha t  the recent epoch of 
r e s f  formation i s  drawing t o  a close as a resu1.t o f . ~ ~ o r ? . d - ~ i d e  decrease i n  vigor 
of the  reef corals. The evidence a s  presented har.dig ' justif ies such a s w e e p ~ g  
conclusion., and the impli.ca+ion of r a c i a l  senescerich does not  ham a place i n '  
modern evolutionary theory. S k e a r ~ s  (I?/&) has made the interest ingsuggest ion 
t h a t  lldecadencyu i n  modern r e e l s  i s  re la ted  i i i  some way t a  reoent'negakive 
s h i f t s  of the  sea. That i.s, a drop i n  sea leve l  v~ou?.d d e s k 0 7  the organisms 
of reef f l a t s  ixeeviously j b s i  awash near sea level. arid might thus lead to  wave 
destruction of the exposed and snailowest par t s  of the  reef .  Such a reef might 
display extensive dead areas in the upper part. I f , .  however, a reef i n  equi- 
librium t o  exis t ing t i d e  condi-tj.ons were  up l i f ted  wl3.y a lev1 centimeters, rrany 
organisms would quickly be elimilmtied becauss of exposure even th.ou:h fM.11 
regularly covered a t  high t i d e .  S l igh t  u p l i f t  may be responsible f u r  observed 
conditj.oris on Raroia. 

R<mson (1952) makes the per-tinent observation %hat the  %arqrresas Islands, 
which are  almost lacking i n  reefs ,  and the 3lan1o tu a t o l l s ,  ali;hongh s i tuated 
a t  low 1-atitudes, are  marginal w i t h  respec-t to  sui tak~le  tenperatures. Yhs' 
southern equatorial current ,  which bathes these j.sland.5, was qui te  cold a s  a 
r e s u l t  of up-welling a t  the South Ameriban continent where the riumbold'c cur- 
r en t  smings ~es t r r a rd  across the eastern Pacific. The ; ? o a t  i s .  %bat these ~ a t e r s  
continually s tore  solar  energy during the ylesterly d r i f t .  ALthongh the surface 
waters are  varm a t  the longitude of the  Marquesas &id. 'Tuarnotu, the thermocline 
i s  doubtless much shallower here than a t  p o i i t s  f 'ar t ter  weet. Great storr!s may 
bring vexy cold waters t o  the surface .;!it?! deleterious e f f ec t s  nn reef corals. 
This proniisjxg idea requires study. It nust  be stressed,  iiowever, t ha t  reports  
of the  feebleness of reef growth i n  the  Tumotu a re  exaggera-Led. 

In  the  Raroia lagoon a discontinuous, generally narror:, shore reef 15.es 
along the northwest shore, where the prevailing sedixent i s  gravel. 'r!:is reef 



i s  exposed t o  the fetch of the prevai!.ing winds, hence i s  the windv;ard shore 
reef ,  even though it l i e s  a t  the d01wwind. shore of t:?e Lagoon. The sheltered, 
o r  l e e  shore, along tile southeast. s ide  of the lagoon 1.acks a well defined reef ,  
but sinall patches composed mainly of rflassi.ve heads of Pori tes  a.re common. The 
sediment her i s  mainly fine' fora:nini.feral sand. An estj.mated 1500 t o  2000 
patch reef SJ r i s e  from a l l  depths of the lagoon to  the surfa.ce. The i z rges t  of 
these are termed karena i n  the Tuainotu langaage. Lioubt:!.ess they a re  an import- 
ant source of sediments iti the lagoon. Coralla arid rounded and i r r e w l a r  krv~l1.s 
are  v i s ib le  from the a i r  over shallox bo.ttoms, and  result,^ of dred.ging indicaSe 
t h a t  l iv ing  corals a r e  scattered over the  deeper pa,r'i of  the lagoon but they 
generally do not  r i s e  f a r  above the bot-tom. 

Field iden t i f ica t ions  of the algae and mollusks c i ted  in  the foll.owing 
pages were made by M. S .  Dotjr and 5. P. E. IViorrison, respestively.  Names of 
corals mere supplied by John h .  Wells a f t e r  exgnination of the collec.tions ob- 
tained by the f i e l d  party. 

THE OUTER REEF 

The sea reef (m in Tuamotuan) i s  the peripheral  reef zone out- 
s ide the land areas and channels. It forms the outer p a r t  of the a t o l l  
r i m .  Since the reef i s  continuous a-counti tile a t o l l ,  it i s  hardly appropriate 
t o  r e f e r  t o  windward reefs  and leeward r ee f s  an ticough t h y  were sepzrate reefs.  
Tiherever is lands are  lacking and the reef f3.a-t extrends across the a- tol l  r i m ,  a s  
a t  the southern end of Raroia, the inner boundary of the  sea reef i s  not clear- 
l y  delimited. 

Reef front.-In some reef areas, p e r h q s  i n  many, the most luzurient growth - -- 
of corals is not on the reef  f i a t  o r  margin but l i e s  on the reef f ron t  ~ : e l l  be- 
low mve base of ordinary storms. This outer zone coininonly i s  not conveniently 
accessible f o r  d i r ec t  observa-Lion because of the strong ocean s ~ e l l .  :*leverthe- 
l e s s ,  as  a t  Raroia, the bottom may be examined from a ,mal l  boe.t by means of a 
water glass. This zone of maximum productivity of the corals i.s usu?lly over- 
looked, or  it i s  dismissed ,ri.tfi a fex  oi0rds.d 

It may be f a i r l y  a rgued tha t  this ra ther  than the aigal. ridge o r  t h ~ :  
I1s@ur and groove" zone i s  the f ron t  of the  livLng pa r t s  of t,he sea. reef. J.1- 
most cer ta inly it i s  %he chief protiucer of sediment a t  Raroia. The :!ewer p a r t  
of lihe reef f ron t  i s  an uneven, ra ther  steeply shelving surface re la t ive ly  
f r ee  from loose sediment. It extends do!mward from approximately e ight  meters 
a t  the edge of the spur and grocve escarpment t o  beyond the lirni-t of vision a t  
34 rwters. A terrace a t  approximately 20 meters (10 fakhom) co!nyarelLe t o  

- 
&-tch reefs  are  f l a t  above sad reach the surface. 1 atit reserving the 

term reef knoll ,  or  knoll  r e s f ,  f o r  th.e ~ouucded o r  i r regular  -innac:!es t h a t  do 
not  reach the surface. Many writers use Itknoll. reef t '  f o r  a l l  s n s 1 1 ,  circum- 
scribed lagoon reefs.  On Raroia prac t ica l ly  ,211 of  the v i s ib le  small lagoon 
reefs  are patch reefs .  

This outer zone has been recognized on tile Grea" Barrier Reef, h d r o s  .. 
Island, Bahamas, and elsewhere. 



t h a t  a.t Bikiiii (Tracey, Ladd, and Hoifmeister, 19@) m d  t h e  Bnhanas (Nev:ell, 
Higby, Phiteiiian and Brediey, 1951) i s  vi5ib7.e on aer ia l .  pho-iogw?iis of iiaroia. 
Our handliqe soundings i n  the  a g i t a t e 2  ou te r  r~:xt,e:s x e  no t ,  hov.ever, very re-  
l i a b l e .  

The v i s i b l e  bottom i n  f r o n t  ~f t h e  r ee f  spurs i s  biankctec: h j  robust  l i v -  
ing  cora l s ,  some of si'nich a r e  un l ike  +,hose elsevinere on t h e  a t o l l .  Cif the  spe- 
c i e s  apparently ;imi.tec! t o  t'cis zone most cons~ icuous  i s  a great. Ila.be.llate 
Acropora (A. conigera) which l o c a l l y  covers as much as 25 ger  ceilt of the hot- i-- -. 
t,om. This coral .  forms i r r e g u l a r  horizon-La1 p l a t e s  up t o  tlio meters a.cross an* 
one--third of a meter th ick .  They a r e  at tached by a s b o r t  th i ck  trunk. a t  t h e  
cen te r  of the  lower s i r f a c e  o r  cli~ecb1.y a t  one ri'argin. The syecies  suppl ies  
most of t h e  cora l  s l a b s  s c a t t e r e d  over the  r e e f  f3.at and a t  l e a s t  30 per  cent  
of t h e  s l a b s  of <he i s l a n d  cong2omera-:e. Another species,  unrec?gnized e l se -  
where, i s  a. robust  staghorn, a Pocil lopora,  v!hh;ch r i s e s  more than one :!eter 
a b o ~ ~ e  t h e  botton as bushy cl.ump with s t o u t  s t a l k s  seven o r  e i g h t  centimeters  
i n  d i a ~ e t e r .  T!iis fo2m i s  rj.chly represented i n  tk.e i s l a n d  rubble,  of v!hich it 
comprises an es-ti.mat,ed 10 per  cent  of t h e  smaller  fragmerb-ts. 

1 
Great heads'up t o  two meters i n  d i m e t e r  of  a m.s.sj.ve &r$-~& a r e  comn>on 

a.s i s  a robust  species  of P~nfiitc. Several  of %he cora l  spec ies  of :he reef  
f l a t  a l s o  occur on t h e  ou te r  slope, e spec ia l ly  corymbose spec ies  of Acropora. 
and severa l  species  of  Poci l lopo:~  benides tLe sta.gh0r.n l e f e r r e d  t o  &hove. The 
abundance of r r a t e r i a i  in t h e  i s k a d  rubble  derj.ved from t n e  r e e f  frori t  indi-  
c a t e s  t h a t  an estimated one-half t o  thee-four%hs of t h e  i s l and  debr i s  vras de- 
r i v e d  from t h i s  zone during kiurricanes. 

Groove and spur  sys.tem..-Raroia a t o l i  i s  surro>?aded by L. conspicuous, groove 
and spur zone some 50 t o  3.00 meters $'ride a;t- t:le top of t h e  r ee f  front .  The 
o u t e r  edge or' t h i s  zone fcrms a low escarpment a t  a depth n f  about e igh t  !net&rs. 
Landmrd the,  c r e s t s  of t h e  spurs  form a t e r r a c e  surface  vhich r i s e s  r q i c ' l y  t o  
about t h e  extreme low water l e v e l  a t  -6he a l g a l  r idge .  The tiel-rsce i s  t raversed  
by r a t h e r  r e g u l a r l v  spaced v e r t i c a l  walled gorges o r  grocves (&&) ahich 
extend seaward a t  ri.ght a,ngles t o  t h e  margin of the  atol.1.. G e n e r ~ l l y  tiiese 
grooves terminate at  t k e  a l g a l  r idge ,  but  a few c u t . a c r o s s  the r iugk end extelid. 
across  t h e  r ee f  f l a t  a s  "surge channels." The groovi: and spur zone i s  very 
l i k e  t h e  "seaward slope" of Bikin i ,  which has been in te rp re ted  a s  the  advancing 
margin of  the  r e e f ,  composed mainly of ,&gal deposj.ts (Ladd, Tracey, !re!.lis and 
Emery, 1950, p. a:). Many ree f  fea:tures of Rar9j.a c l e a r l y  combine both e-ro- 
s i o n a l  and deposi t ional  processes, a d  it i s   roba able t'nat ' th is  i s  a i so  t r u e  of 
re .efs  i n  general.  

The ou te r  grooves of t h e  sea  r e e f  were i.nvestj.ga.ted i n  severa l  places at 
t h e  surface  and by means of a swiming mask and t h e  Brome 2 iv . i . n~  mask. Char- 
a c t e r i s t i c a l l y  t h e  deeper .gorges descend precipi- tously from thc: head a t  t h e  
a l g a l  r idge  t o  a depth of six o r  seven meters; then f l a t t e n i n g  gradual.l;y .to a 
depth of about 10  t o  1 5  meters they debouche on t n e  lower s lope  o f  the  r ee f  
f r o n t  beyond the  spurs. The grooved t e r r a c e  i s  r a t n e r  uniformly d issec ted ,  the  

m o r a l  "head" as used here  i s  a hemispherical 'corallum, n o t  a kno l l  
o r  patch. 



deepest  grooves of vhich t,erminate beyond t h e  %errace; Su t  many of the  shal-  
lower grooves do n o t  extend com$etely ac ross  5h.e t c r r a c e  but, i n s t ead  terminate 
on t h e , t e r r a c e  surface. 

The wal ls  and f l o o r  of t h e  grooves genera:!.ly a r e  slnioth ar:d f r e e  from a l l  
b u t  sca t t e red  very  young colonies of cora ls .  The rock surfzce  is pitt;eg, 
rounded, and scoured smooth, and the  f l o o r  i.s me-?en and ungmded exce?t nea r  
t h e  mouth where t h e r e  usua l ly  i s  an accumulation of  boulders and g r a .  Here 
and the re  on t h e  flioor of t h e  g?ooves a r e  hemispherical shal lon  potholes of  
varying si.ze more o r  l e s s  f i i l e d  c i t h  rounded pebbles end ccjbb1.e~. In some in- 
stances the  potholes attai.n diameters up t o  s?bout two meters a d  a r e  occup'Led 
by boulders of worn P b r i t e s  t h a t  could h a w  been dtri.ver? only fyoc, the  o u t e r  
slope. A few o f  the  korges z r e  au%te  narrov,.  only one x e t e r  wide &er- they a1'4 
as much a s  seven meters dee?. For t h e  most par t  'che:~ a r e  dee;>er than wide a t  
p laces  of maximum r e l i e f  but  a Sew a r e  as wide a s  they a r e  deep near  tile mou-th. 
Many of t h e  grooves d iv ide  near  the  head, proclueing a rough d e n d r l t i c  p a t t e r n  of 
t r i b u t a r i e s .  Rather capaci.ous rooms o f t e n  aw former? a+, t h e  confluence of  tnese  
t r i b u t a r i e s .  Other:: show effec t , s  of a iclrid of "streerr. ;>iracyt' wherz tiieg dj.- 
vide seaviard i n  d i s t r i b u t w i e s .  lvkc'ii about these  grooves r e c s l l s  mo~intain 
gorges of high gradient  c u t  i n  niassive mcks .  

Pothole f o m a t i o n  by gravel  and scour by s a d  c:l.ear'-y i s  t h e  chief  agency 
of  erosion along the  S!.oors of these gyooves. Gravel., ~hi.cki i s  trapped tempo- 
r a r i l y  i n  depressions;  c u t s  p i t s  i n  l i n e a r  s e r i e s  down t h e  slope. These eoen- 
tual.ly form more o r  l e s s  s t r a i g h t  furrows. The grooves a r e  g ra .&~a l ly  extended 
headward by gravel  scour, i n  many places reachinkg ,:!el! onto t h e  r ee f  f l a t  as 
very shallow, more o r  l e s s  Sare, furrows, embryonic scrge  channels. 

P a r t  of t h e  grevel  responsible f o r  scour i n  these  srooves cl-early i s  tie- 
r ived  from t h e  ou te r  s lope  and t h i s  i s  t h e  only poss:ible source of the  1.argest 
co ra l l a .  The remainder probably o r i g i n a t e s  on t h e  r e e f  flat, .  

Tne grooves oC t h e  windward ou te r  r e e f  a r e  somewLat r?arrovw an6 nlore 
c lose ly  spaced than those of  t h e  leeward side.  Other$-iise they a r e  about t h e  
same. 

The r idges  o r  spurs  (tau&) be twen  grooves L'orm tile genera:. sur face  of 
t h e  te r race .  I n  m a y  places  t h e  spurs a r e  about a s  wide a s  t h e  cjrooves, and 
v i i t i i  t h e  l a t t e r  form a comb-l..i~e pat tern .  I n  o the r  n laccs  t h e x  nre s e c t o r s  
of  the  t e r r a c e  a s  mucn a s  50 metxrs long that a r e  un4issectec' o r  incompletely 
d issec ted  by grooves a s  t h e  reef sec to r  on S5kirii i.llus-tra'fed by Ladd, Tracey, 
gel!.s, and. Emery (1959, P1. 3 8 ) .  Xr these .  p iaces  grooves have no t  been formed. 
Where d i s sec t ion  is incomplete n o t  a l l  t h e  grooves extend t o  tke  ou te r  edge of 
-the t e r r a c e  (Fig.  1). Tni.s and the  fact .  t h a t  t k e  t e r r a c e  has a vcry regu la r  
ou te r  margin suggests  t h a t  the  form oC both spurs  and, groovis e r e  ef.i.'ec%s of  
erosion r a t h e r  than cocstruct ion.  There is very  l i t t l e  r o d i n g  oi' .the grooves 
by a l g a l  deposi ts .  The spurs are q u i t e  unequal i n  breadth. I f  they  were s i m -  
p l y  bu t t r e s ses  of a l g a l  deposi t s  being exi,ended seaward aga ins t  t h e  su r f ,  t hey  
would probably advance a t  unequal r a t e s  and t h i s  should pro2uce a jagged, ir- 
regu la r  margin. 



Bikini Reed 
1, Spur and groove zone of a Bikini reef.  Reef f ron t  a t  lower 

Left, (From a photograph published by Ladd, e t  al . ,  1950) 



The tops  ol^ t n e  spurs  form a f l a t ,  s u r f m e  whi.ch s lopes  gen t ly  seaward. It 
is covered by a t h i n  bl-anket cons i s t ing  mainly of livin:: b r o w  P o c i l l o ~ o r a  
e l eaans  (25 per  c e n t ) ,  and ~or01 i . thon  onkodes ( iden t i f i ed .  5y 3oty) ,  which 5.s 
most prevalent  a t  t h e  inner  margi? (50 per  cen t ) ,  decreasing r a p i d l y  seaward 
toward t h e  ou te r  ends of  t h e  spurs. 0&er abundant forms of t k e  t e r r a c e  a r e  a 
green a lga  Microdictyon, sp. and tiie gastropod. Vermetus maximus. The . . bozing 
echinoid Echinometra ma.thaei and a t u f t e d  cora!.line aiga. knphiroa s p .  a r e  abun- 
dant  in t h e  shal lowest  water of t h e  t e r rcce .  I n  addit ion t o  t h e  ul;iquitoos 
small Pocil lopora c i t e 6  above, two o r  th ree  species  of small ~ L C I ' O D O ~ ~ +  and small 
massive forms of Pl .esiastraea end encrust ing %i>l.lepora and Font iaora  a r e  vi-si- 
b le .  Al l  of these  forms a r e  secure ly  at tached and do no t  n r o j e c t  above t h e  
bottom more than 10 t o  1 5  centime-ters. This i s  an assoc ia t ion  of s t ronz ly  t u l -  
bulent  shallow waters. I t  i s  evident ly  from t h i s  zone tha-: most of t h e  lrlrge 
r e e f  blocks of t h e  r e e f  f l a t  a r e  derived. 

The s p e c i e s o f  Porol i thon and P o c i l l o ~ o r a  t3gether  form r i m  &ich i n  
p laces  overhangs ha l f  a meter i n t o  t i e  gorges and extend-s a fev: cmtime-ters  
d o w  t h e  graveS scoured rock surface .  IIowever, ur.der co r~d i t ions  noT!: e x i s t i n g  
on Raroia these  organisms a r e  n o t  e igxi f icant ' iy  modifying t h e  tol.>ography of 
t h e  r e e f  margin. 

In  summary, t h e r e . i s  a well-defined shallow ou te r  t e r r a c e  whj.ch s lopes  
gen t ly  seaward. This probably l i e s  a t  about - the  wave base of  heavy su r f  but  
above wave base of t h e  greakes t 'hurr icanes .  These inferences  a r e  d r a m  from 
t h e  f a c t  t h a t  a11 of the  c o r a l s  of  t h e  t e r r e c e  a r e  lorn and small,  i nd ica t ing  
t h a t  they a r e  more o r  l e s s  cons tan t ly  subjected t o  s t rong  turbulence and a r e  
doubt less  frequen-t2.y decimated. (In t h e  o the r  he la  t h e  s lope  i n  . . f r o n t  of t h e  
escarpment formed by t h e  spur  ends c a r r i e s  l a r g e ,  i n  some cases,  f r a g i l e .  C 0 m i S  

yhich must be many old.  These evident ly  escape M e  vio lence  of sea.sonai 
'storms but  during hurricanes they a r e  s t r ipped awey t o  supyly much of +he is- 
land debr is .  The lower su r faces  of t h e  wal ls  and, t h e  f l o o r s  of  %he groovas 
general-ly a r e  scoured f r e e  from a l g a l  deposi t s  arid cora ls .  ' ' A l l .  of -the c o r a l s  
of t h e  rims of t h e  grooves a r e  small; a colony 20 cantZneters ecross  i s  ex- 
cep t iona l ly  l a rge .  From t h i s  it must  be concluded t h a t  t'nese surfaces, a r e  
r a t h e r  f r equen t ly  scoured ciean by storm turbulence and t n a t  few planulae ha.ve 
an opportunity t o  fo-m colonies. 

Th.e surface  of t h e  grooves, a s  those of the  r e e f  f i a t  and t i d a i  pools,  
i s  colored. l i g h t  pink by a f iln of l o r o l i t n o n  onkodes the  "parement Lit'no- 
thanmion". Thi.s pigmentation evidenLllg a.pppears within a f en  days on f r e s h  
surfaces  and does n0.t r equ i re  depos i t ion  of a heavy accumu?.ati.on of calcium 
carbonate. Chips f r e s h l y  broken from t n e  wal ls  and bottom of grooves' and from 
t h e  r e e f  f l a t  show t n a t  t h e  rock is of  heterogeneous o r i g i n ,  conta.!.iling c o r a l  
skele tons  and f o r m i n i f e r a l  sand. The.  a l g a l  deposi-ts a r e  quantitetive:Ly n o t  
s i g n i f i c a n t  although they may perform t h e  function of cementation. 

I t  i s  probable t h a t  t h e  grooves a r e  c u t  i n t o  t h e  t e r r o c e  an6 t h a t  both 
were formed more o r  l e s s  concurrently.  Ho~wever, i t  is c l e a r  t n a t  gravel  scour 
so potent  in .  tne  grooves does n o . t . a f f e c t  t h e  t e r r a c e ,  t h e  surSa.ce of wnich is 
rel.a.tively f r e e  from loose  mater ia l .  A s   show^ by recen t  work in  the  Bahamas 
(Neviell, Rigby, Whiteman, and Bradley, 1951) grooves and spurs  l i .ke  tnose of 
Raroia may be formed i n  inorganic limestone f r e e  f:rom the  supposed inf luence  



of corall ine algae, and Cloud (1952, p. 0) reports  similar erosions:. forms i n  
I-Iawaiian basalt .  i%ere i s  IIO indication tinat the  spurs on Rafoia are being 
extended seaward. On t,he contrary, a?mn?.mne of reef b?-ock& fragtnents of s 
spurs -thrown up by storms, clew1.y inciici~tes n e t  erosion (Fig. 2). 

The a lga l  r i d g e . 2 T h e r e  i s  a well developed, narrow ridge a t  the outer 
margin of the reef f l a t  which separates the  reef t l a t  from the gvooved. terrace 
(gee Figs. 0,7) .A The ridge cormonly is  from f ive  t o  15 meters wide and r i s e s  
some 0.3 t o  0.6 of a meter above the lowest pa r t  vf the reof f i a t .  'The ridge 
c r e s t  r i s e s  a t  l e a s t  one meter above the adjacent ends of spurc. 111 a fev~ l-ee- 
ward sectors the reef f l a t  r i s e s  gradually toward a steep seaw2.r.d margin, ter!a- 
inat ing i r i  a s o r t  of cuesta t ha t  faces the  sea. Elsi?v!here the ridge i s  more 
narrowly defined. A t  i r r e g d a r  in te rva ls  a!.oilg the r i d * ~ e  a fey? grooves cut  - .. 
across the ridge a t  lov: pl.aces on the reef fla-k. A t  intermediate stages i n  the 
t i d a l  cyc1.e naves break over the ridge, buildiiig 8 head of maker on the reef 
f l a t .  Much of ?,his water returns seawarti in exowrent streems whici! issue a t  
the  gaps i n  the  ridge. A t  low water stage the r a t e r  of the reef f h t ,  r?hich i n  
t he  daytime may be several  degrees warmer than nomial. sea water and depleted of 
much of the dissolved oxygen, invariat:ly drajns seaward a t  the excurren-t points. 
Beca.use of l e s s  favorable l i v ing  cconditions in  tnese areas the  surface cornn!o'ly 
is rela.tively bare of attached organisms. 

In  a sense the a lga l  r idge i s  i n t e r t i d a l ,  but it may r i s e  loca l ly  above 
mean high t i d e  level .  I t  i s  constant3.y bathed by breaking waves v!herever er- 
pose2 to  the wind, but it i s  occasionalQr dry on the l e e  s ide  of the a t o l l  i n  
qu ie t  weather during low t ides .  I'i, i s  clifficuLt t o  determine the t i d a l  range 
along a sea reef.  Por one thing the in fhence  of the  wind i s  ccmsiderably mo-e 
s ignif icant  i n  controll ing -the wa-ter l e v e l  t,han are  tke  t ides .  I n  any case 
the t i d a l  f luctuat ion i s  small a t .  Raroia, a b m t  0.6 meter i n  the lagoon. The 
strong ocean swell, even on a wj.ndless d0.y ,.yroducos t ransla t ion vtaves with 
amplitude of two meters and ri~ore along the south and soi~theast  sides of tAe 
a t o l l ,  and. perhaps half  a s  high on the leeward o r  northwest s ide of *.he a t o l l .  
A t  low water stage wi-th a moderately ro:~gh sea a sheet of wnter pours over t'ne 
ridge with each breaker though t,he mean :Level of the sea has dropr:ed well be- 
low tha t  of the reef f l a t .  The her.& produced on -the reef f l a t  in  ,this v!ay 
car r ies  :nuch of t:he water anr! suspended sed.imer.t t o  the lag001 except, ?<here 
blocked by i s l e t s .  Opposite the Latter .bhe wa3;er re-Lurns -Lo .the sea in  many 
well-defined excurrent streams. It i s  tempting t o  specu:ia-be on ihe circxla- 
ti or^ of reef f l h t  water i n  the breaker zone during high water. The ci rcuiat ion 
may be somewhat l i k e  t h a t  a-t low t i ce ,  excurrent v~z te r  pmsing seamud a t  the  
gaps in  the a lga l  ridge. It i s  probable t h a t  each groove J.n the terrece func- 
t ions  as  an excurrent channei during -times of great  .:urbulence. k t e r  leden 
with outgoing setiiment tends to  be channel.led by the grooves. Cj.rcumstanti.al 
evidence tha t  t h i s  is thi: case i s  described i n  subzequent, pcges. 

-spite of a na tura l  repugnance f o r  the inelegant term "nigger--headtt 
o r  "negrohead" almost universally emp1.oyed by students for  these reef SLocks, 
I would fo l lov  accustomed usage i f  tnere were jus t i f ica t ion  on grounds of spe- 
c i a l  aptness. There i s  none. Let us c a l l  a reef block a reef block. 

2-/ This  term i s  preferred to  '!Lithothanmion ridge" because the dominant 
coral l ine  is Porolithon onkocies, not  Lithothamion. The two are  qui te  dif -  
fe ren t  s t ructural ly ,  though similar superf ic ia l ly .  

3/  Figs. 6 and 7 appeared i n  Atoll Research Bulletin 31.. 
d 



2.  Seaward view of large reef blocks, leeward s ide of Raroia a to l l .  
The block a t  the r i gh t  i s  &out 30 f e e t  long, with an estimated 
volume of 9000 cubic fee t .  



mherever the biota of the a lga l  r idge i s  healthy m d  vigorous, the ridge 
i s  covered by pink b l i s te r - l ike  c rus t s  of Poroli.thon mmodes, with here and 
there  small hemispheres o f  ramose l'oroliLhon aardinei-i. The blister:: of t??e 
former are  often as  large a s  a ni8n1s hand and they p a r t i a l l y  enclose open cav- 
i t i e s ,  refuges of innumerable 1.ittl.e crabs. T'nere are  many small pa-tches of an 
encrusting blue-green alga colored l i g h t  yellowish-green. A narrow be1.t of 
discontinuous patches of encrus.%ng M i l l e ~ o r a  f o l l o w  the outer fJ.ank of' the. 
r idge and extends around the heads of the grooves. A helmet urchin (C&J1&o=n_- 
t r o tus  sp. ) acorn ba.rnacles, limpets, and species of the gastropods L u e g  and 
Turbo l i v e  here. A small brom P o c i l l s o r a  eleggng, one of .the chief reef -- - . - . - 
formers, and the green alga $&:odic-tyon sp. extend upward over tile outer flank 
of the  ridge. Almost every fragment of rock taken from the a lga l  ridge con- 
t a i n s  t h e  remains of the P o c i l l o p o ~ ,  ye t  i t  i s  comparatj.vely r a r e  on the c r e s t  
and landirard side of the ridge. Presumably growth accre t ions  on the a lga l  ridge 
a re  mainly on the seaiflard face. Sommonly the landvard slope of the ridge i s  
deeply p i t t ed  and eroded by the burrows of a . l a r g e  s l x t e  penc i l  urchin (Hetero- 
centrotus sp.) and the borixlg urch3.n Echinonetra .nathaei. The l a t t e r  produces 
a broadly U-shaped c l e f t  several  centimeters deep n i th in  which the animal ~noves 
back and for th  in a plane nearly perpendicular Co the silrface. On t h e  landrard 
£ace of t he  ridge the urchin bor-ings a r e  but l i t t l e  modified by algal. incrust+ 
t i o n ' b u t o n  the c r e s t  and f ron t  slope the borings a d  barnacles a r e  encrusted 
by laminae of Porolit'non onkodes. 

The lap.d~?ard face of the ridge, j u s t  below the  c res t ,  commonly is rela- 
t i v e l y  f r e e  from encrustations.except for  a pink fi lm o f  Porolit'non onkodes. 
Here the  rock, unlike the more 'active areas on the seiward s ide of the ridge, 
i s  sol id .  Inspeckion of broken fragments indicates t ha t  the spaces betveen 
a lga l  laminae have been f i l l e d  by foraminifera1 sandvihich has since become 
firmly cemented b y a l g a l  accretions. 

In  many around the a t o l l  the  a lgal  . r i d g e  i s  being reduced by ero- 
sion over most of the surface. This i s  esnecially the case around the southern 
end of the a t o l l  from the elbow a t  Oneroa a s  f a r . a s  the  southernmost is1.ets of 
the ea s t  side. 

Pers i s ten t  erosion of the a lga l  r idge i s  i n  eve-ry case accompanied by sus- 
tained ac t iv i ty  of Porolithon onkodes a t  a level a few centimeters to  a meter 
lower around the heads of the grooves and over tlie c r e s t s  of spurs. .?his f a c t  
might suggest a very recent drop i n  the  re la t ive  leve l  of the  sea. If so', the  
drop cannot have been more than a few centimeters b e c ~ u s e  the ridge i s  not kx- 
posed t o  view even on the leeward s ide  of the a t o l l  during times oi' high'.water., 
Erosion of the. ridge i s  correlated with loca l  depopulation of the coral l ine  ; 
algae andcora l s .  Bu t  the fac tors  responsiKLe f o r  t h i s  &re n o t  clear. 

.. . . , .  ,, 
. . 

Outer reefs  of Bikini on which there  i s  a low uninterrupted a l g a l r i d g e  
were. designated type  I-A by Tracey, & &. , (1948.8; pp. 870-871). On Raroia 
t h i s i s  the dominant type on both leenard and windvmrd s ides  of the  a to l l .  I t  
i s  noteworthy, however, t ha t  on Bikini  t h i s  type of reef i s  poorly devel-oped 
on the .leeward s ide and i s  especial ly  c h a r a c t e r i s t i c . 6 f r e e f  segments between 
islands.  on. Raroia there  appears t o  be no co r r e l a t i on  between r e e f '  type and 
location of channels. . . ,  

,. . 



surge channels.-In a few piaces around the sea. reef on bCh aindviard and - 
leeward sides of Raroia, the  outer . . .  grooves extend thrcagh the a lgal  ridge som? 
25 -to 50 meters a s  narrov;. c l e f t s .  , Tne$e are  fixin3 chief ly  in lorn areas of the 
reef f l a t .  Because they are  lolrj these places a r e  a lso excur?ent arezs whi.ch 
drain  seaward much of the the. I n  some examples the troughs are pa r t i a l l y  o r  

-com?letely roofed over by a thin  crust  of Poroli.toon enkodee and smal.1 corals. 
Spouting j e t s  of water and hiss ing of , a i r  are  ci-iarc.ctcristic pkre~~lon~eina a t  opex- 
ings over the caverns thus formed. The channels, vihich' form a special hab l ta t  
f o r  many reef f ishes,  a.re l ined  a t  the r3.m by srr,a?.l c o r d s  and b l i s t e r s  o f  
Porolithon -. onkodes. -- The lower walls and f loor ,  however, are  sdo~ired by sand 
and gravel E k e  those of the outer grooves. Judging from the extensive depo- 
sits of coral l ine  algae over and a t  the marginsof tile snrge chauriels, i t  seems 
t h a t  t h i s  environment i s  almost a s  favcrable f o r  a few reef organisms as  t h a t  
a t  the f ron t  of the a lga l  ridge. The coral l ine  algae a r e  nd,  hov:evar, ve-y  
ac t ive  i n  the gloomy recesses of 'the caverns w?!ere erosion clear ly  i s  dominan-t 
and accretion i s  a t  a minimum. 

. . 
. . 

The surge channels are  headward extensions of the o i ~ t e r  grooves and they 
are  nos being cut and deepened by gravel scour. A1.1 of the Raroia exmples con- 
t a i n  pot holes f i l i e d  mi-th rounded cobbles and pebbles. Many extqnd wiLhiu 1 5  
meters of the shore. . . 

None of the surge than-lels of Raroia i s  being f i l l e d  o r  being disp!.aced 
seaward by a l g a l  deposits. A s  the channels are  extended hea.&fl&rd and roofed 
over i n  the intermediate areas,  they are  widened t ~ w a ~ d  the sea. Even v;here 
the  surge channe1.s are  par t ly  o r  compl.etely roofer?the cover i s  only a t h in  
veneer over extensive caverns t ha t  c l ea r ly  cre  being ueepened and widened, a s  
they are  extended headward. Reef sectors bearing suipe channe1.s !?!ere de:;r;.q~a-- 
ted tyye.1-B (2) on Bikini ('i'racey, & $A,, L948, p. 87i) ?:here .they are  best  
developed on the vrindmard side of the a t o l l  along convex a rcs  in f ron t  of 
islands.  On Raroia surge channels are compa.rati.vely uncommon. They do occur, 
however, on both &ir,dw.rd an2 leewnrd sides. 

The reef flat.-Tiiis term i s  used i n  a purely descriptive sense for  the  .- -- -- 
f1a.L rock pavement urhich extends from the alga!. rri.dgb t o  the shore of t h e  i s - .  - 

lands; or ,  nrhere islands e r e  lacking, as  a t  the south en.6 of Raroia, t.he - reef .  
f l a t  extends almost to  the lsgocn, being practS.cai1.y coextmsive ~ i t h  the 
at031 r i m .  A l l  p a r t s  of the reef f i a t  are  not necessari ly pa r t  of the reef 
and it may not be underlain everyx!here by ree:? I.imes5me. Probaidy the inner 
pa r t  of tile reef f i a t  of Raroia i s  an erosional surface cut in,.wha.tever rocks 
compose the islands. It appears t o  ine improbable t h a t  atol.1 j.sle.ts aro 51- 
formed on a preexisting reef f i a t .  Granted tna t  a t o l l  i s l e t s  a r o  ephe'eral 
there  i s  st i l l  l i t t l e  evidence tha t  they are  pc;cu!.iar to  the rnodcm scene. It 
i s  more probable t h a t  is<and deposits ( i . e . ,  terrestrj .aL'ru5bie) may form an 
appreciable par t  of the i n t e r i o r s t r u c t u r e  of my a t o l l  r i a .  

, '  

3n Raroia the reef f1.a.t i s  a pavement which' descends gently inward from 
the a lga l  ridge t o  near Low t i d e  leve l  opposite is lands and one -to three ae t e r s  
below lou~ water a t  t i e  lagoon margin between islands.  The' pii3.ng of water on 
the reef f l a t  by breakers makes it very d i f f i c u l t  t o  correle te  water l eve ls  on 



the  two sides of the a lga l  ridge. The normal t i d a l  range i n  the  lagoon i s  
about 0.6 meter, but ihe  raig,e on the reef f lat ,  of the leewwd s ide  of the 
a t o l l  i s  about 0.35 meter a s  indicate? by character is t ic  i n t e r t i d a l  organisms 
and erosion f o r m s d  T h i s  suggests t ha t  although the high l ~ a t e r  mark 
on the reef f l a t  i s  probably a t  about the leve l  of h i ~ h  t i de ,  tha lor? xater mark 
may be a s  much as  0.25 meter above low t ide.  For t h i s  raason %he reef f l a t  con- 
t inues  t o  drain a t  low water s ta te .  A s  stressed elsexhere by Roty and Morrison 
(Atoll  Research Bu1leti.n No. 35), it i s  essen t ia l ly  a t i de  pool. 

Characterist ically,  the Raroiz reef  f l a t  is narrow, 30 t o  150 meters, ex- 
cept a t  the south end of the a t o l l  where there a r e  no is lands and the reef f l a t  
comprises most of the r i m  area. On the  tvindv~arc? reef f i a t  therbe a r e  fe?! at- 
tached organisms and most of .these a r e  sparsely dis t r ibuted i n  10s: areas around 
surge channels vinere they a re  somevhat sheltered. The leeward reef f l a t  i s  
more populated, even though it 3.5 exposed. f o r  longer periods than the mindward. 
f l a t ,  and a t  many places there i s  an outer b e l t  behind .the a lga l  r idge t h a t  i s  
compl&el~ covered by a matte of small corals (especial ly  ?o%l.lsora elemns)  
and encrusting red algae. This coral-algal zone contains innumerable burrows 
of the  echin0i.d Ecilinometra ma-thaei which reta.in. water during emergence, hence 
provide shel.ter f o r  a diverse and d.is%inctive cmmunity of ophiuroids, crabs, 
gastropods and fishes.  Shorev~ard, t he  corals are l e s s  crov:ded and the a lga l  de- 
pos i t s  more sparse. The coral  fauna becomes sl;ec:&icslly aore diverse and ex- 
tensive areas of smooth rock pavement dotted with Foraminifera appear between 
coral  colonies. 

Generally the coral  colonies are  small. Heak 25 centimeters across a r e  
l a rge  f o r  most areas. From studies  of grovrbh r a t e s  i n  corals  (Vaughan and 
Vlell.s, 19/21 it appears prob&bSe t1,at the  majority of Vne reef f l a t  stony cor- 
a l s  . are  not more than i.5 o r  20 years old, and probs.bly none antedates th.e 
great  hurricane of 1903. Rings of Nlontipora sp. one and  a kalf  meters across 
were observed on the leeward reef f l a t ,  but tinese are  excel>-$ionally large.  

Xherever corals are  abundant there  i s  a ra ther  well-defined different ia-  
t ion  in to  l i f e  zones ?robably determined main:ly by the degree and length of 
exposure t o  the a i r  and.by the tenperature conditions. 

Large,, brown s l a t e  pencil urchins ( w r o c e n t r o t u s  sp.) occur sparsely 
i n  a beLt about two meters wide on the sheltered s ide of the a lga l  ridge. For 
the  most ?a r t  these urchins occupy p i t s  and depressions in  the  rock, similar 
t o  potholes, which they apparently have excavated. The surface in  t h i s  zone 
is bare and smooth. There i s  l i tS1e  indication,  t h a t  these urchins' and the much 
smaller E c h i n o m e ?  nove about f r ee ly  and it i s  presumed .that food i s  brought 
t o  them by the c i rculat ing m t e r .  

Frcm the pencii urchin b e l t  landward for  some 5 to  25 meters tne  reef f l a t  
i s  here and there completely overgrom by the small brown 1 7 o c i l l o p o ~  of the 
a lga l  ridge and small colonies of Bcropora spp. Many of these a r e  heavily en- 
crusted by Porolithon onkodes which generally i s  brownish, apparently moribund, 
and abundantly perforated by the boring urchin Echinometra matknaei. Some of 
the openings, ho~yever, a r e  pa r t l y  closed by algal  d e ~ o s i t s .  In  some areas 
there  a r e  a s  many as  50 t o  100 of %hese urchins t o  a square meter. Most indi- 
viduals a r e  black but a few are  brown. The superf ic ia l  deposits over the reef 

According t o  Doty, the i n t e rva l  i s  l e s s  than th i s .  
-9- 



f l a t  form a supers t ruc ture  of coarse lp  c e l l u l a r  ma te r i a l  1 0  t o  20 centimeters  
t h i c k  over a basement of  so1i.d rock i n  w!.?.ic!l pores have been f i l l e d  by cemented 
foramini fera l  sand. R e  open bdrrows an6 Gtr,2Fpad viatar gro,?li.de s h e l t e r  f o r  
a v a r i e t y  of ophiuroicls, crabs,  s n a i l s ,  f i s h e s  and octupi  a.t lom t i d e s  when 
much of t h e  surfa.ce i s  o a t  of aa te r .  

I n  a few places t h e  su r face  adjacent  t o  t h e  a l g a l  r id2e  is  overgrolwn by 
meadows of a purplish-red jo in ted  coraUi.ne Ainphiroa sp. The black, long 
spined urchins (Diadema) 'ange froni t h e  edge of t h e  ulgal. r jdge  ( a t  high ivater) 
t o  t h e  shore, migrating bac1.c and f o r t h  as necessary t o  remain coverer? '07 m t e r .  

Census & a square metter i n  h p h i r o a  =.& 

Pas cent  of t o t a l  
a r e a  (estijnated) 

Poroli thon onliodes, coverec' by &&$M sp. 40 

Pocil&ora eleaans (27 small colonies  l e s s  .than - - - -. - .- 25 
1% cm across)  

Echinornetra (ch.ieflg of Vlack form) 20 

P o r i t e s  sp. (pavement type with Vermetus sp.) 

Alga, blue--green 

Census of another  square meter i n  Amphima && -- - 
Per  ccnt  of to+,al 
a rea  ( e s  t i m ~ ~ e d )  

Porolithon onkodes and h n h i r o a  overgronirig dead c o r a l s  60 

Pocllloyora. eleeans (21 heads l e s s  than 1 2  cm across)  -- 1 5  

Echinometra ('burrows of  black form) 20 

Acropora confer ta  (purple corymbose form) f i v e  colonies  2 
l e s s  than 12  cm ac ross  

P l e s r a s t r e a  spp.? ( f i v e  small colonies)  -- 2 

P o r i t e s  sp. (two colonies)  

Corals become more va r i ed  as Poroli thon decreases i n  importance to'r!ard t h e  
inner  margin of t h e  coral-algal  zone where the  water i s  a few centimeters deep- 
e r  and t h e  surface is more continuously co-vered than t h e  s l i g h t l y  higher sur- 
f a c e  near  the  a l g a l  r idge.  A square meter i n  t h i s  p e r t  of  t h e  coral-algal  a r e a  
provided t h e  following est imates.  



Censi~s of a square meter near. inner mart& of coral-aleal area 

. . . . Per. cent of t o t a l  
. . mea.  (estirfiated) 

Porolithon onkodes encrusting de&d:cor&s (mainly --.- --- 58 
.Poclilopora .elegar?sj " 

. , 
. . 

(17 l i v e  co lonies  1.ess than 20 cn across) 3 

" -.-.- Echinometra b;~rrows.(b!.~ck var ie ty)  . . 

Por i tes  (encrusting) 
. . 

. . , . 
Acrovora spp. ( three colori.es) l e s s  than 1 

. . 

Montipora sp. - . . 1 

Massive coral  (Ples ias t raes  sp.?) l e s s  t n m  
. . . . 

Diadema setosa ( s i x  indivii.uals) more than -.-. .1 
100 . . . . 

.. .. . . 
Shoreward from tine coral-algal. a rea  tine supersturcture o f  smal.1 ramdse. 

corals  and Poroli.thon onkodes breaks up in to  scattereii,  more o r  l e s s  isoltited 
coral  colonies, separated by fl.st low areas of sol id  pavement. Porolitinon 
onkodes i s  r e l a t i ve ly  unimportant here and Fori:is only a thin pink film on dead 
corals  and the pavement. Discoid Poraminifera (Peneroplidae) a r e  abmdaritl.y 
scat tered over the surface loosely adherent by the5.r pseudopods. fiead t e s t s  
may become permanently anchored by the a lga l  f i lm e v e ~ t u h l l y  t o  be incorporated 
i n  the rock of the reef f l a t .  Serpulid tube F!orms a re  sca.ti;ered over the  rock 
pavement. 

There are  perhaps a number of environmental. fac tors  which prsvent the ex- 
tension of tine coral-al.gal cover to  the  shore. &litinon onkcdes f inds  op- 
timum growth cond.itions near the  a lga l  ridge. Reproductive a c t i v i t y  of t h i s  
alga apparently lecreases rapidly m a y  from the ridge, both seaward and land- 
ward. On the reef f l a t  wherever conditions great iy  reduce the number of coral  
colonies t h a t  can become established and wherever t.he coral l ine  alga i s  una5le 
t o  encrus-t dead corals and roof over the  iatervening space the superstructure 
does not develop. There are  several  factors  near the  shore t h a t  i nh ib i t  coral  
growth and l i m i t  the number of l a rvae  t h a t  can successfully es tabl ish them- 
selves. In  the f i r s t  place, there  i s  a tendency f o r  ephemeral deposits of 
sand and gravel to  be accumulated .temporarily near the shore, so t h a t  undoubtecl- 
l y  the  e f f ec t s  of cover and scour a r e  much more important here. Effects of 
scour, of course, are  much more deLeterious to  larvae and very young colonies 
and the corals do r i s e   ell above the  bottom where scour i s  most proilounced. 
A second unfavorable fac tor  i s  the grea t  temperature f luctuat ions  found i n  the 
shore waters. Rater draining from shore rocks and t i d e  pools a t  ni.ght and 
ear ly  i n  the morning is cooled by evaporation to  a degree o r  so below .the gen- 
e r a l  temperature of the reef f l a t  waters; I n  thedaytime, especial ly  when low 
t ides  coincide ix;ith high a i r  temperatures, excurrent water draining from tine 
exposed areas of reef f l a t  i s  heated t o  32OC and more a s  compared t o  the 



(winter) temperature of 26' G of the incoming water 11hich splashes over the 
ridge and f l o w  shorewsrd ovcr t h ~  f l a t .  

Zonation, more o r  l e s s  pa ra l l e l  t o t h e  r e e i : n a ? ~ i ~ , i s  1.3rgely a conse- 
quence of the f a c t  t h a t t l ; e  reef f i a t  slopes s?iorewarrl from the c r e s t  o?: the 
a lga l  r idge to a trough or  pool some . t a ~ - ~ h i r d s  tu three-fourtlw of the distayce 
frore the ree? edge (Figs. 6 and 7, A-toll Fesearch Eu1:etS.n No. 31). 'Une t:rough 
may be as  much as  20 o r  30 centj.meters lovier than t,ne outer pa r t  cjf the reef 
flat,. Because of .ch.is tne  outer par-t of the reef f l a t  general-1y is drained Se- 
fore  the  s l i gh t ly  lower inner pzr-t; hence, during very quikt  wea.ther the 1a.tter 
i s  l e s s  exposed to  the  a i r .  On the other hand, tile outer  per? , corresponding to  
the  coral-algal be!.i, i s  newer  t o  t ? ~ e  source of nonnal sea  water v,it,h It,s more 
abundant supplies 3f food and oxygen. 

The most conspicuous feature  of the middle area  of the  reef f l ak  i s  low, 
i r regular  colonies of the  c o r d  Montipora spp., usual.iy a l i ve  only a~olxid $he 
periphery. These usually accurnnoda.te sever21 indivi41m.l~ of' the  gastropod &- 
metus maximus in  the dead centre1 6reil.L' Several massive corals  and one o r  two - 
"brain" corals are  be t te r  developed hera t.hm elsewhere. I rdividuals  of &&- 
*.em~ setosa are  comon to  abundant i n  t h i s  zone, but ~c~~inome- t ra .  i s  represented - 
by relat,iveky few individuais, and these are the reddish-brow phase ra ther  
than black. Tufts o f  the arborescent coral l ine  alga, GminIithun sp. are  com- 
mon here on dead corals. The iVIont5pi.a zone D h i s  is the " h e l i 2 o r r  zone" of 

-'T 
Doty and, of Doty and Morrison, A t 4 1  Fiesearch B U G .  3.2 m d  75. Ed,. ranges i n  
breadth from about 5 to  30 meters, and it i s  l.imited t o  Vae leeward side of the 
a t o l l .  

. . . . 

Census of s , a u x e  meter i~ $& Muntipora Le-1-L -- -" 
Per cent of t o t a l  
area  :estimated) 

Rock pavement, covered v;ith discoid Foraminifera, 70 
blue-green algae, and fi lm of m- 
l i thon  onkodes 

Montipora ( a  single colony) 5 

Acropora. &&it i fera  ( th ree  colonies) 5 

Acropora. ccnferta (purple, kro colonies) 1 

Massive coral  ( P l e s i a s t r ~  sp.?, nine colonics) 8 

Pori tes  ap., encrusting (four colonies) . .. 5 

Echinometrs (burrows of brovrn form) 5 

Diadema setosa --- 1 - 
100 

7 term "microato1ln f o r  thase and other single colonies of c o r d s  i s  
no t  very appropriate. 'thy not  reserve the term f o r  ringed patch reefs  enclos- 
ing more o r  l e s s  dead central  areas such a s  are  so abundant i n  the B~havas 
(Nenell, & &., 1951)? 



Census of another scluars meter i n  Montipora be1.t c loser  t o  shore 

.' Per cent of t o t a l  
area  (estimated) 

. . . . 

Rock pavement, with surface fi lm of discoid E'o*i- 76 
n i f e r a ,  blue-green algae, arid w- 
l i thon onkodes .. 

Montipora. (two colonies) 10 

Acropora d i g i t i f e r a  ( th ree  colonies) 2 

Acropora (purple, tvio colonies) 1 

Poci l l iaora  el.egans ( f i v e  colonies) 2 

Massive coral  (spiny, Favites?) 1 

Massive coral  (Ples ias i rea  sp.?) 3 

Echinometra (burrows of brown form) 

A shore s t r i p  of the reef f l a t  some 1.5 to  30 meters wide;' a s   ell. as  the 
floox of many rock pools behind outlying masses of beachrock, consis ts  pre- 
dominantly of smooth almost continuously inundated ev6n a t  low spring 
t ides .  Most of the  loose rubble of the  reef f l a t  and bbocks broken from the 
shore passes over t h i s  zone a i d  serves a s  tools. fo r  the  excavation of numerous 
shallow potholes below the general surface of the reef f i a t . ' T h e  entrances t o  
small landlocked rock bas ins%i th in  the  area ,of beachrock commonly l ie ' .20 , 

centimeters o r  so below the general. l e v e l  ..of:the bottom. . . 
. .  . .  

The reef f l a t  descends gently from the a lga l  r idge to  a l o a  trough some 
5 t o  10 meters from the shore. The slope i s  the r e s u l t  both of upbuilding 
along the reef margin and erosion near the shore. Thesurface even near the 

- s h o r e Z i s  covered by a thin fi lm of pink coral l ine  algge, presumably Porolithon 
1/ onkodes- and adherent discoid Forsminifera. A s  m i l l  b e  shoim below, much of 

the inner par t ,  a t  l e a s t ,  of the reef  f l a t  i s , a n  erosio.nal platform cut  i n  old 
: i s land conglomerate. 

. . . . 

Two species of l a rge  black holothurians are  &un&nt in  t h i s  a r ea .  One 
i s  sausage shaped and ordinar i ly  is coated by adhering grains of sand. The 
other is extensible, 1i.ving mainly m d e r  rock slabs and .thrusting i t s  o r a l  
crown out  many centimeters i n  search of food. K large rockt 'oys te r , "  
~ c i f i c a ,  occurs i n  some abundance here with several gastropods, iVlorula sp., 

, .  Conus sponssl is ,  spp., and others. . Flat ,  lmob5y encrusting p l a t e s  of 
Por i tes  spp. occupy a s  much as  30 per cent, local ly ,  of the bottom. . . 

T a x w e l l  S. Doty has made the suggestion to  me t h a t  the a lga l  film of 
the  shore zone and the deeper pa r t s  of the outer grooves may be non-reproduc- 
t i v e  colonies of Poroiithon onkodes incapable of secreting massive deposits  
of calcium carbonate. 

-13- 



Tne excurrent areas of the  reef vary considerably wound the atol.1. %riey 
a re  a l i ke  i n  being appreciably lower 'thaii adjoiniiig reef sectors. Some of 
%hese, a s  a t  the Garumaoa t ransec t  (Hon'.ohomo), m a y  be nearl:. devoid of bot+,om 
organisms, although adjciniag reef sectors  are ?:ell popiLated. These areas 
comulonly are  furrowed by potholes and i r regular  shal.7.0~ grooves cunverging, fan- 
l i k e ,  toward the gaps 5.n the a lga l  ridge. The groovesare  discon'Linuous xi13 er- 
r a t i c .  For example, a groove f ive  me,ters long and &:quarter-aeter  wide abruptly 
shallows from a maximum depth of 20 o r  25 centimeters toward iwtin ends arid ti-is- 
appears, being continued a fem meters f a r the r  on by mother  more o r  !.em al.igsd 
groove. The f loors  of the grooves are  scoured c l e u n b y p , ~ a v e l a n ? ,  s&n& but a r e  
very uneven and interrupted here ax6. there  by gravel-.filled pothol.es. These 
grooves are  incipient  surge channels, and l i k e  the l a t t w  they lead to  outer 
grooves. 

Some excurrent areas a r e  populate2 by 6s.a-ttered corals;  and perhaps becal~se 
of the  greater dep-Lh of m t e r  i n  these pla-en, t he  corals  a t t a i n  re:Lst,i.rely 
l a rge  dimensions as  compared wi%h other reef f l a t  co.rals. Thwy a-ttain very f re-  
auently a l a t e r a l  diameter of one-half meter and a h j igh t  Q - J ~  20 o r  30'centimeters. 
I n  these areas more than two-thirds of the hot'%m i s  c!evoid of coru.l.s, and 
hardly any of the coloni-s w e  very small. Hence, an lnfeivnce m y  Se drawn 
t h a t  the  area  i s  m>st commonly unfavorable for  planulc.e, perhaps because of sed- 
iment scour, pwhaps because of unfavorable tempera.ture conGitf~13s. ' on' the 
other hand these areas are  not tao unfavorable f o r  -tile c~nSlnuanee of colonies 
established under tempcrarily more fa-;ori:ble conditlorie. 

On the mindward reef f l a t  the excurren.: points a r e  a t  ra-ther sii:Wov basins 
on the reef f l a t  around surge channels. These basins contain a few small corals  
but the  genere.1 surface of the f l a t  i s  completely devoid of corals. The genera.1 
barrenness of the wi.ndvard reef f l a t  .is d i f f i c u l t  t o  understand. This  area  i s  
not  subjected to  protracted exposure $0 >he a i r ,  i n  fac-t i.t i s  almost alnays in- 
undated by pi l ing up of adjacent mat.eks. 1-6 inay b e  Lha-t sei!.iuent scour i s  re- 
sponsible f o r  these 'special  conditi.ons. 

Erosion of the reef flat.-Eoth the cuter  end' i-nkr, pa r t s  of the reef f l .a t  -- -. - - -- 
a re  be;.ng conspicuously eroded cjver l s r g e  scct,inns' o l  the sea  reef .  it i s  
perhaps more accurate t o  sa.y t h a t  tke reef  3la.t $ s  being extended i.ardwe.r,d by 
planation of the shore t o  a l eve l  approxj.nia.ting the deepest pa.rts of the reef 
f l a t .  Aligned outlying erosion remnants of beachrock, elevated reef pedestals 
beneath reef blocks, and dis-t inctive p i t t ed  areas ax:'. c!.early i u i i c a t e  <la-t 
t he  beachrock was foraer ly  ccnsidesably more extensive seawa.rd t!lan a t  present 
and t h a t  the inner reef f l a t  i s  bsing lowered by erosj:o:. Gn the windward s ide 
of t h e - a t o l l  the shore has re t reated a t  l e a s t  50 meters for. 1.or.g dis+,ances and 
on t h e  leeward s i .de .a t  l e a s t  15 o r  23 meters. Thus tLe reef ' f l a t  has been ex- 
tended by t h i s  mount a t  the  ew2ense of 'the land. Lacking fac i l i t l . es  t o  exca- 
vate the r e e f  f l a t  i n  these places we were kinable t o  ascer ta in  whet.il.er the rock 
j.s composeu of conglomerate o r  organic accretions. 'Tl-.ere i s  no indicstion t h a t  
the  beachrock and i s l a d  conglomerate Fere uielded t o  a preexisting reef f l a t .  

In  many places arounc! the a t o l l  the lan&msd flank of the a lga l  r idge 
shows generally a moribund condition o f  the  reef builders and consequen-t ero- 
sion. Uong' the windward s ide m d  the southern end of the  a t o l l  the cu te r  



. .  . 
. ,  . .  . . . 

. . .  . 
. . .  . .. . . . . . 

p a r t  of the reef f l a t ,  some l O t o  30 meters xide,  i s  &eeply p i t t ed  by potholes. 
Joints  i n  the  reef f l a t  a r e  c1earl.y etched .QL r e l i e f .  Ail evidence points t o  
ne t  erosion. . . . . 

. . 
. . 

The same deep' p i t t i n g  occurs a t  the outer margin of the reef f l a t  a t  many 
places along the leeward s ide o f  the a.toll.. Usually t h i s  zone i s  nanoiv, one 
o r  -two meters wide, and it i s  not recognizable a t  a l l  i n  a few areas of excep- 
'tiona,l growtin ac t~ iv i ty ,  

. . 
: This evicience of erosion of the reef f l a t ,  taken i n  conjunction with tire 

generally s t e r i l e  appearance over grea t  areas, suggests an a.ppreciabl.e very re- 
,cent  r e l a t i ve  drop i n  sea l e v e l  of perkiaps 20 o r  30 centimeters ( the  loca l  re- 
l i e f  of erosion reinnants between excurrent channels) with attendant far-reaching 
e f fec t s  on the l!.fe zones an2 acce!.era.tion of c1asti.c sediaentation. 

LAGOON REEFS 

Lagoon shore r e C q . 4  discontinuous reef l i e s  along the wiadriard (northwest) 
shore of the lagoon ( i n  Tuanotuan, taha%). Reef grol-th i s  inhibited.  or pre- 
vented a t  the motiths of channels an2 along the edge of t i e  Lagoon a t  the sou- 
thern end of the a t o l l  where there is act ive deponition of ? h e  sediments. The 
leeward (southeast) shore lacks  well-devdoped shore reef's but instead has in- 
numerable coral  heads (mainly massive Porttes) and smal1,patch reefs .  The dif-  
ferences i n  lagoon reefs  on -the two s ides  of the atoll.  probebl.y a r e  a t t r ibu tab le  
to  1 )  more effect ive delivery of owgen and food tl the windward shore, and 2) 
more favorabie conditions there  of sedirnentation. The shore reefs  r e s t  on a 
shallow terrace vihich may correspond -bo .the eight-meter t e r race  of the  sea reef.  
Few of the  shore reefs  r i s e  more than a b o 1 1 t . s ~  or seven meters above t h e  bottom, 
and i n  most places the r e l i e f  a t  the reef f ront ,  well ins ide the . t e r r ace  r5-m is 
only three or  four meters. An except ion to  t h i s  i s  fcund a t  Onerok, where a 
small bar r ie r  reef extends across n broad. b8.y i n  about 20 meters of ,water. Pre- 
sumably t h i s  reef origina%ed a s  a f r inging shore reef a n d  maintained upward 
growth during subsidence of the bottom. 

. !  

Well-defined habi ta t  zones a r e  shown by the wj.n&mrd shore reefs .  Commonly, 
the beach i.s formed of f i ne  gravel which forms the border of a narrow reef f l a t .  
A black, sausage-snaped h o l o t h r i a n ,  pres'umabl.p the  same a s  one of tilose of the 
outer reef f l a t ,  ranges from the lom water l i n e  a t  the shore butward t o  the 
outer 1i.mi.t of' the reef f l a t  pauement. The holotiiurians ingest,* Foraminifera ,, 

end other pa r t i c l e s  not firmly attached t o  the pavement.. Loose pebb?..eb in  the 
holothurian b e l t  are  conunonlp heavily encrusted by a lmobbg pink coral l ine  
alga, possibly Porolithon onlcodes with a small commensal Vermetus: Sp. ,, , an'd an 

. . . . ... Isomomon. 
. . . . . . .  , 

. :  . . .  . . 

A small cl7~b-shapd Acropcra d i g i t i f e r a ,  a finger-like rariose i%rites'~c?l;- 
dax, -and Charna pacific+ loca l ly  a r e  numerous among 'the hoXo.<hu@tixs. . ,  , -- . . . .  , , , . 

. .  . . . .  . 

Tuj, t o  10 meters or  so from the shore f la t tened h e m i ~ p h e r ~ c a i  v l n F ~ l ~ t ~ n e s f l  
of knobby Pori-tes make the i r  appearance. Tne l a rges t  of these izeac?s i's about 
one-half meter high and one meter across the disk, b;lt the majority are  l e s s  
thaa a quarter t h i s  size.  The massive Pori tes  forms a favored habi ta t  f o r  a 
species of small m, a Vermetus of intermediate size,  Isomomon ssp., and 
burrowing pelecypods of several species (Tri.dacna maxima, Lithopha= sp. 
sp., Barbatia sp. ) . 



Rather abruptly, within two t o  20 mete& of the reef ri.m a small. brown 
'Pocillopora - elegans?, interspersed vi th  a few small. &so&o.ro a id  niassive corals 
of several  kinds become abundant. Dead corals &re i n  pl.&ces os-ergrom by 
Porolithon onkodes and 2onarj.a sp., a broivn d g a  ?!$ich forms 3. s:~perstruct~ture 
15 t o  20 centimeters thick on the reef pavement, l i k e  t h a t  of the  coral-.algal 
surface of the outer reef f l a t .  Here, conditions are  favorable f o r  the brown 
phase o f  the boring urchin (Echinometr&~16tna.ei). The b1.ack p h s e  was not en-- 
countered i n  the lagoon. 

The Pocillopora bel-t var ies  i n  breadth. It i s  replaced a meter or  so frou 
the reef  r i m  by a more robust species of staghorn P o c i I h p ~ r ~  sp. snd knobby 
massive coral  ( e s i a s t r e a  sp.?) which extends d.oin the reef  f ront ,  forming 
heads a half meter i n  diameter. The f r o n t  of tha reef drops near ly  v e r t i c d l y  
o r  with s l i g h t  overhang a few meters t o  the sadinlent-coveret: terrace below (Fig. 
3 ) .  Somewhat shaded from the sun beneat.1.i the r i m  i s  a coarse lt:-~rai.nlr coral. 

(Loboi3hyllia costata?) which forms massive surfaces. The most conspicuous of 
the reef-front corals, however, i s  a niass'ive ?&t~x& sp., most preva1en.t i n  
t h e  lower pa r t  of the reef  face, composing a h r g e  n s r t  of the Li'ving surface. 
Small and f r ag i l e  Acropora spp. a r e  sca.?t'ered over the f ron t  of the reef, ex- 
tending over . the  bottom beyond the reef edge. 

Opposi-te the south end of Garumaoa I s l e t  the shore reef ,spraa.ds f a r  into  
the lagoon, forming-the most consnicuous feat ixe of -the u~indwsrd shore of the 
lagoon. The reef f l a t  here i s  about 700 meters vide, ~cc:~pj.elj. nainiy by Vfle 
holothurian association. TLere i s  cSrc..:la-5.on across the atoj.1 rirn -21rough sev- 
e r a l  shallow channels a t .  t n i s  place, but Cnese do not o f f e r  a clue .Lo Sne excep- 
t i ona l  development of the  shore reef .  - The a t o l l  r i m  s v ~ n g s  inwwd here in an 
embaymen'i, so directed a s  t o  form a s o r t  of f m n e l  t o  ocean sv;el.1 from the . ' 
northwes-i;, the directi.on from which the' s t rongest  wtnds blow. It i s  probable 
t h a t  the  expanded shore reef  i s  b u i l t  on a grave; f m  o r  del ta .  The form of 
the  reef  suggests t ha t  t h i s  i s  the case. 

A t  i r regular  in te rva ls  around the lagoon shore, esyecial.;y on the nort5- 
mest, there  are  siender t,ongues of the shore reef which extend into  deeper 
water a s  spurs a t  r i gh t  angles ,to the shore. These a r e  termed &@= i n  Tuamn- 
tuan and many are  given d i s t i nc t ive  na-mes. Ekceptionally the  &oa extend a 
ha1.f kilometer into  the lagoon (e. g. Iv!iraniirau) . Apparent3.y t t q r  represent 
fusion of patch reefs  with the shore reef by growth across the intervetiriing gap. 
The consistent ~ r i e n t a t i o n  of the reef toagues a t  r i g i ~ t  angles t o  t:?e shore 
must be re la ted in  some way t o  the  prevail jng ci rculat ion of the lagoon waters. 
This problm w i l l  be again considered i n  the discussion of patch reefs.  

The leeward (southeast) shore of -the lagoon kes very few skiore reefs,  
those beLng quite smal:. p t c h e s ,  and 3here is m l y  one &a. reef .  The b2.ack 
holothurian which characterizes the near-shore h e l t  elsewhere i s  abun5ant here 
be1o.n low water level .  Pebbles a r e  coated with deposits  of ~ecoIi-tho'~ oinko4es. 
Massive disks  of Pcr i tes  n i th  all of ' their cormensais are  scat tered abundan'cly 
over t he  sand. They are  not  attached t o  the substratulci and. ca,? ea s i ly  be 
turned, over. A finger-shaped Pori tas  &q, ar.d a f r a g i l e  AcropOr& inaila$z: 
are  occupants of the sand bot-tom. 



3. ProfFle of lagoon shore reef a t  north end of Garumaoa I s l e t .  
1, Reef f l a t  pavement; 2, l a rge  disks of Por i tes ;  3, foc i l l o -  
aora sp. 1; 4, m; 5, Pocillopora sp. 2; 6, Lobophyllia; 
7, Montipora; 8, Acropora prol ixa  



Patch reefs.-Viewed from an airplane the Raroia lagoon is  impressive f o r  
the  la rge  number of patch reefs  scat tered over the ent,ire lagoon, but somewhat 
l e s s  numerous toward the leeward (southeast) shore than elsewhere. Praotical- 
l y  a l l  'sf these a r e  near the  surface, j u s t  awash a t  low spring t ides ,  and there 
a r e  fern coral  knolls v i s ib le  a t  intermediate depths although the vrater i s  suf- 
f i c i e n t l y  c l e a r u  f o r  them t o  be v i s i b l e  from the a i r  a t  10 o r  20 meters. 
Dredging shows t h a t  most of the  bottom be t ,~een  patch reefs  i s  covered by sand, 
gravel and corals  ra ther  %han by f ine  sediments. Evidently the  f i n e s t  sedi- 
ments do not  accumulate i n  the lagoon. It seems ju s t i f i ab l e  to  conclude from 
these observations t ha t  there are  many low coral  1mol.ls on -the bottom and many 
patch reefs;  and tha t  there  are  r e l a t i v e l y  few intermediate kno1.l reefs.  

There are  an estimated 1500 to  2000 patch reefs  outside the shore zone in 
the Raroia lagoon. They range from c i rcu la r  patches three o r  four meters 
across t o  great  streamlined reefs  a ha l f  kilometer long and 200 meters across. 
Hand-line soundings indicate t h a t  they a re  charac te r i s t ica l ly  steeper on the 
windward than leewtirdend and they have slopes of intermediate steepness on the 
sides. The margins dotm t o  about 1.0 o r  15  meters are  very steep with a few 
overhanging ledges. Most of the  l i v ing  corals a r e  within t h i s  depth range. A t  
g r ea t e rdep ths ' t he  slopes f l a t t e n  t o  angles l e s s  than 45 degrees. 

Viewed from a boat, o r  be t t e r  from the air, the windward margin of the  
patch r ee f s  i s  invariably.Co1ored olive-brom by the l i v ing  cora3.s. The lee- 
ward margin i s  marketl ijy turquoise-colored streaks of shailow water over gravel 
and sand. The loose sediments a r e  shed mainly to  the  3.eesuard through shallow 
channels o r  gaps between l i v ing  cora!.~, and i n  the l a rge r  patch reefs  much of 
the leeward surface i s  occupiedby gravel and sand hea?ed up by the waves. 

The marginal and surface corais of the  patch reefs  form the same assooia- 
t ions  a s  those of the windward shore reef .  Black holothurims l i v e  i n  the  sand 
areas t o  the  leeward of the summits of the patch reefs,  and tine associated 
cora l s .a re  dominated by species of Po r i t e s  and Acropora. Small P o c i l l o p o ~  
elegans? become crowded together forming a marginal zone a t  the r i m  on the wind- 
ward and intermediate sides.  Coralline tllgae and the boring Echinometra occur 
vrith P o c i l l o a ~  near the r i m  i n  some patch reefs ,  but f o r  the  most p a r t  the 
s o f t  green algae Zonaria and Caulerpa a r e  more conspicuous heye. 

I n  plan, some of the  patch reefs  a r e  roughly equidimensional but many a re  
four o r  f i v e  times a s  long a s  wide, elongate' roughly i n  the directj-on of the 
prevail ing wind. The majority of these shon a tendency f o r  the ,  leemard end of 
the  reef t o  taper more gradually than the rindward end, s t ~ e a a l i n e d  i n  tear- 
drop form. . .. 

, . .. . 

. - In  a i r  views it can readi ly  be seen tiiat the patch reefs  are  not e n t i r e l y .  
dis t r ibuted a t  random. Many are  a r r anged in  rows generally oriented dommind, 
but there  i s  some deviation near the .mindward shore there  the l inear  s e r i e s  of 
patch. r ee f s  .gradually assume an or ientat ion normal t o  the shore. The rn8jority . -  

of reef tongues (w) of the shore reef  a r e  aligned with and apparenvly are  
the  terminal members of indivi&ud. se r ies .  Probably the d i s t r ibu t ion  of these 
reefs  is controlled by wind induced currents,  perhaps broken into  many j e t s  a t  
the windwar& channels. 

. . .  , 

-eight-inch Secchi disk .;:as v i s ib l e  from a small boat down to  28 
meters. 
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. . . . 

Unfortunate1.y it mas imfiossi'rjle t o  survey the iagoon by v e r t i c a l  photo- 
graphs &d a. map of the lagoon f roo laer ia l  ohli<ue pho-tographs has not  ye t  hem 
completkd. It i s  expected tha t  a. ma.p of the coral. ,patches l::ou!.d lead t a  sa t i s -  
factory iuferences regarding t h e i s  Liistri3x~t:~dn and pussib.Le rda t ior i sh ip  o f  
the patch, reefs  t o  channe2.s. 

The tendency f o r  'the reefs  t o  l i e  i n  p ~ r a l l e l  rums suggests ].inear ce!.l.s 
. of turnover presumably vi%h a counter-clockizise' mot,iun i n  accoraaxce ,xj.tk t h e  

Coriolis  princi2le. Plans to  t e s t  t h i s  kb.eory by ineans of fl.uorici.c,? dye ::ere: 
f rus t ra ted  bF unavai labi l i ty  of trmspor'r,ation Luring suitab1.e weatner. 

REEF BIOTA 
,. . 

D2versity.-Outer and lagoan reefs  of -  various tgroes r r e  well devel.oped and 
contain a f lourishing biota probably more diverse tha, t ha t  of Taliiti 3ncl corn-- 
pzrable t o  th8.t of Samoa. The often c i ted  attenua.tion of reef  organisms east- 
ward across the  Pacific i s  m~ch  mwe marked between !iaw+j.i and the Tuamotu 
group than between the l a t t e r  and Ga.moa. 

Reef builders.-Tile only quant i ta t ive ly  import3iit reef-forniing coral l ine  - --- 
alga on Raroia, according t o  Dot,~, appears to  be Po.co1-itkon o?&ge? xb.ich has 
the  unique abj . l i ty  t o  2eposi.t extensive encrustations in t!?e surf zone, espe- 
c i a l l y  at i n t e r t i d a l  levels .  This alga i s  r.iost conspicuous on the a l g a l r i d g e  
and around the beads of gronves and around surge channels where it t r u l y i s  a 
rock-fonner, composing perhaps as  much as  25 per cent o r  more of a very cellu- 
l a r  rook. Pocillopora elegans perhaps makes up as  much as  25 per cer~t, here and 
the r e s t  i s  represented by voids on a f resh  exampl.e, o r  by foraminifera1 sand 
i n  an old example. The alga e f fec t ive ly  binds corals together i n  a r i g id  frame- 
work i n  the algal-coral b e l t  of the reef f l a t ,  and on tile ilnshaded crest,s and 
edges of the spurs to  a depth probably not  rnuch greater than s i x  o r  e ight  meters 
below low water level.  

The innume~able reef blocks ca s t  up on the reef f l a t  by storm zaves pekmit 
d i r ec t  examination of reef  limestone f r ~ m  Yhe groove and spur zone of Cne reef.  
I n  most of the blocks examined tne ce l lu l a r  rock consists main!.y. of t i e r  above 
t i e r  of small Pocillopora elegans w i t h  an occasional massive coral  ard a s.tag-- 
horn Pocillopora. On the  surface, i n t e r s t i ce s  betvjeen corals are  unfil led.  
An occasional fresh f racture  across. a reef  block reveals :that tine unweathered ' . 

i n t e r io r  i s  compact and the space between corals i s  f i l l e d  wj.th 1i.thi.fled sand 
composed la rge ly  of Foraminifera. This sand "matrix!! weati!ers away readi ly  on 
exposure, leaving corals, almost unaffected, stand.ing i n  r e l i e f .  aesides i n -  : 

t e r s t i t i a l  material and v o i d s t h e  substtince of the blocks generally i s 5 3  to  
95 per cent Poc i l l opor~  elegans. Porolithon onkodes r a r e ly  occuy~es  as  much : ;  
a s  1 5  per cent of the voluine, and i n  many blocks we were unable to  r e c ~ g n i z e  
a lga l  deposits without niicrosco~ic exmination. 

. . . . 
Certainly Porolithon orikodes plays an important ro le  %s a building agent 

and i t s  importance shouldno% be underrated, but quant i ta t ive ly  it i s  a g r e a t "  
rock builder only along the a lga l  ridge. Alga?. deposits  are  r a r e l y  recognized, ,  
i n  the  is land rubble. 



About 600 pounds of  co ra l s  r ep resen t ing  the  common shallow-.-water species  
a t  Raroia 18;ere t ransmit te2  f o r  i d e n t i r i c a t i o n  t o  John V:. 'i:.-11s v:ho r e p o r t s  53 
species  i n  t h e  coll .ect ions,  of :.hich o n l y  eighl; had previous ly  been report*a 
from t h e  Tuamotus. S ix  species  repor ted  from the  Archipelago a r e  n o t  repre- 
sented i n  our  col lec t ions .  

PRELIMINAHY LIST OF REEF C08iLS COLLECTED AT ftNROiA ( i d e n t i f i e d  b:? John V:. blells) 

PoCi l l ipora  3s V e r r i l l  
P. elegans Dma - 
P. Lipuia ta  Dana - 

Len4:oseris hawalielisis ilal~gh~11 ---- -- 
*Funpia s c u t a r i a  Lam. 

P. verrucosa (E. and S.) - E'ungia c,oncinna V e r r i l l  
A c r a o r a  confer ta  (Quelch) .- - 

A. conicera (Dana) - . cormboa. (Lam.) 
A. danai  A .  E. and 11.)  - -  
A. g iti if era (D*wa) - 
A. e x i l i s  (Brook) - 
A. formoia (Dana) 

* humiiis  (Dana) 
A. Impl ica ts  (Dane) - 
A. cf. n o b i l i s  (Dana) - ~ ~. ..~ 
A. ~ c i i m b e n s  (Brook) - 
A. o r o l i x a  V e r r i l l  - 
A. quelchi  (Brook) - 
A. r ayner i  (Brook) - 
A. rotumana (Gsrdiner) - 
A. so. - 
A. svrinaodes (Brook) - --- 
A. t u b i c i n a r i a  - 
A. v a r i a b i i i s  (Ki.unzj.nger) - 

.Montipora -. tiustr.aliensis Bernard 
!VI. venosa (Wrenb,) - 
N.  c a l i c u l a t a  (Dana) - 
X, - v e r r i l l i  Iiaughan 
ivl. verrucosa - - 
M, g. B. .- 

-01itha (Esper) 

P o r i t e s  a u s t r a l l e n s i s  Vaughfm 
P. iobhta  Dana - 
P. moraax Dana - -.- 
P. n. 2 ~ .  - 
P. super f~ l sa  Gardiner - 

*Favi.a s t e l l i g e r a  (Dana) . rotumana (Gardiner) 
F. p a l l i d a  (Cana) - - -- 

Favi tes  heniprichii (Ehrenb.) -- 
++Ples ias t rea  vers ipora  (Lam.) 

*Pla tymra  m s t i c a  (Cana) 

C m h a s t r e ~  s e r a i l i a  (Forskad.) 

Leutastrea. m r p u r e e .  (Dane) 

"Acanthastrea echinata  (Dana) 

Lobophyllia conym5osa (Forskal l )  
L. c c s t a t a  (Dana) - 

C l i c i a  b e 0 1  (Q. and G.) 

Millepora p ia typhy l l a  Ehrenb. 

Astreopora myriophthalrna (La&) Wrev5.ousl.y repor ted  from t h e  Tuamotu 
Pstvona cia-ms Dana group. 

Other species  reported from t h e  ~%amotus b u t  n o t  found i n  t h e  Raroia col- 
l e c t i o n s :  

Acropora (Dana) P o c i l l o p o ~  meandrina Dana 

Favia favus  (Forsk.) -- Pavona 
F u n ~ i a  cooperi Gardiner 

F. paumotuensis Stut.chbury - 



SHORE PROCESSES 

The shore profile.-A ve r t i ca l  succession of vie1.i-define$ narrow b io~ones  -- 
occurs on tine shore ~ i d  outlying reef blocks arounc' tke e t o l l  but -tnese are  
best  developed on the 1.eeward s ide of the  a to l l .  These ronus e r e  reediLy dis- 
tinguished by the character of the  surface and t:?e color of the eucmstlng blue- 
green algae. Each zone i s  occupied by gast:ropods vhick, fe?d on the algae o r  on 
the herbivores. i n  addition tube ga.stropods (Leze-kus) and boring go~se-neck 
barnacles are  cons?icuous on the reef blocks between high an6 !ow wahr  niarks. 
A l l  of t he  animals are  tru1.y marine foriris i n  t ha t  they pass a t  l e m t  the lc rvnl  
stage i n  the  sea and the i r  shore d?.stributiori depends on the varying degrees of 
t h e i r  tolerance t,o exposure t o  sun, a i r  and ra4a,  and to compe-iition and pzeda- 
t o r  pressure. Probably to  a l e s se r  degree they show preference f o r  various 
kinds of a lga l  pastures. 

A t  the bottom, always covered Lj. sea water, i s  t1;e scoured pavenent cov- 
ered by adherent ForainCnifera arid a f i lm of pi- k corall.ine algae. The surf'acs 
i s  smooth, undulating, o r  p i t t ed  by  pothole^.^^ Foraminifera can be scraped 
from the surface where they cl ing .Lo the bottom by means of t h e i r  pseudopods. 
This i s  the holothuria~i b e l t  of Yne reef f l a t .  In some places it i s  bortered 
by a ve r t i ca l  r i s e  of smooth, pirJcish rock surface soo!e 23 cent4ineters high to  
the c lear ly  defined low iv8.tGz. mark. 

Abcve the low ~ a t e r  mark the rock surf.?.ce i s  yello?rish-brow 2nd scoria,- 
ceous through a ve r t i ca l  in te rva l  of 40 to 45 cen-blmeters ( a  l i t t l e  l e s s  on the 
windward outer shore). , Although t h i s  i.s considerably l e s s  than the normal t i de  
range of 0.6 of a ne'ter, it represents approximately the usual range beheen 
low and high water a t  the  outer shore. A species of UP&, a medium--sized w- 
metus, a and a boring gooseneck barnacle dwell h e ~ e .  -- 

T h i s  yello~ish-.brown siirface grades in-to the lower pa r t  of a grayish s u r -  
face above whi.ch i s  wet l e s s  frequently. This higher be2.t may be termed the 
Iieri ta zone frorn the dominant gastropod, Nsrita p l i c a t a  (E'ig. 4 ) .  This form -- 
feeds mainly a t  night and rmges in to  the i n t e r t i d a l  zone a s  the  t l d e  recedes. 
Honever, the species %s most c h a r a c t e r i s 5 c  of the surface imme6iatel.g above 
the high water level .  The numerous p i t s  of the ;.KG?, z o n  are.rouncied and 
smooth and colored bluish-gray. The projecting coral. fragments betwaen p i t s  
are  etched i n  r e l i e f  by removal of intervening ma'trix. Tne projections are  tan 
i n  the  lower par t  of the zone, becoming brom i n  the upper part .  The ii;teri.or 
of t he  rock a millimeter or  so beneath the surftice i s  white, and the blui.sh- 
gray color of the  p i t s ,  as  observed iri f resh fsac-turu, is a s t a i n  ~;hich r;ene- 
t r a t e s  the rock below the a lga l  film. Immediately outside the ijlliish-gray 

TEme% (1946, p. 225)  implies t h a t  @hole:, are  iiiore frequently deep 
and narrow than shallow and broad. A t  the beginning of excavation a pobhole 
can be S ~ E ~ ~ O N  a s  are  many of the examples allud.ed t o  here. 
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Ft. Light gray ca ver 

t ver . 

4. Shore prof i le ,  reef block, leeward s ide  of  Garlaessa I s l e t .  



layer,  butcovered by the superficial gray f i b ,  there  often occurs a. th in  pink . 
layer. Presumably these a.re pigments derj.vsd from the a : ~ - ~ a e . U  The bluish- 
gray p i t s  :are s t r i a t e d  by $adu?ar marks of a gastropod, presumably Neri+,a p1L- 
cata  .bhe. only abu~ldant form i n  V i i s  zone. Tnese gastropods feed on the sur- -> 
face algae and poss i . b l~ . a l so  tne a lga l  filaments below the  roc^ surface. The 
grooved surfaces over which . . the ,  gastropods have browsed c lear ly  have been modi- 
f ied  by radular rasping. I t  i s  i.n-terest'ing t,hat the  projections betvieen p i t s  
correspond to  coral  fragnents and the p i t s  to  matrix of f o r m i c i f e r a l  smd. 
The l a t t e r  i s  relative1.y non-resident t o  the  prevail ing processes of erosion. 
A s  tes ted by scmping the surface with a knife  blacie, the nits 8.re urirlerlain 
by much soEter rnateria?. t5an the coral  fragnen%, and it may ,reasonably be sup- 
posed tha t  the  n i t s  have been excavated lorgely by  the feeding a c t i v i t i e s  of 
the Ner i ta  p l i ca t a .  Above the zone of Neri-k~ . ~ l i c a k a ,  moistened chieflv by -- 
spray, the rock is  uniformly blackened by a fiXm of ulue-green algae.&'" This 
blackened area., reaching above high water soroe 22 t o  60 centinir.ters o r  more i s  
the feeding ground of a. robust turbinate  sna i l  (Tectarius mandinatus). This 
gastropod does not  screpe the surface deepliJ., al-though radular marks a.re plenti-  
f u l ,  and there  i s  l i t t l e  indication ti1a.t it signifi.cantly modifies the rock 
surface. Tie Tectarius is ra re ly  seen on the ;?ind?:ard. shore except on reef 
blocks. The blackened a lga l  s ta in  of t,his' b e l t  shows d i s t i nc t ly  on a e r i a l  pho- 
tographs as  a narrow band a t  the sho?e. on the leewzrd shore and a broader band 
on the v~indward shore. ~ p ~ a r e n f &  enough moisturo a s  s a l t  v~ater  spray reaches 
the surface t o  maintain an a lga l  cover su f f i c i en t  t o  color the rock and t o  sup- 
ply pastures f o r  the  Tectarius. 1mrr.ediai;ely above tile normal reach of spray 
the rock surface changes from black t o  gray, the  color, a.s shown elsewhere by 
Newhouse, being derived from dessicn'ted blue-green algae. On reef blocks t h i s  
grayish surface i.s occupied by a small bluish gastropod, Mehraphe coccbea, mhich 
i s  most act ive a t  night  and following r a i n s  when foraging i s  best. This species 
does not  produce consnicuous e f fec t s  on the rocks. idelara~hg cs@xeg ranges 
over the surface of the  concLomerate pla- t fow t o  the edge of beaches o r  ramparts. 
Doty and Morrison havadescribed the shore prof i le  more f u l l y  on an e a r l i e r  page 
i n  connectl.on with ecol.ogica1 zonation. 

Solution of limestone Qy sea water.-In s p i t e  of the wll-known f a c t  t h a t  -.-- -- --- 
t rop ica l  sea water normaliy i s  saturated o r  supersaLurated with calcium car- 
bonate e number of investigators have suggested t h a t  nerated sea spray and the 
sea maker of rock pools may- become suf f ic ien t ly  acid from C02 l ibera ted  b~ or- 
ganisms t o  dissolve limestone (Fmery, 19L6.6). Kuenen (1950) has recent ly  sum- 
marized tinese various viev:s a d  c i t e s  qu i te  a l o t  of evidence in  support of the  
theory tha t  sea water does dissolve limestone, par t icu la r ly  i n  the i n t e r t i d a l  
zone, even though attempts generally ho.ve f a i l ed  t o  s a t i s f ac to r i l y  demonstrate 
t h a t  the water, excepting i n  small enclosed pools, i s  suf f ic ien t ly  a&d t o  dis- 
solve iimestone. The topographic forms produced by rainwater above .the reach 

&/-??&-@an expesses  the following opini.on about these color zones: 
believe t h s t  your or igindl  suspicion was r i g h t  t ha t  the pigzent i s  indeed of 
the porphysin type, o r  the closely r e l a t ed  bile-pigment ~ o u p .  It is  proba.ble 
t ha t  it is derived from the algal. nigments, t h a t  it i s  acidic  i n  nature, t h a t  
it has p.enetrated in to  Cne lower layers  nhere they form ca.Scium s a l t s  (Vfererner 
Bergmann, personal comunication 3/18/53). Nerihouse has gone in to  t h i s  matter 
more f u l l y  i n  a preceding r e ~ o r ' t  (Atoll  Iiesearch Bulletin No. 33). 

This f i l m  of blue-green algae was mainly m h y s a l i s  crustacea. 



of the sea a r e  s t r ik ing ly  unlike those of the i n t e r t i d a l  and spray zones and 
the bottom topograpiiy beneath lovi water i s  also differen.',. Emery has shown tha t  
intert idal .  gastropods pl.ay an importarit,, i f  mevaluated, ro l e  i n  erosion. 
Newell, Rigby, Tihiteman and Bradley (195.1) and Ginsbu1.g (1953) have concluded 
tha t  mechanical a s  well as  biochemical a c t i v i t i e s  of o r g a n i s ~ s  a r e  adequate t o  
produce tne d i s t inc t ive  erosion forms of the i n t e r t i d a l  zone oil 1ir.estone coast,s. 

On Raroia many of the reef blocks of the  reef f l a t  r e s t  on deeply- un2ercu-t 
pedestals. Tbe pedestals i n  some ce.ses consis t ,  of beachroclr which i s  reduced 
by erosion more rapidly than the overriying reef rod< cnd t h i s  +;en:is fo accentu- 
a t e  t he  d i s t inc t ion  between overhanging cap rock arid. pedestal below. A s  pointed 
out by Kuenen (1933) these pedestal r ~ c k s  are  notciled u n i f ~ n n l y  on all. sj.des; 
therefore, it i s  unlikely t h a t  ection of naves i s  particul.arly involved. I f  so- 
lu t ion  by sea water i s  the dominant process, then I.t  follows t h a t  a t  times the 
waters of the e n t i r e  reef f l a t  musc become sufr'l,cientl.y ecid to  d:i.sscilv~ the 
limestone, since undercutting i s  a s  pronounced on tine reef f l a t  a s  a-t the shore 
and the process i s  no'i; peculiar to  sma2.l enclosed basins. 

Cloud (1952, p. 40) has found thcrt a t  Onotoa the pH o2 tm r i s e s  tontrd a 
maxi.nium of 8.6 in open shoal wa-Ler end 9.1  i n  t i d e  pools during IAe dajr rhen 
C02 i s  be-kg diminishea by g h ~ t o s p t h e s i s .  A t  n ight  ?:hen tke C02 content of 
these waters i.s increasing, pH f a l l s  t o  7.3 o r  8.0. Ee belleves t ha t  it i s  
probably a t  times of lowering of p,'I below about 7.8 to  8.0 tha-i; sol!j'ii.on oc- 
curs (@. a., p. 40). 

The so lub i l i t y  of calcium carbonate i n  sea water unr?er natural  conditi.ons 
i s  rendered p a r t i w l a r l y  complex by buffering e f fec t s  an6 by great var ia t ions  
i n  CO2 concentration. Unfortunately, pi! determinatiiol?~ elorie m e  not very heyip- 
f u l  i n  determining vhether o r  not calcium carbonate i s  being dissolved. o r  pre- 
c ipi ta ted,  but these must be co::sidered i n  conjuncti.on wi.t:? analyses f o r  ti4cra- 
t ion a lka l in i ty  (Smith, 1.940; 'B~eniery, 1946). Wdle precipi ta t ion i s  t ak i r~g  
place, tile pH w i l l  f a l l  because of re lease  of carbon dioxide f roa the bicar- 
bonate, and vice versa. My plans to  make alkal.inity determina%o:?s a t  Xaroia 
were f rus t ra ted  by f a i l u r e  to  recei.ve es~en ' t ' i a l  r e a g e ~ t s  inck16ed in  our 
strike-bound Los Angeies shipment. 

A number of pN measurements were nade wi.th a Gamma e1ectri.c ?H meter in 
an enclosed hj.gii rock pool and on the ou te r  leeward reef f l a t  a t  Garumaoa n i th  
the following resu l t s :  

Large Rock Pool Reef f l a t  
Tine Temp. PH Temp. pH 



, . . .  . . 
A t  5:00 the rock' pool was ?eceiving f resh  sea water. .. A t  otner times 

it mas isolated.  Additional i so la ted  nea~u~ernents  were made several  times with 
the r e s u l t  t ha t  pH values were i r iva~iab ly  above 8.00, too h;.gh for  sol.ution of 
calcium carbonate. 

Rock surfaces of the reef fla-t a id  the l.and are  ge~iera l ly  covere2 by a 
thin  film of a lga l  vegeta'cion '(See A%olT Res. B u l l .  No. 33 on algae). OuYlying 
blocks and s!?ore rocks between .low and high..v:ater 2evel-s are cons;~ici-iously 
colored tan t o  brow and are  pa?...ticularly roughened by eros$.on. A f resh frac-. 
tu re  of t h i s  rock rnvea.ls t ha t  the fi?.aments of blue-green a.lgae peneka te  
the cap i l la ry  f r jnge of the rock md  the en t i r e  surface,  in  p l a c e s  is blanketed 
by the algae. I t  seems l i k e l y  thtit tile ca.rbon dioxide and pos,sibl.yotker 
acids l ibera ted  by p l v i t  metabolism and decay a re  brought into  in+,imate con- 
t a c t  with the sdbstratum, providing an acid environment i n  ~ihich the rock i s  
ra ther  rapidly leached, much a s  a 'liinestone surface i s  leached by a blanket of 
lichen, or  a calcareous s o i l  by plant  roots.  This would expl.ain the marked 
solution e f fec t s  i n  precisely the zone where bhe.-green algae are  r.ost act ive 
on limestone shores i n  the i n t e r t i d a l  and splash zones. I t  also exp:i.a.ins why 
solution e f fec t s  a r e  3bout, the same on outlying reef blocks and in  rock pools 
where pH condj.tions aregenerall-y differeri t .  

Organisms a s  agents of shore eros?.on.-Tie have inferred th8.t the  l i f e  pro- 
cesses of blue-green filamen.tous algae. vihich a re  ssuecial-1.i act ive be'meen low - ,  

water l eve l  and'the top of the splasb zone, r r e  resior:si'cle"for the charac-er- 
i s t i c  pit-ted surface of .the rocks a t  t h i s  level .  Z u t  it j.s noteworthy tha t  
the deepest par t  of the  shore notc5 of the  ;ledestal rocks of' the r e e l  f i a t  on 
Haroia i s  not  below o r  within the i n t e r t i d a l z o n e  a s  might be expected i f  ero- 
sion were accom_olished mainly by inorganic solution by sea ~ a t e r  o r  solely  by 
a lga l  leaching. Instead it i s  a t  the  high wzter l eve l .  Un6.oubtedly d i r ec t  
solution by sea water and a lga l  penetrs'tion of the  rock &re botn s i g l i f i c a n t  
but not dorrinant factors .  The zone of N_e_rLts o l i c a t a  occugies the deepest pa r t  
o f .  the furrow around the pedestnl rocks (Fig. 4 . ) .  Assuming t h a t  the growth of 
blue-green aLgae on and belop: the surface iili.tia.tes er0sj.m by penetration of 
a lga l  filaments i n to  the rock, it may sa l e ly  be concluded .&hat tine raspjlig of 
the softened surface fi lm 'cy gastropod radulae accelerates +he process of lime-- 
stone removal. Neu;house, Doty and tiorrison a r r tve  a t  t h i s  sane conciusion 3n ear- 
lier r e p o r t s . g  Erosior. in the underlying i n t e r t i d a l  zone i s  only a l i t t l e  l e s s  
pronounced. The surfaxe of the reef blocks, more,rarely the shore rocks, is 
perforated, deeply a t  t h i s  l eve l  by a boring gooseneck barnacle v:nj.cn, i n  ex- 
treme cases, recloves as  much as  20 ger  cent of the  rock to  a depth of t ~ o  o r  
three inches. 

Exfol.iation.-Erosion byorganic agencies and by wave action have resvl ted 
i n  many places in  a lorn escarpment one-ha1.f to  one nieter high a t  $he edge of 
the i.s;and conglomerate. This i s  highest on ths  leeward s ide cf the a to l l .  
This bench breaks d ~ n n  by exfo l ia t ion  along fracture  planes a:hich dip seaward 
a t  lorn angles r a ~ g i n g  from nearly h o r i z o ~ t a l  to  about 35 degrees. The frac%ure 
planes cut smoothly through coral  blocks and cobbles. Freshly broken tabular  
masses are  shif ted by the waves exposing f resh  surfaces. These disp!.aced s labs  
remain near the place of or igin  u n t i l  a storni ca r r i e s  them onto the conglomer- 
a t e  platform. 

&/ Atoll Res. Bulls. 33 and 35. 



The exfoliation planes generally intersec.t the  froilt of the conqlomerate 
bench a t  the undercut notch near the ill& water l ine .  It seems probable t h a t  
the hydraulic pressure of storm p;a.ves concentral,ed bel.ow the wd?erhanging r i m  
of conglomerate i s  sesponsib3.e ' f o r  the  fractiires. ' 

' 

. ,  . 
~ .. 

SEDIMENTATION 

Introduction.-Presuzably the' outer slopes of Earoia a t  depths of seveyal ---- 
hundred metem a re  t a lu s  slopes incliqed at  the repose angle. Dorm t;o the 
l i m i t  of d i r ec t  observstion a t  34 meters on the outer slope the botb~m is cov- 
ered by l i v ing  corals  and is kept r e l e t i v e l y  f r e e  of loose sediment,. Gravel. 
and l a rge  viorri boulders of Pori tes  more 'Gmii a meter across &re s+,rem over 
the  f loors  of the  grooves  ere they 'each %be outer slope. The s ize  a r a  cm- 
s t i t u t i o n  of the boulders indicate c l ea r ly  t ha t  they a re  derived fro?. the outer 
slope m.d are  sv$ep.t in to  the grooves by storm waves. 

Sand and gravel of the outer beaches arid rampni;s ecc.umul.a.te .dl inlarid 
from the rock shore where they a re  deposited by storm wives of iater!nedi.ate 
amplitude. T h i s  debris i s  composed part1.y cf c o r d s  an2 Foraminifera t h a t  
l i v e  on the reef f l a t .  There i s  a d i r e c t  ini;errej.ati.azs%i.p arnonr: degree, of ex- 
posure t o  ocean swell, texture, and iieight of the ridges. Tke raicparts pro- 
gressively become higher and coarser where the coast l ine  f o r m  s high angle o r  
an embayment Zirected toxrard the yrevail ing storm 6irectj.oiis. The sediment in- 
cludes f i n e  sand, ~om~os , -a  mainly of broum ?craminifera (knphistee?ina l e s s m i )  
and discoid ?eneroplida.e, the l a rges t  of v%ich a re  about f i v e  o r  s i x  mi..'.linetars 
across. 

Tho prevalence of the b row Foraminifera gives Lh,e sa~ucl decidetil; a reddish- 
brown color. The more conspicuous Forami~i fe ra  of t h  beach sand vrere 011 ob- 
served on the reef f l a t ,  where they cl ing to  tine pa.vemen4;, t o  a.lg"e mid dead 
corals. Det r i ta l  material  i s  inconspicuous and su1;ordin;te to  the Forawi.nifeya. 
mong pa r t i c l e s  of sand size. 

A s  di.scussed elsewnere, the land surfaces behind L'ne outer mrrqar.6 w e  
covered by coarse gra-re1 and boulders of coral, much of which c1earl.g must ha~re 
been derived from the outer slope a t  d-epths of Eore than eight  meters. Much 
of t h i s  materiai i s  coarser than tha t  of the ra~rpar t ,  hence i t  i s  judged t o  
r e p r e s e ~ t  deposits ?.eft b3. hurricances. The outer slopes of the gravel ran- 
par t s  a r e  vjhite i n  color, the normdl color of bleecned coral  debcis, 'cut the  
surface of the  moat and higher ground beyon6 'trie moat i s  stained dark gray by 
a fi lm of blue-green algse, and '&is suppcrls the  view .k>.st thqse surfaces a r e  
disturbed only infrequently and by the grea tes t  storm wa;.es. I'he surface gra- 
vel  becomes progressively f i ne r  toriard ,the lagoon, 

A3.1 evidence, including testimony of the  inhabi-Lants, shows t h a t  the  sedi- 
ments of the  outer reef are driven overlad a.cross tile i n l e t s  o r  to?~a.rd the 
lagoon through the channeis by storms. Ap,parentl;y there i s  relatively l i t t l e  
migration' of sediments seaward. 

According t o  eyewitnesses the l.and is swept during hurricanes by great  
waves from both the ssa  arid lagoon, but the  s e s  waves generally are by f a r  t he  



greater, even on the leeward s ide of the  a t o l l .  Most o f t h e  hurricane winds, 
judging from inadequate records, s t r i k e  Raroia from the  westerly quadrants, 
normally the l e e  s ide of the a to l l .  These reports are  borne out by the f a c t  
t ha t  the highest ramparts and the coarsest  s to rm 'deb r i sa re  found on the lee- 
ward side. Howeverj it i s  clear  tinat the  southeast, o r  upwind, si.de of the 
lagoon receives more sediment tharn does the northwest side. The deepest p a r t  
of the lagoon l i e s  well t o  the nor.thwest of the midline of t h s  lagoon (see 
Atoll Res. B u l l .  No. 31, Fig. 5 ) .  This obse rv~ t ion  harmonizes well rnith the 
f ac t  t ha t  most of the channels occur on .tile wind.v~ard s ide  of the a t o l l ,  and 
these f lov  lagoonward prsc t ica l iy  continuously. 

The lagoon beaches a r e  composed of sand to  f i n e  gravel and much of the 
f i ne r  sediment i s  i d e n t i d  with t h a t  of the outer beaches and ramparts from 
which it evidently was derived. 

Dredging by hand f o r  sediments i n  the iagoon turned out to  be discourag- 
ing. Only f ive  samples were obtained a f t e r  40 unsuccessful hauls, each involv- 
ing laborious recovery of tine dredge. In  several  attempts branches o f  the  
sand-tolerant Acrouorg prolixa were brought up from various depths i n  separate 
l oca l i t i e s ,  leading t o  the  inference t h a t  t h i s  coral  i s  abundant on the lagoon 
floor.  The sediment samples recovered consisted rnakly of s i l t  and sand-sized 
par t ic les  of calcium carbonate. Very few segments of Halimeda were observed. 
I t  i s  supposed tha tmos t  of t h i s  sediment i s  the f i ne  frcaction winnowed from 
the lagoon shore swds. 

General lack of mud-bottom areas i n  the lagoon suggests t h a t  the f i n e s t  
d e t r i t a l  f rac t ions  do not accumulate "wt a re  carr ied out  tine pass i;l suspension. 
The ad jo in inga to l l ,  Takume, which lacks  a ship pass,.  has extensive areas ef 
mud bottom, a s  a lso i s  the case with H i ~ ~ i e r u ,  Anaa, a id  probably other enclosed 
Tuamotu a to l l s .  In  general, those a t o l l s  of tine Tuamotu group with 1a.goons more 

'than. 40 meters deep have one o r  tmo passes and the waters a r e  clear.. 
. . 

. . 
Preliminary report. on the sedimentk (by John V. ~yrne!.-~ack ofprbpe* -- -- -- -- - 

dredging eauipment an3 boats made the collection of lagoon sediments 'at  Raroia 
d i f f i cu l t .  !!evertheless, more than a dozen lagoon samples were col- 

l ec ted  from depths greater  than 10 f e e t  by the use of a biological  dredge,, 
hauled by hand from an outrigger canoe equipped with outboard motor. Sasqles 
were collected a t  po&ts evenly spaced along traverses bet-ureen known llocations 
on opposite sides of the.atol1.  Most of the  dredge sainples consisted so le ly  of 
biological material, but several hauls containing sedimex~ts were made. The 
abundance of bottom coral  vias evidenced by the number of times the dredge caught 
on the bottom o r  returned with only f r a p e n t s  of coral. The dredge caught on 
bottom coral  on appzoximately 90 per cent  of the- hauls. 

The lagoon sediments consist  of recognizable c o r a l a n d  she l l  fragmen.ts, 
Foraminifera, f i ne  sand and s i l t ,  probably derived from .the coinminut-ion of 
she l l s  and coral  fragments,.echinoid spines and other organic skeletons. &&- 
imeda i s  represented in the. :r;ampl.es. Hol~ever, unlike Bikini  and other a t o l l s  - 
of thenor thern  blarshalls remains of $ h i s  alga.compriqe a. very small percen-bage 
of the t o t a l  sediment. . . 

Par t ic les  composing the bottom sediments range from f i n e  s i l t  t o  cobb:Les, 
but f r a g ~ e n t s  of cobble s i ze  were infrequently recovered. Median diameters i n  



the samples range between 0.08 mi aid 0.74 mm. . The average, bused on 15 sam- 
ples, i s  ir, the medi.urn sand class ,  0.56 m. Fie sorting of most of the samples 
i s  gcod -bvt a few of tk,e exhibit  ~nedium .to poor sorting. 

Composition analyses were ma,he i n  order t o  deterrnine percent~?ges 'o* the, 
major .,constituents of the sediment. The samples were divided tindcr the micro:- 
scope in to  she l l ,  coral, Foraminifera, fi-rie sand arid s i l t ,  and. misr.e:l!.aqeous. 
All material  f i ne r  than 0.25 mm i n  diameter was c lass i f ied  as  Fine smci and 
s i l t . .  The miscellaneous c lass i f ica t ion  inc:.udes echinoid. q i n e s ,  algae and 
other material  not  c lass i f iab le  i n  the other groups. 

Generally, f i ne  sand and s i l t  make up the 1.argzst y rcen tage  of each sax-- 
ple; i n  one ca,se 79 per cent. The averase percentage, bbsed on 3.5 sehpies, 
hoxever, i s  42 per cent. Coral fragments are ccmsistent i n  maki:ag up i'a.ir-si.zed 
portions of each sarqYLe, werasing 25 per cenk, bok comprising up t o  60 per  
cent of some of the  samples. Foraninifwe, averagiag 16 PUP cent, mdce up no 
more than 25 per cent of any single bottom sample. Wisce'llan~ouo" matcrizl, in--  
cluding unrecognj.zable material, comprises not  more %an 10 per cent of any sun- 
p le  and averages 3 per cent f o r  t i e  15 samples. 

The beach samples have not been cow$letel;i analyzed, but prel.itniiary stuily 
ind:.cates t h a t  sand i s  more t h m  75 per cent of the material.. Smpling e r ro r s  
may be responsible f o r  t h i s  high value, f o r  f i e l d  observations seem t o  indlca5e 
tha t  material coarser than sand i s  niore abunda~ t  tlhan prelimi.nary studies slrot;ed. 
It may be pointed out  t ha t  Foraminifera slake up more than 85 per cellt of sone 
of the beach samples collac-Led. 

!he lagoon bottom samples obtained at  Haroia a r e  not  adequxtefor  the  de- 
tern~ination of d i s t r i l ~ i t i o n  patterns; however, tnere are  points of resefiblance 
with the d i s t r ibu t ion  of eedi.ments obtained from previously stud.ied a to l l s .  

A t raverse  across Raroia !.agoon opposite Garmaoa vi l lage shows timt the 
percentage of Foraminifeya i s  greates t  close t o  shore on both s ides  cf %he a t o l l .  
Likewise, she l l  fragments make up a l a rge r  percentage of sediment near the is- 
l e t s  than in  the center of the lagoon. Deposits i n  the Geeper pa r t s  of the  la -  
goon a r e  dominated by f ine  sand and s i l t  which decreases toward 'the rim of the 
a t o l l .  The r e l a t i ve  abundance of niiscellaneous rnatwial i s  fa i . r ly  uniform 
throughout. The coral  constituents, however, a r e  irregul.arly distr ibuted.  We 
abucdarxe of patch r ee f s  throughout the lagoon may account f o r  t h i s  lack of 
trend. The d is t r ibu t ion  of sedi.ments, a s  suggested by the fevr available sam- 
ples,  resembles those observed by K. 0 .  hery f o r  %tol ls  of the  nortliern Uar- 
sha l l s  (personal comnunication). In  f a c t ,  tne only corispicuorrs difference be- 
tween the two areas seems t o  be i n  the r o l e  pl8j7ed by 11al.iriieda. In a t d l s  of 
the northern Marshall Islands, Iia7.imdg rliakes up a 3a:or portion of tne sedi- 
men-t, par t icu la r ly  i n  deeper par t s  of the  lagoons. A t  Raroia it i s  ins ign i f i -  
cant a s  a sediment producer. 

The patch r ee f s  supply much coarse sediment which tends to  complicats tine 
over-all pattern of deposition in the lagoon. I n  general it may be said tha t  
Foraminifera and s h e l l  fragments make up a la rger  per cent of the  seclirnen-t i n  
a zcne around the outer edge of the  lagoon than elsewhere. Tlese consti tuents 
are probably equally abundant in  the central., deeper areas of the  lagoon where 
they a re  masked by f i n e  sand and s i l t  which accumulates tnere. 



Lagoon-beach sediments on the mindnard s ide of -the a t o l l  consis t  primarily 
of f ine  material, mainly ForLmin:'.fera. Lagoon beaches on the opposite s ide  of 
the ' toll  are  more exposed. They a re  composed esscnt2ally of coarse she l l  and 
coral  fragments. %here these fragaents are  abund,mt, they . a r  usually depo~i . ted 
in  small beach ridges. There are,  hor:!ever, areas on both s i6 .e~  of the a t o l l  i n  
which the above general.ization i s  reversed.' l5e  seaward sid.es of the i.slands 
a r e  characterized by coarse cob'o1.e and houlder ramparts nnd ridges, s tor~n 
beaches behind beachrock areas, and ne1.l sorted accumulat.ions of sans in dspres- 
sions; both along the landward. margln of the  reef f l a t  and on the is land cnglorn- 
e ra te  behinc! the reef f l a t .  I n  general, the more exposed shores are  character- 
i z e s  by coarse material., mhereas protected areas have accumulations of f i n e r  

, . 
material. 

Distribution of Foraminif era  (by J . Sperrazza) . -L preliminary survey of -- 
sedicrent samp?.es frorn Raroia a t o l l  revea!.~ the usual tropiccil shallow water 
species of Formnbifera of the Indo-Pacific fauna. !,!Itmy of theee range from 
southeastern Africa t o  the Pol.ynesian Islands. , Tne ForanLlifera are  closely 
re la ted  t o  thoss of Samoa. described by Cushiiisn (1924) and those of the Xerimba 
Archipelago of southeast Africa covered. in  s tudies  by Heron--Allen mc? Ear landtw.  
Several of tne Raroia species a r e  hovm from E a ~ a i i ,  the Phil.i;,pine region, the 
iVIal8y region md  Funafuti. 

B check l i s t  and a t sb l e  showkg the percentage of forai~~iniferal .  content 
Per sediment saaple a r e  presented in  t h i s  prelilriinary survey. Volumetr:l-c ma-  
sures were used i n  estimation of percentages.. The For.an5:nifera were s e p r a t e d  
froin a representc".tiue sample from each s t s t i on  and voluroetricaLlg compared 
w i t h  tiie t o t a l  represe?.tafive sample. 'Pke det~xwYntitlons are  be l iewd .to be 
accux.ate within an e r ro r  of plus or  mbuc: t k e e  per cerit of the recognizable 
f oraninif era!. fraction.  

The beach sands shorn vax;ying.percentages ranging from 0.1 per cent to  72 
per cent i n  Foraninifera coni,en?, depending, probably, on tiie degi-ee sor t ing by 
waves. Shoal reef benthonic forms of l a r g w  Fwrainjnifera are  abuxi2ant m-d 
generica1l;ig represented by 8krg i~opcra ,  Sori tes ,  im~;i;lj.sorus end Ammiste~ina.  
~'unphistegtna i s  by f a r  the most abondant form and appears i:2 all. sam$es. SmaLl - 
and la rge  foi-ms of ii4iliolidae are  a lso common ir, the beach sands. 

The dredee sam:>les shovr a r ich ly  divers i f ied fauna v i t n  dept'n, Fan~i l ies  
com?!oniy represmteci are  the bJiliolidae, Aqihisteginidee, Peneropl.idae, Valw- 
!.inidae, Textularidae, Cymbalopo;dae m d  !aomil7kidae, n i t h  the great.est diver- 
s i t y  of genera occurring i n  tke  family 3!iliolidue. Less abundmCLy represented 
are  t,he Alrreol.iilidae, Camerinidae, Iieterosteginidae, Nonionidae, Iqen idae ,  
Fi.scherinidae, Buliminidae and Rotaliidae. 

Pelagic forms are  present b u t  of ra re  occurence. They &re represented by 
"Jlobi&!erina and the aciu1.t floati-ng stage of w m p h a l u s .  ------- 



The t e s t s  of For;ur,inifwe i n  lagoon sediments may cl.assed ia depth 
zones a s  follows: 

. . .  

Zone 1.. Depth range 0 -- 6 meters 

Zdne 2. Depth rmge  6 - 30 meters 

Zone 3. Depth range 30 meters and over 

Per cent 
of t o t a l  Location S i k  - -. - - -- -- -.- -- -- 

7-9-1 22.0 Smd from s1na2.I beach behesxi eeavard r e e l  f1a.t 
and beach rock a-t t-ravsrse north of Garumnoa vi.L-- 
lags. 

7 -94  25.0 Out,en beach sand ju s t  i?sic',e conglmerate platform 
a t  Garumaoa traverse.  



Sand and gravel 10 meters inland from outer plat-  
form of beach rock; f i r s t  zone of coarse material. 
st Gari~maoa traverse. 

.. . 

Sand and grzvel 2G meters i.nlc;nd from muter 2l.a.L- 
form of bewh rock a t  Garimaoa traverse.  

. . 

Sand and gravel inland from prececiirkg s ta t ion,  
Scaevola zone a t  Ga~umaoa traveme. 

Gravel, laeoon beach, Gwuuiaoa t-xansect. 

Yeach sand from henea-th l a rge  cobbles jus t  below 
sriiall ridged of gravel :of sample. 7-13-1. 

Coa-rse sand from laqoon beacn j u r t  north of Garu- 
inaoa vi l lage.  

Fine said taken near Garumaoa v i l lage  on l.agoon 
beach, 

Pink foraas on piece of dr. if t  (lagoon shore). 

Sand from depth of 6 inches in t e s t  p i t  C(4). 

Sand from t e s t  pit, A(5) botton 3 f e e t .  

Lagoon beach s8nples collected south of Garumaoa 
vi l iege.  . . . 

Lagoon beach soubh end c f  Garumaoa I s i e t .  

From pocky point near s a w l e  7-26-2. 

Legoon beach xt enibayi~snt behind spir to  scutk of 
Gurumaoa v i l lage .  

Lagoon beach south of Garumaoa v i l k g e .  

Legoon beach south of Ga.rumaoa vil lege.  

303 meters south of old  pier ,  Garumroa vi!.Lage. 

A t  2arue pass, lagoon beach between gravel ridges. 

Lagoon beach, no'tn s ide of channel mouth south 
oi" T~keke ;sl-r:t, south of Gaxe  pass. 

Lagoon beach, north s ide  of ckannel south of Termri 
I s l e t ,  south of Game pass. 

Lagoon' beach, north end Korere i s l e t ,  south of pass. 



Lagoon beach, s w ~ t h  s i d e  of  incom~l.ete channel, 
Korere i s l e t . ,  south of phss. 

Lagoon beack, 20 meters no? t,h of incomp3.e he chmb 
.riel. Between Tonogagie aad Gsrwmoa Isl-et .  

Pat,c:h reef top  near  sooilth end of  la~;con. 

Patch ree f  top  near  south end of  iagoor.  

Lagoon beach, Iiakipulru . 
Lagoon beach, K&.;cipuku. 

Lagoon beach, Kahuruna. 

Outer beach, Oneroa. 

Sand pstches bet~reen c o r a i ~ ,  lagoon pave;;ient Lot,- 
tom, 10  feet, o f  water, o f f  secon6 ciiannel niowth 
nor th  of Oneroe (Xarie).  

Dredge ;;arny;le, lagoon ha l f  way betwee11 Oneroa an6 
Garurdaoa v i l l a g e ,  

Dredge sampl-e, lagoon 300 n;eters e a s t  of Ohaoa 
patch r e e f ,  near  Cwuinaoa v:'~llage. 

Dedge sam;jl.e, lagoon 2.00 meters e a s t  of 0vel;e 
patch reef  nea r  C~.m~maoa v i l l a g e ,  dep-th 'I() f n c t .  

Dredge saxple, lagoon, ha i f  may b e t e e n  O'av:? r e e f  
and o l d  whmf, iieer Carumaoa vi!.laye, GepLh 6'; f e e t .  

Dredge sample, 'lagoon, 200 meters sou-Lh'iiest of  
Kumekurne I s l e t ,  depth Lg5 f e e t .  

Dredge sai~i:.)le, lagoon, i4.00 me-Lers sout'riwest of 
'Pom0gagj.e I s l e t ,  depth ' i O  f e e t .  

Dredge sanple, lagoon, 100 meters e e s t  0;" end of 
Mi.ramirau r e e f  spur,  sou ti^ 0:' S;cumeoa vi.l..lage, 
depth 40 fee-b. 

Dredge sampl-e, lsgoon, 4.03 meters sout ,hwst  of 
O~ie te  patch r e e f ,  nea r  Car.uiiiaoa vil!..age, depth 60 
f e e t .  

Same locati-on as &?-1.3-/+. 

Beach sanple, ocean s i d e  r t t  extreme nor them t i p  
of Raroia ; to i l .  



8-13-1.1 

8-1.9-1. 

8-20-1 

8-20-2 

8-20-3 

8-21-1 

8-.21-2 

. . 
g-21-3 

8--21-4 

Bottle 

Roach smple ,  lagooil s ide a . t  extreme n ~ r t h e r n  t i p '  
of Raroia a t o l l .  . . 

. , . . .  

.Dredge sam?le,..,l&oon, .. tdim off  i'leu~ouengo i n l e t ;  
, . . .  

depth 150 Peet. ,.::.. . . . .  . . . 
. . 

Beach smple ,  lagoon s26e at i.'et?w. .. . '. . ' 

Dredge sample, lagoori, 530. meters west of Piuikau- 
tar inga I s l e t ,  'deptkr.89 f s e t .  

. . .  . :  ' 

Dredge sample, lagopri, !GOO imeters west o'f' Xnta, . . 
depth 70 feet .  . . . . 

Dredge sa i~? ie?  ceriter of lagoon 'Let~een Frrkatnmo 
'I'ahuna Plaro, depth 1.10 fe&. 

Dredge sampl.e, lagoon, 500 meters ea s t  o f  Tetou, 
depth 90 fee t .  

. . 

Dredge sam?le, lagoon, 1000 qe t e r s  eas-t of Tetou, 
depth 85 f ee t .  

. , 

Beach sample, seavmrd si.de a t  ~ e f &  I s l e t .  

Contains f o r m s  collected on seaward reef ,  G;trurne.oa 
I s l e t ,  z t  f i r s t  +,ransect. 

In sunmmry, the followirig conclusioris inzy be d ram wi- threspect  t o  the  
Forminifera  of Raroia: 

1. The lagcon and outer reef of Ra7-oie Atoll  support a p r o l i f i c  foram- 
i n i f e r a l  fauna. 

2. Formini fe ra l  l i i ne smds ,  s i l t s  2nd lnixtures of these Bere found t o  
be the predoiainant types oY sedi.ments i n  the lagoon. 

3: A l l  samples collected i n  and around the le.goon coqtained Fwemi~ i f e ra ,  
ranging from .1% - 72%. The greater percentages of Fortminifera to  other con- 
s t i t uen t s  occur along i;he shallow, southeastern o r  windw1.d s ide of .Che lagoon . . 
and i n  gaeral, the  smaller nercsnta&s appear t o  occur a t  the  greater depths 
of -the Lagoon arid al-oilg tke outer seavard reef .  . . 

. The outer rind inner block sands and patch reef smde contain s i x  pre- 
dominant species. They d i f f e r  chief19 & rel.ati.ve a'oundance of ind.i:riduals 
of those species. The test,s may be la rge ly  derived from t i e  reef f l a t s .  

5. I n  general, there i s  a decrease i n  r e l a t i ve  abundance o f  Fors!cin?.ferp, 
. .  , .  

with depth. . . 

6. The sediments of Raroia lagoon contain e. r ich  foraminifera1 fauna 
consi.sting of 55 gsnera and 125 species. Amphiste;tina lessoni ,  was fouGd .to 

. . .  
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be most abundant i n  outer and inner beach sands and on shallow lagoon bottom 
l e s s  than s i x  meters deep. hnhiisJ;eging &agascarexis, '~hich is comnor~ i n  
the  beach sands, i s  the most ahn3ant  form in  the lagoon beL:oining r a r e  only a t  
the  greates t  depths. Marei.nqgg vc r t eb ra l i s  i s  a colnmon a s s o ~ i a t e  of 
Amghisteginn 2.essoni. i n  the beach sands, and has a simi1.m hathymetric d i s t r i -  -- 
bution. L t  a t t a i n s  maximum dimensions on the seaward reef. 

7. O f  the  t o t a l  of 126 species, approximately 22% tvere Tounc! onip i n  khe 
beach sands of the  inner and outer r e e f .  These a r e  indicated .i.n the distr2.b- 
t ion chart. U11 of tne species found i n  t he  outer beaches are  also represontcd 
i n  the lagoon samples. This i s  t o  be ex.nected since sediments a r e  continually 
being so:ept legocnwerd by storm waws. 

Ork in  of Island ~oilglomera.te mrt BeachrE&.- 
The sol id  rock of the  islands of Haroia consi.sts rnafn1.y of t i ~ h t 1 . v  cenien-Led - .  

gravel of low porosity. The coarsest texture,  6,0min3~-t:?y of cobbles and bould- 
ers ,  is found along the seeward coast, par t icu ia r ly  on the l e e  s ide of +,he a t o l l  
and along the windward shore of the lagoon. Some of the  shore outcrops on tne 
upwind s ide of the  lagoon consist  of fine-grained ca lcmsni te ,  but even d o n g  
t h i s  sheltered shore much of tile beachrock consis ts  of pebVled sandstone w.ith 
fragments an inch o r  so i n  diameter. 

The f~a,goen-tal. cotistitnents of tiie rock are  aain1.y broken and tvom co!.cilies 
of corals. An occasional disoriented reef  block, kowever, i s  :ncor!mrated in or  
welcled t o  the conglomerate. T!lese blocks a r e  compose<. of en t i r e  colonios of . . Pocil.looor- e!.e~ans_ i n  pa ra l l e l  arraxgement bound togdhe r  oy 'O~oghg~. 21&0592. 

On the leeward outer shore there are  erosional rennants of one o r  more lo?$, 
pa ra l l e l  ridges, old  beashrock ridges slong the seaward l e e  snore, composed. of 
s t r a t a  o'f fine-grained conglomerate dipping searrard a t  i 5  degrees t o  20 degrees. 
These ridges form iow cuestas a few cen-timeters t o  about one rceter high bebmeen 
shaiiow t i d e  pools. The ridges original1.y extended sea-iard as  much as  20 t o  30 
meters a s  shoen by detached low ridges on the reef f l a t  pa ra l l e l  t o  the shore, 
and nearly ob l i te ra ted  by erosion. Tinese generally have been completely cut  
away by the rraves an the winikard shore. 

Inclined beds of beachrock are qu i te  r a r e  along the lagoon shore. A t  most 
of the outcrops the rock i s  essent ia l ly  unsJ;ratified and it i.s exposed i n  a low 
ledge with a vertical. face  which r i ses '  from 3 . o ~  water level ,  os a few centi- 
meters bel.ow, t o  a s  much as  25 centimeters above normal high water. Gll?ar!.y 
the rock has been eroded t o  soine exten-t sad the normal lagoon~arc!  incl inat ion 
of the s t r a t a  of the original. beach nas been cut  away by ercsi.on. 

The modern beaches arid ramparts sh~i:. no tendency f o r  ceicent.ation, perhaps 
because they are  frequently disturbed by storms. Small lx tches  of blue-green 
algae on the sand beaches l i g h t l y  bind together thin crusts  of t?ie smd,  but 
these a r e  not cemented by cal..cium carbonate. !float areas behind tiie Lagoon shore 
ridges and behind the seav~ard ramparts, p a r t i c u l a ~ l y  tinoue of the windward s ide  
of the  a t o l l ,  frequently a r e  inundated bg the sea. In rna.ny places these areas 
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Occunencc of Foraminifera fcom the nhoze-tando 
+ indicates seaward reef 

Textuiaria conica dDrbigny 
Texruiarla corrumra HEmn - Allen and Ear? 





a re  actual ly  below 'the l eve l  of bigh wa.ter. h e r e v e r  a surface i n l e t  i s  lack- 
ing, sea water seeps through aad beneath the gravel r a m p c r t a t  high ;-iater 
stage. Tilese places are  svmipy and are  urids~1a;in 'c~y orcjanicnuck an* smid. 
Moats with surface RCCeSS t o  the sea a-t high water lcivels corr!nonly are  fret? of 
muck and have a firm f loo r  of gravel and sand. It i s  p a ~ t i c u l a r l y  i n  these 
areas  t h a t  cen,entatlon of the  sediuen-ts by calcium carbonate i s  taking place. 
Here blue-green algae extend several  mi.lli!net,ers into  tile s e d i ~ ~ e n k s  iind in to  
the coral  fragments. Benesth the grav s ta in  of the  surfzce. i s  a thin  green 
layer  colored, probably, by chlorophyXL. . The pebbles and smd arc- here and 
'&ere uound together by filaments i n to  a f i m  *riable f ab r i c  several  ceutimeters 
thick. The sediments immediately below the a lga l  c rus t  are  1igktl.y cemer~ted fo r  
a fern nillime'ters, below vihich the rock i s  fi.mi1.y cemented. 

. .. . . 
. . .  

Without exgerimental &eta it i.s d i f f i c u l t  t o  judge the funct?.on,. i f  my, 
of the  blue-green al.gae i n  cementation of the sediments. Certainly the binding 
action of the a lgae i s  of s i g n i f i c a c e  la anchoring the sediments u n K L  they 
can become ceicenteii, a process r:hich on Xaroia evidently r equ i r e s  much more t h e  
than elapses between si;orms (Cloud, 1952, p. 29). It i s  also possible tha t  the 
algae diseblve calcium carbonate a t  surfacas of contact. If so,- t h i s  dissolved 
calcium carbonate might be avail.ab1.e f o r  cementation imrned.i;.-tely below the sur- 
face. 

I agree" r.ith K. 0. Emery (personal communicatj.on) t h a t  saa. water, ,vhich j.s 
saturated with calcium carbonate, i s  probably the most important source of the 
cemenking agent. There i s  1 i t t l . e  evidence .chat m e t e o ~ i c  water plays a s ignif i -  
cant  ro le  here. Normd. sea water floods these moats twice aa.ij.y, and f o r  hours 
a t  a t i n e  the areas a r e  exposed to  the  a i r  vi.ii-t,h consequent concentratj.on of 
s a l t s  held i n  the sediments. It is highly probable 'chtl-t lime i s  precipitated 
under these conciitions and t h a t  pa r t  of it i s  incorporated a s  cement i n  the sedi- 
ments. 

There are  two :other s i tuat ions  i n  which l i th i f icwt ion  of sedi i~ents  appar- 
en t iy  i s  takifig place: The t e s t  pits and water wells on Garumaoa ' I s l e t  contain 
f r i a b l e  sandstone below about the  highest  l eve l  of the  f luctuat ing 'vvater table. 
The water ranges from brackish t o  fresh. and ~resuniably. i c  sa.turated vj.-th cal- 
cium carbonate most of the time. Rain water, percolating down through the loose 
sediments car r ies  dissolved 1.iine -to the  water ta'ble where it i s  concent~a.ted. 
There i s  no indica-ti.on of large scale upvard migration 9f calcium ca r tma te  Sy 
ca;3illarit;. t o  form caliche. Evauoration r a t e s  probt~bly a r e  not  hi.gh under ex- 
i s t i n g  mild climatic conditl  -ens. . . 

Tne th i rd  condition. i s  encountered on the seaward reef f la t . ,  par t icular ly  
on the windward side of the a tol l .  a t  the  edge of the conglomerate p~.atforn, 
where coral b1,ocks and reef blocks are  occasionally nelded loosely to  the reef 
f l a t  by aeans of blue-green algae. Algal blackened coral  slabs, mainly Acropora 
conigera, imbricating toward the sea, form continuous Fatches of rub5l.e i n  the 
i n t e r t i d a l  zone. Fresh f rac tures  reveal  a green layer  of l i v i n g  algae beneath 
the blackened surface film. A t  first examination it seems t n a t  the conglomerate 
platforn. of the vjindward shore i s  being extended by deposit ion ~ t ' t h e  shore of 
coral  rubble. However, closer examination indicates  t ha t  the rock platform i s  
generally retreating.  The a lga l  cercentation i s  not permanent under exist ing con- 
dit ions.  An e a r l i e r  margin of t he  platform is ident i f iab le  by the erosion rem- 
nants and can be mapped v:ell out  on the reef f l a t .  Appareutly reef blocks a r e  
temporarily and loosely attached a t  t he  shore t o  be l a t e r  str ipped away during 
storms. 



Cloud, P. E. , Jr. (1952) PreXiininar~ r s o r t  on p:eology f,t-w~~d. !i~_arL?Se~e _en- 

Crossland, C. (1928a) Cord  r ~ e f s  of Tahi t i ,  I&o_q~c~, & riarotmga:, 
Jour. Linn. Soc. London, vol.. 36, p. 577-620. 

( 1 9 2 8 b )  Notes on the ecolow cS the reef-bui?.de~s of' T a h i t i ,  2901. 
Soc. London, Proc., p. 717-735. 

( 1 9 3 1 )  The coral  ref's of T a h i t i  pnipared v i i - &  ,%be Great i iarr ier  
reef's, Geogr. Jour., vol. 77, p. 395-396. --.- 

- (1935) Coral faunas & Q.5 a& 7,ehiti, 2002.. Soc. Lonr:on, 
Proc., p. 499-5C.4, plc'. 1-3. 

Cushman, J. A. (1924) Sarnoan Foraminifera, Carnegie Inst . ,  Pub].. Y+2, 
75 pa. 

B~.ery, I:. 0. <l9&) gg.kg, om$& b a s i n ~ ,  Sour. Csol.., vol. %, 
p. 209-2S. 

;: Trscey, S. I., JY.; and Ledd, H. S. (1949) u k ~ ! = . p s  z o l & y  g n  
tonogrzpb.~, & t& riori2nern Fvia~shG.., Am. Geo~~hysical  Onion, Tr., - 
v d .  33, p. 55-58, 

Ginsburg, Eobc. X. (1957) Intm+,idel  ero?i.on on. Qs flor3.da &A, R d l .  
Marhe Sciznce of the Gulf cad Caribbeaz, Contr. 98, Msr.. La?,., 
Univ, of Niani, p. 55-69. 

isdd, ti. S. ; F.'e13.s, John W. ; and kherp, K.  CI. (1950) 01yp~a~~ gx'oi'~t.h and 
sef.iments.tion - on - an - 9  ato?.l Jour. Geol., vsi .  58, i??. i,, p, C.0-425. 

Newell., N. D. e t  z l ,  (1951) Shoel-aber ~ e o 2 . o ~ ~  and envi.ronn.?r&, e?.stern 
h&r3s - 2  i s land - 9  Bahams Am. %us. Nat. Hl.s.c., FW.!.., vol. 97, ar*. 1. 



Rmson, G. (1952) ;tote s u r  la. cawe probable de llabsenct: de r e c i f s  
-, -- - -- -- - --- - -. 

coral l iens  aux i l e s  mmq&ises n t  de l l a c t i v i t e  reriuits des cor6ux - --.--.-- - --.-.-..----.-.----- 
recifaux g Tshi i i ,  aux Tuamotu, tim 1izwai.i e t c  Compte Rendu --- - - ,7- ----; - :9  

Somaire ues Seern.ces de l o  SocLete de Biogecgrcphie, nos. 2L8-iL9, 
p.  3-11. 

Smith, C. L. (1940) The Great B n h a s  u, Jour. Marine Resezrch, vol. 
3, p. 147-189. 

Steams, H. T. (1945) geoloeic h i s to re  of Pacirl  c bas&n, Am. 
Jour. Sci., voi. 21J, no. XI-, p. 614-626: 

Tracey, J. I., Jr.; Ladci, H. S.; and Hoffiieistcr, J. 5. (1-9~8) Reefs of 
Bikini Marsha& Islands,  Geol. Soc. Am., Bull., vol. 59, p. 861- -2 - 
878. 

Vaugi~an, T. W.: and NelLs, John '8. (191,3) Revision of "~1border5, f an i l i e s ,  
and genera of Sclesactinia,  Geol. Soc. Am. Spsc. Paper 44, m, 363 pp. - 




