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- - 
ABSTRACT 

Onotoa i s  a "drytt a t o l l  j u s t  south of the equator 
. .  , 

national d-ate Xne.  I t s  yeorly r a i n f a l l  ayer:iges only 

snd west of the in te r -  

akout 40 inches, 

droughts occur periodically,  and ground cover vegetation i s  sparse. Island 

deposits a r e  almost exclusively unconsolidated cal.cium carbonate gravel and 

sand, the gravel ma.in1.y toward the sea and the sand mainly 1agoonv:ard. Kith- 

i n  t h i s  permeable meterla1 and the permeable reef-rock beneath, ground water 
. . 

f l o a t s  in  hydrostatic balance sea water below. To7:ard the cent,er of 

islands more than 8.bout 1900 f e e t  r i de  t h i s  wnter is  generally gotable. In  

narrovier pa r t s  of islands,  however, it becomes brackish a t  times of drought, 

resul t ing in  the  dent,h of Sreadfruit ,  taro ,  and even coconut t rees .  Soi ls  

are  simply the calcium carbonate sediments, v i t h  a humus layer  not exceeding 

about 10 inches and an average pH of about 8.1. 

The shape of the La~oon hottom i s  derived from echo sounding ar.d d i r e c t  

observation. I t  comprises three shallor: basics (maximum depth 8 fat.homs) 

t h a t  a r e  separeted from one another and from the sea beyond by s t i l l  shallower 

water, the vihole r:Fth nume7ous s m d l  patch r ee f s  tkt r i s e  t o  o r  near the  

surface. The near-surface framemxk of the  Onotoa reefs  consis ts  primarily 



of  t h e  blue alcyonarian @e?.io?orii, a genus t .bat i.s n o t  extens.;vel.y 0.eveloped 

t h e r ?  mong now l i v i n g  cora l s .  ??.sh a r e  shom t o  be important i n  the  produc-- 

t i o n  of  1agoon.d sodinients. 

The sediments, s o i l s ,  arid surface  vieters of t h e  i s l a n d  a r e a s  of Ono-tea, 

and t h e  ecoiogic zones and depc,si ts  of' its shal loa  mari.rre waters,  a r e  here 

provisiona1l.y described and c l a s s i f i e d .  Prel iminary i d e n t i f i c a t i o n s  .of co ra l  

co;lections i n d i c a t e  them t o  inclnde ebout 26 genera and 50 t o  60 species.  

Lini.ted soser~at:.on:i' ol: t h e  chemistry and move:nent of some of the  s h a l . 1 0 ~  

marine waters show a d i m n a l  v a r i ~ t i o n  i n  pH and an out-flov~ing gravi.ty cu r ren t  

a.cross t h e  windward peef f;.ct and upper benched r e e f  s lope,  During t h e  day 

pH r i s e s  and p r e c i p i t a t i o n  of CaC03 ?rolscbly occurs i n  very shallou: r a t e r s .  

A t  n i g h t  pH f a l l s ,  favo?ini: so iu t ion  of CaC03 i.n i n t e r t i d a l   environment.^. 

Doininance of so lu t ion  e f f e c t s  i n  t h e  shore zone i s  bel ieved t o  resu3.t from 

constant  f lushing of p -ec ip i t a t ed  products.  The out-f1ov:ing g rav i ty  current  

i s  belie-red an im2or-:ant f s c t o r  i n  o r i g i n  of o.ffst!oye grooves and surge chan- 

n e l s ,  through abrasion by 3eLri.s i n  t r a n s i t  semmrd st t5.mas of Sench 

t runcat ion .  

S t  i s  a r m e d  t h a t  biue-teen sedhent-binding and l ims-prec ip i ta t ing  

e lgae  &re  im>ort.an+, in fnl-mation of bea.chrock, presurilably both through bonding 

of successive s m f a c e  l a y e r a  and through i n t e r s t i t i a l  p r e c i p i t e t i o n  of CaC03. 

Ato l l  i s l a n d s  Ere b u i l t  on s u f f i c i e n t l y  wide r e e f  foundatisns a t  o r  near  

'he su r face  of t h e  sea  a t  a &is-tance from the reef  f r o n t  determined by l o c a l  

fo rce  of storm naves and t o  a. :;i.dth determined by time ai:,d supply of sediment. 

F i r s t  a gravel  r idge  o r  rampcrt i s  erec ted  by storm naves on t h e  r ec f  f l a t .  

On . t h e  . lagoon s i d e  of t h i s  gravel  rampart the  sandy portj.ons of  t h e  i;.slands 



grow by longshore d r i f t  of reef f l a t  debris and by wind action. Erosion , . 

occurs mainly a t  times of storm by breacilj.ng o r  complete removal of i s l m d s .  
. . .  . 

. . . . Onotoa provides addit ional evidence i n  support of the now well-documented 

6-foot eus t a t i c  f a l l  . .> o f  sea level.,  t h a t  began probably more than 4000 arid l e s s  
. , . .  . , . .  . 

than 7000 years ago. The evidence consis ts  of elevated Helioaora f l a t s  and . . ' ... . .  

elevated cobb1.e stri.pes such a s  are knom to  form only- on tile reef f l a t .  Yie 

super f ic ia l  appearmce of mo2ern reef surfaces i n  the t rop ica l  b e l t  i s  at -  
. . . . .  

t r ibu ted  primarily to  whether they reere vrithin6feet of sea l eve l  when t h i s  

recession began. 



This r e p o r t  presents  some of the  preliminary r e s u l t s  of an in teg ra ted  

program of f i e l d  s t u d i e s  on t,he t e r r e s t r i a l  and marine botany m d  zoolo,g.~, 

geology, and antl~ropology of  Onotoa ( nz '  tg a ) ,  a  "dry" a t o l l  i n  t h e  eouthern 

G i l b e r t  I s l ands  { t h e  Kingsmill Group of  e a r l y  records).. These s tud ies  vere  

made by a f i e l d  tea:a of t h e  F'acific Science Board dur ing  l a t e  June, Ju ly ,  and 

August of 1951. 

' Yne Gi lbe r t  Islanc?s ( f i g .  1 )  s t r aZd le  t h e  equator  j x s t  west of t h e  i n t e r -  

n a t i o n a l  d a t e  l i n e ,  and the  posit,ion of  t h e  anchorage a t  t h e  viest s ide  and 

toward the  nor th  end of 9noton vies determined by Ens. Lee Nehrt of USCGC 

IWettle" a s  1°47133" S., 175°591?0" E. ( U .  S. Hydrographic Office,  1350, p. 51, 

s t a t e s  "northwestern end i n  1°4b1 S., 1750301 S."). Onotoa i s  t h e  most 

souther ly  a t o l l  of t h e  group, though 'w:o !'reef (~amana and Arorae) 

l i e  s t i l l  far-%her south. 

Operations were c a r r i o a  out  from a temporary base camp adjacent  t o  t h e  

Government b t i m  on ti& more n o r t h e r l y  of t h e  t~:o main i s l a n d s  of Dflotoa 

( f i g .  2).  Mtiker-ial.; azd aa~uipmnt  f o r  camp and t echn ica l  opera t ions  vere  

asse!nk:led a t  Kv:ajille5n 2nd transported t o  Onotoa by t h e  U.  S. Coast b a r d  

Cut ter  "Net~l.--," under tiomland of Lt.  M. E. Katonz. 

Mi bothuica l  names s scd  i n  t h i s  r e p o r t  rrere supplied by D r .  E. T. Noul 

and represent  e i - t h r  hi.? prov+.sional f i e l d  i d e n t i f i c a t i o n s  o r  my e x t m ~ s i o n s  

of them. A l l  t i t m t l o n s  f o r  s8.linity f a c t o r s  r e r e  mede and ccmputed i n  t h e  

f i e l d  by M r .  D. E. Strasburg,  r:y a s s i s t a n t  i n  tho geologic f i e l d  s tudies .  

Preliminary idcn t i i ' i xDlons  of co ra l s  were provided by Dr .  J .  P?'. Wells, of  

arthropods by D r .  P. A. Chace, and of mollus!cs by D r .  H. 8. Rehder and N r .  

R. T. Abbott. 
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G&iF2&L SETTILG RND CLIMATE 

The general se-tt,ing of Onotoa with reference t o  currents,  winds, and 

geogra2hy i s  shown i n  f igure  1. This a t o l l  l i e s  betmeen the west-flowing south 

equatorial  current and the east-flowing eauatcr ia l  countercurrent. A loca l  

north-fioning current i s  sugges-ted by the f a c t  t ha t  during our s tay there a 

marked swell from the s m t h  produced strong s u r f  on exposed l e e  reefs  t ha t  

face the soutbi ( f ig .  2 ) .  At. the sane time surf v:as weak along the s t re tch  of 

l e e  reef north from the mchorage around the north end of the a t o l l  to  the 

l a rge  nor them island ( f ig .  2 ; .  

Accoreing t o  the zap on which figure 1 was based, Onotoa l i e s  a t  about 

the northern l i m i t  of the southeast tre.da winds. During l a t e  June, July,  

and August of 1951 the &nd blew almost s teadi ly  from a l i t t l e  south of ea s t  

t o  nearly due eas t ,  with the excep+ion of recurrent ?inds from the west on 

June 24 and 25 and of occusiocal squal.1~ from the southeest to  south-southeast. 

On one occasion vinds of gale o r  near-gale velocity blew intermit tent ly  from 

the e a s t  and southeast f o r  the  be t t e r  pa r t  of a day. The Br i t i sh  Colonial 

Office (1950, p. 39) has reported t h a t  "?or most of the year there  is a steady 

eas te r ly  trade viind, but from October to  Karch...occasional west and northwest 

gales occur. The wind i n  these gales does not rea.ch hurricane force." An 

exception t o  the ru le  i s  found in the record of a hurricane a t  Butar i ta r i  i n  

the  northern Gilberts, variously dated a s  Decezber 1927 and January 1928 

(Sachet, i l i  Pac. Sci. Bd . 1.951, pp. 8-9). 

The climate of Onotoa i s  v;arm and even. For the Colony a s  a vhole, the 

0 
Br i t l sh  Colonial Office (1950, p. 39) reports a temperature range of 80 to  

90' by day, with a minimum of 70' a t  night. Our par ty  maintained no systematic 



records of a i r  temperature, but I observed a midday high of 87' t o  90' I?. 

between noon and 3 p.m. on several occasions in  July and August, and on one 

occasion the midday temperakure stood a t  a low of 76' F. follov.ing a period 

of gale and near-gale velocity r.,inds. A t  n ight  the temperature f e l l  i n to  the 

70's ,  . to  3.s low as 72'. betmen mY&ight and 5 a.m. 

A summary of r e i n f d l  data f o r  the Colony as  a wholeis given by the Bri t ish  

Colonial Office (1950, p. 39) a s  follov~s: 

"Rair ,fall  var ies  consic!er&ly, not  only betzeen the islands, but also 
from year to  year. In en average year the  annilal r a i n f a l l  ranges 
from40 inches i n  the v i c in i ty  of t he  equator to  100 inches i n  the ex- 
t reze northern Gilberts, with something around ;20 inches in  the  
Ei l ice  Islands. In the Phoenix Islands betnten A0 and 60 inches' i s  a 
good y e z r f s  f igure,  wnile the Line Islands'  r a i n f a l l  vcr ies  from 30 
odd inches a t  Christmas Island ti;. .150 o r  more at'bjaskiington 1slk.d. 
Ocean Island, the central  and southern Gi!.berts, the  Phoenix Isiands 
and Christmas Isiknd are  sub.ject ' t 6 : s e v e ~ &  droughts last<.ng many . . 

months, ahen the amual  r a i l f e l l  nay f z l i  to  l e s s  than 23 inches. 
These droughts are  said  t o  hbv8: & rdugh cycle of about seven years. 
In normzl years the wettest  xonths a r e  Oecember to  Fe.bruary and the 

.,,. . . . . . . . . . . . . . . . : . d r i e s t  fron August t o  Octobe?." 

About /+O inches' may be taken a s . a . roundf igu re  f o r  t h e  avevage ,annual 

r a i n f a l l  of Onotoa. Rainfa1.l rec6rds l oca l ly  kvai lsble  vere kept':tit the 
. . 

Government Station on the northern main is land by GLLbertese technicians for  

1938 and from January 19L4 through August 1351 ( t ab l e  1 ) .  These shout' an 

average of 44.2 inches per year. Ine yearly average f o r  the period 1924 t o  

1930 was 38 inches, according t o  E. H. Bryan, Jr. (Tac. Sci. Bd., 1951, p. 2). 

Available records f r m  1924 through 1934 l e d  IVliss Sachet (Pac. Ssi .  Ed., 1951, 

p. 16) t o  an annual estimate of 34.41 inches. The records of t ab le  1 show 

1946 as  the  wettest  year, viith 85.1 inches, and 1950 as the d r i e s t ,  n i th  only 

6.6 inches. 

January averages the wettest  mowth, with 8.6 inches, and October the 

dr ies t ,  n i t h  1.3 inches. The rvettestmonth on record was January 1949, with 

25.6 inches, and zero r a i n f a l l  has been recorded for  every month i n  the year 

except July, August, September, and Movember. In  1950 no ra in  a t  a l l  was re- 

corded from January 1 through June. 
11 
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Total 
June July A U W S ~  S a e n b e r  October November ~ecember  -Y_es J a n ~ c r ~  Pebruap- Y IbIarch ~pr3_1---&2 .- ---.-- - 

-- . . . . .... - .... . . - . . - .. - - .. - . --- - . . . -- 
Total 77,69 29.10 26.28 31.25 36.21 45,58 38.63 31.59 15.66 10.10 21.00 46.27 352.4 

Table 1. Rainfal l  a t  Governxent Stat ion,  Onotoa d , o l l  

(courtesy Br i t i sh  Colonial Govt.) 



Total 79.26 22.92 35.92 1+5.28 29.66 31.97 48.49 14.30 6.96, 11.10 23.64 42.16 294.00 

iivg. 15.S5 4.58 7.16 9.06 5.81 6.39 8.C8 2.86 1-39 2.22 4.73 8.43 73.50 

Table 2. Rainfall  a t  Betio Island, Tarawa -%toll 

( cowte sy  a r i t i s h  Colonial Govt , ) 



In terms of the many chare- te r i s t ics l ly  "met," a t o l l s  of the Pacific,  

where yearly re.infal?. commonly averages 1'20 inches o r  more, Onotoa is t r u l y  

a "dry" a to l l .  This, of course, i s  immediately evident from i ts  sparse gronnd- 

cover vegetation. I t s  climate over a period of years shov~s no c lear  6ivision 

in to  ra iny season and dry season--merely a s l i g h t  tendency to  be d r i e r  during 

September through Iiovember and l e s s  dry during December, January, and June. 

This, in  turn, suggests only a sl.ight correlation of r e l a t i ve  dryness ~ i t h  

the season of prevailing eas te r ly  trade winds ( a b u t  l a t e  June through Xovem- 

ber) an2 of re la t ive  %etnessn ~ i t h  the season of more variable r~ir?ds (about 

Decentber tlirough early June). Zven i n  tile G l b e r t s  Onotoa i s  r e l a t i ve ly  dry 

a s  compared iuitn an a t o l l  l i k e  'Tara%ra (table 2) ,  which average6 73.5 inches 

of r a i n f a l l  per yesr from 1947 through 1950. 

S t a t i s t i c s  f o r  the drought year 1950 a t  Onotoa and Tarawa are  given i n  

tab les  1 and 2. A t  such times the r a i n f a l l  i s  insuf f ic ien t  to  maintain e 

fresh-water head, permitting invasion of s a l t  o r  brackish water through the 

pervious island. sediments ond rock foundahion. The ground water in  the nar- 

rover par t s  of the is lands i s  soon contaminated, ~ 5 t h  resu l tan t  death of 

breadfrui t  and eventual death even of coconut t rees .  Taro too may be ad- 

versely affected,  al-though it i s  ordinar i ly  planted f a r  enoogh inland t o  escape 

the worst effects ,  and a t  l e a s t  one var ie ty  found on Onotoa survives i n  s l ight-  

l y  brackish water. To judgefrom f i e l d  observations, the only reasonably safe  

answer t o  the  l o s s  of plant  products by drought i s  to  avoid planting bread- 

f r u i t ,  coconut, o r  taro on pa r t s  of islands l e s s  than 800 f e e t  wide (or ,  bet ter ,  

iOOO f e e t  aide) and to  plant breadfrui t  not nearer than atout  260 f e e t  from 

standing s a l t  water in  any direction.  

The e f fec t s  of drought on ordinary water supply are  judged to  be l e s s  

serious than on vegetation. The f l u i d  drunk i n  l a rges t  volume by natives i s  



green coconut milk, pihich is se l f  purified. Water for  cooking and incidental  

drinking can be s l i gh t ly  brackish without deleterious e f fec t s ,  .sad tile frssh- 

- .ma te r  l ens  of a. permeable is land area % mile o r  more wide should 'survive' the 

moderate draft, of an endemic is:Land population even during drought periods, '  

especially i f  washing water i s  drarm from sources already gone brackish. ..: 

. . . . .  , 

. . .  



PLACE NAMES 

The importance t h a t  one at't&hes t o  ?,he name of a p lace  depends on h i s  

perspective.  The Gi lber tese ,  l i v i n g  i n  h i s  a t o l l  universe and dependent on 

t h e  sea  f o r  a l i v i n g ,  a t t zches  g r e a t  s ign i f i cance  t o  t h e  passes i n  t h e  r e e f  

through nhich he can s a f e l y  s a i l  h i s  ou t r igger  canoe, t o  the  r e e f s  on which 

he might wreck it, and t o  t h e  pa rce l s  of ground on vihich he and h i s  neighbors 

l i v e  and over which they quarrel.. lie i s  n o t  i n t e r e s t e d  i n  nanes f o r  8. whole 

i s l a n d  o r  i s l e t ,  except a s  it happens t h a t  the smaller  i s l e t s  a r e  comnionly 

s i n g l e  pa rce l s  of r e a l  e s t a t e .  He does n o t  go t o  the  nor th  o r  south end of  

some named i s l a n d  o r  i s l e t ,  he goes t o  some p a r t i c u l a r  named property o r  t o  

9 ,.'A t h e  home of some fe l low Onotoan a t  t h e  vi1laf;e of Teineo (Te-ma-o) o r  Tekaiia 

../ 
(Te-ka-wb) . 

On f i g u r e  2 only  a few of t h e  more imp'ortant place n%ines a r e  given. The 

names of t h e  seven v i l l a g e s  a r e  capi ta l ize&.  Several  islet:; t h a t  coincide 

v i t h  proper ty  d iv i s ions  a r e  j.ndi.cated by ' the names of those property d iv i -  
. . 

s ions  i n  iower case l e t t e r i n g .  The' few ree f  names used a r e  indica ted  by t h e  
. .  . 

I : . I Gilber tese  word f o r  r$e f ,  r a k a i  a - 1 )  except' f o r  Aon t.e Baba ('&-t&b:d-bk) 

and Aon t e  Rabata (&-&-/t&):,-to the  nor th  and sou-th respect ive ly  of t h e  main 

passage. means on, and 2 is  t h e  d e f i n i t e  a r t i c l e ,  the  txo t o g e t l ~ e r  being 

used i n  a s o r t  of vernacular  sense i n  combination v i t h  the  designating name, 

as vie speak of "Smithls place1' o r  " a t  Joe Nebbsl' i n  FngLish. K t h  continued 

usage such des ignat ions  take  on a s o r t  of formal i ty ,  and even come t o  be 

run together  a s  a s i n g l e  ~ o r d  ( l i k e  P i t t sburg ,  Beekmantovn, Porkshire, arid 

' "!. Aon-teurna (%-te-u-ma) ) . 
There i s  nothing t o  c a l l  t h e  two main i s l a n d s  of Onotoa except t h e  nor th  

i s l a n d  and t h e  south islarnd unless  names a r e  concocted, and nothing riould be 



gained by t h i s  - t h e  Gi.lbertese would be bewildwed, and Onotoa i s  already a 

small enough named subdivision i n  world geography. The hesd.quar-Lers of the  

Colonial  admj.nistra.tive o f f i c e  on Onotoa i s  a t  a place c a l l e d  Buraitan 
A # - /  

( ~ ~ t r - i - t k ) .  However, a s  frequent  reference  i s  made t o  t h i s  p lace  and our 

campsite a t  i t s  soutfl edge, and as the  1.and a reas  on t h e  l a r g e r  i s l m d s  a r e  

n o t  named, it seems e a s i e r  f o r  t h e  rea.der t o  c a l l  t h i s  p lace  Government Sts- 

t ion .  For the  same reason it seems b e t t e r  t h a t  t h e  anchora.ge be ca l l ed  

j u s t  t h a t ,  ra ther  than Komutu ( l i t e r a l l y  anchorage, i n  Gi lber tese)  . 
The a u t h e n t i c i t y  of the names used, a s  vie11 a s  t h e  dozens of o t h e r s  n o t  

shown on t h e  preliminary mzp, vias checked i n  the  f i e l d  a t  every o p p o r t i ~ n i t , ~  

and f i n a l l y  reviexed on t.he las t  day of our so jour ;~  by . a  group of six "old 

men" o r  tinimani (community e l d e r s  respected f u r  t h e i r  Imovledge) representing 

f i v e  of t,he sevein vi3.lages. Eecnxse of t h e  c lose  v i l l a g e  l i f e  and regu la r  

h a b i t s  and t r a v e l s  of  the  people a inan from one p a r t  of Onotoa ma.y be quike 

unfamil iar  with names f o r  n a t u r a l  f e a t u r e s  of o the r  p a r t s  of the  a t o l l  ( the  

r e e f s  and passes e spec ia l ly ) ,  hut the  concordant judgement of the  committee 

of s ix  nou1.d c e r t a i n l y  be accepted a s  f i n a l  by most Onotoans.' 

Pronunciation i s  another  problem. To reduce it t o  i t s  simplest  im- 

mediately p e r t i n e n t  and p r a c t i c a l  terms keep i n  mind t h a t  t h e  sound indicetec? 

by b i s  almost t h a t  of -the l e t t e r  p, t h e  combination ma. sounik l.ike mma viith 

an almost imperceptible n, tine t e r m h a 1  ti i s  pronounced l i k e  an s, and o the r  

te rminal  i ' s  a r e  s i l e n t .  Rules f o r  s y l l a b i f i c a t i o n  and emphasis a r e  more con- 

p l i ca ted ,  but  pronunciation i s  indica.ted f o r  imporba.nt vords upon t h e i r  f i r s t  

use i n  t h i s  r epor t .  



. . . ~. . 
GPNEXAL E'EA'XIRJ% OF THE LAGOON 
' : .. . 

Reference- t o  f i g u r e  2, w i l l .  shos? t h e  general  shepe of th? Onotoa lagoon 

bottom as contoured froin 2 1  echo soimding tr i iverses,  :a few spot  soundings, 

and submarine d e t a i l s  v i s i b l e  on a.ir photographs. This c h a r t  may n o t  be re- 

l i e d  upon i n  d e t a i l  f o r  navigation, homcver. In  general ,  the  undervater 

contour l i n e s  r e f e r  only t o  the  general. depth of bdtorn betxieen pa-'ch ree f s . .  

Alt'nough a fern l a r g e , p a t c h ,  r e e f s  a r e  i r+ividuolly con-toured., no ind ica t ion  

i s  given of t,he posi t ion6 of tke  numerous .omzLl r e e f s  t h a t  rea.ch t o  o r  near  

t h e  svrfa.ce over a la rge ,  p a r t  of t h e  lagoon.. 

Unless one has Learned some p a r t i c u l a r  channel o r  i s  completely f a m i l i a r  

with t h e  lagoon, he shou3.d n o t  attempt Lo. n e g o t i a t e  it: waters in  any kind of . ., 
boat (inc1udi;lg canoes) without keeping a ve ry  sharp lookout f o r  reefa  and 

shoals ,  and he should avoid t r a v e l  on the  lagoon a t  n ight .  For ordinary  ships '  
. . . . . . . . 

boats  t h e  onky  re.ason+~lg c l e a r  shore q p r o a c h e s  a r e  n i t h i n  the  s e , p e n t  defined 
,: . . . . 

by l i n e s  of  fa.thometer t r ave r ses  A and, 8 t o  t h e  j ,e t ty  a t  &vm-nrnent S;:ation 

and about along o r  a l i t t l e  south of t h e  l i n e  of t r ave r se  G .  t o  the  hlaneaba . . . . . :  . 
.#- . I  

(!ha-e-a-bk) a t  Aiaki (=Lsk.). A course along t r ave r se  G vould need t o  evade 
. .  . 

Linear patch r e e f s  between 4000 and 5000 f e e t  offshore,  ,an< ther.e i s  no . ! ,  
. . . . 

anchorage f o r  sh ips  o f f  the  outer. r e e f  here.  , There a r e n o  n?vigation 3.ights 
. . . . 

o r  buoys anywliere, and t,he only good s igh t ing  po in t s  a r e  1;he ends  of i s l ands ,  
. . . .  . 

the  white s tone  monument on Aonteuma, and t h e  churcbes and l a r g e .  community 

meeting houses, o r  Mmeabas, shorn on f i g u r e  2.. . . 

The only  sui t i ib le  anchorage f o r  l a r g e r  vesse l s  a t  Onotoa i s  on t h e  lee-  

ward she l f  outs ide  t h e  gap i n  the  ou te r  r ee f  opposi te  Government S t s t ion .  

This i s  a well-protected anchorage. except a t  t h e  r a r e  times of wester ly  winds. 

I t  has a good holding bottom and adequate swinging room. It i s  reported 



(U. S. Hydrographic Office, 1940) t h a t  s m a l l  sh ips  may anchor near "Taburari" 

/.. . #,% - 
(~&b-u-ar--or-i) a t  t h e  south end of the  i s land.  However, t h e  only possible 

anchorage a t  t h i s  p lace  i s  a very narrow she l f  r i g h t  a g a i n s t  t h e  reef and 

genera l ly  swept by a r c l l i n g  swell  from the  south--an undesirable anchorage 

except a t  times of  dead calm. To my knov~ledge, no vesse l  of any s i z e  has 

ever entered t h e  Onotoa lagoon. I t  would be poss ib le ,  however, by careful  

manipulation, t o  work a vesse l  of l e s s  than 9-foot d r a f t  i n t o  t h e  ].agoon and 

anchor it the re ,  it might be worth doing i f  one were t o  be the re  beyond 

a few days. I t  would a l s o  be poss ib le  t o  c l e a r  channel and anchora.ge i n  t h e  

lagoon f o r  r egu la r  use  by vesse l s  up 'to 9-foot d r a f t .  

The intended r e f e r m c e  datum f o r  t h e  depth contours i n  f i g u r e  2 i s  menn 

low low t i d e .  This datum can be only  roughly approxima%ed, a s  the  U. S. Coast 

and Geodetic Survey "Tide Tables" f o r  1951. give no correc t ion  f a c t o r s  f o r  

Onotoa t i d e s .  They do give records f o r  s e v e r d  o the r  Gi lbe r t  a t o l l s ,  and I 
I! 

have a r b i t r a r i l y  assumed t h e  same correc t ions  a s  f o r  Nonouti. (nE-nuch), vkth 

Kwajalein a s  reference point .  This gives 6.2 f e e t  a.s t h e  spr ing  range of t i d e  

and 4.4 f e e t  a s  the  mean range of t i d e .  No e f f o r t  was made t o  make a prec i se  

check on these  data ,  b ~ ! t  t h e  assumed ranges and times seemed about r i g h t  i n  

t h e  f i e l d ,  wi.th considerable local. l a g  i n  enclosed t i d e  f l a t s  and t i d a l  2nle ts .  

Depth t r ave r ses  were made with Navy Model NK-7 por tab le  echo sounding 

equipment, which cons i s t s  of a magnetos t r ic t ive ly  ac tuated  t r ansn i t to r -  

r ece ive r  u n i t  i n  outboard wooden f i s h  m d  a recorder u n i t  t h a t  produces 

a continuous graphic record on a s t r i p  of sens i t i zed  c h a r t  paper. This fa th-  

ometer was ca r r i ed  jn a 20-foot flat-bottomed dinghy driven by a '/-horsepower 

outboard motor. It was operated by two parallel-connected &vol t  aut,omobil.e 

b a t t e r i e s  which proved of inadequate capaci ty  t o  maintain t h e  s e n s i t i v i t y  

requi red  t o  operate a t  depths below 2 0 0 - f e e t  f o r  more than very shor t  periods. 



EXPLANATION 
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Foraminifera1 flots 
(Living Colcor,na ond Mmginoporq 
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Tholassia, green algal growth and 

sparse l iving coral) 

High tide line 



I 
Ise compiled from aerial phatogrophs, using ships beorinqs 16 
!d taped traverses for control. Adjustment by inspection. 

FIGURE 2. GENERALIZED GEOLOGY AND MARINE ENVIRONMENTS OF ONOTOA ATOLL 
G I L B E R T  I S L A N D S  

By Preston E. Cloud Jr.  
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Bb Boulder beach 
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A c lear  record was prc.luced, however, from depths of 200 f e e t  01-1 the  outer 

reef slope in to  very shoal wafers, and, a f t e r  approxiinate correction f c r  t i de  

conditions md  depth below ssurface of the trmsmFtter-receiver f i sh ,  t h i s  

record mas aczepted as  the basis for  contour$ng the bottom of the lagoon and 

upper reef c l o p s .  

Figure 2 shors t ha t  the  iagoon i s  uerg sh.ai3.ow, i t s  rr.aximum depth oof 8 

fathoms being based on two. hanl-lead soundings a t  and near l o c a l i t y  C-55.  

The general botton: topography (excloding -the numerous small patch reefs)  con- 

sists of three skalloV, basins. The sout,h basin i s  the l a rges t  and deepest, 

generally deeper than 6 fathoms in  i t s  central  p a r t  and attainirig a !naximum 

of 9 fatkoms. The central  and north basins coni:ect and night be t h o g h t  of 

a s  a single long na-rrorj basin generally sxceeding 3 fathoms in depth and 

attenuated i n  the middle. The central  basin proper exceeds 4 fathoms over a 

f a i r l y  la rge  area and 5 fathoms local ly .  The nortin basin has only a small 

area  t h a t  j.s deeper than :: fathoms. A l l  three basins a r e  separzted from one 

another 2nd from the outer deeps by snelves of 2- t o  3-fathom depth. In the 

passes through the outer reef  the  depth nowhere much exceeds 2 fa thom. Ee- 

tween the many patch r ee f s  the lagoon bottorn i s  every&ere floored ~:?i th  

calcium carbonate sand, silt ,  o r  gravel. 



PRINCIPAL ECOLOC-IC l&i: S~DilliEN TArlY SUSDIVISIONS 

> 

Systematic s tud ies  of t h e  p i m t s  and aninals ,  and. ciiemical mecharAcal 

analyses of t h e  sediments and rocks of Onotoa a r e  s l i l i  i n  progress. Unt i l  

these  a r e  comgleted it seems preferable  he re  merely t o  mention some of the  

more general  o r  i n t e r e s t i n g  f a c t s  and inferences  about t h e  p r i n c i p a l  habita-ts 

and depos i t s  of tXs a t o i l .  A s  a poss ib le  a i d  t o  tnose engaged i n  coniparative 

s t add i s  of a t o l l s ,  b r i e f  descr ip t ions  of ecologic and sedixentary u c i t s  a s  

recognized i n  t h e  f i e l d  Ere given i n  AppenCix B. 

I sl  ?ad s 

The l and  a rea  of Onotoa i s  given by iecriard %ason (In Freeman e t  a.l., 

1.951, p. 27,") as 5.2 square miles and t.he lagoon arcs xs 21 souare miles. 

The land surface  i s  nos t ly  unconsol5.da.ted sand and gravel  ( f i g .  2). So l id  

rock i s  ra re .  The sand, grovel,  and rock a r e  ent , i re ly  of calcium carbonate 

(except f o r  t h e  genera l ly  s n a l l  mgnesium content  of some algae and s h e l l s ) ,  

a l i t t l e  humus, man-carried debr is ,  and minor amounts of s i l i c e o u s  pumice t h a t  

has been nashed up f r c a  r'iistarit volcanic erupt ioas .  A s  they a r e  ths  811 

limesands, limegravel.s, and l ines tones ,  t h e  p r e f i x  "lime" (used by geologis ts  
. . 

t o  s ikmify CaCO ) should be understood  here n o t  a c t u a l l y  used i n  t h e  follow- 3 
i ng  pages. 

If Ono'coa r e r e  p a r t  of an extensive land ara6,  probably no geologis t  

~ o u l d  make f i n e r  d is - t inc t ion  of' i t s  s e d h e n t s  than t h a t  between sand and gra- 

vel .  Becausc i ts  land a rea  i s  sm:;i l :  however, and because det ,a i lc  of  sediment 

d i s t r i b u t i c n  may be hel$'vl i n  usderstandin? processes, e f f o r t  ms made t o  

d i s t ingu i sh ,   and i n  a general  way t o  map a s  many different ,  kinds of seciments 

a s  could be recognizec!. For s o i l  c las~: i . f i su t ion  m d  reget.a.tion re l a t ionsh ips  

it seems a l s o  l i k e l y  t h a t  only a fe:: %sin types of s o i l s  should be recognized: 



(1) loose limesands with a well-marked humus layer;  (2) loose linesands with- 

out a hinus !.ayer (yoimgnr c?une sands); 3 ti.ghLp?,cked, lowlying,  generd?,y 

damp and brackish i imes i i t s  a n 6  very firie-grained limesands; ( 4 )  indurated, 

phospl~a.tiz,ed (? )  limesands (old d u ~ e s ) ;  ( 5 )  cozrss g ravds ;  and (6) pebble 

graveis. The properties of tho f5.ner pebble gravels tit places approech those 

of the loose limesands, and impinging uni.ts ordinar i ly  show gradational re- 

1.ationshi ps. 

So i l  p rof i les  weye mn a t  f i ve  locr . l i t ies  on loose l imesads ,  a t  a 

s ix th  l o c a l i t y  on pebble graveis, a d  a t  a sevfnth on l imes i l t s ;  an3 depth 

of humus was obser-ed ht many :oc&ities. Tes-ts with a s tmdard Trllogg s o i l  

t e s t i ng  k i t  gave a pH of 8.1 f o r  the surface layer  of all prof i les  except 

t h a t  on the darnp l imsllt ,  ar.6 t h i s  iicd a pE of 8.0. There seemed a s l i g h t  

teaclency fo r  pH t o  increase a l i t t l e  x i t h  depth, t o  a s  high a s  8.3 ?:ell below 

the thin s o i i  layer  in £fresh parent l imsands ,  but, no reading above pH 8.3 

was made a t  m y  depth. it i s  difficuLt,  however, t o  be sure of Truogg index 

colors as c l sse iy  as  the Coregoing suggests, and .the dXfe?ence betneen 8.0 

and 8.3 might be imgina-ry. Maximum recorded thickness of a nell-defined 

humus layer  was 10 inches, but 5 t o  8 inches was comnoner. A t  nost places 

in  the l i nesmds  a zone of s l i g h t  organic s ta ining extended another 10 t o  

19 inches beyond the humus 1-ayer. Roots were coinmon to  ciepths of 2 t o  3 

f e e t  and have been encountered a t  depths a s  great  as 4  f e e t  below the ground 

surface i n  f reshly dug p i t s .  

A s  m i l l  be brought out by -the bo tan is t ' s  report ,  vegetation zones show 

a general re la t ion  to  s o i l  types, especiully i n  cortain elements of the 

ground cover. Aowever, an overriding e f f ec t  i s  exerci.sed on vegetative pat- 

terns  by exposure t o  wind a?d s a l t  spray, by the nature of the ground water 

( re la ted  t o  widtn of land, distance from sea or  lagoon, and height of land) ,  

and by a r t i f i c i a i  factors.  
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I n t e r  t ida l  environments except r ee f s  
, '  

Under i n t e ~ t i 6 a l  envircnil~mts are  included heach Ereas, f l a t s  that  ;.re 

mainly in t e r t i da l ,  and bars. Reefs, and areas t ha t  r x g e  from i n t e r t i d a l  to  
. . .. . .,.. 

1agoor.al are  consideyed e1sev;her-e. 

The biota of the  beaches, t i d e  f l a k ,  and bars T s  generally di.stilictive. 

Sand beaches support l i t t l e  in  the way of a megalauna-%iy ghost crabs 

(Ocmode sy.) ax", a-t sum l o c d i t i e s  on the isgoon si& (e.g. C-381, closely 

packed i q e r s  of a small edib:ic pelecyrsod (&$&ct&eA ST.) an inch or  two be- 

low the surface of the sand i n  the  mid-tide zone. On r o c ~ y  beaches, on both 

seavard m d  3 agcono%.rCI 65 der, r. n e r i t i d  sna.il close to  -a_ p1.icat.a ~ i m g  

is  commonly very abunLaqt, 2nd a ti&-spired l i t i : o r tn id  probabpy rzferable 

t o  a species of ii!el.araphe i s  loca l ly  abundwt. On rocky and gravel1.y seaward - 
/ 

beaches the comon t rop ica i  Facif ic  scaven&np crab Grmsus r a n s u s  (Linne) 
' . . . ,  

i s  abundsnt. Sand bays are  very rieal.1~ devoid of a megafauna, but burrowing 
.. . 

sipunculids may be found. ~ h ' e  i n t c r t i d a i  f l a t s  display a vide b5~otz.l varia- 

t ion t h a t  wil.1 not  be discusser! here, bvt  some el.emsnts of rfhhich a re  noted i n  
. ., 

Appendix B. 

. , 

Outer reef 

An-atol l  consists of a ring-shaped outer reef and a c e n t r d  depressior 

o r  lagoon. In  plan view the outer reef  i s  generally i r regular  in outl ine 

and is interrupted and divided i n t o  segments by passes. I n  m o k n s e a s  j.s- 

lands a r e  commonly located on the reef platform. The lagoon ordinarily 

contains s m a l l  patch reefs  of a var ie ty  of shapes, ar,d, in  some places, sub- 

marhe  benches l i e  beyond the c r e s t  of the outer reef.  By &&inition the 

lagoon of an a t o l l  can contkin no pre-ex5 s t ing land, but t h i s  vcould not  ex- 

clude islzrids t he t  might be fou~ded  on patch reefs.  The ring-shaped outer 



reef i s  the essentia1,and most conspicuous feature of an a t o l l  and the sub- 

j e c t  of theimmediate discussion. Patch reefs  w i l l  be considered under a 

folloming section on environments of the 18,goon andleernard shelf .  

A cons:~ic?~ous fehture of the  owter reef ,  especia1l.y i n  the Gilbert  Is- 

laads ,  i s  the d5.fference betreen windzarc! and leeva-rd si.des. TXth the ex- 

Y," 

ception of Butar i tz r i  (o r  Iffldcir,, PJu   in) anci Narzkei, the  a t o l l s  of the 

Cii1ber.t~ show continuous wave-breakice reef  and almost continuous l'&d on 

t h e i r  windv~ard (east)  sides. Their leeward (west) sides are  characterized by 
. . .  

i r r egu la r  outer r e d s  and few or  no isl.mds. A l l  passes in to  their  central  

l a ~ o o n s  are  t o  leeward. The wind:zard reef f l a t  u f  Onotoa (a l so  observed 

pa r t s  of Taritwa and h L a r i t a r i )  i s  ge::erally exposed a t  lovr t i d e  and i s  

veneered n i th  aleas.  The leeward re.ef's a r e  commonly submerged f o r  a few f e e t  

over nost  of t h e i r  area., even a t  low t ide .  A t  many places they shom re la t ive ly  

vigorous coral  gro-ith--1ocall.y even continuous veneers of closely packed 

i i v ing  coral. A feature of so~ne Gilbert  Island a to l l s ,  established for  Onotoa 

b ~ t  a lso noted a t  ohserved par t s  of Tara7:ra and Hutar i tar i ,  i s  t h a t  a-t l e a s t  

the  upper par t  of the reef frame was b u i l t  j r imari ly  by the blue coral 

Eeiiopora, m.al.cyonarian, and not  a typical  stony coral  o r  scleract inian - , . . . 

( see  also Finckh,.l?OA, p. 136). That t h i s  may be commonly o r  ev.en generally 

t rue  f o r  the  Gilbert  and El l ice  Islend groups is fur ther  suggested by the 

observations of David and Sweet (1904., pp. 66-70) a t  Funafuti. Here Relionora 

was -i;he frame builder to  a depth of LO f e e t  belov: hign t i d e  i n  the main bore 

and occurred in the cores t o  depths of a t  l e a s t  iSO fee t .  

The ecologic niches of tl-.e outer reef may be gro-~ped in to  those of 

the  reef  slope, the reef f ron t  (viith corai l ine  ridge md surge channels), 

and the reef f l a t ,  the greates t  ?rariation being in the reef f l a t  environnent. 

2i, 



The re la t ionch ips  of .:he most p e r s i s i e n t  recognizable u n i t s  a r e  sbom on 

f i g u r e  3 ( p r o f i l e s  2 axd 5 ) - - - t i ~ s e  being t h e  green a l g a  zone, the  r ed  a lga  

zone ( i n ~ 1 . u d j . n ~  back r idge  trough), t h e  cordll ;ne r idge,  and t h e  benched 

r e e f  slope of t h e  y~'ij.ndmard reef .  

I n t e r t i d a l  t o  l a g o o n d  mvironments 

A t  O'otoa, f l a t s  an<3 sl.ioals x i t h  e x t e . ~ s i v e  groo~th of the  marine g rass  

I'nola.ssia, a s  well  e s  geo6ra:l.y barren rocky f l a t s  and shoals ,  overlap widely 

from tb.e !.ntarti.dal t o  the  k g o o n s l  environment %id a r e  thus  separated from 

both. Colal  venee;ed m:kg s h a l  btt.o;;l i s  s t r i c t l y  of t h e  shoal  lagoon, 

but. i t ,  i s  so e lozeiy  rela.':ed t o  adJacent  spcrsa ly  c o r a l l i f e r o x  rocky f l a t s  
. . 

end shoaJs t5.at it i s  included i ~ i t k i  tile i n t 2 r t i d a l  t o  l a g o o ~ . a l  envircninents 

a s  a matter  of con-senience. Ii; i s  a l s o  convenient t o  i n d u c e  under t h i s  

headjag cerkain enc13scd i n l e t s  which, hlthough permanently inundated and 

s i m i l a r  t o  the  lagoonal  on i t s ,  a r e  repara.ted from t.he lagoon proper hy RX- 

. t ens ive  t i d e  f l a t s .  

Environments of the  lzgoon and leeward she l f  

a r e a h e r e  r e f e r r e d  t o  a s  the  l eeza rd  she l f  i s  t h a t  v:l1i.cn ext,ends 

nor th  and south from t h e  mchorage, beyo::d ?,he main passage  betwen lagoon 

and anchorage (see  f i g u r e  2) .  Ecoiccgic zones and depos i t s  of t h e  lagoon and 

1eev:ard. she l f  may be roughly del imited accorsink t,o v a r i a t i o n s  i n  areal im- -  

portauce of patch r e e f s  o r  veneering co:-aL .growth a s  cont ras ted  with Line-- 

sand bottom. They may e l s o  be Iu r th9r  broken dowri on t h e  b a s i s  OP d i f f e r -  

ences i n  t h e  dominating reef-building organisms. The prubable na tu re  of t h e  

formerly luxuriari t  gror:th of Hel.iopora i $ v ; e l l  i.lSustratec! i n  the  present  

lagoon by a reas  of He l i c jo ra  patch r e e f s a n d  l inesand.  



The e f f ec t  of certain f i s h  in  the production of lagoonal sediments is 

of speci.al i n t e r e s t .  . Damin observed tha t  f i sh  browsed on c o ~ a l ,  and 

Couthouy (18/5, . p. 9.7) was aware tha t  lagoonal sediments might "par t ly  a r i s e  

from the excretions of cer ta in  fishes." Safford (1905, p. 90) and Newel1 

e t  a l .  (1951, p. 13) also observed f i s h  nibbling on coral ,  but Finckh (190f+, 

p. la) s t a t e s  t h a t  "although a, l a rge  number of kinds (of f i shes)  were watched 

i n  -the neighborhood of coral, in no instance were they seen t o  browse on it." 

There is no doubt, honover, that f i s h  do browse on coral ,  and they probably 

a r e  important contributors t o  the sediments around reefs.  

Tne scar ids  fish.) ,  vrit.h t h e i r  parrot-like ja~vs,.arid the acan- 

thur ids  (surgeon f ich) , ckaetodontids (butt,orfly f i sh)  , and pomacentrids 

(aaxsel fish!, ~!i.th t h e i r  fmed  comb-like teeth ,  appear t o  be primarily 

sroiisers on s o f t  algae. S i g n i f k a n t  t o  sedimentation i s  the f a c t  that ,  i n  

course of feedigg, f i s h  from these f a m i l i e s  scrape off  %bin ltiyers of the 

dead calcium carbonate ~ ~ h s t r a t e .  This was ver i f ied by exar:~ination of t he i r  

m 
gut :contents. rhese f i s h  are  no numerous a ~ a  active t h a t  they probzijly pro- 

duce a f a i r l y  constant ra in  of t h i s  f i ne  CaC03 debris, and, indeed, schools 

of scar ids  commonly defecate great  clouds of it when s ta r t led .  In.course 

of time t h i s  xust  represent a consi,dereble coatribution t o  the  lagoon sec'i- 

ments. 

A coarser sedimentary product i s  added by the ba l i s t i d s  (trigger. f i sh )  

and monocanthids ( f i l e  f i sh ) ,  rhich a re  armed with a massive denti t ion of 

grouped b i t ing  teeth,  and by the tetraodontids (puffers) ,  which have parrot- 

l i k e  j a w  similar to  those of the scarids.  Their stomachs contain the f resh 

t i p  ends of branching co rz lqup  $0 . . 5 by 10 millimeters and some have yielded 

chunks of crustacean t e s t s  and spines and plates  af echinoids, a s  well as  



algae. They have Seen observed ac tua l ly  t o  b i t e  off the t i p s  of c b r d  

branches, and the fresh pieces of coral  i n  t he i r  guts are  f r ee  of f leshy 

par ts .  Doubtless these f i s h  provide a s i g n i f i w n t  pa r t  of the  coarse frac- 

t ion or' lagoonal sediments. 

I t  i s  believed t h a t  Tish aye nore i x p o ~ t a n t  i n  -!he production an2 tri- 

turn'tion of lagoon sediments tban e i the r  echino?.ds o r  ho:.othurians, the  two 

groups that. are  nost, frec!!wn+,kf c i ted a s  orgznio sediment procducers. In  

makirig t h i s  a1.gur.m-b I Inem, of course, to emphasize a. comonly neglected or  

unrecognized factor  i n  lagoanal sedimentation, r o t  to  deny the s i m i f i c m c e  

of other fectors .  The ca!carea:is jo iq t s  of the green alga iial-imede. ;oca!.ljr 

hulk l s r g e  o r  even coninate i n  i a ~ c o n a l  sedLme:~t,s ( e . ~ . ,  Cavi.6 and Swe t ,  1904, 

p. 65), and Foraminifera and coral i ine  algae contrS bute z ignif icant ly  t o  these 

sedirents %.hrcugh t h e i r  dnad she l l s  and joints .  The sricules of gorgonians 

and other dcyonarians  (Cweji, 1918, 293i) md t e s t s  of ~ s t r a ~ ~ d e s  a r e  

likewise con-tributing elements. De t r i t a i  products s t r i c t l y  due to  a j ras ive  

wave act.ion ar.d cierivec'; from bo?>h outer reef  z.nd a t c h  reefs  also ront.rihu-te 

t o  the lagoonal  sediment.^, but :probably do not bulk a s  large i n  t h e i r  overal l  

nass a s  might be supposed. 

The foregoing and other matters r e l a t ed  t o  tAe ecologic zones a n d  de- 

pos i t s  of tke  lagoon an6 leeward s h e l l  mi1.l be coasidered more f u l l y  and 

c r i t i c a l l y  when l ab ra t , o ry  studies are  completed. For the present it must 

suff ice  t o  note t ha t  the obvious var ia t ions  i n  the shallow iagoonal exviron- 

nent comprise differences in  density of ccncentration o f  patch reefs .  Patch 

reefs  a r e  very abundant and loca l ly  a lnos t  continuous toaard the ieenard 

reefs  and passes and gra&ally decrease i n  number tonard the is land mantled 

windward reef pJatforms. L,inear to  i r regular  areas of bnre limesand a l t e r  

t h i s  gradational sequence only locally.  



. .  . 
Seachrock r e s u l t s  from l i t h i f i c a t i o n  of beach debr5.s i n  t h e  i n t e r t i d a l  

. .  . 
zone owing t o  fs.ct,ors n o t  f u l l y  understood but  a y a r e n t i y  pecu l i a r  t o  ' sa l ine  

waters  t h a t  a r e  saturated.  viith calcium carbonat,e. It . s  Com~krl on t r o p i c a l  

sea  beaches. I t  c h a r a c t e r i s t i c a l l y  has  t h e  s lope  and mechanical composition 

of t h e  conscj tuent  beach materi.als, vhatever theqe may be. Beechrock i s  men- 

t ioned i n  most r e n o r t s  t L a t  discuzs t h e  shore-zoiie geologyof  t r o p i c d  i s l a n d s  

and h a  Seen d i s c u s s ~ d  a t  len&h i n  .several. papers. A r ecen t  suinmary i s  by 

Emery (iri Pac. Sc i .  doarc1, 1953, p. 34). It i s  evi4ent  that ,  cementation of 

beach sands t o  niake buzciirock lesul . tb f?o?l in ie r sL ' i t i a1  prec in i - ta t ion  of cal-  

cium ca rbon ,~ te  i n  tho  i.1.l-L.ertida.1 zone, bz t  t h e  :ne~hraism of such prcc ip i ta-  

t ion  i s  n o t  cgreed upon. The o n s u i n ~  discussion n i l 1  emp!~asize t h e  importance 

of  a l p e  i n  beachrock formatior;. 

Onotoa i s  an almost i d e a l  labora'tory f o r  the  st,udy of beachrock, f o r  

hard  beachrock and bondec? iimesand occur the ro  over l a r g e  areas .  Bocded 

limesnnd, consicered t o  represent  inci$.en-L beachrock, c rw found on lagoon 

beaches, i n  t i d e  pools and spray pools,  and as brcad ca rpe t s  i n  %ide f l a t  

a reas .  It 'ms n o t  found ~~~~~~e on t h e  seaward beach a t  Onotoa. On soxle 

t i d e  f l a t s  t h e  penet,??atLon of  f a i r l y  s o i i d  beachrock by numerous burro~?s  of 

a small red-clawed f i d d l e r  c rab  (I&+ sp.)  strong1.y suggests: t h a t  the  burrows 

were dug p r i o r  t o  indurat ion of t h e  rock. Everyxhere t h a t  bonded limestind 

was found on Onotoa it was observed t o  be encrusted v i t h  l iv i r ig  Slue-green 

a lgae  of severa l  genera and species  (see  desc r ip t ions  5.11 appendix B).  These 

a lgae  apparently bind t h e  beach and t i d e  f l a t  sands a t  the  su r face  znd, 

through t h e i r  b io logic  a c t i v i t i e s ,  may ca?Jse o r  acce le ra te  i n t e r s t i t i a l  

p r e c i p i t a t i o n  of calcjuin carbonate beneath. Some samples of t h e  supposed 

i n c i p i e n t  beachrock show successive algz-capped l a y e r s  o r  laminae, and it 



looks very much as though the  algae play t h e  importcant function of holdi.ng the  

sands i n  place u n t i l  they can be indura ted ,  

I am s a t i s f i e d  t h a t  t h e  forination of beachrock i n  protec ted  l o c a l i t i e s  

i s  brought about by, o r  g r e s t l y  acce le ra ted  by, the  a c t i v i t i e s  of blue-green 

algae and hope t o  document t h i s  f a c t  more f u l l y  i n  a l a t e r  report, .  It i s  d i f -  

f icul t , ,  however, t o  see hon ordinary  blue-green algae could have a s i g i f i c a n t  

e f f e c t  on t h e  bonding 9f conglomerate beachrock on an exposed seavdard beach. 

Perhaps t h e  a n s w r  i s  t h a t  beachrock does no t  form on expcsed beeches except 

i n  protec ted  p laces  cr during times when wwe act ion i s  very weak. A sanple 

of firml.y bonded g rave l ly  sand containing numerous brass  c a r t r i d g e  s h e l l s  

was coliec. ted c.n a seaward heoch a t  Tarawx, hu t  t h i s  had formed j.3 a pocket 

behind ledges  of  o lde r  beachrock and was encrusted end ramified v:ith s o f t  

algae.  I f  any given l o c a l i t y  mere fret? from s t r m g  wave ac t ion  only long 

enough f o r  a l g a l  banding of beach d e t r i t u s  t o  ge t  a good s t a r t ,  cementation 

might continue when the  l o c a l i t y  again was exposed t o  more vigorous wave 

a t t ack .  



Hyclrclo~ic 

Several  s&mples 

obser-<?ations mxie were !.iimi.ted ki? time, f a c i % i t i e s ,  and s t z f f .  
, . 

of grou?ld water and one sample o:? ser. water were taken f o r  

chemical ana lys i s  (not  comp.l.eted) ; saxe observat.ions of movement c f  dyed 

n a t e r  across  and beyond t h e  windward ree f  -!:ere mo.de; and d iu rna l  v a r i a t i o n  

of  p H  tempnratur?, and chlor ide  ion concerit,ration vias observed a t  selecteri 

,. . . 
l o c a l i t i e s .  In adnl-;~ori, some d e t e m i n a t i o n s  were made of  t o t a l  hxrdness 

. : 9 

calcium har&ess,  and m a p e ~ i u m  harckess, a l l  "as CsCO 1' m d  of caicium and 3' 
ir,av.esium ion con?entratl,cns. Chloride =as du temined  hy t i t rat?: .ng with 

s i l v e r  n i t r a t e  and pota.;si:im chromate, and hardness fac?;ors nere deternined 
. . 

v:ith stock h r r b - e s s  ind ica to r s  an6 sooium hyd-oxiue as uescribed by C. L. 
.. . . . 

Cox (Pac. Sci .  Ed., 1951, pp. 22-26). Observat ior ,~  of pH r e r e  s t a r t e d  r i t h  
. . .  . . 
, . . ,  

. , .  . . . . 

a Gamna e l e c t r l c  ;net,er us iag  g lass  and ca lonel  e l ec t rodes ,  but,  owing t o  

b a t t e r y  f a i i u r e ,  it was necessr ry  t o  con!plete this study v i t h  a Japanese- 
. . .  

ma& (biitai~l:~ra) s e t  of color imetr ic  in?i.cntors. Colorimetric ind. icztors ,  
. . 

, . .  . 

cnfor tvnate ly ,  ai-e n e i t h e r  a s  reli.ab3.e nor as f i n e l y  ca l ib ra ted  a e  Cle elec-  
. . .  

t r i c  meter. 

I n  the  ensuing discussion tile term ",chlorinity: '  r e f e r s  t o  the  concentra- 

t ion  of t h e  cb2crlde i.on (C1-) i n  p a r t s  per  mi l l ion  ~f solut ion.  

G:ound water 

GrounCv:ater i n  t h e  permeable medium of an a t o l l  i s l a n d  occurs a s  a l e n s  

of f r e sh  x a t e r  floatj .ng i n  hydros ta t i c  balance on s u l t  r a t e r  below. A s  f r e s h  

+. salt viater are,  miscible,  a. zone of mixing occurs a t  t h e  contact  of t,he 

f r e s h w a t e r  l e n s  with t h e  s z i t  r:a.ter below. Various i r r e g u l a r i t i e s  , in  t h e  

shape and i n t e g r i t y  of t b e  len's may r e s u l t  from openings, passagemays, o r  

. . 



v a r i a t i o n s  i n  p e r r ~ e a b i l i t y  of the  5,:jlar.d founda%i.on t h a t  acce le ra te  o r  r e t a r d  

mixing. A ground water l e n s  of t h i s  s o r t  i s  cz l l ed  tile Ghyben-Herzberg l e n s ,  

a f t e r  two of i t s  e a r l y  propounders, and it, i s  sllccj.nctly discussed by Irl'ent- 

xor bh (1.947) . 
Ti19 source of f r e s h  va to r  i n  t h e  l e n s  i s  ra in .  Given ad.eq~:ate r a i n  and 

unvmying pernieabjlity, tile t l ~ i c k n e s s  of the  l e n s  depends on i t s  a r e a l  di-  

mensSo,~s and t h e  mount  of l o s s  tbrougi1 evaporation o r  a r t i f i c i a l  d r a f t .  AS 

a recul.t o.? t h e  d j . f fer .x~ce  i n  dens i ty  betwean about 1.000 f o r  f r e s h  vrater and 

about 1.025 f o r  sea vwtcr, t h e  lh ic lmess  of the  balanced l ens ,  assuming no 

mixing, should be 40 tii!:es t,he he iqh t  t o  which -the bal-anced :fresh water ex- 

tends abov? sea  l e v d .  I11 sriiall i s l a n d s  o r  very narrou partc. of l cng  ones 

t h e  %'rssh-w~tex 1.c.ns n5.I.l be r e l a t i v e l y  -thin and brackish. In  l a r g e  i s l ands  

of mcdivm and consis-ten-,; permeabil i ty,  assuming a.dequate r a i n ,  the l e n s  v i l %  

be th ick  a i d  the vwter potable.  In  time of drought - th is  f r e s h  u;atex, i n  p a r t s  

of i s l a n d s  x ide  er;ough t o  have a retsona.bl.y th ick  l ens ,  ~ o u l l l  be l o s t  only 

slowly by d i f fus ion,  mixiag, and ou.bf1o.i.. FIeavy draft ,  i ~ ~ i t h o u t  recharge, hon- 

ever,  l eads  t o  sa3.t.-pra ti:r i.nua.sion. 

Ample Ce!nonstra?,ion t h a t  the  ground water of Onotoa comprises a l e n s  of 

t h e  Ghyben--'Ierzkerg type i s  provided by observed diurn8.l varia- t ions of the 

l u v e i  o.? groiind m t e r  8.t s i t e  C-2 ( cen te r  of islancl, shosier we1.3. a t  camp). 

This l e v e l  f luc tue ted  Ynro~gh 1%- inches c i t h  a t i d e  range a.t the  time of 

about, 4.3 t o  5.5 f'eet, and i t s  high ~ ? d  lo- st,anrls foilowed the  high and lorn 

t i d e s  with a l a g  of 2 -to 3 -  i loux.  Obviously, t h e  f r e s h  water i s  a f fec ted  

by t h c  t i d e s  and must be f l o a t i n g  on i n t e r s t i t i s l  sea  c a t e r  jn the  permeable 

sediinents ,an6 rocks benea.th. 

S igh t  ground wa-l;er s a m p l c ~  were s tudied  f ron an a r e a  about $ mj.le square 

and center ing  on the  Governnent S t a t i o n  and our campsite ( f i g s .  2, 3 ) .  T h i s  



area was selected for  stuc?y par t ly  a s  a matter of convenience nnd pa r t ly  be- 

cause the i s l m d  a t  t h i s  place approackies the probable mbhurn width (=00 

to  1400 f ee t )  reyuired to  maintain a fresh-ora.ter l e ~ s  continl;ously through 

drought periods of recorded duration. 

Results of f i e l d  t e s t s  on t h i s  ground i%t,er are  given i n  table  3. Sai3- 

pies 1 t o  5 %ere from vrelh tiug and maintained pr ior  to  the  a r r iva l  of the 

kinerican f i e l d  party. S i t e s  C - l ,  C-2, and C-3 ( f ig .  3 )  -::ere dug !mainly t o  

obtain ground wa5er sanp1.e~ and ,:eologic s e c t j m e  a t  regular in te rva ls  across 

the island. S i t e s  I, 2, 3, 5, and C-2 were about a t  the center of the island, 

\fiereas s i t e s  i, arid C-3 were :r.ali"r.:?~ from cecter to  lagoon beach, and C-1. 

%as halfviq from c e s t c  t3 seavard bezct. Of t i l i  f i ve  1we3.l~ toete?., the 

two--1 and ?--that, showed :ornost chlor?.de concentrati.oas and t o t a l  hardness 

were a t  the cer~ te r  of the island, but one v e i l  to~vard the 1ap;oon beach (4) 

pvovided potable water. Xell 3 ,  r e l a t i ve ly  high i n  chloride contest, t o t a l  

hardness, and rna@esiua, ai:d not good f o r  drinking vas also a t  the center of 

the is lend anr! only 225 f e e t  soutin of me11 2, a goo6 well. '?he data of table  

3, i n  combination vith t a s t e  t e s t s  of other wells, indicate t ha t  a well 

toward the center of par t s  of the l a rge r  is lands tha t  are  wj.d.er t l an  about 

1003 f e e t  kkas a good chance of ~ ~ o d u c i n g  a f a i r l y  continuous supply of potable 

ground rrater under the normal croft of the  nat ive popuialion. Kells in riar- 

rower land o r  near the bea.ch fire ap t  t o  be brackish. According t o  the prin- 

c iples  of hydrostat ic  bal.%?ce i n  the Gnyben-Aersberf lens ,  a s  the !and i s  

v;ider, -the ].ens i s  thicker,  and the chances of a sustained supply of potable 

water a r e  bet ter .  

I r r e g d a r i t i e s  ir, fresh-saLt boundary relationr.hips i.n +.he lens  due to  

openings i n  the reef-rock foundation a re  to  be expected, end tile r e l a t i ve ly  



Well 
o r  

s i t e  

PH PH ?H Chloride Total hard- Cat* Temp. 
Cawma phenol t h ~ m o l  ( P P ~  ness a s  ( P P )  O c 
meter red dye blue paper b e 0 3  ( P P ~  

Table 3. Properties of gmund water on Onotoa 

(Note t ha t  a l l  pH readings were wade auring daylight hours, 

pH of wells with algae shoxld f a l l  a t  night)  



high.chloride and magnesium content of well 3 i s  possibly due to  such an 

opening o r  passage. It i s  possible t o  predict  the location of such openings 

only by methods tha t  are  prohibitively,sxpensive vdth reference t o  the ease 

and cheapness of digging a shall..om well. The pract ical  way of meeting the 

problem of ground vrater supply i n  the Gilberts is  to  loca te  ne l l s  intended 

t o  supply drinking and cooking water a t  o r  toward the middle o f i s l a n d s  more 

than 1000 f e e t  vide and a t  l e a s t  several  thousand f e e t  long. Some n e l l s  so 

1.ocrtted. w i l l  encounter brackish water in  any event, but they should.be pro- 

portionately few. . . 

 shall.^^ sea and t i de  pools 

Observations were mcide on diurnal. var ia t ion of pH and temperature of 

water from a high t l de  pooland a spr8.y pool on the windward sea beach, from 

a t l d e  pool on the'windvrard reef f l a t ,  from flow over the reef  f l a t ,  from 

immediately offshore i n  the shallow lagoon, and from a spray pool with bonded 

limesend on the lagoon bez.ch. The l a s t  mentioned, though a spray pool a t  

neap t ides ,  i s  a t i de  pool a t  times of spr5ng t ide .  A l l  s i t e s  'observed were 

adjacent t o  the f i e l d  camp south of the Government Station on the northern 

main island. In sddition t o  pH and temperature, the concentration of calcium, 

magnesium, and chloride in  par t s  per million mas determined. 

The beach zone pools a t  Onotoa mostly have f l a t  bottoms, a l a rge  popula- 

t ion of fix'& algae, add a few sna i l s  (Nerita) and blennies. 'The Lide pools 

of the  inner reef f l a t  have smooth, shallom, rounded bottoms, commonly 

elongated normal t o " t h e  shore and with algae growing between ra ther  than i n  

them. The beach zone pools a r e  considered primarily a t t r i bu t ab le  t o  solution. 

The reef  f l a t  pools are  probably in  par t  abrasion feat,ur&s. Emery (1946) 

gives r e su l t s  of similar bu-t more complete s tudies  of t i d e  pools a t  La Jo l la ,  

California,  and provides refsrrences to  previous publications on the subject. 
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The r e s u l t s  of t h e  o b s e ~ v a i i o n s  a t  Onotoa a r e  sliom graphica l ly  i n  

f i g u r e s  4 t o  8 ,  and c r i t i c a l  v a r i a t i o n s  jx h;drogeii ion concentration a r e  

summsrized i n  t a b l e  4. From tinese d a t a  it, i s  c l e a r  t h e t ,  excluding ex- 

traneous fbc-tors such a s  a f fec ted  the  high seaward t i d e  pool. of f i g u r e  7, 
. . 

t e ~ p e r a t u r e ,  ch lo r in i ty ,  and pH 6 . 1 1  show t h e  sane general. pa t t e rn  of diur-  

n z l  va r i a t ioa .  This pa t t e rn  i s  a recumbent sigmoidol. curve, r i s i n g  t o  a 

peak daring t h e  drjy and f a l l i n g  t o  a low a t  n igh t .  Moreover, s m p l e s  t s s t e d  

f o r  Ca*' and NgH sho&tha t  these  p roper t i e s  vary d i r e c t l y  with ch lo r in i ty .  

The b a t t e r i e s  of the  e l e c t r i c  pH meter gave o u t  towa?d the  end of the  

first s e t  of i44iour  rerockings, but  seal.ed mater sample:; had been taken f o r  

a11 hours read. and these  samples were immediately checked v;ith a Japanese-made 

(Mitamura) s e t  of f l u i d  and paper col.orimetric ind ica to r s .  These ind ica to r s  

s h o ~ e d  cons i s t en t  result ,s  following a diurnal va r i a t ion  curve s imi la r  t o  t h a t  

of the  e l e c t r i c  meter h u t  genera l ly  reading 0.3 t o  0.5 ui1j.t higher and tending 

t o  f l a t t e n  t h e  w r v e  sli.!;htljr toward t h e  peak. This check makes c r e d i b l e  t h e  

general  range of readings subsequently mad-e wi-th the  color imetr ic  ind ica to r s ,  

bvt  a l s o  suggests  -that t h e  color imetr ic  curve should be sca led  soinemhat lover  

than it a c t u a l l y  reads. 

Data from t h e  shallow lagoon ( f i g .  4) &d vator  i n  flow over t h e  vindward 

r e e f  f l a t  ( f i g .  5) may be taken as an ap5Goxi;ca-to measure of the  Emits of 

normal v a r i a t i o n  i n  t h e  very shallow nlarine waters  of Onntoa. These s h o ~ i  a 

range i n  chlor in i t j r  of  18,080 ppm C1.- j u s t  before daybreik t o  2i),6SO ppm C1- 

during t h e  clay. The pH (meter measured) ranges from 7.63 a t  midnight o r  e a r l y  

morning hours t o  8.80 i n  midafternoon, and temperature ranges from 23.5O C 

j u s t  before daybreak t o  31k0 C a t  midday. The l o n e s t  pH recorded e l e c t r i c i l l y  

i.jo.s 7.63 f o r  water i n  f3.ovi from beyond t h e  ou te r  reef  over the  r ee f  f l a t  

a t  midnight, and the  h ighes t  was 9.05 f o r  water.  i n  a then stagnant  r e e f  f l a t  

t i d e  pool a t  midtide and midafternoon. This  range i s  c lose  t o  t h e  range found 
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Lm3imn-N if. nH ! Periodic v-L UH 
. . / 9 I 

i hlgh low I 
! Sample and colori- colori- i colori- colori-I 

f igure reference -. meter metric - .meter m e t r i c  meter meter metric i 1 
--- .netric --- 

pH time pH t i n e  pH time p H  time p H  t i m e  p H  t-&q 
! 

.c-- 4 
Shallox lagoon, i 2100 / 

f ig .  4 

Windruard reef, 
f ig .  5 

. . . .- -. -- ! 

Low vgindvnrd t i d e  0200 
pool, f ig .  6 

W 
0\ 

pool, f ig .  7 

- - 
I 

' 5 n d ~ a r d  spray 1100 i 2000 
pool (+), f iz .8  1 - -- 

i 
.- I 
Lagoon (leeward) 

spraypool ,  fig.81 - -- 8 . 2 '  2130 
i 

I . , . . I 

("1 Presence of decaying f lesh  i n  pool inferred t o  account f o r  low pH readings. 

Table 4. Variations i n  pH of shallow narine and beach zone waters 
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time time - 

1330 

Hardness (pp,pn) - -. - - 
t o t a l  i Saaple and 

f igure  reference 
-- -- 
Shallow lagoon, . 

f i g . & .  . :  
.% . . 

Temper -- 

time min . -- 
. . .  

23.5 

hardness -- 
6225 
to 

6530 

?:indward reef, 
fig. 5 

Low windward t i d e  
pool, f ig.  6 

. . 

0500 
and 

2400 

High windnard t i d e  
pool, f ig .  7 

Windward spray 
pool, f ig .  8 

Lagoon ( leewa~d)  
spray pool, fig.8 

Table 5. Temperature, chloride content, and. hardness 

of s~iallow .mrine and beach zone waters 



by Emery (1946, p. 221, f i g .  12) in  a southern California t i d e  pool with a 

temperature range of lkO to  26O C. A pH reading as  l o e  as 7.4 was recorded 

coloriinet-rically i n  a high mindward spray pool a t  6 a.m. and one as  high a s  

9.4 iL1 a lagoonside spray pool a t  3:3O p.m. 

Importanceis attached t o  f igure  7, representing a high seaward t i d e  

pool, because it shows an essent ia l lyregular .  diurnal variation curve of PI-I 

(colorimetric) through a period of f luctuat ing temperatures and di lut ion by 

ra in  (2.05 inches r a i n f a l l  i n  211 hour in te rva l  recorded on f igure  7).  Concen- 

t ra t ion  of C T  in  t h i s  t i de  pool feZl 6000 ppm daring hard ra ins  from 3:15 

to  5:15 a.m. Hov.evsr, it jurqed back 45C0 ppm wiih the f i r s t  flushing wave 

of the high t i de  a f t e r  the ra ins  stopped and was kept  a t  t h i s  concentration 

as  long as  the t i de  pool mas reached by on occasional high wave. Concentra- 

t ion f e l l  15 ,COO ppm dwing  a day of ra ins  but jumped from 2,000 to  19,000 

ppm as  the t i d e  reached peak and flushed the pool again. Chlorinity f e l l  off 

markedly a g ~ i n  a t  9 p.m. ss the t i d e  receded and the pool was beyond reach 

of waves, but t h i s  drop must be explained by dilu",on from accumulated ra in  

water seeping and .trickling dovm from the i r regular  rock surface ahom the 

pool, f o r  there was no ra in  8.t t h i s  time. Concentration i n  ppm o:t CaC03, 

MgC03, Caf+, and Mg+* varied d i r ec t ly  with Cl- ,  and none of these concent-ra- 

t ions  showed any re la t ion  to temperature of pH. 

Clearly, the pH of t h i s  t i de  pool i s  not s ign i f ican t ly  affected by o r  

re la ted to  e i ther  temperature, chlor ini ty ,  o r  any of the  variafiles t h a t  change 
. . 

with chlorinity.  However, pH, temperature, and chlor ini ty  d.o vary together 

i n  other s i tuat ions  ( f igs .  4 - 6, 8 ) ,  and it looks a s  i f  they may vary i n  re- 

la-tion t o  some common factor .  Sunlight provides a sui table  common fac tor  f o r  

temperature and pH, but i t s  possible re la t ion to  the neasured variations i n  

chlor ini ty  i s  not clear.  Rain and variation i n  outfSom from the f resh water 

].ens with the t i des  a r e  probably more important i n  a.ccounting for  ch lor in i ty  

variations. 
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Tk~e general  pe r tod ic  vari;tions of pH from ~ e l a t . i v e l y  high c?uring the 

day t o  r e l a t i v e l y  lot:!. tit ni&t is .  wll broughtout by ta.Lle 4. Dcrjng koui.s 

of sun l igh t  rtarine p lan t s  (koth at..tacher!: m d  planktonic)  use up C02 i n  

;ihotosyni,hesis, causing r e l a t i v e ,  acXit ,y,  as measured bj hydrogen ion non- 

cen t ra t ion ,  t o  decrease, and  pH, this klverse measure of hydrogen ion cmccn- 

t r a t i o n ,  ts r i s e .  l'ne reverse  is t r c e  i~t nigkLt, when p l m t s  a r e  n o t x s i r i g .  

Cd2 l o r  phot,os:.mt!iesls, but  both p l m t s  a2Lrici mi.na1.s a r e  producing CD2 through 

resp:.:tation. Cg2 c o c . t e ~ t  of  the  vrwter ii lcreases, hydrogen ion concentra-- 

c. 
t i o n  r i s e s ,  z;ld pH f n l l s .  l h i s  i s  f w e  of the high sea~?a.rd Oide pool, r:it,h- 

o u t  r~:gar.d t o  t h e  extrarieous .?wtors  t h a t  a f f e c t  c h l c r i n i t y  x d  temperzture, 

(1946, p. 221, f i z .  2) cle?.r;l:? :;ho$:~ t,h&t d iurngi  v a r i z t i u n  vf pIi i n  -t!.de 

p o d s  a t  La J o l l a  is inverse17 r e l a t e d  t o  C02 c m c e n t m t i o ~ ; .  A t  t h e  snme 

place,  he ilotes tha-t v a r i n t i c n s  i n  p a r t i a l  pressvre of C02 f r o m  gr\?ater  than 

i n  a i r  a t  n igh t  t o  l e s s  than in :iir c i ~ ~ i n ;  the  5ay i n d i c a t e  a l a r g e r  r x g e  

i n  COP a c b m l l y  re l ease6  a i ~ d  used Wicn j.s indica ted  by measuremer,ts cbtnined. 

Special. i n t e r e s t  i n  t h e  d i u r n z l  cycle of pHvaria-ciori de r ives  from the 

p a r t  t h a t  t r o p i c a l  m r i i - ~ e  wzters  appeer t o  play i n  so lu t ion  arid :xec ip i t a -  

t ion  of CaCO On the one hard, it i s  LO?! cormon knowLedge .;hat such r;ai,ers 3-  

8.re n o ~ n d l y  sa tu ra ted  o r  supiirs~itixhtCd rliti- C d O  ailcj. iiiiwefore n o t  cxpable 3 .- 

of tdcine: it i n t o  solutior. .  Gn t k e  ot'ner hancl., t h e  physica l  ev'dence of 

p i t t i x g  and undercutt ing oC t r o p i c a l  l h e s t o w  shores i s  convincing .to some 

(iric!.udir,g myself; t imt  n o m a l  t r o p i c a l  marine n a t s r s ,  uadcr some ccilditions, 

can j i s s o l v e  CaCg3. Data obtained a t  Onotoli substmtiai ,e  the  cor~clusion a l -  

rectdy reached by Emery (1946, pp. 225-226) t h a t  tkese condi t ions  a r e  r e l a t e d  

t o  d i u r n a l  va r i a t ion  o r  pH i n  i n t e r t i d a l  o r  very sha l los  1wters  u i t h  a high 

b i o t i c  densi ty.  During t,he day, C02 i~? shdlorr  n a t e r s  an2 t i d e  pools i s  



being used i n  photosynthesis,  pH r i s e s  toaard a maximum of 8.6 t o  8.8 o r  

2/ .  2 / .  . . 8.9 m open shoal  ":rater and 9.1 t o  9.L m c;de pools  and spray  pools, ;lnd 

p r e c i p i t a t i o n  of CaC03 should t ake  place.  A t  n igh t ,  'hen t h e  C02 content  of 

3'. these  same waters  i s  increas ing ,  pH f a l l s  tov:ard a minimum of 7.6 t o  8.3" 1x1 

2/ 
Highest recdings co lo r ime t r i c  and probavly i n  t h e  range of' 0.3 high. 

both opm shoal  water nccl t i d e  pools ,  and it i s  probably a t  t i x e s  of lower- 

ing of pH belov; about '7.8 t o  8.3 t h a t  so lu t ion  occurs. E~:ery (1946, pp. 222- 

225) h a s  nadk the  necessary c?.lculat.ior.s .to sliol'i f o r  :similar da te ,  though i n  

0 
a temper&ture r m g e  about i O  C lorrer, t h c t  soliii:.ion a t  night,  'and prec ip i ta -  

t i o n  c'uring the  day i s  i n  fact .  i;ossiKie n i t h j n  the  observed range ( ~ f  pH.  I n  

a r r i v i n g  a t  t he  foret;oir.g f igu res ,  d.ata from t h e  ,t:ind~:~ard sp ray  pool o f  

f5.gure 8 a r e  discounted, because t h i s  pool  -was found to conte in  decaying fl.esh 

t h a t  rlo-~btlesa accounts f o r  it:; lovi pH. Of course, such th ings  2r2 common i n  

tic '? pools  snd s:pr?.y pools  and 1,:ould account foT acce le ra t ed  so lu t ion  there .  

That the  e f f e c t s  gf solu.ti.ori in  shore zone a reas  a ra  commonly more i n  

evidence than p r e c i p i t a t i o n  i.s explained by t h e  s u s c e p t i b i l i t y  of Yhe minute 

a ragon i t i c  needles of' ti;e p r e c i p i t a t e d  CaCO t o  heing fhr ;ked  away by waves-- 3 
o r  even b l w n  .%nay by c lnd  a t   lo^ t i d e  from p a r t s  of t h e  r e e f  and t i d e  f l a t s  

t h a t  a r e  e x ~ o s e d  long enough to dry. P rec ip i t a t ed  CaCO i n  m d  near t h e  s h w e  3 
zone of Onotoa appears t o  be preserved on1.y on t h e  e levated  rim of c e r t a i n  

t i d e  pools  an6 probal2.y as p a r t  of -he vi2;i;e encrustatj .ons on the  su r faces  

of sediment-binding algae. !Jaturailg, pain va te r ,  both a s  so lven t  and as 

f lush ing  me<ium, a z c e n t m t e s  t h e  prGcess of p i t t i n g  and formation of t i d e  

pools  ar.d spray pools, and t k e  e f f e c t  of decaying organic mat ter  i s  a l s o  im- 

por tea t .  However, z e i t h e r  r a i n  nor decaying organic mat ter  can have much 



ef:'ect or; t h e  ljroduction of  t h e  undercat  notches t n s t  a r e  so comlon around 

Flow of water over t h e  nindwurd r e e f  
. . 

The n!nvement of  powdered f l u o r e r c ~ i n  marker dye was obs:?rved 4 . t  s eve ra l  

places aver Lhe ree f  f l a t ,  i n  surge channels, and over t h e  benched r e e f  s lope  

s e m a r d  of t h e  reef  f r o n t  along the  windwxd shore nes r  Goverment Sta t io~; .  

i!bservatio:is vrer.:? made during E receding tl.de a-'; a t i n e  of moclerately s t rong  

su r f ,  an6 al.1 time interva?.s and q u a n t i t i e s  of dye ::ere estiinated. 

Abnht inidmy of t3e  r ee f  f l a t ,  which i.s about 800 f e e t  vide hers ,  a patch 

of  w e  about. 20 f e e t  i n  diari.&er on 2.pplication spread out  t o  about 80 f e e t  

wide by 3.00 f e e t  Long (donga+.ed normal t o  shore) md r:;o7rec? a l t o g e t h e r  p a s t  

t h e  point  of a p p l i c a i i m  i n  a5out 30 seconds. If then surged inwar*. and mt- 

ward v i t h  onshore s w g e  and recess ion of m v e s  but  s inking a:; it r::oved and 

with dominant movement seaward along tile bott,om. Within about 13 r:!inutes 
. , 

af-i;er appl.ica.tion t h e  dye was f-:aming in 'i,k.e surge chalnels  of t h e  cora l . l ine  
. . 

r idge.  

!.bout k a l f  a cupful of the  posderod dye ,:!as epplied j u s t  behind t h e  

c o r a l l i n e  r idge  arid then observed from e. r a f t  cii!chored about 110 f e e t  l ~ g o n d  

t n e  r idge  on the  benched. reef  s lope.  Traces of !,his dye foamed i n  t h e  u2per 

vraters of t h e  surge charnels  f o r  a  long uL~i le ,  but. -ths bulk of it cont,i.nued 
. . 

t o  s ink  and d r i f t  seaward f o r  about  33 minutes. It gri:dually vorked dov.2 t o  

a  basa l  l a g e r  of ~ a t e r  and streamed o u t  over t h e  seaward sloping bench. 

Cye was added t>o surface water a.bout 50 f e e t  ses:?ard of tine c o r a l l i n e  
. . 

r idge  and surge channels. This dye corked. outnard cind doxiward, stx.eming 

t o  t h e  bottom a t  about a  30' angle  i n  about 5 n i m t e s .  Wit,hin about i5 

minutes it was a l l  seavard of t h e  she l f .  



7 . , .  

About three-quarters  of a cupful  o f  po\;dere3' dye y;?as released. at t h e  

~o.t;fompf a 6- t o  8-fgot--wide surge .channel near  i ts  n:iNength, i n  abo:ol?t 10  

f e e t  d fv ia t e r .  This dye surged up and dopcn and ssresti  t o  adjacent  grooves, 

hut it stayed. in  the  surging waters  f o r  abnut 10 t o  1 5  minutes before begb- 

ni:lg t o  s t r e a n  d e f i n i t e l y  seaward. It then s t r e m e d  outwrd.  and dvmverd 

across  t h e  slo?ing bench. 

fie foregoing observat ions show that t h e r e  i s  a ds? ' in i t e  outr:ard-movirg 

bottom cur ren t  il? t h e  sha1:Lov: w t e r  uver  the  r ee f  f iet  an,ni! upper r ee f  s l o p ,  

" 2 .  a t  l e s s t  h t  -ti-ies of re-eding t i d e .  ~ l m e  d id  n o t  permit repetition of t h e  

obse rmt ions  v;.ith on ?'.ncomir;g +.ide, Su.t I ':~ould expect t h e  same pat tern-- tke 

w t e r  t h a t  runs onshore a t  t h e  su r face  becaw:, of the  hreaki rg  waves z u s t  

no7.e oi'r^sho~e a t  the  botton. "Ie f z c t  of most. i~: .@ortance i s  t h a t  t h i s  cur- 

r e n t  i s  domi;.avd a s  weli as o-otward, l i t e r a l l y  dragging t h e  bottom, zlld a t  

time; of out,f'loi: betreen s ~ ~ e l i s  a t  t h e  r e e l  narg in  it,s fo rce  i.s memorn!Le. 

Moreover, a3  t h i s  mo-rewnt i s  perce$ti?allo even 'beyond the  veer: :Front a t  

t i n e s  of m l y  msderate1.y atron;; surf, i t  i s  probnlily consi[Jemble during 

s t o r m .  This j.s of irnpor.tmce i n  cormec-tion 1ri:tn t?ie origiin of r ee f  fTon t  

grooves ; a d  surge channels. 



ORIGIN OF REEF-FRONT GR9OVES NdD S ' R . 5 3  CHAL4NELS 

The f ron ts  of most organic o r  limestone r ee f s  t h a t  a r e  exposed +a the 

sea somewhere show a comb-tooth pattern of closely spaced grooves tha t  are  

separated from one another by rocky buttresses. The par t s  of these grooves 

tha t  t ransect  the surf zone (an6 the coral l ine  ridge i f  one i s  present) a r e  

called surge channels (Tracey e t  al., 194g9 p. 867). 

The or igin  of these groove-and-buttress systems is a vexing question, 

f o r  they show features  a t t r ibu tab le  t o  both biogenic construction and me- 

chanical erosion. Ladd and others (1950, p. 41.3) have emphasized the import- 

ance of outgrowth of a lga l  spurs t o  form the but t resses  a t  Bikini a t o l l .  

They believe t h a t  although there probably "is mecilenical abrasion during 

periods of exceptionally heavy weather...this does not  seem adequatc t o  ex- 

plain the grooves a s  erosional f igures." David and Sweet (1904, p. 81) ex- 

pli ined them by a hypothesis of combined growth and erosion fac tors  and 

Kuenen (1933, p. 80-81) believed tha t  they were mainly constructional. 

Newel1 e t  dL (1951, p. 25), x i th  reference t o  the  aahama Islands, in- 

clined t o  the  view that, "the grooves a r e  cut," and t o  judge from the f a c t  

t ha t  the grooves observed by them "are incised in o b l i t i c  country rock they 

evidently a r e  erosional features." Before learning of Newell's views, 

studies of grooves and surge channels on Onotoa and previous observations of 

similar features  on Guam, Saipan, $and elseivhere had lead me t o  recognize ero- 

sion as  important i n  the formation of the grooves. I have d s o  seen, but not 

studied, grooves similar i n  plan to  more conventional surge channels i n  t he  

face of a basalt-floored bench ju s t  nes t  of Haena point i n  northwestern 

Kauai, of the  Hawaiian Islands. 



In  my opinion t h e  grooves i n  many places  a r e  i n i t i a l l y  c u t  by o i i t f lo i~ ing  

l~ndercl lrrects  that car ry  t o o l s  of abrasion n o t  av5 i l ab le  t o  the  nore spec- 

t a c u l a r  inrushing su r f .  This produces t h e  c h a r a c t e r i s t i c  r a d i a l  p a t t e r n  of 

g rav i ty  flow. It i s  f u r t h e r  saggestad t h a t  most of tl-.is c u t t i i ~ g  f o l l o w d  

f a l l s  of sea  l e v e l ,  when reduction o f  bench surfaces  provided maximum quen- 

tit!.es of de t r i%us  f o r  abrasiox. Under proper l i g h t  condit ions air photo- 

graphs of  some shores (e.g., no r tn  Saipan) show s e v e r d  l e v e l s  of of fshore  

and even e levate2  grooves, n o t  c lose ly  matching a t  t h e i r  boundaries. These 

indica5e groove-cufting a t  successive s t ,mds  of sea  l e v e l  relat.ed t o  bench 

formation. , Once a bench $.s reA:ced t o  euuilibrium l e v e l ,  however, p o w t h  

f a c t o r s  become rfjls.t ivelg im~;or ' imt.  The a5raded upper s i d e s  and c-rests of 

spurs then bscorne vencerad r i t h  gro-?ing c o r a l l i n e  algae end cora ls ,  and t h e  

grooves may be masked over and genera l ly  closed o r  p a r t l y  closed a t  t h e  sur- 

face. This produces mcier-reef caverns and blov;holes. Growth of a lgae  and 

c o r d s  subsequent t o  groove cu t t ing  Tiay be so extensive cs t o  mask ccmpletely 

the  evidences of abras ion,  but t h e  grooves an4 surge channels a r e  found a t  so 

many places,  and the  ra.dial pa t tern  i s  so l i k e  t h e  normal g rav i ty  p a t t e r n  

found on r i . l l e d  rock beaches a d  elsewhere, t h a t  abrasion by outflowing 

g r e ~ i . t y  s u r r e n t s  probably det,ermined t h e  bas ic  p a t t e r n  nt nany places  m'nere 

organic growth i s  t h e  prevai l ing  modem fea tu re .  

Many grooves and surge channels observed on Onotoa and elsewhere a r e  

undercut a t  t h e i r  bssa l  s i d e s  and f loored  wi.th gravel ,  and many on the  l ee -  

ward coas t  of Saipan end i n  submerine potholes containing coarse gravel .  

The grooves a r e  o r d i n a r i l y  most abucdantly developed. on nindvard r e e f s ,  b u t  

they have been observe& i n  a l l  q u a r t e r s  of the  wind and. a t  p laces  z r e  comon 

on leeward ree f s .  Their degree of prominence is believed t o  be con t ro l l ed  by 



s t rength  of outflow in^ cur ren t ,  and thus s!~rf ,  and by quan t i ty  of  abrasive 

ma te r i s l s  in t r a n s i t .  Qn t h e  o the r  hand, the re  a r e  p laces  t h e r e  grocith alone 
. . 

may pr.oduce t h e  comb-tooth pa t t e rn .  Both mechmical erosion m d  organic 

p,rol-th m u ~ t  be considered i!?,portant jn the  o r i g i n  of groove-and-buttress sys- 

tems, the  p a r t  played by each probebly varyi.ng according t o  l o c a l  condi.tioris. 

On Ono koa t h e  grooires of t h e  xindsmrd ree f  a r e  d m o s t  l imi ted  t o  t h e  

su r f  zone rmd a r e  thus synonymous with the  sur.ge chmne l s ,  but  t r z c e s  of them 

run across tlie belched s lope  of t h e  upper reex, masked by c o r d  gro~:tii and 

debris .  The f r o n t  of t h e  r e e f  a t  t h e  landvierd s i d e  of t h i s  bench is a h u t  
. . 

12 f e e t  high and from trri seawrrd si6.e 1.ooks l i k e  the  tru?icated spur-and- 
. . 

canyon topogra$~y of  ii steep-f~,o?ted md f l a t - topred  mountain range o r  p la teau .  
. . .  ,~ .. . 

The s m g c  cllannels range i n  l eng th  f r o a  about 53 t o  80 and r a r e l y  a s  much as 
, . . . 

120 f e e t .  They a r e  about 6 f e e t  deep at  midlength, and deepen gradually t o  
. . .  

about 8 feet, a% t h e  reef  f r o n t ,  v i t h  a dormvard d i p  of m o t h e r  2 t o  4 f e e t  a s  

they pass beywnd th.e wave-breaking front, of the  r e e f .  They range from 2 t o  8 

f e e t  i n  width a t  tbLe r e e f  f r o n t  arid a r e  undercut up t o  1 f o o t  on each s i d e  a t  

t h e i r  bases. Living a lgae  and c o r a l s  a r e  abundant only  a t  t h e  c r e s t s  and upper 

s ides  of in tervening bu-t tresses.  The surge channels a r e  f loored  with very coarse, 

mostly alabby gravel .  A t  t h e  r e e f  f r o n t  above t h i s  gravel  during a period of 

r e l a t i v e l y  strong su r f  ( swel l  measured 6 f e e t  high, combers averaged an 
. . 

es-timated 8 f e e t ) ,  t'ne on ly  movement experienced was m. up and. riom v i t h  t h e  
. . 

swell.  Down i n  the  loner  pa.rt of t h e  channels, however, t h e  scimmer i s  

ca r r i ed  back and f o r t h  w i t h  the  surge f o r  a s  much as 1 5  t o  20 f e e t  a t  a time. 
. . .  . . 

Under these  condit ions only  sml l  pieces of t h e  g r a w l  were observed t o  move, 

t h e  maximum s ize 'observed i n  movement being a s l a b  about 8 inches i n  diameter 

t h a t  rocked gen t ly  b n c ~  and for t t t  v i thou t  being t rans2or ted  from i ts  o r i g i n a l  

posi t ion.  S labs  t h i s  s i z e  and l a r g e r ,  although well  rounded, a r e  most2.y 



costed with a f a i r l y  luxur ious  f e l t  of  i i v i n g  p e e 3  elgae,  and i t ,  is evident  

t h a t  t h e i r  rounding occurs only a t  ti.nges of storm o r  very h e a ~ y  s u r f ,  with 

p lenb j  of time betmeen f o r  groct'n. of algae. Tjhereas the re  i s  a2parentl.y emugh 

movement of  t h e  boulders and smaller gravel. and sand t o  p r e v e ~ t  gror:tifl of 

co ra l  and c o r a l l i n e  a lgae  on the  f l o o r  and l o v s r  p a r t s  of t h e  surge chmne1.s 

(except l o c a l l y  a t  t h e i r  mouths), t h e  q o o v e s  a r e  pl-obaijl7 n o t  being s i g n i f i -  

ce'5t.l;. er:larged a ?  t : ~ e  ?resen% time. 

It i s  svggesteil t h a t  most of t h e  groove cutt i i lg i n  the r ee f  f r o n t  at 

Onoto?. occilrred during Seveiing of i;i;e p r e ~ e n t  r ee f  f l a t  a f t a r  -the r e z e n t  6- 

f o c t  e u s t a t i c  f a l l  of sm leve l .  



On Onotoa, evidence f o r  Recent l o w r i n g  of sea  l e v e l  of t h e  order  of 5 

o r  6 f e e t  is found i n  r e m a n t s  of an elevated Ee3.iopora r ee f  f l a t  t h a t  occurs 

up t o  abou'i, 2.; f e e t  above t h e  inner  edge of t h e  r ee f  f l a t ,  both on the  k e c h  

ant2 i n  wel ls  (c.g., p r o f i l e  5, f i g .  3 ) .  The inner  edge of  t h e  reef  f i a t ,  i n  

t'~nq is estimated t o  be 2 t o  3  f e e t  above preseirt mean low l o r  t ide .  A t  pre- 

s e n t  the  u>per. l i n i t  of l i v i n q  iie:Liopora. f l a t s  i s  abou-k a t  l o v  t?.de l e v e l .  

Sinnilar occbrrences of' ~ei; ; , t i .~e: i7 elevated &eI.iopora f l a t s  a r e  a l s o  f o m d  a t  . . 

Funafuti .  (Sol las ,  1904, pp.. 2i-21,; i)avld a ~ d  S w e t ,  pp. 67-68 ar!@ ~ i a f e s !  . 
F u r t i e r  ev i rh lce  of 3 Z r l l  of sea l e v e l  of  about 6 f e e t  aL Ouotoa i s  providad 

by e!.tva.led coWie s t r ips  of a sort, tha.t i h a w  observed only on ree f  f l a t s .  

These cobble s t r i p e s  r i s e  akout 2 o r  3  feet .  above a su r face  of cobble gravel  

tiat i s  r.boi?t 6 o r  7 f e e t  above the  present  r e e f  f l a t  at, the  northiiest end of 

Onotoa and a r e  segarated from the  luv!er-lying present  r e e f  f i a t  by e gravel. 

rampart. 

A s  a Recent zorld-vide 6-Soot :€dl of sea  l e v e l  may be amply docomentel, 

t h e  evidence on Orictoa i s  only  p a r t  of the  broad p ic ix re .  The higher s tand 

from ?:hick the  present  sea  has  receded i s  provisi.onally a t t r i .buted  by Ste-ars  

(1941, p. '780) t o  t h e  p o s t g l a c i a l  optimum tenpera ture  cycle of 5000 t o  7000 

years  ago, v;hen water previously arid nou: t?.ed up ir! t h e  po la r  i c e  caps was in 

the ocean. F a l l  t o  present  s e a  level.  probably took plece  i n  t,no skeps, t h e  

-. 
f i r s t  a 3- o r  4-fsot  drop and the  secona 2 o r  3. z ~ i d e ~ c e  f o r  t h e  second drop 

c o n s i s t s  of a bench about. 2 o r  3  f e e t  above t h e  p resen t  r ee f  f l a t  a t  Onctoa 

and elsewhere (see  Kueiier,, 1931, pp. 66-70; Dana, 1872, pp. 333-31;6). No a t -  

tempt .::ill be made here t o  summarize t h e  l a r g e  l i t e r a t u r e  on t h e  quest ion 

of  r acen t  e u s t a t i c  f a l l s  of  sea l eve l .  



Ato l l  i s l a n d s  c h a r a c t e r i s t i c a l l y  c o n r i s t  05 unconsolidntec! debr i s  r e s t -  

ing  on a s o l i d  f ~ u n d a t i o n .  This fovndation niust be bmaC enough me. high 
. . 

enough so t h a t  this unconsolidated d e b r i s  can accumulate beyond t h e  reach of 
. , .  .. 

<m strong mave ac t ion  and be preserved there .  The foundztion may c o n s i s t  of a 

reef  t h a t  has grown t o  the  surface  of the  sea, o r  ~ h i c h ,  having g r o w  t o  t h e  

surfzce, i s  :Left sonlevhat above normal sea. l e v e l  by recessior,  of  t h e  sea.  
. . . ., 

On a surface  ~ h i c h  i s  e x p s e d  hetv,:eer, t i d e c ,  l ime-precip i ta t ing  snd 
. . . .  

sedkent-bS.nding green an<. b2.ue--green algae flourS.sh, nnr! even coarse c l a s t i c  

msteri .%ls a r e  q u i c k ~ y  snd f i rmly  bonded togothcr  .by i n t e r s t i t i a l  calcium car- 
. . 

b n a t e .  T h i s  i s  dmons-tr;iteii by t h e  caneritation of blocks 5.3 the  stone--ring 

f i s h  t r a p s  an t h e  ou te r  r e e f  f l a t  and b,y f icml7 zzldei; ba r s  of boulder con- 

glomerzte a t  Bonteuma and a-t t h e  northme::tern extremity of t h e  a t o l l .  Upon 

such an inteYtida.1 surface ,  a l so ,  d e b r i s  tossed by t h e  waves has a good 

chance of rernnining i n  pos i t ion  a t  a. d is tance  from t h e  r e e f  f r o n t  t h a t  v a r i e s  

vi t i l  t h e  frm-sport ing po-#er of storm mves .  

Tile f i r s t  s t e p  i n  ti:e b l ~ i l d i n g  of an a.toll. i s l and ,  then, i s  t h e  e rac t ion  

by storm waves of a r idge  o r  rampart s f  coarse gravel  on a 1.iving ree f  f l a t  

o r  .:!a.ve-cut bench. Seaward add i t ions  may, of course, be :nac?e t o  such a ram- 

p a r t  by subsequent storms. FIowever, evidence t h a t  t h e  s t r u c t u r e  is e s s e n t i a l l y  

s t a b l e  along a given l i n e  an2 under p:evail.ing s t r eng th  of waves i s  found 

i n  t h e  f a s t  t h a t  .the gravel  rampart is a s i n g l e  r idge  a t  most 2laces.  

Building of land on t h e  lagoon s ide  of t h i s  fainpart i s  harder t o  under- 

stand. That riiuch of t h e  7;;ork is done by r:ind i s  evident  f r o x  t h e  prevalence 

of dune, s a n d s ~ , a t  =any places,  but  from where does t h e  sediment come? In  t h e  .. . 

sands of Onotsan i s l a n d s  it is  c l e a r  from t h e  nbundance of  t h e  r e e f - f l a t  

dvel l ing  foraminifer  Galcarina Yeat w ~ c h  if n o t  most of t h e  sand i s  derived 

L+C 
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frmn t h e  ree f .  The t e s t s  c f  w ~ a r k ~ g  and o the r  Foranini fera  t h a t  inhab i t  

th.e a l g a l  n a t s  o? Vie 'eef f'.st apps"nt:lji were ~ ~ a s h e i i  ac ross  th.e reef' ?ad 

d r i f t e d  morn6 t a e  ends-'of an@ a l o i q  the  !.agoon s i d e  of. t h e  k r sce l  rampart 

by local. currents .  The washir,g of  n a t e r  across  the  r-ef  through breaks i n  

t h e  rampart ii: a suff ' ic ie?i t  explanation of t h e  curreqts ,  hut  they :nay be 

l o c a l l l j  e:nphasized o r  negated by o-ther f 'actors,  such a s  nind. i n  the job 01' 

Is1an.d buil.&ing tkese  c u r r t n t c  m i l l  be aiiied by wind-'mre sand  fro^. t i d e  

flat:: o r  from b a l s  ;x-ol.ucsd '?y t h e  cu r ren t s  a lsng t h e  groriing shore ir: t h e  

l e e  of the  gravel  rampa-t. 

The i s l and  should continue t o  gro';i i n  vldt'ri a s  l zng  a.s t h e r e  i s  a base 

f o r  it t o  spread 1.agoonward on and a sup.piy of sediment f o r  building. T!le 

l a t t e r  i s  providec? by Foranin!.fera m d  c l a s t i c  par-bicles of caCO Eirentuelly, 3' 

i f  t h e  process continu,+s, an3 cor ren t s  5.0 n o t  keep the  lagoon swept f r e e  of 

sediment, t k e  lagoon a u s t  f i l l  up and a l a r s e  land a r e s  develop, a s  a t  Chris&- 

nas Is land,  in  the  northern Line Islan.iis. The Lieight of an s t o l l  island, 

inso fa r  a s  it i s  no% at.tribufai3l.e -to f a l l  of sea  l e v e l  o r  t o  rampart S ~ i l d i n g ,  

depends on the  height  LO which aj.ni! car. bui ld  dunes on t h e  base provided and 

froin mater ia l  a t  i ~ a ~ d .  Most a t o l l  i s l a n d s  a r e  r e l a t i v e l y  narrow and  lo^!, 

seldom any-rhere excaeding 12 t o  1 8  f e e t  above t n e  r e e f  f l a t .  I n  my opinion 

t h i s  i n d i c a t e s  Vnat they a r e  a l s o  r e l a t i v e l y  1;iodcrr. phenomena. Several. kill- 

t h o r s  h m e  susgested t h a t  tine building of  a t o l l  i s l a n d s  iias been accelera ted  

by and perhaps da tes  from t h e  ?.ecent 6-foot e u s t a t i c  f a  and such an i 9 t e r -  

p re ta t ion  would he lp  t o  e w l a i n  much of >:!hat i s  know of t h e s e  i s l ands ,  t h e i r  

b io tas ,  and human ~ i g r a t i o n  i ~ l ' t h e  F a c i f i c .  This recession of sea  l w e l  mould 

have resu l t ed  in  an apparent  e1evatj.cn of near-surface r e e f s ,  providing excei- 

l e n t  bases f o r  land const ruct ion  of t h e  tyye t h e  a t o l l  i s l a n d s  show. 



The comon presence o.? a l e n g t h - h e  depresl ion o r  depressions cikkiin 

a t o l l  i s l a n d s  i s  ex2lained by the  ou t l ined  manner of' grovth. In t?le e a r l y  

s tages  of the prvcess t h e  cu r ren t s  from the ends of t h e  is lar ids ~ o i l l d  tend t o  

s>:!ing a 1 . i t t l e  away .cram t h e  graliel rampart and bui ld  a. :.ongshore her  on t h e  

lagoon sid-e. Suhsequefii; addi t ions  a r e  rade mainly t o  t h e  lagoon s i d e  of t h i s  

longshore bar, znci sediment i s  added t o  the  depression a r e a s  on ly  s s  i t  may 

blow i n  o r  v:ask over ber  or. gravel  rampart. On Onotoci t h e  inner  depression 

i s  only l o c a l l y  ?resen", II;o:ever, t h e  process & a t  resui t . s  i n  an inner  de- 

pression i s  perhaps ex.3mpLi.fic-d a t  both ends of the  a t o l l  i s i a n e s  by t h e  

a r c s  c:? l m i  x:hose smdy  est.er:sions cuyve around t i d a l  irile-ts ( f i g .  2).  The 

general  pa t t e rn  zi' dist :zi i~ution on Onotos cf smic? -toxu-d t h e  lagoon < a ~ d  gravel  

tmiard t h e  sea, and of i s l ands  inain1.y -to ~?nd.~<a?:.ari, a l s o  is cons i s t en t  v:ith 

the  p a t t e r n s  cf o-i'ner a t o l l s  and  with t h e  process suggested. Storms t h a t  

e i t h e r  rrashed across o r  broke tilrou& zhe gravel  ramparts n r  s z e p t  i n  gravel  

C ..?om t h e  lagoon m y  be ca l l ed  upon i o  ex.pl.ain gravel  depos i t s  lagoon~mrd of 

t h e  r a q a r t .  Stages i n  is::ani grorcsh, eecorc:ing t o  the scheme owtl.ined, seem 

t o  be illust,rated by t h e  l o n g i t x i i n a l l y  ?aired i s l m d  s t r i p  of Marakei Ato l l  

i n  the  Gi lbe r t s  (!>gassiz, 1903, p l s .  1 - 1  and by t h e  f i l l i n g  sixice 1903 

of l akes  in  t'ne central. de;iression oi' ! 'ut.li I s lmc!  on Mdu Ato l l  i n  the  

.- 
i n d i m  Ocean (Se-iell, 1936a, p. 77). Se~!el l  a l s o  s h m s  ( loc .  ~ i t . ) ,  by 

reference t o  punice l i n e s ,  tn2.t " the  inner  beach of t h e  i s l a n d  has  arivenced 

-toanrd t h e  la.goon by some 3.3 yarcis" betrieen about 1885 arid i93& 

The gravel  rampart i t s e l f  i s  comaonly cap@ and a-t places c m p l e t e l y  

concealed by a. veceer o r  thick; cover of f f n e - g r ~ i n e d  younge-. dune s a ~ d s ,  b l o w  

ashore from tk!e reef-f1.at a rea  so recerl t ly zs t o  sho?: no h u m s  I.a.yer, o r  

t h i n l y  t o  veneer a humils l a x e r  belov. This saw3 cocta ins  fey, Foraminifera and 



i s  thought t o  be nos-Lly c'erived at, time.? of loc. t i d e  from M e  f i n e  GaC03 

p a r t i c l e s  tht ad!iere t o  t h e  3 r y i . g  surfaces  of  tke  green snd S lue -peen  

a lgae  of t h e  inner  r ee f  f l a t . .  The probabil . i ty t h a t  even extens ive  wixiward 

beach-zone dune b e l t s  cap gravel  ramparts s e e m  s t rong enough t o  warrant t h e  

showbig of in fe r red  ramparts 'seneath such dunes on the  i s l a n d  p r o f i l e s  o f  

f i g u r e  3. 

If t h e  islan?!s of Dnofoa v;e&e mainly b u i l t  on a platfor:u r e s i d u a l  from 

the  6-foot st,md. of 5he sea ,  and i f  ikis stand of sea  i s  proper ly  co r re la t ed  

n i t h  t h e  postgla.cia1 optinurn, sll of tnese  la izd-hi ld ing even-ts have taken 

p lcce  i n  about the  l a s t  &,000 ta 7,OCO years. 

Ato l l  island; appe.*r t o  3 e  eroZed pnimari1.y a t  t imes sf g r e a t  storms by 

breaching of i s l ands  o r  by t h e  complete re1n~v;rl of i s l r n d s  and o the r  sedirnenbs 

on s t r e t c h e s  of t.he r ee f  f l a t .  1:' a t  l e a s t  the  seawrrd por t ions  of.' tile uncon- 

s o l i d a k d  s'coll 'sedinien'x r e s t  on a bench s u r f x e  a t  a bif:her l e v e l  t h m  t h e  

r e e f  f l a t ,  a s  a t  Onotoa, dez t rxc t ive  processes shou2.d be r e t a r d d .  l?e;nnants 

of b e x h  rock on denuded reef  r l a t s  and k.urLed o r  outcro2ping ber.ch rock 

v5thin l m d  nress  provide the  b e s t  b8.sis f o r  r ecmis tmct ing  s t a p a  i n  the  
. . .  

bui ld ing and erosion of a t o l l  i s l ands ,  m c e  given a ffoudda-tion. 



SHIFTS OF SEA LEVEL AND THEIR EFFECTS ON MODEPSJ REEFS 

The r e e f  f l a t s  of Onotoa on which i s l ands  a r e  s i t u a t e d  a r e  t runcated  

surfaces.  Green algae t h r i v e  on t h e  inner  r ee f  f l a t s .  A fern c o r a l s  and 

abundant r e d  algae a r e  found on t h e i r  s e a m r d  port ions.  Evidence t h a t  this 

surface has  been truncated i s  found i n  t h e  elevated Eeliogora f l a t  t h a t  d i p s  

under t h e  i s l ands .  This surface  i s  continuous, a t  places observed ca re fu l ly ,  

with an o ld ,  truncat,eri 3eliopclra f l a t  thi l t  runs across i'ne present  r ee f  and 

is ze re ly  veneered r i t h  a lgae  and t h e  sediments :.ilich t'ney bind and cement 

t o  rock. Zvidmce of a former stand of t h e  sea  aljout 6 f e e t  above ? resen t  

sea l e v e l  i s  Pound i n  t h e  e levated  a r e a  of r e e f - f l a t  co'ebie s t r i p e s  a t  t h e  

northwest end of Onotoa, e , ~ d  a:.so in  t h e  elevated and truncateii  su r face  of  

t'ne o l d  H e l i o p o z  ree f .  

A t  Arno Atol l ,  i n  -the sout,!~eastern iiiarshal.1 i s l ands ,  c o r a l  grov:th 

f lour i shes  a t  l e a s t  on many p a r t s  of t h e  r ee f  f i a t .  Of t h i s  a t o l l  Gello 

(1951, pp. 4-5) has s t a t ed  t h a t  the re  i s  no evidence of f a l l  of sea  l e v e l ,  

and t h e  same i s  commonly reputed t o  be t r u e  of a t o l l  i s lunds .  O n  the  o the r  

hand, evidence of f a l l e n  sea  l e v e l  has  been recorded a t  B ik in i  (Ledd et, a i ,  

1950, p l .  4 ,  p. 4 1 3 ) ,  Funafuti  (David aad sweet, 1904, p. 67-68), and Hors- 

burgh a t o l l s  (Se~well, 1936b, p. 121). Regarzless of t h e  f a c t  t h a t  indepen- 

dent confirrmtion cannot e v e r y h e r e  be found, the re  i s  widespread and 

impressive evidence no t  on* of a r e c e n t  6-foot e u s t a t i c  :'all of s e r  l e v e l ,  

but  of a very  recent  f a l l  of  roughly '; t o  3 f e e t  and of 0r.e o r  irore former 

sea  l e v e l s  ir: a range o f 1 6  t o  35 f e e t  &'cove +he present  one (Daly, 1920; 

Daly, 1926, pp. 171-179; Kuenen, 1933, p. 66-70; Stearns,  19L1, p. 779-780; 

Stearns,  1.945). Ti?e 16- t o  35-foot zone i s  obscure, and i t s  e f f e c t s  on 

modern r e e f s  call only have involved shoal ing  preparatory t o  l a t a r  event:; 
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mo.ce signi.ficance +,o t h e i r  y resen t  aspects .  The l*- t o  ?-foot fa1.l seems 

b e s t  consklered a s  a temporary stand i n  t h e  lowering of t h e  sea  from t h e  

6-foot l ~ v e l .  There nave a l s o b e e n  l o c a l  a rd  perilaps e u s t a t i c  posi.kive move- 

ments of cea l e v e l ,  but  p o s ' t ~ r e  eusts.t.isrn f o r  any. given l e v e l  i s  hard t o  

demonstrate and r e l a t e s  oc ly  ind3.rectly t o  t h e  question here considered. 

"  he evidence a t  hand suggests  t h a t  t h e  p resec t  s u n e r f i c i a l  aspects  of 

r e e f s  a.re re:.atcd t o  vhe.5her t h e i r  su r face  was v:itFhi:.in 6 f e e t  of  sea  !.eve1 a t  

t h e  time of t h s  6-fc3t e u s t a t i c  s t m d .  I f  they lag- belovi 6 f e e t ,  t h e  drop i n  

sea  l e v e l  would c o t  :?me a f f e c t e d  thei:i markedly, snd, i f  not s i t e s  of i s l ands ,  

they ~ ~ c u l d  pres~imably be f l ~ u r l ~ h i n g  orga.nic r e e f s  totay.  L t  mch pl.aces 

no evicience of e u s t e t i c  i z l i  ??auld be found except,  i.n 3x1 i n d i r e c t  w ~ y ,  

i s i e a d s  theinselves, t h e  ccns t ruct ion  of  which vou:id be f a c i l i t a t e d  by t h e  

s h o d i n g  of t h e i r  po ten t i a l  foundations. I f  the  surface  of a r ee f  were within 

6 f e e t  of sna l e v e l  a t  the  t,ime of ti!* &foot  e u s t a t i c  stanG., it riould be 

abrade6. and trunca+,ed ~ i t k  f a l l  of tho  sea. I-L 7w)uld be an a r e a  poor f o r  

gror.th of c o ~ a l s  and crust,ose corri l l inc algae,  and veneered with c1a:itic 

debr i s  and s o f t  algze o r  a r t i c u l e t e  co ra l l ines .  Such r e e f s  a r e  founLi a t  Oriotoa., 

Taraw, arid & ? t a r i t a r i  i n  t i e  G i l b e r t  I s l ands  a:: w1.l a s  i n  many o the r  p a r t s  

of the  Pac i f i c .  In  rny opinion they a r e  i n  themselves evidence of r e c e n t  f a l l  

of sea  l e v e l .  Of course, it i s  t o  be expected th0.t nontruncated r e e f s  xi11 

be found i n  s r e a s  of truncatioli ,  f o r  it i s  highly  un l ike ly  that,  a11 r e e f s  of 

a :riven a rea  o r  al; p a r t s  of a given r e e f  would have g r m n  t o  unifor!fily s h o d  

depths p r i o r  t o  t h e  &foot f a l l .  

A second f n a t l ~ r e  of  i n t e r e s t  in  connection - 5 t h  t.he "cent &foot  f a l l  

of  sea  l e v e l  i s  t h e  already discussed developmerit of grooves a d  surge chan- 

n e l s  i n  t h e  present  reef  r i m .  It is  here  considered tha t  such f e a t u r e s  a t  

many o r  most p laces  o r i g i n a l l y  r e s u l t  from abrasion by g r a v i t y  cu r ren t s  flowing 
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out-ward m r o s s  t h e  reef  and. equipped u i t n  abrasive t o o l s  provicied by trunca- 

t i o n  of a r e l a t i v e l y  elevated r e e f  f l a t .  V!hen such a r ee f  f1.a.t. i s  raduced 

t o  a s t a b l e  l e v e l ,  o r  before, i f  condi t ions  a r e  favorable,  srowth of c o r a l l i n e  

algae and c o r a l s  a t  the  beveled reef  margins is accelera ted  and evenk~s; l ly  

masks o r  even e rad ica tes  evidences of  abrasion. %.e e a s t  end of Tarague 

Bezch, at, nor th  Guam, i s  believed to exe~npl i fy  :TI elevzteci bench in  process 

of such reduction.  For sope unknovm reason it, alone of a l l  r e e f - f l a t  a r e a s  

seen cn Gum, preseyves numerous remnxits of the  o lde r  l e v e l  between grooves 

t h a t  extend acros? the  enti.re r ee f  f la t - -as ,  of course, they  shoulci do u n t i l  

such time a s  3.ateral cu t t ing  processes r e d ~ c e  them t o  a ::enera1 l e v e l .  

A coro l l a ry  of t h e  conteg-t.ion t h a t  t h e  6-foot e u s t a t i c  f a l l  exerLed a 

cor:trolling inf luence  on t h e  s u p e r f i c i e l  aspects  of modern orgfinic r e e f s  i s  

t h a t  one shou1.d be able  t,o s t d t e ,  from t h e  na tu re  of i ts  surfece ,  whether o r  

n o t  tiny @.?en r e e f  a rea  ,+as r i t h i n  6 f e e t  of sea  l e v e l  a t  thi: time of t,he 

6-foot e u s t a t i c  s-Land. Lf it j.s spa r se  i n  l i v i n g  cora l  and veneered -::itin 

green a lgae  and c l o s i i c  c l - h i s ,  and p a r t i c u l a r l y  i f  it i s  a l s o  a r e l a t i v e l y  

smooth surface,  it vas i3robab.i.y t runcated.  I f  co ra l  growth i s  vigoro7;ls and 

t h e  surface  i r r e g u l a r ,  it a a s  pmbably  n o t  v i t h i n  6 f e e t  of t h e  o l d  sea  l e v e l ,  

o r  e l s e  it has gram U? from E very severe ly  beveled ree f  margin. 



?or t h e  f'ollox?!ing p r e l - b i n a r y  i c i e n t i f i c a t i o w  o f  c o r a l s  and r e e f  build- 

. en iiig h y 6 r o z o ~ i s  frms ~ l l c t o a  I zii iiidebt.ed t o  D r .  J; . V d .  hel l s . .  The l i s t  g i v  

i s  coinposite f o r  a i l  l o c z l i t i e s  and efivironaents co l l ec t ed .  Al together  it 

inc ludes  26 ?enera and 50 i o  60 snec ie s  of  c o r a l s  and 2 g e n e r a  and s ~ e c i e s  

of  i~ydrozoms .  . . 
. . 

S c i e r a c t i n i a  

Acropora spp. . ' , . 

Xstreopora sp. . . .  

Ccscl.narea co?.umna (Dana) 

Cu l i c i a  

Qyphastrea rr.icropt:lalma (Janarck) 

Echir.ouk.yl7ia aspera  (3l l is  rmd Solander) 

Echino?liyLii.s sp. 

Echinopora lamellosa (&per) 

Favla s t e l l i g e r a  (Dana) , 

Favia spp. 

Favite; sp. 

Fungia concinca U e r r i l l  

Fungia scu t a r i a  Lamarck 

h n g i . a  s a l i d a  Verril.1--a j l c w  record 

Goniastzea pec t ina tn  (shrenberg) 

C o n h s t r e a  r e i l  f o r n i s  (Laaarck) 

iIalomitra p h i l i p p i n e n s i s  Studer  

Herpoli tha l imax Esper 

Hydnophora nicroconos ( ~ a m r c k )  
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Eydnophora rigidla (Dana) 

Leptastrea purpurea (Dana) 

Lobophyllia sp. 

Merulina sp. 

Montipora criliculata (Dana) 

!&onti>or% foveolata (Lemarck) 

Nlontipora verrucosa Lamarck 

Montipora spp. 

Pavona clavus (Dana) 

Pa-?ona varians Ver r i l l  

Pavona sp. 

Platygyra ru s t i ca  ( D a a )  

Platyeyrs sinensis (Edwasds and ~ a i m e )  

P les ias t rea  versipora (Lamarck) 

P les ias t rea  sp. 

Pocillopora caespitosa Dana 

Pocillopora dmicornis  (Dana) 

Pocillopora danae Ver r i l l  

Pocillopora elegans ( ~ a n a )  

Pocillopora meandrina Dana 

Poci1:Lopon.a modurnanensis Vaughaan? 

PocilLopora spp. 

Posi tes  andrevisi Vaughan 

Por i tes  l ichen Dana 

Por i tes  lobata  Dana 

Por i tes  l u t e a  Edwards and Haime 

Por i tes  superfvsa Gmdinur 

Por i tes  spp. 

Psammocora (Ples ioser is)  sp. 
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Seriafopora hystr ix  (Dana) 

lhbasLre8 

Alcyona~ia 

Fielioporu coemlea (Pal las)  

Hylrozoa 

Millepora tenera Soschma 

Sty las te r  ~ h n g u h e u s  Edrmrds and Mainie 



APPENDIX E--DESCF.IPTION OF GCOLOGIC FIELD UNITS 

Recognition of  contiguous ecologic f i e l d  u n i t s  v;ithin a given general  

environ~ient  amounts t o  designating segments of a continuously va r i ab le  se- 

quence. Such u n i t s  i n  l a r g e  p a r t  express r e a l  c e n t r a l  tendencies, but  t h e i r  

boundaries a r e  mostly i n d e f i n i t e ,  and t o  draw boundaries a t  a l l  may be m i s -  

leading.  How t o  def ine  t i e  p a r t i c u l a r  continuous va r i ab les  i n  quest ion tind 

express then; s u i t e b l y  on a map v ~ i t h o u t  recognizing s u i t e s  of in te rg rad ing  

u n i t s  i s  a problez y e t  t o  be s a t i s f e c t o r i l y  solved. Pending such so lu t ion ,  

o r  a reduction or' ca tegor ies  on completion of labora tory  s t u d i e s  and re-  

evaluation of f i e l d  datz,  t h e  following descripi,ions may give t h e  i n t e r e s t e d  

reader a more p a r t i c u l a r  idea  of t h e  ecology of  Onotoa. 

I s l a n d s  

Dxie l imesmds  -- 

Younger done sand. Ivlostly f ine-  t o  medium-grained, angular  CaCO s m d .  Humus 3 

l a y e r  inc ip ien t ,  t h i n ,  o r  absent .  

Older dune sand. Siniiiar t o  "younger dune sand," but  x i t h  humus l a y e r  weakly 

t o  moderately s e l l  developed. In  p a r t  r i c h  i n  t e s t s  of f o r a n i n i f e r  

Caicarina. 

Indurated dune sand. Indurated phosphatized (?)  o lde r  dune sand. - 
Limesands o the r  than lmom dune d-eposits 

(Gravel i n t e r v a l s  l o c a l l y  inclucied i n  a l l  types. Generally comprising most 
arable  land and supporting t h i c k e s t  vegetat ion on Onotoa.) 

Youn~er  limesand. Fine- t o  coarse-grained s,md, with h u m s  l a y e r  t h i n  o r  

absent; l o c a l l y  includes gravel  and wind-blom sand. According t o  l o c a l  

r epor t s ,  t h e  a rea  of younger l imesand  and gravel  on the  po in t  a t  

Tabumorae has  been b u i l t  s ince  1903. 
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Calcarina Iirnesmd. Sand of which 50% t o  995; of t h e  individual  g ra ins  a r e  -- 
t e s t s  of t h e  foraminifer  Calcarina. Generally !.iti well-developed humus 

l aye r .  Forms loose ,  well-drained s o i l  with good c a r ~ i l l a r y  system. 

Favored f o r  t a r o  p i t s  and S r e a d f r u i t  where ground water i s  s u f f i c i e n t l y  
i :- ' .. 

f resh .  
. . 

Gravelly limesand. Sand with l e s s  tnai"50.$ Calcarina and with interlnixed. 

s h e l l y  p ' a v d  (abundent smell Cardium, e t c .  ) and s x l l - p e b b l e  
. . 

Undifferentieted lixesan.?. Fine- t o  coarse-&rained sand x i t h  &enera l iy  well- 
. .  . . 

developed humus l aye r ,  ~ ~ i t h  l e s s  than 50i6 ~ a l c a r i n a . ,  and r i t h  i i . t t l i  o r  
. . 

no ohelljr $ravel .  
. . 

Limesi l t  era.'iG t o  lkfiesancJ.. h p p e d  only  in  low, perinanently damp s r e z s .  
! 

Gmera l ly  ?:et snZ s t i f f .  Humus l a y e r  poorly t o  rr.oderately wel l  developed. 

ilt places  encrusted r i t h  cirliche-lilte 1:ard.pau. Su2ports s a l t - t o l e r a t i n g  

shrub ?emphis ( A s  '!ell a s  poor ::oc.muts, s p a w e  Pmdnnus, e - tc . ) .  Favored 

f o r  r e t t i n g  p i t s  becsuse genera l ly  brackish ~~e:,er l i e s  c lose  t o  surface.  

Limezravels 
( I n t e r v a l s  of mostly angu1.a~ s a n J l o c u l l g  illcludeci i n  a l l  types) 

Elevated f lat-cobble s t r i ~ e s .  Low r idges  o r  s t r i p e s  of cobbles o r i en ted  normal 

-to beach l i n e ,  s imi la r  t o  r idges  t h a t  develop on modern gravel-veneered 
. . :. . 

r e e f  f l a t s .  No humus, fe!? f ines .  S t r i p e s  a r e  about 5 f e e t  high, and 

bases of troughs between .them a r e  a b u t  6 f e e t  above p resen t  r e e f  f l a t  

(hmd l e v e l  d a t a ) .  This i s  talten,as:evidence of a recen t  r e l a t i v e  ele- 

v r t i o n  of about 6 f e e t  an< cor re la t ed  witin the  nox:: 7;ell-documented 
. , . . 

Recent rorld-vide 2-meter e u s t a t i c  f a l l  of t i e  sea. 
,.:, , . .. 

Coarse c o r a l l i f e r o u s  m e .  In p c r t  composed of l a r g e  meandriform and 

astraeiform c o r a l  neads. Iias l i t t l e  o r  no humus and few f i n e s .  Grades 

t o  " c o r s l l i f e r o u s  nebble gravel .  " 



Cor&l:Li.ferous ncbble_t?;_raveL. Fragnents of branching &r~?= conspicuous-- -.--- ---. 

a i s o  i q c l ~ a e s  I i e l i ~ p o r a  and o the r  cora ls ,  co r ra l ine  algae,  m d  mollusk 

s h e l l s  end fragments. In coarser  range grades t o  "coarse coral!.ifor- 

ous g r a n l f '  arid e t  m n y  places ;nc:udes a reas  o r  i n t e r v a l s  of such 

gravel .  In  f j n e r  range grades t o  sa:lds by increas ing proport ion of  

l i n e s  acd redvction in s i z e  of gravel ,  mci i n  such & w a s  appro?.ches 

soil .  an6 vegetat ion cha rac te r i s - t i c s  or' limesanils. 

Ca!.ich~. Cd iche- l ike  !.;mnstoc,e, n o t  s-hiler t o  beachrock. Found a t  one -- 
l c c a l i e y  a b m t  3 f e e t  above r e s f  f l a t  l e v e l  and behind sea-facing boulder 

r anper t  (nor th  end of r.ort:&ern :..arge i s l a n d j .  Very t h i n  c r u s t s  of 

ca l i ch~ :  a l s o  occur a t  the  surface  of t h e  enclosed ?emphis f l a t s  near  thi.s 

l o c a l i t y  a d  i n  lo;i places t h a t  a r e  f loored  n i t h  wet l i c l e s i l t .  

Bracki sh ua+.i:r m. ?hax~imum depth 3 t o  L+ f e e t ,  blue-green a lgae  s h n d n n t .  

Biue-grecr! a lgae  f i a t s .  Areas of very  i'ine CaCO sediments r i c h  i n  moder~ te -  -- 3 
l y  t o  s l i g h Y ~ y  brackish \:-e.ter. cover nor:here excee+.ing 1-foot  depth a t  

normol t i d e  l w e i  and in  places ba re ly  ~ ~ i o u g h  t o  keep t h e  groiind wet. 

Covered with cau1iflo::er-shape nodules o r  mats of sediment-binding cnd 

l ine - sec re t ing  i)lue-green a igse .  

I n t e r t i d a l  environnlents. except r e e f s  

Unconsolida-ted ~ beach 

Includes stiiid b e d ,  ~ ~ e l  beach, sand o:nd g r ~ v e l  bmcki9 k u l d e r  beach, md 

outer  beach. . < - 
Outer beach. Sand beach o f f  lagoon s i d e  of southern main i s i e n d  t h a t  extends 



Sezch proper be;yond cormai t i s e  range ind  is expose6 only a t  low low 

t i d e s .  Similar  t o  "limesmid f l -a ts"  ht :?arrov:er and sl.oping 3' t,o 5'. 

Rocky beach ---.- 
(Some ur- i t s  describ6d here a l s o  occur in land 

and a b v e  normal t i d e  r m g e )  

Concordant beashrock. ConforrndAe with present  jeaches and c e r t z i n  t i d e  ----- 
Clats .  In  l a r g e  p a r t  I - i t t l e  eroded, but  conrmniy r i l l e d  2nd p i t t e d  wi.-tn 

t i d e  pocls .  Compri:;es lircesandstone ;.fit:? d i p s  5' t o  7' legoonward on 

I.agoop beach-s and n e a r l y  hor izonta l  on protec ted  t i d e  fla-t  a reas .  On 

sea-facjng bmciies d.s ?i.?esandsi;one o r  coral . l i ferous and a l g z l  conglom- 

e r a t e  dipping 7" t o  10' si.avrard. 

I! Nonconcordiat b e a s h r x k .  Greater  az* t hz !  s o ~ c o r d a x t  beachrock" suggssted 

by occurrence zt ai1normal1.y high l l e e l s ,  marke.! unconfornity with pre- 

sen t  5ez.!A1 o r i en ta t ion ,  o r  unusvally liigh d ~ ; l r r : ~ e  of solijt ion :>itt',.ng i n  

v:eil induzated lirnesandskn:?. A s  nizgped, p r c h k l y  i n  :>art includ,ss 

"e:LevaLed reef-!:kt rock." 

Bonded limes-. Kezicly t c  stror.& bonded ii!nesands, coifirnonly - i th  8 sur- --- 
f ace  f e l - t  of se.li.nent-.binding (and l i~? le - -p r$c i ; ) i t a thg?)  blne-green algae. 

f i t  p laces  cons i s t ing  of s ~ c c e s s i . u e  l a y e r s  separa-be3 by th in  f i l m s  o f  

chlorophyl.1-rich sar,ci t h a t  mark former expose2 surfaces. Genera of  a lgae  

p rov i s iona l ly  i d e n t i r i e d  frcin bonded liinesaads in t h e  f i e l d  by Dr. Erinin 

b ~ i l  a r e  Cnrcosoccus, Gonghksvheri&, ~ l e o c u c s a ?  , c.nd o the r  ?enere of 

t h e  C;xoococal.es, a s  ~ w l l  es 2 : r n ~ b ~ a  and Scytr)ne~~&. fit places the  

0 bri2ed li!res:.nds sko?:; aberrznt  dips,  so:;!e yip t o  30 lan+i:r:.rd, %here tiley 

apparently have fgrmea c s  ciepression f i l l i n g s  o r  y e r k q s  slumxped i n t o  

ca:-it5.e~ by coi lapse  f r m  beneath. 



. .  . 
Elevated reef--fl::t rock. Old &liopora-f lat  rock o r  rock cons i s t ing  of f rag-  

merits of c o r a l  and cor&line  a lgae  i n  lirnesmd watrix. The n a t r i x  may 
. . 

be p a r t l y  sr e n t i r e l y  a beachrr>ck, but, it l a c k s  d ip ,  i s  unbedded or very  

obscurely bedded, and i s  t!ius more suggest ive of indurated r e e f - f l a t  

d e t r i t u s .  

&closed i n t e r t i d a l  f l a t s  

Zhclqsed limesarid, l imesi l t ,  o r  limemud t i d e  f l a k .  F iddler  crab  (I&) bor- - -.-. 
ings abundait ,  and odor of  H S commonly s t rong i n  f r e s h l y  exposed sedi- 2 

ment;. Perns~en.tly damp and s a l i n e ,  but  f l o d e d  only zt, h ighes t  tide. 

"iXud" i s  used pro-:isionally and i n  %he sense of pmbcble grain s i z e  

only; it has n o t  y e t  a c t u a l l y  been de temined  Cnat any of -A.s mate r i a l  

i s  a 1.imemud. 

Pem~his  f le . t s .  S imi lar  t o  "enclosed iiraesaxl,  l i ~ n e s i l t ,  o r  limemud f l a t s , "  ..--- 

but ?!ith cover of t h e  s a l t - t o l e r a t i n g  Shrub Pemphis. Found a t  shore- 

ward. margins of "enc:l.osed f l a t s . "  The shrub Pemahis, Of coi~i-se, a l s o  

grows apon t h e  land i t s e l f ,  a t  t h e  sdge of t n e  beach o r  even in land i n  

lorn places t h a t  a r e  subjec t  t o  per iodic  f looding o r  lwhere t h e  ground 

water i s  breckish. 

11 : k n ~ r o v e  f l a t s .  S imi lar  -Lo enclosed l.inesand, l i m e s i l t ,  o r  limemud f l a t s , "  1___ 

bat  rith cover of t h e  mangrove Rhizophora. Generally flooded a t  same 

sLage of all. t i d e s ,  but  mostly "dry" a t  1.onest low t i d e s .  Sediments 

generolly ir. t h e  limemud t o  limesilt s i z e  r m g e  and high i n  H2S. 

Iflainl:~~ i n t e r t i d a l  f l a t s  adjacent  t o  lagoon pro!;er - 
(Units under t h i s  heading grade t o  lagoon, r e e f ,  beach u n i t s )  

Coral-aka1 rock f l z t s .  Dead coral-alga?. botto~a veneered t o  a l a r g e  e x t e n t  -.-- 

with limesand and v i t h  l o c a l  pockets ?:here t h e  sand is th ick .  Disp1a.y~ 



o c c n s i m a l  concentrat iocs ~ ; f  the t u r t l e  g rass  Ttialassfa (an2 mostly un- 

attached. ~dicrocict,yon,) an6 i n  arez; o-C standing a a t , e ~ ,  spa-rse l i v i n g  

c o r a l  t h a t  consi.sts mostly of s t u b b i l y  b r a ~ c h i n g  h - o p o r a ,  Pocillopora, 

and small ish,  hassock-like P o r i t e ~ .  

C o r a l - - K  r x k  ar!d sand f l a m  v i i t h  Zoati lus.  Similar  t o  t lcoral-algal  rock 

flats" j u s t  described,  bu-t with sv ld  veneer somewhat more conspicuous 

m d  su2portiug extens ive  grovit!is of the  colonia l  anenone Zoiintk!us a s  

well a s  considerable numbers of varied green algae.  

L i ~ e s m d  f l a t s .  Re la t ive ly  "cleantt  sanu-covered t i d e  f ' la ts ,  with genera l ly  

sparse  megafauna o l  burrovriag sipuncul_id v:orins, ghost  crabs ( m o &  sp.),  

t h e  s n a i l  pOl=%a?, occasional  cories and terejra:; ,  rind, a+: places, t h e  

anemone Zoant'nils a ru  t h e  comon noiothurian &lo+,hul--ia atra Jager.  

Plnilts a r e  scarce,  but  al.@e occur l o c a l l y  on e r r a t i c  rocks, and 

Enter~moxuha has been ten-kstively ?ecognizet. Zoxe extends b3yond beach ---- 
proper t o  the  zero fat.hoEi l i n e  (mean l o ~  l o ~  5 d e )  o r  s l i g h t l y  fleeper. 

c- Sand and ~ r b v e l  fla+,s. Xibe f l a t s  of cclcareous sand 2nd gravel  v i t h  green -- 
algae reaembl.inp; 2 . a d o p h o z  z.nd ~ l d o p h o r o v s i s ,  Dictyosphhaer&, and 

V.~loniopsis  ebul~dar~t  i n  por t ions  t h a t  remain v e t  s-t normal low title. A - 
f e y  l i v i n g  c o r a l s  a r e  preserit  l o c a l l y .  

S:xd ans. g i i a v e l a . a t s  :*!it:? cora l .  Similar t o  and grasing t o  "sand and t,. "ravel  

f l a t s "  j u c t  tescr ibed,  but  r i t h  scatf,ered l i v i n g  cora l ,  c h i e f l y  hassock- 

l i k e  P o r i t m .  invar i ab ly  -get vibes seen, and presumably na t r -covered  

except a t  lowest lot>; t i d e s .  

CoVole ~ r - l v e l  f la t , s .  Ccb~le-veneered arerens ciostly lagowward !?ro.;l reef  f l a t s ,  

incluc'ing occasional b o d d e r  o r  ~ e b h l e  f r ac t ions .  Compcnents m o ~ t l p  

angulsr .  Unit alsc i n c i l ~ d e s  indurated cobble congl.omerstl f l a t s ,  adje,  

cen t  t o  o r  continuous ?j.th mef f l a t s  (as a d j a c e ~ t  t o  iionteuma and a t  

nor th  en2 of r e e f  f l a t  Seyond t h i s  i s l e t ) .  



Pebble p.a.vi.l. f l a t s .  Areas veneered mainly ~ i t h  pebble g r a r e i s ,  but  v:ith 

some cokvles. Individual  coarse frag;nen.ts p r i n a r i l y  a n t ; u l a ~ .  

Eea.cilrock ribbed tgde f l a t s .  Lorr r idges  of o id  beacl?roclc in terspersed  v ~ i t h  

d i r t y  liinesand f l a t s ,  h c i p i e n l  beachrock patches, and c i r c ~ l a p  p t c k e s  

of  'i'halassia (and Microdictycin) . The comon sca  mc;lmber Y 0 1 o t ~ u r i a  

a t r a  Jnger very abundmt l o c a l l y  i n  7001s and pernanezt'iy wet depressions. - 

Bzrs an2 spits 
( C ~ n t ~ n u o u s l ~  expased o r  bur;da:ed only a t  h i s h e s t  h i &  t i d e s )  

Inc luses  sand bars  azd spi%s,  pebble j i ravd ba r s  and s p i t s ,  bculder gravel  

a, arid &rs of srmd i d  pmvel .  

Outer reef  

Grooved ree f  s looes.  Upper s lope of  e i t h e r  :L~evard o r  nindward ree f  f r o n t  -.--- -- 
rcarked with conspicuous grooves normal t o  r ee f  fron% and separated by 

bu t t r e s ses  veneered with l i v i n g  cora l .  

P a e d  r e  s o e s .  Ur,per s lope  of leev!txd ree f  f r o n t  pbpi l la ted  v i t h  

sca t te?ed,  but nore o r  less 1 . i ~ e a r l y  a.r~annged, patch r e e f s  c;f l i v i n g  

c o r a l  an? c o r e l i i n e  algae.  

BencLed r e e f  slope. Upper s lope  or^ windrard ree f  fron-L, comprising a bench 

t h a t  s lopes about 15" seaward r"ro!r 2 de:>th of  about 2 fathorcs t o  t h e  

upper p a r t  of a 30' t o  40' undersea slope a t  a t m t  9 o r  1 0  fathoms. . 

E a c h  genera l ly  veneered x i t h  a mat of l i v i n g  anc1 dead cora l ,  the  pre- 

dominait types being s t o u t l y  branched Poci11o'dorii e l e w n s  !Dar.a). 

Reef f r o n t .  C o r d l i n e  r idge  and surge channels proxinent  on rindvczrd s ide ,  

b u t  r idge  i s  weak o r  absent  on 1-eeward s ide .  Ths ca ra lb ine  r idge  is l o r ,  

purpli.sh-red i n  coior ,  and t h i c k l y  cronded v i t h  inasses and c r u s t s  of 

c o r a l l i z e  a lgae  such as Porol i thon and knioli.h_o&. It runs along t h e  



s n r f  edze of t h e  re&, is ax?uss:i a t  l o r  -tide, m d  is  interunc-ted by 

numerous cban:ielu througk. ?!hi& surges t;ie r ~ h i t e  water of t h e  breai:i:ing 

su r f .  Presvmalily it, wac cc.sui;l. view of t 1 r i s  reef  f r o r ~ t - t h a t  l e d  Set -hel l  

(1928, p. 1849) t o  y t e t e  " the  ato1.l of Gnotoa.. .!::as compo~ed, so f i r  n s  

v i s i b l ~ e ,  e n t i r e l y  of n d l i p o r e . .  .largel.g if n o t  c n t i r e l y . .  .Porolil;iior. 

crasn~diurn (Fosl ie)  I 'oslie." --...- 

3.ed a i - ?  S O ? ~  of vd.nd-ia.r'-l reef  f lnt , .  B permmenti:- wet a r e a  of re?, dg.1 . 

g r o ~ t h .  bndv3r6  frnm ree f  f r o n t .  The ' cu te r  :?art o r  subzme, ax a rea  of 

permment stawiing vwiter ,xd l o c i s  of  . l idel  f i s h  t m p s ,  i s  ca l l ed  the  

back riil,ge tmugl:. Here a r e  scai;tzrcd can?x?:e-.shaped end brmcb.ing 

?lasses m d  c r u s t s  oi' cora i2 ine  a lgae  s.ich a s  .Poro1:.thsn and - Go-iloLitiion 

a r d  ,scattered l a r g e  l i v +  ~ n g  heads of  asLraei f~rrn  snL rneandrifom cora l s ,  

m. as well  as s t u b b i l y  brmchin;: ficro;)ora a:.ld Pocillol"~cra. m e  green al-- 

zae C~uLerpa. ar.? E:i.lj:neda "re found l o c a l l y  m d  spa r se ly  i n  t h e  back 

r idge  trough. The inner  ?iir%, o r  J& subzoce, 9," t h e  red a l g a  zsne 

s lopes  up and grades t o  t h e  grecn a l g a  zone nf t h e  inner  r ee f  f i a t ,  t h e i r  

p o i ~ t  3f junc tme  bei,:lg tippmximntely define? .by t h e  irinsr edge of t h e  

f i s i i  t raps .  Biota of +,he a& subzone dominated 'by a r t i c u l c t e  coral-  

l i n e  Jariia, 7:rit'n l i v i n g  Foraminifera of the  genera C.l.l.carina and min- -- 
9" LocLLy abundant. At. :>?.aces Jan 's  mbr33s shows sca.t-:ered, r o i l e d  -- 
c o r a l  boulders q t o  ib inches i n  di.ameter, ik2se Leuidere probably 

baing broken loose  :iitiiin t h e  tack  r'idge trough. 

Green a1~:~.  zone of s~indi+iard reef  f l a t .  Inner me:'' f l a t  characte: . is t icsl ly 
. . .  

matted :+en green algae.  Conmonly d i : ~ i s i b l e  i n t o  o u t e r ,  r idr ' le ,  and 

i.r:ner subzones. In the ou te r  subzone t,he rzd  a lga  Is zn abviidwt 

holdover frcrn t h e  red d g a  zone, br", green a:.gae p x d o m i x t e .  The 

i a t emedia te  subcone i s  one of  f:iowishing green algae,  and the  inner  



subzone i s  or.* 7;:herein t h e  green a lgae  a r e  riniteled by encrus t ing  bonded 

sediments o r  a t  places absent from the  ba-e dead cora l -e lga l  rock bulor.. 

A t  a dlstnnce these subzones seem sharply definefi because of co lo r  d i f -  

ferences,  but  they a c t u a l l y  in te rg rade  over. r a t h e r  ;8ide i n t e r v a l s .  

Character-istic genera of algze throug?;out t b s  green ~ 1 g a  zone in r lude  

Clac?.ophore o r  Cladcphoropsis, Valoniovsis,  and &cLosphaeria, A t  - 
many places t h i s  zone i s  s t r e w  with scattered.,  r o l l e d  meandriform and 

astra.~j.form cora l  heads up to-16 inches i n  diat ieter ,  these  bovlders 

probably Feing derived froln t h e  bcck r idge  trough of t h e  re6. a lga  Z O ~ P .  

c rus tos?  corz.llines, and s c ~ t t e r e d  s t u r d i l y  branches &cropore a d  

Pocil looora.  

Gravel and :.&id veneered iieef-flat Czi-Bas. b o d  o r  dectdent  r e e f  fiat veneered - 
with angular grevel  of pebbles, co5bles, o r  boulders, ond viith 3 cons?ic- 

uous f r a c t i o n  ~f sarid. Living c o r a l s  fey:. 

Cohbio and b o u l h ~ v e n e e r e d  reef-flatttareils.  Desd o r  deczdent r e e i  f l a t  

veneertd ~ 5 t h  c ~ b b l e s  and boulders. Saad inc ,msp ic~ous .  

Flat-bol:&C:er veneered r e e f - f l a t  a rea .  chaotic  co ra l l i f e rous  f1s.t-bou!.der 

gravei  on I!!-indward ree f  f l a t .  

Gravel veneer on dead reef--5rsccia.  Rough, angular,  coral l i i 'erous cobhle- 

pebble gravel  n i t h  some bcuiders. Veneers surface  of c o r a l  d e b r i s  

breccfa  t h a t  presumably rep resen t s  o ld  r ee f  f l a t .  A t  l a c e s  o l d  reef-  

b recc ia  i s  bare, with no veneering gra~rel.. P!Iostl:r covere6 only  a t  

high t i d e .  De~relopeJ pr imar i ly  betxren t h e  tsio main i s l a n b .  



C a : . c a ? i n a - M v T x m i  r e e f - f l ? t  nreas.. Protec ted  r e e f - f l a t  a r e a s  inztted -..-- 

n i t h  l i v i n g  Eoramiriifera of  t h e  genera. Cdcnrir,a8 and ?jar;[inopora, and 

with green algae,  the  Fo?:minifera coinmonly entangl.ed i n  t h e  algae.  

Scat tered  boul.ders and cobbles a r e  comon l o c a l l y .  A fev  specimens of 

the  coinmon black se?. c u c u ~ b e r  f i i lo thur ia  atra J a g f r  a r e  found in perma.- 

nen t ly  wet pockets. 

Sel ioporz r e e f  zor;e. Llvkg I i e l i o p ~ r a  i n  e s s e n t i s l l y  ccn t imous  an6 genera l ly  -- 
t h i c k l y  a r b w ~ s c e n t  r ee f  gro?:t;n, ?Lt,h Acromra and f o r i 5 e s  secondary and 

o the r  c o r a l  types  minor. 

P o r i t e s  reef  zcne. Livino, r e e f  c r e s  dominated 'up Large f lat- topped heads of --- - .- -- 

Por i t e s .  I r r e g u l a r  co ra l  grcwtk on bottom havfng depths of swer . a l  f e e t  -- 
a t  low t A e .  . . 

Acronora-?ociLlopora reef  zone. Li'ing r e e f  a rea  sf varied c o w l  types --- 
domincted by v a r i e t i e s  o f  Azrooora an? Pcci?.l.o;>?r8.; c o r c l s  t h i n  ~ u t  from 

r e e f  f l a t  t o ~ m - d  lpgoon o r  t i d e  f h t s  viitn , increase i n  a rea  of  lircesand 
. . 

boftom, 

Varied r e e f  %s. Beef a rea  of e'cun?ant t o  s c a t t e r e d  l i v i n g  c o r a l  growth of  - 
var ied  types on bo+toni of dead coral-algal  rock t h a t  i s  a t  p laces  exten- 

s i v e l y  veneered with coral-algal  gravel  and limesznd. Dominant 1.iving 

c o r a l  types a r e  kcro3ora, P o r i t e s ,  Orbice l la ,  snd meandriform genera. 

Head.s of c o r a l l i n e  algae and pavecent-type c o r a l l i n e s  l o c a l l a  abundant. 

Depths l e s s  than 1 fathom a t  lor: ti.&. 

Heliopora fl-. Living iieliopora s c a t t e r e d  over and r i s i n g  1 t o  2 f e e t  above 

limesznd bottom. Upper t i p s  of Heliopora ba re ly  exposed a t  low t i d e .  

hinor gravel  patches occur i o c a l l y .  The sea  cucumber i iolothuria atra 

J s g e r  i s  common. Eciiinoids recorded j-nciude a l a r g e  poisonoi~s Dia.4em.a 

a d  t h e  hermless Tripneustes cC. 2. ~ r a t i l l a .  
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Decndent Heliopora f l a t s .  Includes scraggly  t m n c a t e d  Heliopora, a few ovner ----. 

species  of cora l ,  and green a lgae ,  in t e r spe r sed  on surface  of limesand 

m d  gravel .  

Dead Heliopo;-a fie. Elevated, t runcate6,  dead Heliopora r ee f  f l a t s .  Es- 

senti~t l1.y t h e  same a s  t h e  foregoing, bat inundated only at  high t i d e  and 

thus  o#ith no l i v i n g  IIeliopora. 

- .  l ieliooora-Poritee -reef mne. d v i r . g  reef  area,  mainlyl iel iopora,  i n  l a r g e  - 
f l .at- ton~ad hecds crusted r i t h  P o r i k s  and crus tose  c c r a l l i n e s .  

Sandy ree f  zone. Kostiy clean limesand with occasional  l i v i n g  and dead c o r a l  

a t  lagoonward margiue of extensive leeward r e e f  areas.  

I n t e r t i d a l  t o  lagoonai  environxents 

Thalassia f l z t s  and s k o a .  Dirty limesand n i t h  c l u s t e r s  o r  continuous mats 

of t h e  t l x t l e  g rass  Thalassia. Comonly a l s o  w i t h  much of t h e  green 
. . 

a lga  hiicrodictyon, the  l a t t e r  mostly unattached. The sea  cuciiinber 

Holo-k.huria. atra Jag-r is l o c a l l y  w r y  abundant. - 
I i o c k y f l a t s  and skoals .  Bott,om mostly of  dead cora l -a lga l  rock pa tch i ly  
7 

veneered with gravel  and s a d .  Sca.ttered but  f a i r  r e p r e s e n t a t i o n  of  
. . 

l i v i ~ g  c o r a l  dominated by s t u b b i l y  branching Acropora and P o c i l l o p o s  

and. l o c a l l y  by hassock-like PcriLes. C i rcu la r  patches of t h e  marine 

g rass  Thalassia a d  t h e  green a l g a  kfcrodictyon occur l o c a l l y  a t  the  

beachward margin i n  the  inner  lagoon, arid t h e  b r o w  a lga  Tur5 in t r i a  i s  

abundant a t  places. Holothuria atra i.s l o c a l l y  abmdant.  

Corrlliferou:: rocky shoal  bottom. Elottom similar t o  t h a t  of "rocky f l a t s  

and shoals ,"  but  rsith. f a i r l y  abmdant  Living c o m l  pzctches ,%-herein 

s tuEhi ly  braaching a o r a  an& Poci l lopora  a r e  dominant. 



Ekiclosed in l e t .  Area. walled of f  as  pa i r  of f i sh  ponds. Supports thick --- 
growth of t u r t l e  grass Thalassia and mmy f i sh ,  includir~g smal.1 sharks 

and an unknown f i s h  tha t  i s  much feared by the natives (xiparently not  

a barracuda, t o  judge from the description, but ':as not  seen by our 

f i e l d  party).  Ti& area was not'explored o r  sou116.ed, but it i s  reported 

by the native,  Kane, to  be generally under 4 f e e t  and nowher'e more than 
. . 

9 f e e t  deep i t ' i o w  t ide .  

Environrr-ents of the  lagoon and l e e m r d  shelf  

The fulloxing u n i t s  comprise a continuously v,?riebLe sequence with more 

than usually in~lef in i - te  boundaries: 

Liraesanr' bottom. ! h s t l y  clean Simesand bottom a t  de;iths greater  than 2 ------- 
fathorris, l i v ing  coral  present local ly ,  

Conspicuous lagoon paabch reefs .  Patch reefs  of varied coral  types and subor- - 
dinate coral l ine  algae, over 200 f e e t  i n  dianeter.  'Reef sjrrnboi on f igure  

2 used t o  indicat,e pa r t s  t h a t  are awash o r  nearly awash a t  lo& t,ide. 

Limesad xiti;  scat tered t>atch reef 8,  Mostly clean liniesand f loor ,  above vhich 

r i s e  omall scattered coral-algal patch reefs  &d pinnacles. Purely ar- 
. . 

bi t rory and grades imperceptibly t o  limesand and patch reefs.  

14imes:w3 and patch reefs.  Small patch reefs  of varied corn1 types and sub- 
. . . . 

ordinate coral l ine  algae abundant but a rea l ly  exceeded by limesand floor.  

Grades t o r t v a r i e d  patch reefs  and limesand," " H e l i o u n ~  patch r ee f s  and 

l i m e ~ a n d , ~ ~  and "limesund with scattered ~ & t & h  reefs." 

Varied uatch r ee f s  and limesand. Small patch reefs  of varied coral  types aAcl ...---- 

subordinate coral l ine  algae very abundant and only narrowly separated 

by areas of limesand f loor .  



Eillal nat,ch r e e f s  and l j . m n d , .  Abundmt patkh r e e f s  of massive c o r a l l i c e  - ---- 
a l g a  and va r i ed  c o r a l  type:: p~escmably  r i s i n g  &ovc limesand f l o o r  

(bottom between r e e f s  n o t  observou o r  smTledj .  

H e l i a ~ o ~ a  patch reds a ~ d  l inesa rd .  ~ b u a d a a t  p t c h  reefs c o c s i s t i c g  n:airily - 
c o, H s l i o ~ c r a  i n  t r ee -  w2. cendelabra--like gro';:Vns t h a t  produce a f n r e s t -  

l i k e  rndsrwi ter  scenr-ry. In p a r t  t h e  Reliopore pztches a r e  e x t c r s i v e i y  

masked by overgro:.:t.'n of o the r  c o r a l  t y p e s  a i d  l o c a l l y  t h e  patch r e e f s  

s r e  of var ied  c o r a l  types. For tke  rfios-k p a r t ,  in tervening limesand 

bottom only narro-Tiy se?ar?tes indivic 'ual  ;mtch r ee f s .  

Varied 'oct~~om n i t h  scatt.ciw3 l a y e r  ? x f c h  r ~ e f s ~  S ~ i b s i r c c l a r  patch r e e f s  

130 t o  300 f e e t  i n  diilrne-Ler sci l t tered on bot,tsm of l i m e s a d  X I ~  l k n e s i l  

with i r r e g u l a r  l o v  patches md mall  ~ s - t c h  r e e f s  of Living c o r a l  and 

than 3 f-itho~cs? rai:gii~g to ;:ore than 7 iPa.tlio:iis Locally. kt, shullom 

margiz a r e  seve ra l  r idga- l ike  patct-. r ce f r  up t o  hz3.f a ::ile ions, 

Sora l  nl;ntzticlzs. CorQ and su\ordinate co~al.1-ins a lgce  essentiai1.y con-. ---- 
t inuous o? inthlate1.y inLerdngl.ed v i t h  a r m s  of dea6 c o r a l  on i r r e g u l a r  
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