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~ PRELIMINARY REPORT ON THE GEOLOGY AND MARINE ENVIRONWMENTS OF

. ONOTOA ATOLL, GILBERT ISLANDS L/

By Preston E. Cloud, Jr. 2/

1/ Publication authorized by the Director, U. S. Geological Survey.

" 2/ Geologist, U. 8. Ceological Survey.

ABSTRACT

ngtoa is a "dry" atoll just south of the equator snd west of the inter-’
national date line. Its_yearly rainfall averages only about 40 inches,
droughts occur periodiecally, and ground cover vegetation is sparse. Island
deposite are almost exclusively uvnconsoiidated calecium carbonate gravel and
sand, the gravel mainly toward the sea and the sand mainly lagoonward, With-
in this permeable meterial and the permeable reef-rock beneath, ground water
floats in hydrostatic balance with sea water below. Toward the center of
iglends more than sbout 1000 feet wide this water is generally potable, In
narrower parts of islands, however, it becomes brackish at times of drought,
resutiing in the death of bhreadfruit, taro, and even coconut trees. Scils
are simply'the calcium carbonate sediments, with a humus leyer not exceeding
about 10 inches and an average pH of about 8.1.

The shape of the lagoon bottom is derived from echo sounding and direct
observation. It comprises three shallow basins {maximum depth 8 fathoms)
that are separated from one another and from the sea beyond by still shallower
water, the vhole with numerous small patch reefs that rise to or near the

surface. The near-surface framewcrk of the Onotca reefls consists primarily



of the blue alcyonarian Heliopors, a genus that ie nct extensively developed
thers smong now living corals. Fish are ghown to be important in the produc-
tion of lagoonal sediments.

The sediments, seils, and surface weters of the island areas of Onotoea,
and the ecologic zones and depcsits of its shallow marine waters, are here
provisionally described and clagsified., Preliminary identifications 'of coral
cotlections indicate them %o include zbout 26 genera and 50 to 60 species.

Limited observations on the chemistry and movenent of some of the shallow
marine waters show z diurnal variation in pE and an ocut-flowing gravity current
across the windward reef flat snd upper benched reef slope. During the day
pH rises snd precipitation of CaCOB probably occurs in very shallow waters.

At night pH falls, favering solution of CaC0z in intertidal environmenté.
Dominance of solution éffects in the shore zone 18 believed o result from
constant flughing of grecipitated products. The out-{lowing gravity current
is believed an imporﬁant factor in origin of offshore grooves sind surge chan-
nels, through abrasion by debris in transit seaward at times of bench
tronecation.

It is argued that blue-green sediment-binding and lime-precipitating
glgae are important in formation of beachrock, presumably toth through bonding
of successive surface layeras and throﬁgh interstitial precipitation of CaéOé,

Atoll islands are built on sufficiently wide reef foundations at or near
the surface of the sen at a distance from the reel front determined by local
force of storm waves and to a width determined by time and supply of sediment.
First a gravel ridge or rampart is erected by storm waves on the reef flat.

On the lagoon side of this gravel rampart the sandy portious of the islands



grow by longshore drift of reef flat debris and by wind aqtion. Erosion
oceurs mainly at times of storm by breaching or complete removal of iéiands.
Onotoa‘proyjdes additional evidence in support of the now well~docu%¢nted
6-foot eustatic fall of:sga level‘that began probably more tﬁan 4000 and léss
than 7000 years ago. The e%idencegonsists of elevated Héligpora flats end
elevated cobble stripes such as aré known to form oﬁly onlfhe reef filat. The
~ superficial appearance of mocdern reef surfaces in the tropical belt is ét;
tributed primarily to whether they were withﬂxéifeet'of sea level when this

recession began.



INTROLUCTION

Thi.s report pressnts some of the preliminary results of an integrated
program of field studies on the terrestrial and marine botany snd zoology,
geology, and anthropology of Onotoa (0 no' to é), g "dry" ateoll in the gouthsrn
Gilbert Islands (the Kingsmill Group of early records). These studies were
mede by a field tean of the Pacific Science Board -during late June, July, and
Avgust of 1951,

The Gilbert Islands {fig. 1) straddle the equator jvst west of the inter-
national date line, and the position of the anchorage at the west side ang
toward the north end of Onctoa was determined by Ens. Lee Nehrt of USCGC
"ettlet as 1947133" 3., 175%29'30" E. (U. S. Hydrographic Office, 1950, p. 51,
stateg "northwestern end in 1946t 8., 175%30' 8."). Onotoa is the most
southerly atoll of the group, though two "reef islonds® {Tamana and Arorae)
lie still farther south.

Operationg were carried out from a temporary base camp adjaceﬁ‘t to the
Government “tation on the more northerly of the two main islands of Onotoa
(fig. 2). Materisls and ecuipment for camp and technical operations were
assembtled at Kwajslein znd trensnorted to Onotoa by the U. 8. Cpast Guard
Cutter “Nettle," under comasnd of Lt. M. E. Katona.

All totanical names used in this report were supplied by Dr, E. T. Moul
and represent either his provisional field identifications or my extensions
of them. All titrations for sslinity factors vere made and ccmputed in the
field by Mr. D. E, Strasburg, my assistent in the geologic field studies.
Preliminary identificzations of corals were provided by Dr. J. W. Wells, of
arthropods by Pr. F. A, Chace, and of mollusks by Dr. H. A, Rehder and WNr.

R. T. Abbott.



GENERAL SETTIRG AND CLIMATE

The general setbting of Onotea with reference to currents, winds, and
geography is shown in figure 1. This aloll lies between the west-flowing south
equatorial current and the esst-flowing equatcrial countercurrent. A local
north-flowing current is suggested by the fact that during our stay there a
narked swell from the south produced strong surf on exposed lee reefs that
face the south (fig. 2). At the same time surf was weak along the stretch of
lee reef north from the anchorage around the north end of the atoll to the
large northern island (fig. 2}. |

According to_the‘map on which figure 1 was based; Onotoa-lies at about
the northern limit of the southeast treds winds. During laté June, July,
and August of 1951 the wind blew almost steadily from a iitt1e soufh of east
to nearly due east, wiéh thé'éxcéption of recurrent wiﬁﬁs frem the west on
June 24 and 2% and of occagional squalls from the southeast to south-southeast.
On one occasion winds of gale or near-gale velocity blew intermittently from
the east and southeast for the better part of a . day. The British Colonial
Office (1950, p. 39) has reported that "For most of the year there is a stsady
easterly trade wind, but from October to March...occaslional west and northwest
gales occur. The wind in these gales does not reach hurricene force." An
exception to the rule is found in the record of a hurricane at Butariteri in
the northern Gilberts, variously dated as December 1927 and January 1928
(Sachet, in Pac. Sci. Bd ., 1951, pp. 8-9}.

The climate of Onotoa is warm and even. For the Colony as a whole, the
British Colonisl Office (1950, p. 39) reports a temperature range of 20° to

900 by day, with a minimum of 70° at night. Our party maintained no systematic
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records of air temperature, but I observed a midday high of 87° to 90° F
hetween noon and 3 p.m. on several occasions in Juiy and August, and on one
occasion the midday temperature stood at a low of 76° F. following a period
of gale and near-gale velocity rwinds. At night the temperature fell into the
70's, o as low as 72° betwsen midnight and 5 a.m.

A summary of rainfall data for the Colony as a wholeis given by the British
Colonial Office (1950, p. 29) as follows:

‘"Rainfall varies considerably, not only between the isglands, but also
from year 1o year. In an sverage year the annual rainfall ranges
from 40 inches in the vicinity of the equator to 100 inches in the ex-
treme northern Gilberts, with something around 120 inches in the
Ellice Tslands. In the Phoenix Islands between 40 and 60 inches is a
geod yeer's figure, wnile the Line Islands' rainfall veries from 30
‘odd inches at Christmas Island t6.150 or more at Washington Island.
Ocean Island, the central and southern Gilberts, the Phoenix Islands
and Christmas Isiend are svbjecﬁ:to*éevefe'drdughts laesting meny
months, when the annual rainfell may fali to less than 20 inches.
These droughts are gaid to have a rough cycie of about seven years.

In normal years the wettest months are December to Fabruary and the
driest from August ‘o Cctober." SRR

About /0 inches may e taken &g a round figure for the average annual
rainfall of Onotoa. Rainfall records locally available weré kept ‘4t the
Government Station on the northern main island by Gilbertese technicians for
1938 and from Janvary 1944 through August 1951 (table 1). These snow an
average of 44.2 inches per vear. The yearly averidge for the period 1924 to
1930 was 38 inches, according to E. H. Bryan, Jr. (Pac. Sci. Bd., 1951, p. 2).
Available records from 1924 through 1934 led Wiss Sachet (Pac. Sci. Bd., 1951,
p. 16) to ai annual estimate of 34,21 inches. The records of table 1 show
1946 as the wettest year, with 85.1 inches, and 1950 as the driest, with only

6.6 inches.

Janvary averages the wettest mowth, with 8.6 inches, and October the
driest, with 1.3 inches. The wetlest month on record was January 1949, with
25.4 inches, and zero rainfall has been recorded for every month in the year

except July, August, September, and November. 1In 1950 no rain at all was re-

corded from January 1 through June.
11
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danuary February #arch april dHMay _  June July  august Septembsr October November pecember  Year
1938 i.18 0.0k l.54 0.13 L.45 1.77 1,87 1.82 3ebidy 2.81 2.7 0.75 19.1
1944 12,40 0.19 2.73 2.75 0 4.58 3.40 3.09 2.31 0.76 6,10 0 38.3
1945 -+ 1.20 0 0.29  1.05 2,88 8.61 5,61 2,59 1,08 0.58 3450 0 27.4,
1946 2.6 2.78 3,93 9,68  6.94 12,53  8.33  8.21 5,94 3.61 1.92 18,75 85,1
947 16,06 0.23 0.53 0.56  1.22 3.32 0,43 3426 0s17 O 3.21 3.46 30.5
1948 11,40 20,51 8.62 13,72 7.97  5.42  2.32 0 1.53 0.95 1.k3 3.3L 22,29 9945
1949 R5.37 L85 3.90 0.89  3.76 1,56 243k 0.98 0.97 0.91 0,23 0.24 L5.9
1950 0 0 0 0 0 0 1.80 2.7  0.80 0 043 0.77 6.6
1951 7.62 0,50 2,74 247 11,99 7.85 12,47 9.35 7 ? ? ? ——
Total 77,69 29,10 24,28 31.25 36.21 45.58 38.63 31.59 15.66 10,10  21.00 46,27  352.4
AVE., . 8,63 1,26 2,62 5,78 . hhe2

Total

3.23 2069 3.67 4,01 5.51 £.29 3,51 1.83

- Table 1.

(courtesy British Colonial Gowt.,)

Rainfall at Govermzent Station, Onotoa itoll



€1

Total
Jan, __Feb, = _Mar, _ _apr. __ HMay __ June July Aug, Sept, _Oct,  MNov,  Dec, . Year

————k e

1946 ? 2 ? 7. ? ? 13.68 l 22 1.56 5,19 9.28 - 11.24 —
1947 18,49 3409 4433 3472 9.97 8.19 3,21 2.26 0.8 2.7 477 10,83 1214
Al 1,28 5,31 15,09 115,49

t._.J

1948 21.21 5,35 i8,02 15.97 853 .99 5,04 Le69
1949 30,04 2,07 11,05 15.96 2.77 2,77 1L.74 0.13 2.23 0.36 1.56 1.27 91,02

1950 0.52 0,17 0.15 0,67 © 7 0.49° - 0.9 - 0,59 3.00 1,20 1,80 - 2.72 3,73 15,35
1951 9.00 2,25 2.37 5.96 © 311,51 11.51  10.23 ¢ 2 2 7 v e

Total 79:26 <2.92 35.92 45,28 29.06 31.97 L8 LG iL.30 6;96” 11,10 23,64 42,16 _294.00

AVE. 15.85 L.58 T.18 9,06 5.81 6.39 8.C8 2.8 1,39  2.22 4.73 843 73.50

Table 2. Hainfall at Betio Island, Tarawa atoll

{courtesy British Colonial Govt.)



In terms of the many characteristically Y"wet" atolls of the Pacific,
where yeariy reinfall commonly averages 100 inches or more, Onotos is truly
a "dry" atoll. This, of course, is immediately evident from iits sparse ground-
cover vegetation. Its climate over a period of years shows no clear division
into rainy season and dry season--merely e slight tendency to be drier during
September through November and less dry during December, January, and June.
Thisg, in turn, suggests only a slight correlation of relative dryness with
the season of prevailing easterly trade winds (about late June through Novem-
ber) and of relative "wetness" with the season of more variable winds (about
December through early June). Even in the Gilberis Onotoa is relatively dry
as compared with an atoll like Taraws {table 2), which averaged 73.5 inches
of rainfall per year from 1947 through 1950.

Statistics for the drought year 1950 at Onotoa and Tarawa are given in
tables 1 and 2. At such times the rainfsil is insufficient tec maintain a
fresh-water head, permitting invasion of salt or brackish water through the
pervious island sediments and rock foundation. The ground water in the nar-
rower parts of the islands is soon contaminated, with resultant death of
breadfruit and eventual death even of coconut trees. Tarc too may be ad-
versely affected, although it is ordinarily planted far enough inland to escape
the vorst effects, and at least one variety found on Onolca survives in slight-
1y brackish water. To judge from field observations, the only reasonably safe
angwer to the loss of plant produvcts by drought is to avoid planting bread-
fruit, coconut,or taro on parts of islands less than 800 feet wide (or, better,
1000 feet wide) and to plant breadfruit nct nearer than about 260 feet from
standing salt water in any direction.

The effects of drought on ordinary water supply are judged to be less

sericus than on vegetation. The fluid drunk in largest volume by natives is

14



green coconut milk, which is self purified. Water for cooking and incidental

drinking can be slightly brackish without deleterious effects, and the fresh-

-.water lens of a permeable islend area 3 mile or more wide should survive the

moderate draft of an endemic island population even during drought periods, -

especially if washing water is drawn from sources alresdy gone brackish.

15



PLACE NAMES

The imporiance thet one atbaches to the name of a place depends on his
perspective. The Gilbertese, living in his atoll universe and dependent on
the éea for a living, atteches great significance to the passes in the reef
through which he can safely sail his outrigger cance, to the reefs on which
he might'wreck it, and to the parcels of ground on which he and his neighbors
live and over which they quarrel. He is not interested in names for @ whole
island or isleﬁ,‘except as it happens that the smaller islets are commonly
single pércels of real estate. He does not go to the north or south end of
some named isiand or islet, he goes to some particiler named property or to
the home of some fellow Onotoan at the village of Temao (T8-mi o) or Tekawa
(Te-Xulwa) .
én figure 2 énly & few of the more important place names are given. The
nameé‘of the seven villages are capitulized. Several islets that coincide
with préperty:divisions are indicated by thé names of those property divi-
sions in lower case lettering., The few reef namés vsed are indicated by the
Gilbertese word fbr‘rééf, rakai (raiki); excépt for Aon te Baba (Hhitélbé-bé)
and lon fé Rabéta (ré-bultd), to the north and south respectively of the main
passégé. fon means on, and e is the definite article, the two together being
used in a sort of vernacular sense in combination with the designating name,
as we speak of "Smith's place" or "at Joe Webbs" in English. With continued
usage such designations teke on a sort of formality, and even come to be
run together as a single word (like Pittsburg, Beekmantovm, Yorkshire, and
Aonteuna (Enit§:%~ma)).

There is nothing te call the two main islands of Onotoa except the north

island and the south island unless names are concocted, snd nothing would be

16



gained by this - the Gilbertese would be bewildered, and Onotoa is already =
small enough named subdivision in world geography. The headquarters of the
Colonial administrative office on Onotea is at & place called Buraitan
(Bﬁftg;%én). However, as frequent reference is made to this place and our
campsite at its south edge, and as the land areas on the larger islznds are
not named, it seemg essier for the reader to cgll this place Government Sta-
tion. For the same yeason it seems betier that the anchorage be called
just that, rather than Komotu (literally anchorage, in Gilbertese).

The authenticity of the names used, as well as the dozens of others not
shown ont the preliminary mesp, was checked in the field at every opportumity
and finally réviewed on the last day of our sojourn by -a group of six ¥old
men" or Unimeni (community elders respected for their knowledge) representing
five of the seven villages. Becsuse of the close village Life and regvlar
habits and travels ol the people 2 man from one part of Onotoa may be quite
unfamiliar with names for natural featires of other parts of the atoll (the
reefs and pesses especially), but the coneordant judgement of the committee
of six would certainly be accepted as final by most Onotosna.

Pronunciation is another problem. To reduce it to its simpleét im-
mediately pertinent and practical terms keep in mind that the sound indicated
by b is almost that of the letter p, the combination ma sounds like mwa with
an almost imperceptible w, the terminal ti is pronounced like an s, and other
terminal i's are silent. BRules for syllabification end smphasis are mere com-
plicated, but prouunciation is indicated for importent words upon their first

use in this report.

17



GINERAL FEATURES OF THE LAGOON

Reference to figure 2 will show the general shape of the Onotoa lagoon
bottom as contoured from 21 echo scunding traverses, a few spot soundings,
and submarine details visible on air photographs. This chart may not be re-
lied upon in detail for navigation, however. In general, the underwater
contour lines refer only to the geﬂe?al depth of bottom between patch reefs..
Although & few large patch reefs are individually contoured, no indication
is given of the positions of the numerous small reefs that reach to or near
the surface over a lerge part Qf the lapgoon.

Unless one has learnad some particular channel or is completely familiar
. with the lagoon, he should not attempt to negeotiate its waters in any kind qf
boat (including cenoes) without keeping a very sharp lookout for reefs and
shoals, end he shpu;q avoid travellon the lagoon at night., For ord;nary‘ships'
boats the‘gn}y reasongly clear shore approaches ere within the segment defined
by lines of fathometer traverses A and 8 to the ;etty at Government Station
and about along or a little south of the ling of travgrse_@.to thq_Manegba{
(Mwh 6-8 ba) at Aiski (i78k). A course along traverse G would need to evade
linear patch reefs between 4000 and 5000 feet offshore, and there is no
anchorage for ships off the outer reef he?e. . There are no navigation Iights
or buoys anywherg, and the only good sighting poipts greqphg_gnds of islands,
the white stone monument on Aonteuma, apd ﬁhg churqbes and large community
meeting housgsa or Maneabas, shown on figure 2.

The only suitable anchorage for larger vessels at Onotog is on the lee-
ward shelf outside the gap in the outey reef opposite Govermment Station.
This is a well-protected anchorage except at the rare times of westerly winds.

It has a good holding bottom and adequate swinging room. It is reported

18,



(U. 8. Hydrographic Office, 1940) that small ships may anchor near "Taburari®
(Tab i-arfdr-1) at the south end of the island. However, the only possible
anchorage at this place i1s a very narrow shelf right against the reef and
generally swept by a rolling swell from the south--an undegirable anchorage
except at times of dead celm. To my knowledge, no vessel of any size has
ever entered the Onotoa lagoon. It would be possible, however, by careful
menipulation, to work a vessel of less than 9~foot draft into the lagoon and
anchor it there, and i% might be worth doing if one were to be there beyond
a2 few days. It would also be possible to clear channel and sanchorsge in the
lagoon for regular use by vesgsels up to 9-foot draft.

The intended reference datum for the depth contours in figure 2 is mean
low low tide. This datum can be only roughly approximated, as the U. S. Coast
and Geodetic Survey "Tide Tables" for 1951 give no correction factors for
Onotoa tides. They do give records for several other Gilbert atolls, and I
have arbitrarily assumed the same corrections as for Nonouti (nBQnGCh), with
Kwajalein as reference point. 7This gives 6.2 feet as the spring range of tide
and 4.4 feet as the mean range of tide. No effort was made to make a precise
check on these data, but the assumed ranges and times seemed about right in
the field, with considerable local lag in enclosed tide flats and tidal inlets.

Depth traverses were made with Navy Model RE-7 portable echo sounding
equipment, which consists of a magnetostrictively actusted transmitter-
receiver unit in an outboard wooden fish and a recorder vnit that produces
a continuous graphiec record on a strip of gensitized chart paper. This fath-
ometer was carried in a 20-foot flat-bottomed dinghy driven by a 7-horsepower
outboard motor. It was operated by two parallel-connected &é-volt automobile
batteries which proved of inadeguate capacity to maintain the sensitivity

required to operate at depths below 200 feet for more than very short periods.

19
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A clear record was preduced, however, from depths of 200 feet on the cuter
reef slope into very shoal waters, and, after approximate correction for tide
conditions snd depth below surface of the transmitter-receiver fish, this
record was acéepted as the basis for contouring the bottom of the lagoon and
upper reef clopes.

Figure é shows that the lagoon is very shallow, its maximum depth of 8
fathoms beiné based‘on two~ﬁand—lead soundings at and near loecality 0-55.
The general bottom topography (excluding the numerous small patch reefs) con-
sigts of three ghallow basins. The south basin is the largest and deepest,
generally deeper than & fathoms in its central part and attaining s maximum
of 3 fathome. The central and north basins connect and might be theought of
as a single long narrow basin generally exceeding 3 fathoms in depth and
attenuated in the middlie. The central basin proper exceeds 4 fathoms over a
fairly large area and 5 fathoms locally. The north basin has only a small
srea that is deeper than 4 fathoms. All three basins are separated from one
another end from the outer deeps by shelves of 2- %o 3-fathom depth. In the
passes through the outer reef the depih nowhere much exceeds 2 fathoms. Be-
tween the many patch reefs the lagoon bottom 1s everywhere floored with

calcivm carbonate sand, silt, or gravel.
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PRINCIPAL ECOLOGIC AND SEDIMENTARY SUBDIVISIONS

Systematic studies of the pilants and animals, snd chemical and mechanicgl
analyses of the sediments and rocks of Onotos are still in progress. Until
these are comnleted it seenms preferéble here merely to mention some of the
more general or interesting facts and inferences about the principal habitats
and deposite of this atell. As a possible aid to those engaged in comparative
studies of atolls, briefl descriptions of ecologic and sedimentary units as

recognized in the field sre given in Appendix B.

Islands

tYhe land area of Onotoz is given by Lecnard H¥ason (In Freeman et al.,
1951, p. 274L) as 5.2:§qnare miles and the lagoon arsa as 21 scuare miles.

The land surface is m;stly unconsolidated sand and gravel (fig. 2). Solid
rock is rare. The sand, gravel, and rock are entirely of calcium oarbonate.
(except for the generally small magnesium content of some algae and shells),

a little humus, man-carried debris, and minor amounts of siliceous pumice that
has been washed up from distant voleanic eruptions. As they are thus gll
limessnds, limegravels, and limestones, the vprefix "lime" (used by geologists
to signify CaGOB) should be understood tvhere not actually vsed in the follow-
ing pages.

If Onotoa were part of on extensive land ares, probably no geclogist
would make finer distinction of its sedimenis than thalt between sand and gra-
vel. Decause its land area is smull, however, and because details of sediment
digtribution may be helpivl in undershanding processes, effort was made to
distinguish, sand in a general way to maep os many different kinds of sediments
as could be recognized. For soil classification snd vegetation relationships

it seems also likely that only z few main types of soils should be recognized:

[
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(1) loose limesands with a well-marked humus layer; (2} loose limesands with-
out a humus laysr (yovnger dune sands); (3) tight;packed, low-lying, generally
damp and brackish limesiits and very fine-grained limesands; {4) indurated,
phosphatized (2} iimesands {cld dunes};rﬁﬁ) coerse gravelg; and (6) ﬁebble
gravels. The properties of the finer pebble gravels at places éﬁﬁroach those
of the loose limesands, and impinging units ordinarily show gradational re-
lationships.

Soil profiles were run at five localities on loose limesands, at a
sixth lozality on pebble gravels, and at a seventh on limesilts; and depth
of humus was observed at many localities. Tests with a standard Truogg soil
testing kit gave a pH of 8.1 for the surface layer of all profiles except
that on the demp limesilt, and this had 2 pH of 8.0, There seemed 2 slight
tendency for pH to increasse a little with depth, to as high as 8.3 well below
the thin scil layer in fresh parent limesands, but no reading sbove pH 8.3
was made at any depth. It is difficult, however, to be sure of Truogg index
colors as closeiy 28 the foregning suggests, and the difference between 8.0
and 8.3 might be imeginary. Maximum recorded thickness of z well-defined
humus layer was 10 inches, but 5 to & inches was commoner. &t most places
in the limesends a zone ¢f slight orzanic staining extended another 10 to
12 inches bteyond the humus layer. Roots were common to depths of 2 to 3
feet and have been encountered at cdepihs as great as 4 feet below the ground
surface in freshly dug pits.

As will be trought out by the botanist's report, vegetation zones show

a general relation to soll types, especially in certain elements of the

ground cover. However, an overriding effect is exercised on vegetative pat-
terns by exposure to wind and salt spray, by the nature of the ground water
(related to width of lend, distance from sea or lagoon, and height of land),

and by artificiai factors.
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Intertidal snvircnments except reefs

Under intertidal envircnments are included heach ereas, flats that are
mainly intertidel, and hars. HReefs, and areas that range from intertidal to
1agoonal-are considered elsewhefe.

The biota of the besaches, tide flats, and bars is generally aisﬁinctive.
Sand beaches support litile in the way of a megafauné—;bﬁiy'ghost crabs
(nggg_g sp.) and, at some iocalities on the lagoon side (e.g. C-38), clogely
packed layers of a small edible pelecypod (Atactcdea sp.) an inch or two be~
low the surface of he send in the mid-tide zone. On rocky beaches, on both

seavard amd lagconward sides, e neritid snail c¢lose to Kerits plicata Linne

is commonly very abuncant, &and a high-spired Litlorinid probably raferable
to a species of #elaraghe 1s loeally ebundant. On rocky and gravelly seaward

o . o T .
beaches the common tropical Pacific scavenging crab Grapsus grapsus {(Linne)

is abundant. Sand bars are very nearly devoid of a megafauna, but burrowing
sipvnculids may be found. The intertidal flate display a wide biotel veria-
tion that will not be discussed here, but some elements of which ere noted in

Aprendix BE.

Quter reef

An-atoll consists of a ring-shaped outer reef and a central depression
or lagoon. In plan view the ocuter reef i$ generally irregular in outline
and is interrupted and divided into segments by passes. In modern seas is-
lands are commonly located on the reef platform. The lagoon ordinarily
contains small patch reefs of a variety of shapes, and, in some places, sub-
marine benches lie beyond the crest of the outer reef. By definition the
lagoon of an atoll can contain no pre-existing land, but this would not ex—

clude islands that might be founded on pateh reefs. The ring-shaped outer



reef is the essential .and most conspicuous feature of an atell and the sub-
ject of the immediate discussion. Pateh reefs will be considered under a
following secticn on énvironments of the lagoon an@.leeward shelf.

A conspicucus feature of the outer reef, especially in the Gilbert Ts-
lands, is the differsnce between windward and leeward sides. With the ex-
ception of Butariteri (or Mekin, Mzdézﬁ) and Marskei, the atolls of the
Gilberis show Eontinuous wave-breaking reef and almost continuous land on
their windwaraA(éast) sides. Their leeward {west) sides are characterized by
irregular outéf.feefé and few or no islands. All passes into their central
lagoons afe to leeward. fhe windward reef flat of Onotos (2lso cohbserved
parts of“Tarawa and Butaritari) is gererally exposed at low tlde and is
venééred with algas. The leeward resfs are commonly submefged for a few feet
o?er most of their area,“éven at low tide. At many places they show relatively
vigorous coral growth¥¥locéliy even continuous veneers of closely packed
iiviﬁg éoral. i feature of;sbme Gilbert Islend atolls, established for Cnotoa
but also noted at observed parts of Tarawa and Putariisri, is that at least
the upper part of the.reei frame was built primarily by the blue coral

Eeliopors, an-gleyonarian, and not a typiecal stony coral or sp;eragtinian
(see also Finckh, 1904, o. 136}). That this may be commonly or even generally
true for the Gilbert and Ellice Island groups is further suggested by the
‘observations of David and Sweet (1904, pp. 66-70) at Funafuti. Here ﬁe}ionora
was the frame tuilder to a depth of 40 feet below high tide in the main bore
and occurred in the cores to depths of at least 10O feet.

. The ecologic niches of the ovter reef may be groupgd intc those of
the reef slope, the reef front {with corailine ridge and surge channels),

ancé the reef flat, the greatest wariation being in the reef flat environment.
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The relationsghips of the most persistent reccgnizable units are shown on
figure 3 (profiles 2 and 5)--these being the green alga zone, the red alga
zone {including back ridge trough), the coralline ridge, and the bhenched

reef slome of the windward reef,

Intertidal 1o lagoonal gnvirénments

AthEQtwa,'flats snd shoals with extensive growth of the marine grass
fhalsssia, as well es generally barren rocky flats and shoals, overlap widely
from the interticdal to the lagoonal environment and are thus separated from
both. Couval venee.ed rouky shosl bottom is strictly of the shbal lagoon,
but it is go clogely related to adlacent spersely covalliferous rocky flats
and shoals that it is daciuvded with the indertidai to 1agooﬁélrenvir0nments
as a metter of convenience. It 1s &lsc convenlent to include undef this
heading certain enclosed inlets which, although permanently‘inundated and
gimilar to the lagoonal units, are separated from the lagoon proper by ex-

tensive tide flats.

Environments of the lagoon and leeward shelf

" The area here referred to as the leeward shelf is that which extends

" north and south from the snchorage, beybn&'the main passage between lagoon
end anchorage {see figure 2). ZIcologic zories and deposits of the lagoon and
leeward shelf may be roughly delimited according to variations in-areal im-
portance of patch reefs or vensering corsl.growth as contrasted with lime-
sand bottom. They may elso be [urther broken down on the basis of differ-
ences in the dominating reef-tuilding orgenisms. The probable nature of the
formerly lusxuriant growth of Heliopora 18§ well illustrated in the present

lagoon by areas of Helicpora pateh reefs’ and limesand.



The effect of certain fish in the production of lagoonal sediments is
of special interest.  Darwin observed that fish browsed on coral, and
Couthouy (1844, p. 97) was aware that lagoonsl sediments might "partly arise
from the excretions of certain fishes." Safford (1905, p. 90) and Newell
et al. (1951, p. 13) also observed fish nibbling on coral, but Finekh {1904,
p. 141) states that "although a large number of kinds (of fishes) were watched
in the neighborhood of coral, in no instance were they seen to browse on it."
There is no doubt, however, that fish do browse on coral, and they probably
are important contributors to the sediments arcund reefs.

The scarids (parrot fish), with their parrct-like jaws, and the acan-
thurids (surgeon fish), chaetodontids {(butterfly fish), and pomacentrids
{Gamsel fish), with their fused comb-like teeth, appear to be primarily
browsers on soft algae. Significant to sedimentation is the fact that, in
course of feeding, fish from these_families scrape off thin layers of the
dead calecium carbonate substrate. This was verified by examination of their
gut contents. These fish are so numerous and active that they probably pro-
duce a fairly constant rain of this fine Cal03 debris, and, indeed, schools
of secarids commonly defecate great clouds of it vhen startled. In.Qourse
of time this must represent & considersble contribution to the lagoon sedi-
ments.

A coarser sedimentary product is added by the balistids (trigger fish)
and monocanthids (file fish), which are armed with a massive dentition of
grouped biting teeth, and by the tetraodontids (puffers), which have parrot-
like jaws similar to those of the scarids. Their stomachs contain the fresh
tip ends cf branching corals up to 5 by 10 millimeters and some have yielded

chunks of crustacean tests and spines and plates of echinoids, as well as
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algae. They have been observed sctually to bife off the tips of coral
branches; end the fresh pleces of coral in *heir guts are free of fleshy
naris. boubtless these fish provide a significent part of the coarse frac-
tion df lagoonal sediments.

It is believed that [ish ave more importent In the productioh and tri-
turation of lagoon sediments than either echinoids or holothurians, the iwo
2roups that are moah fregqrently cited as orgenic sediment vroducers. In
meking this argumeﬁtll mesn, of courss, to emphasize a commonly neglected or
unracognized factor in iagoonal sedimentation, rot to deny *the significance
of other factors. The calcareons joinis of the green elga liplimeds locally
bulk large or even dominate in lagcondj sediments {e.g., David and Sweet, 1904,
p. 65), end Foraminifers and corelline algse contribute significantly to these
sediments thrcough their dead shells and jbin%s. The spilcvles of gorgonians
and cother sleyonarians (Carey, 1913, l?Bl) snd the tests of cstraccdes are
likewize contributing elements. Detrital products stricily due to abrasive
‘wave action and derived from both outer reef and nateh reefs also contribute
to the lagoonal sediments, but probably do not tulk as large in their overall
mzss as might be supposed.

The foregoing and other ma*tters related to the ecologic zones and de-
posits of the lagoon and leewsrd shell will be considered more fully and
critically when laboratory studies are completed. For the present it must
suffice to note that the obvious variations in the shallow ilégoonal environ-
nent comprise differences in density of concentraticon of‘patch reefs. Pateh
reefs are very abundant and locally almost continuocis toward the leeward
reefs and passes and graduvally decrease in number.toward the island mantled
windward reef platforms. Linear to irregular areas of bare limesand alter

this gradational sequence only locally.
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ORIGIN OF BEACHROCK

Beachrock :esu;ts from lithification of beach debris in the intertidal
.?ﬁoné-owing to factors not fully understood but amparently peculiar to ‘saline
waters that are saturated with calcium carbonate. - It is commor on tropical
séafbeaéhes. It bharacteristically has the slope and mechanical composition
of'fhe constituent 5each materials, whatever these may be. Beschrock isg men-
tioﬂed in most reﬁortsﬁthat discuss the shore-zoue geology of tropical islands
én& hés been discussad at length in several papers. A recent summary is by
Emery.(in Pac. Sci. Board, 1951, p. 24). It is evident that cementation of
beach sands lo make beaclrock resulits Trom interstitial precinitation of cal-
cium carbonate in the iatertidsal zone, but the mechanism of such precipita-
tion is not egreed upon. The ensuing discussion will emphasize the impertance
of aigae ih bgachrﬁck formation.

Onoﬂoa iz an elmost ideal laboralory for the study of beachrock, for
hard beachrock and bonded Limesand cccur there over large areaa. Borded
limesand, considered to represent incipient beachrock, was found on lagdon‘
beaches, in tide pools and spray peols, and as broad carpets in tide flat
areas. It was not found anywhere on the seaward beach at Onotoa. (On some
tide flats the penetratlion of fairly solid beachrock by numercous bﬁrrows of
a small red-clawed fiddier crab (Uca sp.) strongly suggests that the burrows
were dug prior to induration of the rock. Everywhere that bonded limessnd
was found on Onotoa it was observed to be encrusited with living blue-green
algae of several genera and species (see descriphions in appendix B). These
algae apparently bind the beach and tide flat sands at the surface and,
through their biolegic activities, may cause or accelerate interstitial
precipitation of calcium carbonate beneath. Some samples of the suppnsed

incipient beachrock show successive alga—capped layers or laminae, snd it
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looks very much as though the slgae play the important function of holding the
sands in place until they can be indurated.

I am satisfied that the formation of beachrock in protected leocalitles
is brought about by, or gréatly accelerated by, the activities of bluve-green
algae and hope to document this fact more fully in a later report. It is dif-
ficult, however, to see how ordinary blue-green algae could have a significant
effect on the bonding of conglomerate beachrock on an exposed seaward beach.
Pérhaps the answer 1s that beachrock does not form on expcsed beaches except
in protected places or during times when wave action is very weak. A sample
of firmly bonded gravelly sand centaining numerous Lrass cartridge shells
wag collected on a seaward beach at Taraws, hut this had formed in a pocket
behind ledges of clder beachrock and was encrusted snd ramified with soft
algae, If any given locality were free from strong weve action only long
enough for slgal bonding of beach detritus to get a good start, cementation
might continue when the locality agsin was exposed to more vigorous wave

attack.
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HYDROLOGY

Hydrclogic observations mace ware_limited by time, facillties, and steff.
Several samples of ground water and one saﬁple ol sea water were taken fox
chemical analysis (not completed); sore observations of movement of dyed
water acress and beyond the windward reef were made; and diurnal variation
of pH,ftemperature, and chloride ion.concentration wes observed at selected
localities. In addiiion, soms det;;minations were made of total hardness,
calcium hardress, s=nd magnesius hardﬁess, all “as CaCOB,“ and of calcium and
magnesium ion conzentratiens. Chloride was determiﬂed by titrating with
silver nitrate and potassium chfpmate,land hardness.factors were determined
with stock herdness indicatorsrand ;odiﬁm h&dfoxidé as descriﬁed by D. L.

Cox (Pac. Seci. Bd., 1951, pp. 2?—?@}. Observations of pH were started with

a Gamma electric #eter using g éss.éné éélcmel electrodes, bul, owing to
battery faillure, it wes necesssry to cémpléte this study with z Japanese-
made {Mitamura) set of colorimetrié ;pdi?aﬁoré. 'Colorimetric indicators,
unfortunately, aré nelther as reliablé nor &s finely calibrated as the slec-
tric meter. |

In the ensuing discussion the terﬁ "chlorinity® refers to the concentra-

tion of the chioride ion {Cl™) in parts per millicn of solution.

Ground water
Ground water in the permeable mediuvm of an atoll islsnd occurs as a lens
of fresh water floating in hydrostatic bslance on salt water below. As fresh
and salt water are miscible, & zone of mixing ccours gt the contact of the
fregh-water lens with the salt water below. Various irregularities ia the

gshape and integrity of the lens may result from openings, passageways, or
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variations in permeéability of the island fourndation that acceleraie or retard
mixing. A ground water lens of this sort is called the Ghyben-Herzberg lens,
after two of its early propounders, and it is suceinetly discussed by Vent-
worth (1947).

The scurce of fresh water in the lens is rain. Given adeguate rain angd
unvarying pefﬁeability, the thickness of the lens depends on its areal di-
mengions énd ﬁﬂé smovmt of loss through evaporation or artificial draft. As
a result of the differénce in denéity between about 1,000 for fresh water and
sbout 1.02% for sea waier, the thickneés of the balanced lens, assuming o
mixing, shouldrbe 40 times the height to which the balenced fresh waler ex-
tends above sea level. In small islands or very narrcw parte of long ones
the frash-water lems will be relatively thin and brackish. In large lslands
of medium and conﬁistent.ﬁermeability, agsstming adequate rain, the lens will
be thick aud the water potable, In time of drought this fresh water, in parts
of islands widelénough o have a reasonably thick lens, would be logt only
aslowly by diffusion,rmixing, and outflow. Heavfldraft withovt recharge, how-
ever, leads to salt-watcr invasion.

Ample demonstration that the ground water of Onotece comprises a lens of
the Ghybennﬁefzberg tyne is provided by observed divrnal variaticns of the
level of ground water at site -2 (center of island, shower well at cemp).
This level fluctusted through 16% inches with a tide range at the time of
ghout 4.3 to S.S feet, and its high and low stands followed the high and low
tides with a lag of 2 to 3% hours. Obviocusly, the fresh water is affected
by the tides and must be flcating on interstitial sea weter in the permeable

sediments and rocke beneath.

Bight ground waber samples were studied from an area about % mile square

and centering on the Government Station and our campsite (figs. 2, 3). This

21



area wags selected for study pa:tly as a matter of convenience and partly be-
cause the island at this place approachies the probable minimum width {1000
to 1400 feet) reduired to maintain a fresh-water leng continuously through
drought periods of recorded duration.

Results of field tests on this ground water are given-in table 3. Sam-
ples 1 to 5 were from wells dug and maintained prior to the arrival of the
American field party. Sites C-l, C-2, and €-3 {fig. 3) vere dug mainly %o
obtain grownd walter samples and geologic gections at regular interveals across
the iglend. Sites 1, 2, 3, 5, and C-2 wefe about aﬁ-{he center of the island,
wheréas sites 4 and C-3 were halfway from center to lagoon beach, and C-1
was balfway from center 4o seawsrd beach. Of dhe five wells tested, the
fwowml and 2--that showed lowest chloride concentrations and total hardness
were at the center of the island, but one well toward the lagoon beach (4)
provided potable water. VWell 3, relatively high in chioride content, total
hardness, and magresium, and nod goﬁd for drinking wag alsc at the center of
the islend and only 225 feet south of well 2, a good well. The data of table
3, in combinetion with taste tests of other wells, indicate that a well
toward the center of parts of the larger islands that are wider than about
1000 feet has a good chance of nroducing a fairiy continuous supply of poiable
ground water under the normal draft of the neative population. Wells in nar-
rower land or near the beach are spt to be brackish. According to the prin-
ciples of hydrostatic balance in the Ghyben-Hersberg lens, as the land is
wider, the lens is thicker, and the chances of a sustained supply of potable
water are betier.

Irregularities in fresh-salt boundary relationchips in the lens due to

openings in the reef-rock foundation are to be expected, and the reletively
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Well pH o pH | pH .. . Chloride ‘I‘ot-al hard— Ca*t - Mg+ Temp.
or  Camma -  phenol thymol {ppm) ness as (ppm) M%ppm) ¢¢

site meter red dye blue paper . 62C0s {pom}
1 7.66 — 7.5 262 118+ ‘.' 98 12 29
2 7.98 — - 261, e . 62 29
3 740 - 77 989 693 93 112 28
b — 7.7 - 633 532 75 -84 26
5 — 0 — 640 548 58 8 26
C~1 748 | — " — —_— _ - R “ — : '23
2 - 7.5 - — - — — 23
C~3 — — To7 LT -— - - -

Table 3. Properties of ground water on Cnotoa
(Note that 211 pH readings were made during daylight hours,

pH of wells with algae should fall at night).



“high chloride and magnesium'content of well 3 is possibly due to such an
opening or passage. It is possible to predict the location of such openings
only by methods that are prohibitively-sxpensive with reference to the ease
and cheapness of digging a shallow well., The practical way of meeting the
problem of ground water supply in the Gilberts is to locate wells intended
to suvpply drinking and cooking water at or toward the middle of islands more
than 1000 feet wide and at least several thousend feet long. Some wells so
located will encounter brackish water in any event, but they should be pro-
portionately few,

Skallow ses gnd tide pools

Observations were made on diurnal variation of pH and temperature of
water from a high tide pool -and a- spray pool on the windward sea beach, from
a tide pool on the windward reef fiat, from flow over the reef flat, from
immediately offshore in the shallow lagoon, and from a spray pool with bonded
limesand on the lagoon besch. The last mentioned, though a spray pool at
neap tides, is a tide pool at times of spring tide. All sites observed were
adjacent to the field camp south of the Government Station on the northern
main island. In sddition to pH and temperature, ithe -concentration of ecalcium,
magnesium, and chloride in parte per million was determined.

The beach zone pools at Onotoa mostly have flat bottoms, & large popula~
tion of fixed algae, and a few snails (Nerita) and blennies. The +tide pools
of the inner reef fiat have smooth, shallow, rounded bottoms, commonly
elongated normal to the shore and with algae growing between rather then in
them. The beach zone pools are considered primarily asttributable to solution.
The reef flat pools are probably in part abrasion featurés. BEmery {1946)-
gives results of similar”ﬁut‘more complete studies of tide pools at La Jolla,

California, and provides references to previous publications on the subject.
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The results of the observations at Onotos are shown graphically in
figures 4 to 8, and critical variations in hydrogéﬁ ion concentration arve
summarizeﬁ in table 4. From these data it is clear that,Aexcluding ex~
traneous faclors such as affected the high geaward tide pool of figuré'V,
temperature, chlorinity, and pH 211 show the same general pattern of diﬁr;
nal variation. .This pattern is a recumbent sigmoid61;Cﬁrve, rising to a
pegk during the dsy and falling to a low al night. Moreovér, samples tested
for Ca*t and Mg** show that these properties vary directly with chlorinity.

The batteriecs of the electric pH meter gave out toward the end of the
first set of 24-hour reedings, bul sesled water samples had been taken for
all hours read and these ssmples were immediately checked with a Japanese-made
{(Mitemura) set of fiuid and paper colorimetric indicators. These indicators
showed consistent results following a diurnal veriation curve similar to thsat
of the electric meter hut genmerally reading 0.3 to 0.5 vait higher and tending
to flatten the curve slishtly toward the pesk. This check makes eredible the
general range of readings subsequently made with the colorimetric indicators,
but alsgo suggests that the colorimetric curve should be gcaled somewhat lower
than it actually reads.

Data from the shallow lagoon (fig. 4) and water in flow over the windward
reef flat {fig. 5) may be taken as an approximate measure of the limits of
normal variation in the very shsllow marine waiers of Onotoa. These show a
renge in chlorinity of 18,080 ppm €1~ just before daybresak to 20,680 ppm CI™
during the day. The pH (meter measured) ranges from 7.63 at midnight or early
morning hours to 8.80 in midafternoon, and temperature ranges from 23.5% C

just before daybreak to 34° € at midday. The lowest pH recordsd electrically
was T7.63 for water in flow from beyond the guter reef over the reefl flat
at midnight, and the highest was 9.05 for water in a then stagnont reef flat

tide pool at midtide and midafternoon. This range is close to the range found
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Minimum pH

Maximam pH

Peripdic variations of pH

j

W
o

high “Tow -
Sample and colori~ colori- | colori- colori~|
figure reference meter metric neter metric meter metric meter metric i
pH time pH time time pH  time time pid time pH  time time
Shallow lagoon, | | 1130 0500 | 0800 | | 2000 | 2100
fig. 4 7.6312330| 7.9 2330 1230{8.9 | to to | =8.5] to | <8.0] to ! to
1330 19001 ZOOO% 0400 t 0700
- " oo ettt e H U S e — '__M__i_
Windward reef, 2300 13C0 0930 l 08301 1730 1830 |
fig. 5 (747510200 831 and 1400{ 8,9 | and to | =8.5] to <801 to to
OLCO 1600 1630 l730§ 0530 0730l
- !
Low windward tide 0200 2400 1400 05C0, 0700 2000 2200
pool, fig. 6 7.65 and| 8.3 and | 1500| 8.9 to to | 28,5 to | <¥8.2! to to
e 0400 02-0400 ¢ ' ' 1600 1900 2100 oLCO 0600
High windward tide . 1 0500 | 2300
pool, fig. 7 — ] - 1 8,11 0100 - 19,3 | 170071 — 384 to — i to
2200 0400
. ¥Windward spray B 1600 1100 2000
pool (¥}, fig.8 —— b | 7oL | 0600 -— 18,3 to - ¢ =8,0{ to — e to
1800 1900 ; 1000
Lagoon {leeward) . ) - 0930 _ 2130
spray. pool, fig.8i — | — 18,21 2130 e 9.4 1 1530 ~— 1 =83 to — 8.4 1 to
2030 ' 0830
i |

(*) Presence of decaying flesh in pool inferred to account for,lQW pH readings.

Table 4,

Variations in pH of shallow marine and beach zone waters



W
~3

: Temperature °C Chloride (ppm) Hardness (ppm)
Sample and o total
figure reference | min. |time | max. time § min, |time X time hardness catt dgtt
Shallow lagoom, -~ | - : : 6225 108 1266
_ fige & - o | 23.5 0430 |34.0 |1230 {18,880 10530 | 20,680 | 1330 to to | to
Windward reef, _ 1200 5855 380 192
fig., 5 23.5 10500 33.0 to 118,020 {06CO 20,680 10C0 o to to
1500 6375 L86 1254
Low windward tide 1200 : . 5855 380 1192
pool, fige 6 23.5 {0500 | 33.0 | to |18,080 0600 22%288 e to to | to
t 1500 ? 6855 L78 1375
High windward tide 0500 1100 -
pool, fig. 7 23.5 | and 27.0 | 1200 1960 {1600 20,480 0100 735 L6 151
25400 1900 to | to to
6635 <7 | 422 1368
Windward spray i
vool, fig, 8 | R6.6 10700 37,9 | 1300 — —_ — — — — _—
- Lagoon {leeward)
spray pool, fig.8! 26.3 10730 40.0 | 1330 | - — — — — —

Teble 5. Temperature, chlofide content, and hardness

of shallow marine and beach zone waters



by Emery (1946, p. 221, fig. 12) in a southern California tide pool with a
temperature range of 142 to 26° C. A pH reading as low as 7./ was recorded
colorimetrically in a high windward spray pool at & a.m. and one as high as
9.4 in a lagoonside spray pool at 3:30 p.m,

[mportance -is attached to figure 7, representing a high seaward tide
pool, bectause it.shows an essentially regular diuvrnal varviation curve of pH
{colorimetric) through a pericd of fluctusting temperatures and dilution by
rain {2.05 inches rainfall in 24 hour interval recorded on figure 7). Concen-
tration of €17 in this tide pool fell 6000 ppm during hard rains from 3:15
to 5:15 a.m. However, it jumped back 4500 ppm with the first flushing wave
of,the high tide after.the rains stopped and was kepi at this concentration
a8 long as the tide pool was reached by an occasional high wave. Concentra-
tion fell 15,000 ppm during a dey of rains but jumped from 2,000 to 19,000
ppm as the tide reached peak and flushed the pocl sgain. Chlorinity fell off
narkedly again at 9 p.m. 28 the tide receced and ‘the pool was beyond reach
of waves, but this drop must be explained by dilution from acgumulated rain
water seeping and trickling dowvn from the irregular rock surface shove the
pool, for there was no rain at this time. Concentration in ppm of CaGOB s
MgCO3, Cat+, and Mg** varied directly with C17, and none of these concentra-
tions showed any relation to temperature of pH.

Clearly, the pH of this tide pool is not_significgntly affected by or
related to either tempefature, chlorinity, or any of thé variables that éﬁange
with chlorinity. .However, pH, temperature, and ch;orinity do vary together |
in other situations (figs. 4 - 6, 8), and it looks as if they mey vary in re-
lation to some common factor. OSunlight provides a sultable COmmén factor for
temperature end pH, but'its_possible relation to the measured'variations in
chlorinity is mot clear. Rain aﬁd variation in outflow from the fresh water
lens with the tides are probably more impoftant in accounting for chlerinity

variations. .
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The general neriodic wariations of pH from relatively high during the

day t¢ relatively low at night is. wzll broughtout by table 4.

During hours

of sumlicht marine Qlantu {toth attached and planktonic) use up G0p in

photosyathesis, causing relative ascidity,

28 measvred by hydeegen ion con-

centration, to decrease, and pH, the inverse measure of hydrogen ion concen-—

tration, to rise.

The reverse is true zt night, when plants are not using,

G3, for photosynthesis, but both plents end animals are producing <0, through

respiration.

tion rises, and pH falls. This

out regard io the exiranecus Tachtors that

pregumably becavse the veriation in pH is

(1946, p. 221, figz. 2) clearlv shows that

rools at La Jolla 1s inversely related to

piace, he notes

in air at night i«
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Speci
part‘that tropical marine waters
ticn of GaCOB. On the one hand,
are normeily saturated or supers
of teking it into Soluticn; Gﬁl he other

nitting snd undercutiing of tro
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(including myself)
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appear to play in solution and precipita-

ledge that such walers

sturated vith CaC0g end ther refore not capable

hand, the physical evidence of

reg ie counvincing to some

rs, wider some ccnditions,
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blotic density.
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During the day, COé in shallow waters and itide pools is



being used in photosynthesis, pH rises toward & maximum of 8.& to 8.8 or
8n92/in opsn shoal water and 9.1 to 9.4§/in tide pcols and spray pools, and
precipitation of Ca003 should take place. At night, vhen the €05 content of

s : - . 3/
these same waters is increasing, pH falls tovard a minimum of 7.6 to 8.3 in

3/

Highest readings colorimetric and probably in the range of 0.3 high.

both open shoal water and tide pools, and it is precbably at times of lower-
ing of pH below about 7.8 to 8.0 thaf solution occurs. BEmery (1946, pp. 222~
225) has made the necessaiy esleulations to show for similar dats, though in
a temperature range about 10° Cllower, that solution at night and precipita-~
tion during the day is in fact possible within the observed range of pH. In
arriving at the foregoing figures, data from the windward spray pool of
figure 8 are discounted, because this pool was found to contain decaying flesgh
that doubtiess accounts for its low pil. Of course, such things are common in
tids pools and sprey pools and would account for accelerated solution there.
That the effects of solution in shore zone areas are commonly more in
evidence thon precipitation is explained by the susceptibility of +the minute
aragonitic needles of the precipitated Ca603 to being flushed away by wavesS-—-
or even blown away by wind at low tide Tfrom parits of the reef and tide flats
that are exposed long enough t&ldry. Precipitated CaCO3 in and near the shore
zone of Onotoa appears to be presérved cnly on the elevated rims of certain
tide pooié and prebably as part of the white encrustations on the surfaces
af sediment—binaing algae., Hatvrally, rain water, both as solvent and as
Tlushing medium, aﬁcentuates the process of pitting and formation of tide
pools and spray pools, and the effect of decaying organic matter is also im-

portant. However, neither rain nor decaying organic matier can have much

&G



effect on the production of the undercut notches thet are so common around

limestone islands of the tropical seas.

Flow of water over the windward reef

The movement of powdered flucresceéin marker dye was obgerved =t several
piaces over the reef flat, in surge channels, and over the benched reaf zlope
seawayd of the reef front along the windward shore near Goverrment Station.
Observationg wers made during 2 receding tide at a time of moderately strong
surf, and all time intervals and quantities of dye were estimated.

About midway of the reef flat, which is about 800 feet wide here, a patch
of dye sbout 20 feet in diameter on spplicaticn spread cut to about 80 feet
wide by 100 feet iéng (2longated normal to shore; and moved altogether past
the pdint of appliéétion in about 30 saccnds.. it then surged inward and cut-
ward with onshore surge aad recession of waves bubt sinking as it moved and
with dominant movement seaward aleng the hottot. Wiﬁhin abﬁﬁtflO minvtes
affef appiication the dye was foaming in {he surge channels of the.coralline
'ridge. |

Rﬁout half a cupful of the powdered dye vas applied just behind the
cdralliﬁe ridge and then oﬁsefved from 2 raft anchored sbout 110 feet beyond
the :idge on tﬁérbenqhed reef.siope. Traces of this dye foamedlin the upper
waters of the surge chanhels fgr a long while, but ths bulk of it continued
to sink and drift Seawardhfér about 320 nminutes. It graéually vorkad down to
a bagal layer of water and streaméd out over the seaward sloping bhench.

Dyé was added to surface.waﬁér about 50 feet sesward of the coralline
ridge and éufge channels, This dye.worked éutward and dovnward, streaming
to tﬁe bottom at.about a 300 mmgle iﬁ about 5 minutes. Within aboul 15

minutes it was all seaward of ths shelf.
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About three~gquarters of a cupféi<of povidered dye was released at the
rottom of a tm to S-foot-wide surge channel{near its midlength, in about 10
feet of water. This @ye surged up and down and spread to adjacent grooves,
tut it stayed in the_surging wavers for about 10 to 15 minutes before begin-
ning to streom definitely seaward. It then strsamed outward and dovnward
across the sloving bench.

The foregoing observations show that thererig a derinite outward-movirg
tottom current ir the shallow water over the reef flat and upper reefl glons,
at least at times of receding tide. Time did not permit repetition of the
observations with an incoming *ide, but I would expsct the same pattern--the
water thal runs onshore at the surface becavse of the breaking waves must
move cifghore at the boitem. The fact of most imporitance is that this cur-
rent is downvard as well as outward, literally dragging the bottom, and at
times of outilow between swells at the reel margin its force is memorable.
Moreove;, az this movement is perceplible even beyond the reer front at
times of enly mcderately strong surd, it ig probably considerable during
storas. This is of_importanca in counnection with the origin of reef front

grooves whd surge channels.

I~
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ORIGIN OF REEF-FRONT GROOVES AND SURGE CHANNELS

The fronts of most organic or limestoﬁe reefs that are exﬁdsed.to the
sea somewhere show a comb—tooﬁh‘pétterﬁ.of closely spaced groovéé that are
separated from one another byarocky buttreéseé. Thelparté of‘these grooves
that trensect the surf zone (éné the c&faliine.ridge if one is present) are
called surge channels (Tracey et al, 1948, p. 867).

The origin of these grbove—and—buttress éyétems is a vexing question,
for they show features attributable to both biogenic construction and me-
chanical erosion. Ladd and others (1950,‘p; 413} have emphesized the import-
ance df'outgroﬁth of algal spurs to form the buttresses at Bikini atoll.

Théy believe thét although there probably "is mechanical abrasion dﬁriné:
periods of exceptionally heavy'ﬁéathe?...this does not seem adeqdate to ex—
plain the grooves as erosional figures.” David and Sweet (1904, p. 21) ex~
plained them by a hypothesisrdf combined growth and erosion factors and
Kuenen (1933, p. 80-81) belisved that they were mainly constructional.

Tewell et al (1951, p. 25), with reference to the Bahama Islands, in-
clined to the view that "fhe‘groovés are cut,® and to jﬁdgé from the fact
that the grooves observed by them "are incised in oolitic country-rock they
evidently are erosional features." Before learning of Newell's views,
studies of grooves and surge channels on Onotoa and previcus observations of
similar features on Guam, Saipan, zand elsewhere had lead me o recognize ero-
sion as importent in the formation of the grooves. I have alsc seen, but not
studied, grooves similar in plan to more conventional surge channels in the
face of a basalt-floored bench just west of Haena point in northwestern

Kauai, of the Hawaiian Islands.
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In my opinion the grooves in many places are initially cut by outflowing
undercurrents that carry tools ¢f abrasion not availabie to the more spec-
tacular inrushing surf. This nroduces the characteristic radial pattern of
gravity flow. It ie further suggestad that most of this cutting followsd
falls of sea level, when reduction of bench surfaces provided maximum guan-—
tities of detritus for abrasion. Under proper light conditlons air photo-
graphs of some shores (e.g., north Saipan) show severzl levels of offshore
and even elevated grooves, not clogely matching at their boundaries. These
indicate groove-cutliing at successive stands of sea level related to bench
formation. Once a bench is reduced to eguilibrium level, however, growth
factors become relatively imporiant. The abraded upper sides and crests of
spurs then become veneerad with growing coralline algae and corals, and the
grooves may be mesked over and generally closed or partly closed at the sur-
face. This produces mder-reef caverns and blowholes. Growth of algze and
corals subsequent to zroove cutting may be so extensive as to mask conpletely
the evidences of abrasiocn, but ﬁhe grooves and surge channels are found'at 80
many places, and the radlal pattern is so like the normal gravity pattern
found on rilled rock hbeaches and elsewhere, that abrasion by outflowing
gravity currents probably determined the basic pattern at many plzces where
organic growth is the prevalling modexn feature,

Many grooves and surge channels cobserved on Onotoa and eisewhere are
undercut at their bssal sides and floored with gravel, and many on the lee-
ward coast of Saipan end in submerine potholes containing coarse gravel.

The grooves are ordinarily most abundantly developed on windward reefs, but
they have been observed in all quarters of the wind and at places are common

on leeward reefs. Their degree of prominence is believed to be controlied by



sﬁrength of.outflowing cﬁrrentg and thus surf, and by quaatity of abrasive
materials in transit. On the other hand, there are places wﬁere growth alcne
may produce the COmb-tooth.pattern. Both mechanical ercsion and organic
growth must be congidered impértant in the origiﬁ of grooveuand;buttress sys—
temg, the part played by eéch provably varying according tollpcal conditions.
On Onotoa.the grooves Qf the windward reef ave almdst liﬁited to the
surf zone and are thus synonymous with the surge éhannels, but traces of them
run across the benchad slope of the uppér reef, masked by coral growth and
debfis.'“The ront of the reef‘ab‘the 1aﬁdward side of this bench is about
12 feet high and from ths seéward side looks like the truncatea spur-and-
canyon topograviiy of a sieep—frénted and fiatwtopfed moﬁnfain rangelor ﬁlatéau.
ihemmgzwmmdﬁrw@einl&@ﬁzhbma&mtﬁotoSOamiﬁwdyasmiﬂas
120 feet. They are about 6 feet deep at ﬁidieﬁéthg and desepen éraaﬁally to
about 8 feet at the reef front, with a dowﬁéard dip of anothef'2 to L fgét as
they passg beyond the wave-bresking frént of the reef. They range from 2 to 8
feet in width at the reefl front é;d are undercut up to 1 fool on each side at
their bases. Living algae.énd eérals are sbundant only at the crests and upper
gides of intervening buttresses. fhe surge cﬁannels are floored with very coarse,
mostly slabby gravel. At the réef front above this gravel during a period 5f
relatively strong surf (swell méasured 6 feet high, combers averaged an
estimated & feet), the oﬁiy movement experienced was an up and down with the
swell. Down in the loweripért of the channels, however, the swimmer is
carried back and forth ﬁiﬁh'thé surge for as much as 15 to 20 feet at a time.
Under these conditions onié-sméll piecas of the gravel were obéerved to move,
the maximum size observed in moﬁement being a slab about 8 inches in diameter
that rocked gently back and forth without being transporied frém its original

position. Slabs this size and larger, although well rounded, are mostly

\Fy
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coated with a falrly luxuriovs felt of living green algae, and it is evident
that their rounding occurs only at times of storm or very heavy surl, with
plenty of time between for growth of algae. TVhereas there is apparently enough
movement of the boulders aand émaller gravel and sand to prevent growth of
coral aznd corailine algae on the floor and lower parts of the surge channels
(except locally at their mouths), the grooves are probably not being signifi-
cantly enlarged at the present time.

It is suggested that most of the groove cutting in the reef front at
Onotoa occurred during beveling of the present reef flat after the recent 6-

foct eustatic Fall of sea level.
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BUILDING AND ERQSIOE OF ATOLL ISLANDS

On Onotoa, evidence for Recent lowering of sea level of the order of 5
or 6 feet is found in remmants of an elevated Heliopora reef flat that occurs
up to ebout 25 feet above the inner edge of the reef flat, both on the bezch
and in wells (e.g., profile 5, fig. 3). The inner edge of the reef flat, in
turn, is estimated to be 2 to 3 feet above present mean low low tide. At pre-

sent the upper limit of living Heliopora. flais is about at low bide level,

B

Similar occurrences of relatively elevated Heliprora flats are alsc found at
Funafuti. (Sollas, 1904, pp. 21-24; David and Sweet, pp. 67-68 and plates).
Further evideace of a frll of sea level of about & feel at Onotoa is provided
by elevated cobble siripes of a sori that I have observed cnly on reel flats.
These cobble stripes rise abouit 2 or 3 feel above a surface of cobble gravel
that is ebout 6 or 7 feet above the present reef flat at ithe northwest end of
Onctea end are separated from ths lower-lying present reef flat by 2 gravel
rampart.

As a Recent world-wide 6-foot fall of sea level may be amply documented,
the evidence on Onctoa is only part of the broad plcture., The higher stand
from which the present sea has receded is provisionally attributed by Stearns
(1941, p. 780) to the postglacial optimum temperature cycle of 5000 to 7000
years ago, vhen water previously snd now tied up in the polar ice caps was in
the ocean. Fall to present sesa level probably tock place in two steps, the
first a 32— or A-foob drop and the sscond 2 or 3. TIvidence for the second drop
consists of & bench about 2 or 3 feet above the present reef flat at Onctoa
and elsevhere (see Kuenen, 1933, pp. 66-70; Dana, 1872, op. 333-346). No at-
tempt will be made here to summarize the large literature on the guestion

of recent eustatic falls of sea level.
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Atoll islands characteristically consist of unconsolidated debris rest-
ing on a solidlfnunﬁation. This fﬁﬁhﬁation must be\broad gnough and high
enough so that this unconsolidated debris can accumglate beyvond the ?each of
strong wave action and be preserved there. The foundotion may consiét of a
reel that has grown to the gurface of the sea, or which, having_grown to the
surfece, is left somewhatl above normal‘sea.level by recessio;.of the sea.

On alsurface which is exposed betveen tides, ;imeﬁprecipitéting and
Sedimegtmbiq§ing green anc blue-green algae {lourish, and e&én coarse clastic
mzterials are quickiy and firmly bonded together by interstitial calciom car-
bonate., This is demonstrated by the cementation of blocks in the stone-ring
fish treps on the outer reefl flat and by firmly welded bhars of boulder con-
glomerate at Aonteuma and st the northwestern extremity of the atoll. Upon
such an intertidal surface, also, debris tossed by the waves has a good
chance of remaining im position at a distance from the reef front that varies

'with the_transporting power of stgrm waves.

The first step in the builging of anratoll island, then, is the erection
by storm waves of a ridge or rampert of coarse gravel on a living reef flat
or wave-cut bench. Seaward additions &Y 5 ofrcoﬁrse, Ee ﬁade to such & ram-

:part'by subsequent storms. However, evidence that the structure is essentially
stable along a given line and under prevailing strength of waves is found
in ‘the fact that the gravel rampart is & single ridge at most places.

Building of land on the lagoon side of this rampart is harder to under-
stand. ?hat much of the work is done by wind is evident from the prevalence
of dwne sands at many places, but from where &oes the sediment come? In the
sands of Onotcan islands it is clear from the abunian;e of the reef-flat

dwelling foraminifer Calearina that much if not most of the send is derlved
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from the reef. The tests of Calearina and other Foraminifers tha® inhabit
the algai nats of the reef flat apparently were washed acrogs the reéf and
drifted arovad tae ends of and along the lagoon side of the gravel rampart

by local currents. Tﬁé washing of water across the rsef through breaks in

the rampart ig a sufficient explanation of the currents, but they may be
locally emphasized or negated by other factors, such as wind. In the job of
leland huiliding these currents will be alded by wind-Zorne sand froﬁ tide

flats or from bars sroliuced 2y the currents along the growing shore in the

lee of the gravel rampart.

The island should continue o grow in widih as long as there is a base
for it to spread lagoonward on and a suppiy of sediment Tor buillding. The
latter ie provided oy Foraminifera esnd clasﬁic narticles of CaCOB. Bventually,
if the process continuves, znd currents do nov keép the lagoon swept free of
sediment, the lagoon must £ill up and a large land area develop, as at Chriss-
mag Island, in the northern Line Islends. The height of an atoll island,
insofar as it is nct abttributakle to full of sea level or to rampart building,
depends on the heigit to whick wind can build dunes on the base provided and
from material at hand. Most atell islands are.relatively narrow and low,
gseldom anyvhere exceeding 12 to 12 feet above the reef flat. In my opinion
this indicates that they are szlsc relativély ﬁodern phenomens. Several au-
thors have suggested that the building of atéll islands has been accelerated
by and perhaps dates from the Recent 6-foot eustatic fall, and such an inter-
pretation would help té explain much of what is known of %hese-islands, their
biotas, and human migratibn'in"ihe Pacific. This recession of gea lsvel would
have résulted in an apparent elevation of near-surface reefs, pfoviding excel-

lent bases for land construction of the type the atoll islands show.
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The common presence of a lengthwise dep?essién or depresgions within
atoll islands is explained by the outlined marmer of growth. In the early
stages of the process the currents from the ends of the islands would tend to
swing a little away from the gravel rampart and build a longshore bar on the
lagoon side. Subsequent sdditions are made mainly to the lagoon side of tais
longshore bhar, and sediment is added to the depression areas only a8 it may
blow in or vash over bar or gravel rampart. On Onotoa the inner depression
is only locally present. however, the procesg that results in an inner Jde-
pression is perhsps exempiified at both ends of the atoll islands by the

arcs of land whose sendy extersicns curve arcund tidal inlets {fig. 2). The

O

general pattern of distrihtion on Onoieos cof -sand toward the lagoon and gravel
toward the sea, and of lslands mainly to windward, also is consistent vith
the patterns of other atolls and with the process suggested. Storms that
either vashed across or broke through the gravel ramparts or swept in gravel
from the lagoon mey be called upon *o explain gravel deposiits lagoonward of
the raunpart. Stages in isiand growth; according to the scheme outlined, seem
te be iXlustrated by the longitudinally paired isiand strips of Marsked Atéll
in the Gilberts (Agassiz, 1902, pls. 146-150) and by the filiing since 1900
cf lakes in the central depreszion of Putali Islahd on Aadu Atoll in the
indien Ocean {Sewell, 1936a, p. 77). Sewell also shows (loc._cit.}, by
reference to pumice lines, that "the inner beach of the islsnd has advanced
toward the lagoon by some 10 yards! between about 1885 and 1934.

The gravel rampart itself is commonly capped and at places completely
concealed by a veneer or thick cover of fine-grained vounger dune sands, blown

: o

ashore fron the reef-flat area so vrecently ss te show no humus layer, or

thinly to veneer a humus laysr below. This sand contains fevw Foraminifera and



is thoughﬁ to be mostly derived at timez of low +tide from the fine CaCO3
pérticles that édheré to the dAryving surfaces of the gréen and blue-greenx
algas of the innér veef flat. The probabiliﬁy that even extensive windward
beach-zone dune belis cap gravel ramparté seems strong eﬁough to ﬁarranﬁ the
showing of inferred ramparis beneath such dunes on the island profiles of
figure 3.

If the islands of Onotoa vere mainly bilt on aAplatfarm residual Ifrom
the éufébt stand of the sea, and if this stand of sea is properly correlated
with the postglacial optimum, zll of these land-building events have taken
place in about the last 4,000 to 7,000 years.

itoll islands appear to be ercded primarily at times of great storms by
brééching of isiends or by thé éomplete rengval of islends and other sediments
on stretches of the reef flai. If at least the seaward vorticns cil the uncon-
solidated atolllSediménts rest'bn a hench surface at a hirgher level than-the
reef flat,‘és at Onotoaz, destructive processes should be retardsd. PRempants
of beach rock on denuded reef rlats and huried or outcropping beech rock
rithin land areas'provide the beét basis for feconsﬁfucting siageg in the

wilding and erosion of stoll islands, once given a foundation.
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SHIFTS OF SEA LEVEL AND THEIR EFFECTS ON MODERN REEFS

The reef flats of Onotoa on which islands are situated are truncated
surfaces. Green algae thrive on the inner reef flats. A few corals and
abundant red algae are foﬁnd on thelr seaward poritlons. Bvidence that this
surface has been truncated is found in the elevated Heliovora flat that dips
under the islands. This surface is continuovs, at places observed carefully,
with an c¢ld, truncated Heliopora flat that runs across the present reefl and
is merely veneered with algae and the sediments vhich they bind and cement
to rock. BEvidsnce of a former stand of the sea about € feet above nresent
sea level is found in the slevated area of reef-flat cotbie stripes at the
northwest end of Onotoa, sind alse in the elevated and truncated surface of
the old Heligpora reef,

At Arno Atcll, in the southeastern Marshall Isiands, coral growth
flovrishes at least on many parts of the reef flat. O0f this atoll Vellp
(1951, pp. 4-5) has stated that there is no evidence of fall of sea level,
and the same is commenly reputed to be true of atoll islands. On the other
hand, evidence of fallen sea level has been recorded at Bikini (Ladd et al,
1950, pl. 4, p. 413), Funafuti (David and Sweet, 1904, p. 67-68), and Hors-
burgh atolls {Sewell, 1936b, p. 121)., EHegardiess of the fact that indepen-
dent confirmation cannot everyvhers he found, there is widespread and
impressive evidence not only of a recent 6-foot esustatic fall of sez level,
but of & very recent fall of roughly 1% to 3 feet and of one or more former
sea levele ir a range of 16 to 35 feet zbove the present cne (Daly, 1920;
Daly, 1926, pp. 174-179; Kuenen, 1933, p. 66-70; Stearns, 1941, p. 779-780;
Stearns, 1945}. The 16~ to 35-foot zone is obscure, and its effects on
modern reefs can only have involved shoaling preparatory to later events of
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more significance to their present aspects. The iF- to 3-foot fall seems
Lest considered as a temporary stand in the iowering of the sea from the
6-foot lavel. There have also been local and perhaps eustatic positive move-
ments of sea level, bui positive susistism for any given level is hard to
demonstrate and relates orly indirectly to the guestion here considered.

The evidence at hand suggests that the present superficial aspscis of
reefs sre related to vhether their surface was within & feet of sea level at
the time of the &-loot eustatic stend. If they lay below 6 feet, the drop in
sea level would not nave affected them markedly, and, if not sites of islands,

they would presumably be flourishing organic reefs foday. At cuch places

nc evidgence of eustatic fall would be fovad except, in an indirect way,

g}

1o

#slends themselves, the construction of which vould be facilitated by the
shogling of their potenitial foundations. If the surface of a reef were within
6 feet of sea level at the time of the &-foot eustatic stard, it would be
abraded and truncated with fall of the sea. It would be an area poor for
-grouth of corals and crustose coralline algse, and vensered with clastic
debris and soft algee or articulate corallines. Such reefs are found at Ouctoa,
Taraw, and Butaritari in the Gilbert Islands as well as in many other parts
of the Pacific. TIn my opinion they are in themsgslves evidernce of recent fall
of gea level. Of course, it is to be expected that nontruncated resfs will
be found in areas of truncation, for 1t is highly uvniikely that all reefs of
a given area oy all parts of a given reef would have grovn o unifornly shoal
depths prior to the 6~foot fall.

- 'A second feature of interest in conunection uith the Eecent 6-foot fall
cf sen level ig the already discusgsed development of grooves and surge chan-
nels in the present reef rim. It is here ccngidered that such features at
many or most places originaglly result from abrasion by gravity currents flowing
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outward across the reef and ecuipped with abrasive tools provided by trunca-
tion of a relatively elevated reef flst. WFhen such a reef flat is reduced

to a stable level, or before, if conditions are favorable, growth of coralline
algae and corals ai the beveled reef margins is accelerated and eventuslly
masks or even eradicates evidences of abrasion. The east end of Tarague
Beach, at north Guam, is believed to exemplify an elevated bench in process

o’ such reduction. For some unkmovnm reason it, alone of all reef-flat areas
seen on Guam, preserves numercus remnsnts of the older level between grooves
that extend across the entire reef flat--as, of course, they should do until
swch time as lateral cutliing processes reduce them to a generai level.

A covollary of the contention that the 6-foot eustetic fall exerted a
controlling influence on the superficizl aspects of modern orgsnic reefs is
that one should be able to state, from the nature of its surface, vhether or
not any given reef area was within 6 feet of sea level at the time of the
G6-foot eustatic stsnd. If it is sparse in living coral and venesred with
green algse and clastic debris, and particularly if it is also a relatively
smooth surface, it was probably truncated., If ceral growth is vigorous and
the surface irregular, it was probebly not within 6 feet of the old sea level,

or else it has grown up from o very severely beveled reef margin.



APPENDI¥ A--LIST Of REEF BUILDING CORALS AND HYDROZOANS

For the following preliminary identificatioms of coradls and reef bulld-
ing hydrozoans from Onotos I am iadebted to Pr. JiW. Bells. The list given
is composite for all localities and environments collected. Altogether it
includes 26 genera and 50 to 60 species of corals and 2 genera and species
of hydrozeans.

Scleractinia

Aeropors numilis {Dsna)

Acropors spp. -

Astreopora sps

Cescinarea columna {Dana)

Culicia

Cyphastrea micropthalma {Lamarck)

fchirovhyllia aspers (Bllis and Solander)

Echinenhylila spg.

Echinopora lamellosa (¥sper) .-

Favia stelligera .(Dana)

-~ Favia spp.

Favites -sp.

Fungia concinna Verrill

Fuongis scutaris Lemarck

Fungila valida Verrill--a new record

Goniestrea pectinata {FEhrenberg)

Goniasitrea retiformis (Lamsrck)

Halomitra philiprinensis Studer

Herpolitha limax Esper

Hydnophora microconos {Lamerck)

o
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Hydnophora rigida {Dana)
Leptastrea purpurea (Dana)
Lobophyllia sp.

Merulina sp.

Montipora caliculate (Dana)
Montipora foveolate (Lemarck)

Montipora verrucosa Lamarck
Montipora spp.

Pavona clavus {Dana)

Pavona varians Verrill

Pavonia sp.

Platygyra rustica (Dana)
Platyzyra sinensis (Edwards and Haime)
Plesiastrea versipora (Lamarck)
Flesiastrea sp.

Pocillopora caespitosa Dana
Pocillopora damicornig {Dana)
Pocillopora danae Verrill
Pocillopora elegans (Dana)
Pocillopora meandrina Dana
Pocillopora modumanensis Vaughan?

Poecillopora spp.

Porites andrewsi Vaughan
Porites lichen Dana
Porites lobata Dana

Porites lutea Edwards and Haime

Porites superfusa Gardiner

Porites spp.

Psammocora {Plesioseris) sp.



Seriatopora hystrix {Dana)

Tuhastres

Aleyonaria

Heliopora coerulea (Pallas)

Hydrozoa
Mitlerors tenera Boschma

Stylaster sanguineus Fawerds and Haime

“n
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APPENDIX B--DESCRIPTION OF ECOLOGIC FIELD UNITS

Recognition of contiguous ecologic field units within a given general
envirenment amounts to designating segments of a continucusly variable se-
quence. Such units in large part express reel central tendencies, but their
boundaries are mostly indefinite, and to draw boundaries at all may be mis-
leading. How to define the particuler continuous variables in question and
express them sultzbly on a map without recognizing suites of intergrading
units is a problem yet to be satisfactorily sclved. Pending such solution,
or a reduction of categories cn completion of laboratory studies and re-
evaluation of field data, the following descrintions may glve the interested

reader a nore particular idea of the ecology of Onotoa.

Islands

Duie linesands

Younger dune sand. Mostly fire- to medium~-grained, angular OaCO3 send. Humus
layer incipient, thin, or abgent.

Qlder dune gand. Similar to "younger dune sand," but with humus leyer weakly

to moderately well developed. In part rich in tests of foraminifer

Calcarina.

Indurated dune gand. Indurated phosphatized (?) older dune sand.

Limesands other than knownm dune depcsgits

(Gravel intervals locally included in all types. Generally comprising most
arable land and supporting thickest vegetation on Onotoz.)

Younger limessnd. Fine- to coarse-grained sand, with humus layer thin or

absent; locally includes gravel and wind-blown sand. According to local
reports, the area of younger limesand and gravel on the point at

Tabusrorae has been built since 1909,
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Calecarina limesand. Sand of which 509 %o 99% of the individual grains are

tests of the foraminifer Calcarina. Generally with well-developed humus
layer. Forms loose, well-drained soil with good capillary system.
Favored for taro pits and breedfruit where ground water is sufficiently

fresh.

Gravelly limesgand. Sand with less than 50% Calcarina and with intermixed

shelly gravel (abunaént gmell Cardium, ete.) and szall-psbble gravel.

Undifferentisted limesand. Fine- to coarse-grained sand with generally well-

develoved humus layer, with less then 50% Calcarina, and with little or

no shelly gravel.

Linesilt grading to limessnd. Meoped only in low, permanently damp aress.
L ¥ PR

Generally wet sud stiff. Humus layer poorly lo moderately well developed.
At places encrusted vith csliche~like hardpan. OSupports sali-tolerating
shrub Pemphis (As well as poor coconuts, sparse Psndanus, ete.). Favored

for retting pits bescsuse generally brackish vater lies close to surface.

Limesravels
(Intervals of mostly angular sand locally included in all types)
J

Elevated flai-cobble stripes. Low ridges or stripes éf cobtles oriented normal

to beach line, similsr to ridges that develop on modern gravel-vensered
reef flats. UNo humué,lfewwfines. Stripes are about 3 feet high; and
bases of troughs between them are about 6 feet above present reef flat
(hend level data). This is taken’ ag-evidence of a recent relative ele-

vetion of sbout & feet and correlated with the now well-documented

Recent vorld-wide 2-meter eustatic fall of the ses.

Coarse corallifercus gravel. In pert composed of large meandriform and
astraeiform coral heads. Has 1little or no humus and few fines. Crades
toe "corallifercus pebble gravel. M

Fnc
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Corslliferous ncbble spravel. Fragments of branching Acropora conspicuoug—-—
also incluaes Heliopora and other corals, corraline algae, snd mollusk
shells end fragments. In coarser range gradess to "coarse corallifer—
ots graveal” and at many places inciudes areas or intervals of such
gravel. In finer range grades to sands by increasing proportion of
fines and redvction in size of gravel, and in such places approaches

soll and vegetation characteristics of limesands.
Cajiche

Caliche., OCaliche-like limestoiie, not similaer to beachrock. Found ai one
lecality about 3 feel above rezf flat level and behind sea-facing boulder
rampart {north end of norikern large island). Very thin crusts of

caliche alsc occur at the surface of the enclosed Pemphis flats near this

locality snd in low places that are floored with wet limesiit.

Lapd _bowmd aveas of vermanent brackish water

Brackish vater ponds. Mexlwmum depth 3 o 4 feet, bPlue-green algae a2bundant.

Blue-grecn algae flats, Arsas of very fine CaC03 sediments rich in modercte-
ly to slightly brackish water cover powhere gxceeding 1-fool depth at
normal tide level and in places barely enough to keep the ground wet.
Covered with cauliflower-shaped nodules or mats of sediment-binding snd

lime-secreting vlue-green algsae.

Intertidal environments. except reefs

Dneconsolidated bYeach

Includes gaud_veach, gravel besach, sand and gravel beach, boulder beach, snd

guter beach.

Outer beach. Sand beach off lagoon side of southern main island that sxtends



beach preper beyond rormal tide range iand is exposed only s low low

3 iy 0y . o ] a L) O
tideg. Similar to "limesand {lats" wt narrower and sldoping 39 10 5°.

Rocky bezch
{Some urits described here also occur inland
and above normal tide range)

Concordant beachrock. Conformable with precent beaches and certain tide

flats. In large part little eroded, but commonly rilied and pitted with

tide pocls. Comprizes limesandstone with dips 5° to 7° lagocnward on

lagoon beachsg and nearly horizontal on protected tide flat areas. On

sea~facing beaches is limesandstone or coralliferous and algel conglom-
T o ..

erate dipping 77 to 107 seaward.

- - N 3]
Nonconcordsnt beachrack. Ureater age thean "concordsnit beachrock' suggested

by occurrsnce a2t avnoermally high levels, marked unconformity with pre-
sent beach orientation, or unusually high degrze of solution pitiing in
well indurated limesandstons. HAg mapped, prebelly in part ineludes
"elevaied reef~flat rock." |

Bonded limesands. Vesakly te strongly bonded limesands, commenly with a sur-

face felt of sediment-binding (and lime-prscipitating?) blue-green algne.

A% places consisting of svccessive layers separated by thin films of

chlorophyll-richk send thal mark former exposed surfaces. Genera of algae
Faki

provisionally icdentilied from honded limessnds in the field by Dr. Edwin

loul are Chreoocopccug, Gomphcespheria, Glepcupsa?, and other generas of

the Chroccocales, as well as Lyngbyva and Scytonema. At placss the
bonded limessnds show aberrent dips, some up to 30° landvard, vwhere tney

apparently have formed ag depression fillin

9

s or rerhaps slumped into
cavities by coilapse from beneath.
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Elevated reel-Tlot rock. 01d Heliopors-flat rock or rock consisting of frag-

ments of coral and coralline algae in limesand matrix. The matrix may
be partly or entirely a beachrock, but it lacks dip, is unbedded or very
cobscurely baedded, and is thus more suggestive of indurated reef-flat

detritus.

rnclosed intertidal flats

Inclosed limesand, limesilt, or limemud tide flats. Fiddler crab (Hes) bor-

ings abundant, and cdor of HRS commonly strong in freshly expcosed sedi-
nants.  Permenently damp and galine, but flooded onlj at highést tide.
Miud" is ussd provisionally and in the sense of probable grain size
only; it has not yet actually been determined that any of this material
is a limemud.

Pemphis flets. Similar to "enclosed limesand, limesilt, or limemud flats,"

but with cover of the salt-tolerating shrub Pemphis. Found at shore-
ward margins of "encleosed flats." The shrub Pemphig, of coubse, also
grows upon the land itself, at the adge of the béach or even inlsnd in
low plases that are subject to periodic flooding or'where'thé ground
water 1s brecglsh.

Mengrove flats. Similar to "enclosed limesand, limesilt, or limemud flats,"

ut with cover of the mengrove Rhizophora. Generally flooded at same
stage of all tides, but mostly Ydry" at lowest low tides. Sediments
generzlly in the limemud to limesilt size range and high in HoS.

Mainly intertidal flats adijaceni to lsgoon proper
(Units under this heading grade to lagoon, reef, and beach units)

Coral-algal rock flets. Dead coral-algal bottom veheered to a large extent

with limesand and with local pockets where the send is thick. Displays
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occasional concentrations of the turtle grass Thelesssiz (end mostly un-

attached icrodictyon) and in areas of stending water, sparse living

coral that consists mostly of stubbily branching dcropora, Pocilloporsa,

and smallish, hassock-like Porites.
H e A 2

Coral-~elgal rock and sand flats with Zosnthus. Similar to "eoral-algal rock
&

flats" just described, but with sand veneer somewhat more conspicucus
and supperting extensive growiths of the coleonial anemone Zoanthug as
well as considerable numbers of varied green algae.

Liresrmnd flats. Relatively "clean® sand-covered tide flats, with generally

sparse megafauna of burroving sipunculid worms, ghost crabs (Deypode sp.),
the enail Polynices, occasional cones and terebras, and, at places, the

snepmone Zoanthus and the common holothurien Holothuria atra Jager.

Flantes are scsrce, bul algse occcur locally on erratic rocks, and
Enteromerpha has been tentatively rescgnized. Zone extends beyond beach
proper to the zero fathom line (mean low low %ide) or slightly deeper.

3nnd and gravel flats., Tide flats of calcereous sand snd gravel with green

algae resembling Egadoghora end Clsdophorovsis, Dictyosphaerisa, and

Valoniopsis sbundant in portions that remain wet at normsl low tide, A

fer living corals are present locally.

Send and gravel flats with coral. Similar to ené grading fo “sand and gravel
flats" luct described, but with scattered living corsl, chiefly hassock-
like Porites. Invariably wet whgn geen, and presvmably waber-covered
except at lowest low tides.

Cobble sravel flats. Ccbple-venesred areas mostly lagoonward from reef flate,

including occasional boulder or nebble fractions. Compenents mostly
engular. Unit azlsc inciuvdes indurated cobble conglemerste flats, adja—

cent to or continuous with reef flats (as adjacent to fonteuma and at
north end of reef flat beyond this islet).
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Pebble gravel flats. Areas veneered mainly with peblle gravels, but with

some cobbles. Individual cosrse fragnents srinarily sngular,
i % g

Beacnrock ribbed tide flats. Low ridges of old beachrock interspersed with

dirty limesand flabs, incipient beachrock patches, and circular patcenes

of Thalassia (and Microdictvon). The common seca cucumber Holothuria

atra Jager very abundant locally in pools and permanently wet depressions.

Berg and gpits
(Continuously exposed or inundated only at highest high tides)

Inclucdes gand bars and spits, pebble gravel bars and spits, beoulder gravel

barg, and bars of g=nd and gravel,

Pt

Quter reef

Grogved reef slopes. Upper slope of either leeward or windward reef front

marked with conspicuous grooves normal to reef front and separsted by

butiresses veneered with living coral.

Papililated reefl slopes. Usper slope of leeward reef front papillated with

scattered, but more or less linearly sriranged, patch reefs of living

coral snd corelline algae.

Benciied reef slope. Upner slope of windward reef front, comprising a bench

Reef

that slopes about 15° seaward from & depth of about 2 fothoms to the
upper part of =z 20° o 40° undersea slope at about 9 or 10 fathoms.
Beneh generally veneered with = mat of living and dead coral, the pre-

dominant lypes being stoutly branched Pocilloporsa eleseng (Dana).

front. Coralline ridge and surge channels prominent on windward side,

v e,

but ridge is wesk or sbsent on leeward side. 7The coraliine ridge is low,

purplish-red in color, and thickly crowded with masses and crusts of

coralline algae such as Porolithon and Yoniolithon. It runs along the
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surf edge of the reef, is expused at lov tide, ard is intersected by
numerows chiamiels tarcugh which surges ihe white water of the breaiking
surf. Presumably it wae cosugl view of this reef frént‘that led Setchell
(1928, p. 1840) to state "the atoll of Cnotos...ras compoged, sc far asg
vigivle, entirely of nullipore...largely if not satirely...Porolithon

s

cragoedium {Foslie) Foslie.™"

Ped alra zone of windwerd reef flat, A permenently wet area of red algnl
growth Landvacd from veef frent. The cuter nart or subzore, an area of
permanent standing water and locus of tidel Tish traps, is called the
back ridge trough. Here are scattered cabhage-shaped znd branching
masses and crusgts of coralline a“g such as Forcolithon and Goniolithon

and scattered large living ﬂeads of asiraesiform and meesndriforin corals,

as well as ptubb 1y branching Acropora and POCllLOhQQu- The green al-

gae Cevierps and Palimeda zvre fovnd locally =nd sparssly in the back
ridge trovgh. The inner nart, or Jania subzone, of ine *ea alga zone
siopes up and grades té the gres uiga zone of the inner weef i¢at th reir
point of JunctLre being approximately defined by the innery eage of the
fisi treps. Biota of the Jania subzone dominated by articulate coral-

line Japia, with living Foraminifera of the genera Calcavripa and Merzin-

opora locally abundant., At places Jania subzone shows scatiered, rolled
coral houlders up to 16 inches in diameter, thase boulders probably

being broken loose within the back ridge trough.

Green alzas zone of vindward reef flat. Inner reef fJat characteristically
matted with green algas. Commenly divisible inﬁo outar, rmiddle, asnd
irner subzones. In the cuter subzone the rad aiga sania is sn abundant
noldover from the red slga zone, but grevu a’.gae predominate. The

intermediate subzone is one of flourishing green slgae, and the inner

o
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gubzone 1s ore wherein the green algae are whitened by encrusting bonded
sedimants or at places abgsent from the bare deadICOTal-algal rock belov,
At é distance these subzones seem sharply defined because of color dif-
ferences, but they actually intergrade over rather wide intervals.
Characteristic genefa of algee throughout the green zlga zcone include

Cladovhorse or Cladophoropsis, Valeniopsis, and Dictyosphaeria. At

many places this zone is strewn with scattered, rolied meandriform and
astraeiform coral heads up to-16 inches in diameter, these boulders
Frobably being derived from the bock ridge trough of the red alga zone.

Leeward reef flats. Lagoonward pbrtion generally dominated by green zlgae;
seaward portion characterized by abundance of srticulate coralline Jania,
crustoss corsllines, and scattered sturdily branched Acyrovora and
Pecillopora.

Gravel and saad veneersd resf-flat areas. Dsazd or deczdent reef flat veneered

with angular grevel of pebbles, cobbles, or boulders, sund with a conepic-~
uvous Iraction of sand. Living corals few.

Cobbie and boulder vensered reefl-~flat areas. Dead or decadent reel flat

veneered with cobbles and boulders. Sand inconspicuous.

Flat-boulder vengered veef-flat area. Chaotic corallifercus flati-houlder

gravel on windward reef flat,

Gravel veneer on dead reef-breccia. Rough, angular, coralliferous cobble-
pebble gravel with some boulders. Vensers surface of coral debris
breccia that presumably represents old reef flat. At places old reef-
breccia is bare, with no verneering gravel. Mostly covered cnly at

high tide. Developed primarily between the tvo main iglands.
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Calcarina-Marginopors reef-flat areas. Protected reef-flat areas matted

with living Poraminifera of the gererns lalcarina and Marginopora, and
with green algae, the Fovaminifera commonly entangled in the algae.
Scattered boulders and cobbles are common locally. 4 few specimens of

the common black ses cucumber Hcleothuria atra Jager are found in perme-

neatly wet pockets.

o

Heliopore reef zone. Living Heliopora in essentially continuous and generally

thickly arborescent veef growth, with Acronora and Porites secondary and
otizer corsl types minor.

Porites reef zcne. Living reef crea dominated by large [lat-topped heads of

Porites. Irregular coral growth on bobtoem having depths of several feet
at low tide.

Aerovors-Pocillopera reef zone. Living reef area of varied coral types

dominated by varietiss of Acropora and Pecillopora; corals thin out from
reel flat toward legoon or tide flats with increase in area of limesand

bottom.

Varied reef zone. Reef area of abundant to scatiered living coral growth of
varied types on bottom of dead corsl-algal rock that is at places exten~
sively veneered with coral-algal gravel and limesend. Dominant living

coral types are Acropora, Porites, Orbicells, and meandriform genera.

Heads of coraliine algze and pavement-iype corallines loecaily abundant.

Depths less than 1 fathom at low tide.

Helicpora flats. Living Heliopora scattered over and rising 1 te 2 feet above

limesand bottom. Upper tips of Heliopora barely exposed at low tide.

Minor gravel patches occur locally. The sea cucumber Helothuria atra

Jager is common. Echinoids recorded ineclude a larze poilsonous Disdems
and the harmless Tripneustes cf. T. gratilla,
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Decadent Heliopora flats. Includes scraggly truncated Heliopora, a few other
species of coral, and green algae, interspersed on surface of limesand

and gravel.

Dead Heljoporas flats. Elevated, truncated, dead Heliopora reef flats. Es-
sentially the same as the foregoing, but inundated only at high tide and

thus with no living Heliopora.

Helionora-Porites reef wone. Living reef area, mainly Heliopora, in large
flat-tonred heasds crusted with Porites and crustose corallines.

Sendy reef zone. HMostly clesan limesand with occasional living and dead corsl

at lagoonward marging of extensive leeward reef areas.

Intertidal to lageonal environments

Thalagssia flats and shoals. Dirty limesand with clusters or coniinuous mats
of the torile grass Thalassia. Commonly also with much of the green

alga Microdictyon, the latter mostly unattached. The sea cucuaber

Holothuria atras Jagsr is locally very abundant.

Bocky flats and shosls. DBottom mestly of dead coralaalggl rock patechily
veneared with gravel and send. Scattered but fgi%‘representation of
living coral dominated by stubbily branching Acropora and Pocillopora
and locally by hassock-like Peorites. Circular patches of the marine

grass Thalassia and the green alga licrodictyon occur locally at the

beachward margin in the inner lagoon, and the brown alga Furbingria is

abundant at places. Holgthuria atre is locally abundant.

Corclliferous rocky ghoal bottom. Bottom similar to that of "reocky flats

and shoals," but with fairly abundant living coral patches vherein

stubbily branching Acropora and IPocillopora are dominant.




Enelosed inlet., Area walled off as pair of £ish ponds. Supports thick

growth of turtle grass Thalassia and many fish, including small sharks
and an unknown {igh that is much feared by the natives (aﬁparently not

& barracuda, to Judge from the deécri?tion, but was not seen by our
field party). This ares was not"explored'or scuncded, but it is reported
by the native, Kane, to be generally under 4 feet and nowhere more than

9 feet déep &t tow tide.

Invironments of the lagoon and leeward shelfl
The following units comprise a continuously variable sequence with more
than vsually indefinite boundaries:

Limesand bottom. Mostly clesn limesand bottom at depths greater than 2

fathoms, living coral present locally,

Congpicucus lagoon patch reefs. Pateh reefs of varied coral types snd gubor-

dinate coralline algae, over 200 feet in diemeter. Reef symbol on figure
2 used to indicate perts thel are awash or nearly awash at low tide.

Linegand with scattered patch reefs. Mostly clean limesand floor, above which

rise small scattered cora1~aléal patech reefs and pinnacles. FPurely ar-
bitrery aud grades imperceptibly to limesand éhd'patch reefs.

Limesand and patch reefs. Small patch reefs of varied coral typeg and sub-

ordinate coralline algae abundant but areally exceeded by limesand floor.
Grades to Mvaried pateh reefs and limesand," ”Heliqgggg pateh reefs and
limesand," and "limesand with scattered patch reefs.®

Varied patch yeefs and limesand. Small patch reefs of varied coral types and

subordinate coralline algase very abundant and only narrowly separated

by areas of limesand floor,
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© Algal patch reefs and limegand. Abundant patch reefs of massive coralline

algae and varied coral typee oresumably rising above limesand floor
(bottom between reefs not observed or samnied).

Heliopore patch reels and Jimesard. Alundant ?ateh reefs congisting mainly

of Hzliopcra in tree- and cendelabra-like growths that produce a forest-
like vnderwater scensry. In part the Helicpora patches are externsively
masked by overgrowth of other coral types, and locally the patch reefs
ere of varied coral types. TFor the most part, intervening limesand

bottom only narrowly sevzrates individual peteh reefls.
& b5

Varied botitom with scattered larrer pahch yeefs., Subecircular patch reefs

100 to 300 fest in diumeler scatbered on bottom of limesand and limesilt
with irregular low patches and gmall patch reefs of living coral angd
loeally with abundent Halineda. Depths betwesn natch reefs mostly uore
than 3 fathoms, rangiug Lo more then 7 fathoms lecally. At shallow

margin are seversl ridgs-like patchk reefe up to half a mile long.

Soral pleatetions. Corsl and suhordinate corallins algee essentially con-
tinuous or intimetely interaingled with esress of dead corsl on irregular
bottom. Acropors the cominant genus in éreus chserved.

Lirmesand patepss In cornl plantations. Extensive arezs of limesand and minor

patehes of coral within coral plantations.
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