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THTRODUCTTION

Kapingamarangi Atoll is located at_the southermmast end of the Caroline
croup of islends, slightly more than 17 north of the Bguateor. It is about
+L0 miles southeds®t of Teuk and 350 miles north of Ravaul in New Britain.
This isolated atoll surrounds a lagoon about & miles across from eesl to west
and slightly less Tfrom north to south. It is inhabited by h25 Polynesians
{195k}, most of whom live on Touhou and Werua Islands on the eastern side.
Details of geographic setting, climate, and general enviromuent have been
treated H. J. Wiens so will not be included here.

This report cn the geclogy of Kapingemarangil Abtoll covers preliminary
results from field investigatious conducted during lete June, July, and Au-
gust of 1954 and laboratory examination of specimens made during the winter
of 1954-1955, Much atitention has been devoted to studies of the islands, with
special emphasis oun the classificaticn of sediments and sedimentary rocks, the
occurrence and behavior of ground water, and the distribution of scils. De-
tailed studies also were made of the processes of sedimentation that currently
are operating both on the reef and in the lagoon., These siudies included the
making of detailed anslyses of beach and bar structures, the reconstruction
of reel and offshore profiles, and the systematic sampling of the lagoon floour.

Terpinology vsed in this report follows, in general, that recomaended by
Tracey and otheirs (1955) in their receént paper titled "Conspicucus features
of organic reefs." The term "atoll" is used for the peripheral reef and
everythiug within i1t. The upper surface of the peripheral reefl, except where
covered by isiands, is referred to as the reef flat. Small reefs within the
lagoon, including varieties thdat have been called patch feefs, small table
reefs, veef knolls and reef pinracles, are discussed under the general desig-
nation of patch reef. Dense growths of staghorn or branching corals are re-
Tferred to as thickets. Other terms for geomorphic and organic features are
explained in the text wherever their meaning is not apparent.
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THE ATOLL FRAMEWORK

The peripheral reel of Kapingamarangi Atoll (fig. 24) encircles an oval
lagoon, almost completely separating its waters, especially at times of low
tide, from those of the surrounding sea. The only major breaks are relatively
narrov passes on the south side where channels nearily 20 feet deep permit
strong currents to flow in and out continuously. This peripheral reef in-
eludes what has aptly been termed the "frame" of the rveef complex or reel
mass, and ig a lattice constructed through the growth of organiswms, especially
corals and coralline algee. As stated by Cloud {1952a, p. 2128), these or-
ganisms "serve to hold it ZEhe reg§7 together, and the frame they build is
a trap for clastic or chemically precipitated sediments.”

. The surface of the peripheral reef is widest -- nearly 4,000 feet
across -- near the northermmost sector, although it is slmost as wide in the
extreme western part (fig. 24). On the scuthern arc, west of the main
passes, the surface is no wider than 1,000 feet. The 33 islands distributed
along the eastern half of the reef zppear as very lov mounés that rise
slightly above the general flat top along its lagoonward margin. They alone
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stand shove the level of high~tide waters. Elsewhere along the atoll, espe-
cislly on the southwestern, western, and northwestern sectors, the reef
surface is divided into a sgeaward sloupe and a lagoonward slope by a low but
definite crest. Both slopes sre extremely geutle in most places. They are
referred to in this paper as the outer reef flat and the iuner reel flat.

The essentlally flat top of nearly all the outer part and some of the

inver part of the reef forms a pitted rock pavement. Over wide areas this

surface contains no organisms now contriduting appreciably to greowth of the
reef. To the contrary, it appears to be solely the result of the wearing
down, by waves and currents, of coral wesses that once stoud higher than the
present surface. BEvidence from Okinawa obtained by MacNeil (1950} indicates
that similar surfaces there are the result of recent wave or solution plana-
tion. . Other similar reef flats reported from many islands of tue Pacific
suggest, as stated by various geologists, that this widespread feature is the
ef'fect of a recent lowering of sea level with resultant death of all corals
back from the reef euge, followed by a beveling of higher parts of the reefl
structure,

The present surface of the reef flat appears to resuld from an essen-
tially static position of the sea for a time sufficient to develop a general
evenness of planation and s condition of near sterility over wide aveas.
Today, small living algae of the genus Boodlea cover extensive areas of the
rock surface; mollusks and other marine animals congregate around and under
limestone boulders and coral heads that are sirewn over the rock surface --
debris- washed across from the seaward side. - Brittle stars, eels, and marine
worms inhabit cracks and cavities that extend down into the rock mass. Tive
ing corals and coralline algae, however, are largely restricted to the sea-
vard mavgins ol the reef and, vhere islands are absent, to waters of the
inner reef arca bordering the lagoon edge.

Clastic sediments are relatively scarce over much of the préseﬁt reef-

flat surface, but are progressively more abundaat toward the inner margins
of the reef where they form a veneer that covers a framework of corzl. The
siall amount of fragmental material on the outer side of the reef flat con-
sists largely of coral and coralline algal debris, up to and including
boulder size, strewn over the surface, and of clastic particles from mollusk
shells and echinoid spines, concentrated in pockets and cracks. Foraminifera
of the genus Calcarina that are reported as common on the reef flats of many
Pecific atolls are absent here; few Foraminifera of any type occur on the’ .
seavard. parts of the atoll. The tests of these animals accumulate in qnant¢-~
ties sufficient to form deposits of lime sand only: on the island lagoon
beaches and on the inner parts of the atoll. As pointed out by Sollas (1904,

6, 27), however, such lime sands wltimately £ill many of the interstices
in the framework limestone mass, and they develop into extensive deposits on
the inner side of the ”retaining wall™ of coral and algal structures.

Attempts were made at Kaplngamaranﬁl to determine the lithologic char—

acter and structural features of the Framework limestone through studies of
material exposed in cracks below the pavement and of large boulders washed
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up from seaward exposures. The investigation was hampered oy the extreme
difficulty of digging into the reef rock aud by a general lack of natural
breaks expocing sections, but from a series of samples sowe generalizations
can be made, In meny specimens, the reef rock appears sphanitic, but in
others the relict stiuctures of corals are clearly preserved.

The framework limestone as a whole seems o be very cavernous, although
small masses and hand specimens commonly have a relatively low apparent
porosity. Cavernous structure, observed in near-gurface excavations, prob-
ably extends to considerable depths. This is indicated by the behavior of
the fresh-water lens on various islands, in which all parts of the lens rise
simultaneously and with a similar tidal lag {described under "Ground water').
It also iz suggested by evidence from the drill holes at Funafuti (Sollas,
190k, p. 6) and at Eniwetok Atoll {lLadd et al., 1953, p. 2259). O0a the
other hand, some of what originally were cavities appear to have been filled
with clastic sediment. This feature has been noted by Newell {1954, p. 18)
in reference to reef blocks from the outer edge of the reef Tlat at Raroia.

The reef-building organisms that contribute chiefiy to the framework
limestone, as judged by the forms currently growing along the eastern sea-
ward margin of the atoll, are very largely corals but include sone passes
of the ccralline alge Porolithon onkodes. Tie corals are represented by
many species (table 9); the most coumon belong to the genus Acropora, except
along the inner margin, where microatolls of Porites lutes are dominant.
Suggestion that much of the limestone beneath the present reef flat is com-
posed of a comparable assemblage is found in the mineral content of selected
samples examined by X-ray diffraction methods,t/ ALl specimens tested show

1/ Analyses by A. J. Gude III, U. 8. Geological Survey.

90 percent or more aragonite, which percentage probably reflects the propor-
tion of coral, though a small amount of aragonite may be due 1o interstit;?l
deposits of clastic shells. Five to 10 percent of high-magnesium calcites

. g/ High-magnesium calcite, as opposed to low-magnesium or normsl cal-
cite, is discussed by Chave {1954, p. 267). He poinis out that calcite of
algal structures contains more than 10 percent magnesium carbonate, vhereas
that in mollusks and certain other organisms contains less than 2 percent.

in some specimens suggests the amount of algal contrivution. A lack of nor-
mal calcite in all samples indicates that the common reef-dwelling Foram-
inifera of the genus Amphistegina were not included in the samples examined.

Unfortunately, no data are yet avallable on the lithology or structure
of the Kepingamarangi reef at appreciable depths below the pavement of the
reef flat. Judging from records of wells drilled on other atolls (Fairbridge,
1950, p. 38L), however, one might expect to find zones of clastic materials
representative of various- depths and environments, alternating with zones of
reef-forming corals and algae similar to those on the surface todasy. All such
changes at depth appear to be related to times of advance and retreat of the
actively growing framework corals and coralline algae and probably were con-
trolled by relative changes of sea level and still-stands. Both the uvpward
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and the lateral develcpment of the limestone framework are a record of tec-
tonic and climatic events.

.GEOLOGY OF THE ISLANDS

Character of the islands.,- Thirty-three iglands are distributed along

the arc that forms the esastern, windward peripheral reef of Kepingamarangi
tell. The largest 1s Hare Island, which is more than a mile long and 600
feet wide, and the smellest is Matukerekere Island, which is about 130 feet
long and supports but a single mature tree. Some of these islands are
composite, having attained thelr present sizes by the combining of two or
more small islands through processss of sedimentation. Other islands prob-
ably represent various stages of diminution through partial destruction or
dissection resulting from cyclonic storms.

The origin of islands perched on oceanic atolls is a problem about which
man has speculated for a long time. Some early views on this subject are
recorded in the log of Captain.Cook (ILloyd, 1949, p. 266) under the date of
April 17, 1777: :

"There are different opinions emongst ingenious theorists, concerning
the formation of such ilow islands as Palméxcton g. Some will have it, that,
in remote times, these little sepafate heads or islets were joined, aud
Tormed one contlnued and more elevated tract of land, which the sea, in the
revoluticn of eges, has washed away, leaving only the higher grounds; which,
in time, also, will, according to this theory, share the same fate. Another
conjecture is, that they have been thrown up by earthquakes, and are the
effect of internal convulsions of the globe. A third opinion, and which
appears to me as the most probable one, mainiains that they are formed from
shcals, or coral banks, and of conseguence increasing."

In order systematically to accumulate dats relative to the islands on
Kopingamarangi Atoll, geclogic maps were prepared during the summer of 1954
for all of the larmer and some of the smaller ones (flgs. 1 to 10). Island
meps on a scale of one inch equals 100 feet, complded and surveyed.by H. J.
Wiens, furnished bases to work on. The distribution of materials was plotted
according to the classification discussed in the section of this report on
"Petrology." Dips in sedimentary strata were recorded on the maps.

Analysis of the geclogical maps indicates that Kapingamarangi islands
are formed of three principal classes of material; (1) sedimentary rocks
formed through the cementaticn of clastic particles and orgenic remains,

(2) unconsolidated sediments of beaches and bars, and {3) surficial deposits
forming the ramparts, rampart wash, and soils {not mapped) that partly
cover and mask the other two. On the basis of the distribution and structure

of these three classes of material, much of the island history may be inter-
preted.

Sedimentary rocks.. Beds of sedimentary rock rise above the reef flats
along the seaward margins of all the large islands and many of the small ones,
and they crop out locally within many islands. Because in most places the
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clagtic particles of which they are formed are clearly discernible and be-
cause their stratification commenly is prominent after weathering these
rocks, for the most part, are readily distingnishable from the reef rock on
which they rest. Isolated pedestals and undercut blocks formed of similar
clastic rock stand on the reef flat considersble distances seaward from some
iglands ~~ remnants of esarlier isiand masses. Conspicucus illustrations are
on the flats east of Werua Island. Likewise, rélict piatforms of stratified
clastic rock, worn to a low level through planation but standing above the
coral rock of the reef flat, extend k00 feet northeastward from Torongahal
Island.

Bvidence furnished by the distribution of erosional remnants of strati-
fied rocl suggests that the seaward shores of all Kapingamsrangi islands
have been retreating for a considerable time. Similar evidence on Rarcia,
indicating reef-flat extension at the expeuse of islands, has been noted by
Newell (1954, p. 1), A second feature that tends to support this concept
is the orientation of cross-stratification along shore-line exposures of
island rock. On many islends, of which Werua is an exceilent illustration
(fig h), the strata in rocks that form the seaward coast dip exclusively
lagoonward over long stretches in the same manner and degree as strata in the
modern lagoon beaches., Tais fact suggests that strata in the two places were
developad in a similay manner and, therefore, that the deposits forming these
rocks accumulated at & time when the lagoon mergin was in the present posi-
ticn of the seaward ghore. Still further evidence of island retreat is
presence of the mineral apatite in coastal stratified rock on MNunakits and
Ringutoru Islands in wave-washed areas beyond the present limits of trees.
This location indicates that phosphorite must have developed at some time in
the past when these localities were the interiors of islands and when guano
from birds was accumulating nearby.

The present distribution of stratified rock indicates not cnly a former,
more seaward position of the islands but also a higher surface level. Strat—
ified rocks on various islands, especially prominent on Rikuwanu and
Ringuteru, stand 4 to 5 feet above the present high-tide level. These rocks
are formed of clastic particles and are cross-siratified; they appear to be
leached and partly phosphatized. Rocks having a similar high-level position
in many atolls of the Pacific have been recorded {David and Sweet, 190k, p.
67-65; Ladd et al., 1950, p. 413) and are generally considered to represent
deposits residuwal from a time when, owing to eustatic changes, sea level was
higher than at present.

Lagoon beaches and bers.- Larze parts of most of the present islands,
including virtwally all of the lagoonward sides; are composed of unconsoli-
dated clastic wmaterials and foreminiferal sands. BSuch sediments are accumu-
lating today on the bars or horns projecting into the lagocon from both ends
of each island and along the incurving beaches between these bars (figs. 1
to 10}. Test pits and wells on various isliands indicate that similar uncon-
golidated materials extend dowaward in many places at least as far as low-
water level, 3 or 4 feet below the swface., BSedimentary sirucitures
especially stratification, further show that these sediments were aeposited
largely as beaches, dipping legoonward, and as bars.
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Beaches and bars on all-of the major islands were napped, and details
of their structure were recorded from trenches dug at right angles to the
strand on Taringa, Psrakshi, Matiro, Pumatahati, and Ringutoru Islands. Re-
sults of these studies must await description and analysis at a later date,
but some salient features are shown on three tvPlcal bea h profiles (fig.
11). The foreset beds of the beaches dip from 4° to 11° lagoonward, except
for short distances irmmediately below beach crests, where many dip as mwuch as
15° to 20° {table 1), Backshore beaches commonly are horizontal, but scme
dip inland 3° or 4°. No evidence that any of the lagoon beaches are being
converted into beach rock could be found, and beach deposits encountered in
test holes on the lagoon sides of many islands were unconsolidated.

Lagoon beach deposits vary in composition from time to time and from
place to place sccording to effective wave conditions. Four principal com-
ponents are recognized, and these are normally sufficiently well sorted that
they are separated inio parallel bvands along the beaches The conponénts
are (1) lime sand couposed largely of an orange, ov01auohaped foraminifer
(Amphlst@olaa madaga&carlnnsls), with lesser smounts of a white, dzsc—sha@ed
foraminiter (Marg cinopora. vertebralis); (2) white coguina sand composed largely
of comminuted pieces of shell; &3) gray coral rubble, worn and washed, up to
1-1/2 or 2 inches long; (M) pieces of gray or black pumice averaging from
l/h to 1/2 inch in diasmeter but some as much as 5 inches, worﬂ and rounded
except where broken dlong fresh fractures.

The sorting of beach materials according to welight and gpecific gravity
results in pumice being concentrated on the backshore and the other three
types of sediment on foreshore beaches. The orange foraminiferal sands to-
day domirate the foreshore surfaces of mest lagoon beaches, but on Pumata-
hati and parts of Hare Island, coral rubble covers the surface because of
specilal conditions responsible for strong wave action. Test trenches show
that at various times the beaches of all the islands have beeh covered by
deposits of rubble, but most of these beaches were later buried by sand as
they bullt forward under conditions of normal wave action. Island horns
or bars that ave now building out into the lagoor commonly consist in part
of foraminiferal sand and in part of coral rubble, the distribution of each
material depending oa conditions of local current and wave strength.

Table 1,-~ Characteristics of lagoon beaches
T Angle of dip toward lagoon {degrees) ]

Island Wldt?%egzy tide Foreshoré slopé Suberest slope Backsho;e slope
Taringa ‘ 23 5 - 11 )
Parakahi ' 23 5 - 10 15
Matiro 15 ' 7 ' 16

Pumatahati 20 4 . 9 {Rampart 29) :
Ringutoru 26 9 15 0 -4
Torongashal 8 20 0~ 2




Unconsgolidated deposits of beach and bar that form major parts of some
islands on Kapingamgrangi furnish evidence that sedimentation has caused
the lagoonward sides of these islands to build forward at an appreciable
but undetermined rate. Beach trenches show the receant accumulastion of back-
shore deposits over earlier foreshore sediments; test pits near the shore
expose humus layvers mixing with tackshore deposits; wells.in the interior
bring to view sequences of lagoonward-dipping foraminiferal sands of foimer
beaches. Most conspicucus of all features furnishing evidence on beach mi-
gration is the presence of relict zones of pumice, located back from the
marging of gsome beaches and marking the tackshore accumulations of earlier
periods.Y ’ C

)E/ Similtar bands of pumice on Addu Atoll have been reported by Sewell
(1936, ». 77).

Whether this agsradational process is as rapid as or more rapid than
the rate of island destruction on the seaward side is nobt known. Presumably
the rate of wearing back of land has decreased in proportion to the distance
from the reef froni during the current still-stand of the sea. Althoush the
present reef flat is relatively wide in most places, there is ample evidence
that erosive forces of the sea are still very effective on many of the is-
lands. On the other hand, the rate of island buliding through sedimentation
may be retarded as the shore moves forward into continually greater depths
of the lagoon, requiring gireater amounts of sediment to bulid up the bottom.

Seaward beaches.~ Beaches are relatively scarce on the seaward sides of
Kepingamarangl islands; furthermore they are small and short-iived. Most
of them are perched on the bevelled surfaces of stratified island rock at
various distances above low-tide level., As indicated on the geologic maps
(figs. 1 to 10), few of them are continuocus for long distances along the
shores. It is doubtful that any of these beaches make permanent contribu-
tions to the growth of the islands.

The seaward. beacheg differ from the beaches on the lagoon sldes of
islands not only in being more patchy and far less extensive, bubt also in
composition and color. They are formed largely from comminated shells of
mollusks and are white, in contrast to the orange lagoon beaches, which are
mostly composed of Foraminifera. A small beach at the ssaward end of Pungu-
pungu Isiand {fig. &) forms a coguina composed almost entirely of unbroken
shells of a small pelecypod of the genus Trigonocardia. '

Ramparts and rampart wash.~ Accumulations of clastic debris consisting
largely of coral rubble, coral heads, snd limestone blocks are deposited
on the borders of most islands, above wave-cut benches and beach crests, by
occasional viclent storms. The deposiis are clasgified as boulder yemparts
and rubble ramparts, according to their constituents, or as rampart wash
where the debris has bzen spread cut as a sheet below and beyond the inland
part of the rampart ridge.

Present distribution of these surficial deposits, shown on the geologic
maps of the islands (figs. 1 to 10), gives some indication of the directions
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of approach and the intensities of recent storms. Lsrge islands along the
northern arce of the atoll -- Torongahai, Ringutorn, and Nunakita -- &ll have
large ramparts on both eastern and western ghores. The widest are on the
western sides and in these the larges® blocks {36 inches in diameter on
Torongshai) are concentrated near the northern ends (table 2).

Islands of the eastern arc -~ Werua, Matiro, and Hare -- have ramparts
on their eastern seavard sides, but these remparts are formed mostly of ine
rubble with very small areas of boulders. Individual blocks are on the
average much smaller than on northern islands (table 2}. On the southern arc,
at Pumatabati Island, large ramparts have been formed on both seaward and
lagoouward shores. The rampart to seaward consists largely of boulders; that
on the lagoon side of coral rubble only. The unique development on this
island of a lagcon-facing rampart musi be attributed to a feteh sufficiently
great to allow easterly storms in the lagoon. tce reach higzh intensity.

Rampart wash, as indicated on most of the:maps (figs.fl to 10), extends
inland from the ramparts for distances as much as 250 feet, forming & sur-
face covering of coral rubble. Because rampart wash has developed larsmely
on the seaward sides of islands, it rests on bedrock in many places, on soil
in otherg. Apparently it is the result of waters washing a part of the
gravels and other small constituvents of the rampart beyond its . crest. On
the northern iglands especially, rampart wash covers extensive areas back
from the seaward msrgins.

Migration of islands.- In preceding sections of this paper, geologicsl
evidence has been cited showing that the seaward sides of ilslande are cur-
rently being ercded back so that the ocuter reef flat is becoming wider at the
expense of island stratified rock, and that the lagoon sides of islands are
constantly growing through accumulatlon and deposition of beach and bar sedi-
ments. The total effect, therefore, is that of island migration across the
reef, from seagward to lagoonward gide. BSo long as sea level remains rela-
tively stable with respect to the atoll, this process may be expected to con-
tinue, though increasing distance from the reef front causes the effective
cutting power of waves to decrease, and the advance of the lagoon shore into
progressively deeper waters requires more and more sedimentary material to
build up a comparable amount of bheach' front. J. I. Tracey (wrluﬁen commur-
cation; July lQ55) suggests that solutlon of rock is more effective than
abra51on by waves in the retreat of islands and that wide reefs favor rapid
solution. He also suggests that wide reefs may favor rapld sedimentation
as they probably provide more sediment. Thus, it is not known whether or
not these islands migrate at a progressively slower rate.

In addition to the evidence of island migration already given, many
biologlical features support the thesis. One of the chief among these is the
undermining of trees -- especially coconut palms -- by waves oa the seaward
shores. Many such trees are tilted or have fallen outward from the is-
lands. The Kapingans are aware of the effectiveness of this process and on
both Touhouw and Werua Islands have constructed stone embankments along the
southeast coasts to protect the land. Evidence of the recent growth of
lagoon shores is found on several islands where successive iines of certain
shore-fringing species of trees are now standing in the interiors, marking
the sites of former shore lines. Detailed studies of the relations of
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igland migration o plant life were made by William Niering during the sum-
mer of 1654, and results have Peen reported by him,

On Kapingamarsngi Atoll, isiand mipration appears to have been, in
general, greatest for the ncrthern islands and least for the southern. This
is indicated not only by a greater width of outer reef flat in the north than
in the south, but alsc by the extent Lo which bevelled remrants of strati~
filed bedrock extend ocutward from the seaward ccasts of Torengshai, Ringutoru,
Bunakita, and Werus Isliands {figs. 1, 2, 3, and 4). 1In contrast, Hare Island,
on the southern par®t of the atoll, apvears itc have been relatively stable;
it shows little evidence ol shore recession on the seaward side and cdoes not
aprear to be buildiﬂg out rapidly lagoonward. L/ Tts adjacent outer reef flat

/ Itb lagoon beach probably is the tyge of that at Arno Atoll described
by Wells (1952, p. 5} as "degrading." DMuch of its surface is covered by rub-
ble concentrates, the sand having been removed, and several coconut palms
growving near it -are partly undermined.

is comparatively narrow.

Problem of Kapingamarsngi beachreck.- Essentially all of the rock forme
ing the islands of Kapingamarangi ALOlL is composed of calcareous skeletal
debris and rock fragments, cemented by calciwm carbonate. It varies greatly
in texturs and in degree of cementaticn, some being extremely friable, some
well cemented and dense. Much of it is stratified or cross-stratified; and
it has all the characteristics normally atiributed to beachrock. Details of
its origin sre not entirely clear, however, despite the numerous suggestions
concerning the origin of beachrock that have been offered in the manv publi-
cations on this subject.

Because modern beachrock is limited to tropical seas, its relation to
warm waters appears tc be heyond questicon. Because it develops exclusively
in the intertidal zone, its relation to the rise and fall of tides seems
equally definite. Other factors -- those responsibie for its localization
on ceriain beaches oy parts of beaches -- are less clear, DBasic reguirements
in the develcopment of beachrock have recently been summarized by Ginsburg
(1953, ». 88) as (1) hizh temperature, (2) rapid rate of beach drainage be-
tuween hlgh tides, znd (j) a permapnence of beach deposits sufficient to allow
the cemsntation process to cperate. The localization of beachrock ig commonly
explained as due to the precivitation of calcium carbonate frowm sea water as
a result of heating and evaporation. The probable importance of blue~gresn

gae as agents that bind sand grains together until they can be cemenied has
been suggested by Cloud (1952b, p. 28) and others.

As a result of observations on various Pacific atolls, a divergence of
conclusions has been reached conceraing the areas in which beachiock is cur-
rently developing. Ladd and others (1950, p. 416) state that on Bilkini Atoll
”beachrock may be formed bebtween the reef flat and the beach." These authors
refer to the fresh lock of the rock and the original color of organic inclu-
sions as evidence that lithification is geing on today, but also point out
that exposed parts of the beachrock are being eroded. Regarding Onotoa Atoll,
Cloud {1952b, p. 28) describes "bonded llmesana,’ which he ccnsiders to he
lacipient beachrock, forming on lagocn beaches, in tide pools, and in spray
pools, and states that it was not found on this atoll anyvhere on the seawar
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Table 2,«-Distribution of ramparts and rampart wash

- ’GO‘{: -

South- J

Boulder rampart Rubble rampart Rampart wash
Island Location Width | Size ol bouiders| Lccation Width Location Widbh
(feet) {inches) {feet) {(feet)
Torongahal West shore L7-72 36 South part Blanket 15-92
East shore 2032 12 of east and berdering
west shores rampart
North shore 115-164 2l Part of west Southwest 30-200
Ringutoru West shore 16-77 6-10 shore end borders 23-72
Fast shore 21-5L 6-12 egst rampart
g
&
1 | Rikumanu Entire surface 100 18~2L
2
Nunakita West shore 22~100 12-36 South part of North end 250
Fast shore 31L~68 6=8 east and west borders east 32-G6
shores rempart
Werua Scutheast 857-120 2l Scuth shore 3660 Borders east
shore Tast shore 75-100 rampari
Matiro Southeast &-21 FEast shore 1610
£ shore,
8 small srea
]
2 Matuketuke | East end 32 6-21, . Entire surface 150
Hare Northeast L2-67 £-172 Fast shore 31-3100 Borders east 3385
shore Southeast shore 36-45 rampart
— J— -~
o | Pumatahati South shore 33~1C0 £-12 North shere 15-20 West end 250
a borders 30100
rampart




beach. Concerning Raroia Atoll, Newell (1954, p. 32} says that beachrock is
quite rare along lagoon shores, but that it appears to be forming in "moats”
in the island interiors - behind lagoon shore ridges and, especially, back
of seaward ramparts. This is probably the Cay Sandstone of British and
Australian geologists. '

Most of the beachrock exposed at Kapingamarangi Atoll today appears to
be relatively old. This is suggested by (1) the presence of typical beds
preserved as relict deposits standing above present high-tide level on sev-
eral islands, (2) the bevelled remnants of typical beachrock extending sea-
ward a few hundred feet, across the reef flat, from the present island shores,
and (3) evidence of replacement of caleium carbonate by apatite in strata
both in the interiors and on the shores of several islands.

" Although considerable evidence indicates that active erosion deminates
the seaward shores of most Kapingamarangi islands today, there is reason to
believe that, locally at least, scme lime precipitation is going on contem-
poranecusly. On the reef flat near the shore,of Parakahi Island a rectangle
of boulders placed there by man at an unknown date has heen firmly welded in
place through cementation. On the east shore of Tirakeuvme Island, a 3~-foot
block of stratified limestone from an ancient outecrop of beachrock is now
standing on end, incorporated in the present middle beachrock layer. How
recently this development took place is not known, but it clearly shows a
second stage in beachrock development. Such illustrations of recent, though
local, precipitation of calcium carbonate on the seaward shores of islands
are supported by records from other atolls. These include the record of &
fragment of green glass from & Japanese fishnet float, ewmbedded in beachrock
deposits at Bikini (Ledd et al., 1950, p. 416) and the report of a firmly
bonded gravelly sand containing brass cartridge shells on the seaward shore
at Tarawa (Cloud, 1952b, p. 29). '

On Kapingamarangi Atoll no development of beachrock on the lagcon shores
of the islands could be detected. Although a large number of test trenches
were dug across the beaches of various islands and most of the beaches were
examined in counection with mapping of the islands, without exception they
were found to be entirely of normal unconsolidated deposits of sand and gra-
vel. Likewise, no clear evidence of beachrock development was found in the
igsland inperiors, for "moats" that are periodically flooded by sea water as
described by Newell (195k) for Raroia do not occur at Kapingamarangi., Thus,
if beachrock is forming today in appreciable amounts on the islands of Ka~
pingamarangi, it must be on the seaward sides. Most of the rocks on these
sides, however, gppear to be wearing away rapidly, so it is doubtful that
beachrock development is extensive there at present. ‘ '

The thecory that beachrock may develop by the work of ground water that
dissolves calcium carbonate from lime sand and precipitates it as 1t seeps
through the beach at low tide was proposed many years ago (Field, 1920, p.
215). Considerable evidence opposed to this idea has since been presented
by Daly (1924, p. 138) and others. On the islands at Kapingamarangi, it
clearly cannot apply because (1) intertidal sediments on the lagoonward mar-
gins of islands are not Llithified, (2) bedrock on the seaward side rises
above high-tide level and extends inland a considerable distance, and (3) no
correlation between the water levels and island bedrock can be detected in
the series of wells across Taringa and Werus Islands (figs. L& and 15).
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PETROLOGY

Sedimentary material that forms the atoll of Kapingamerangl is, with
few exceptions, copposed of caleium carbonate. Part of it is unconsoli-
daved accumulatious of clastic pariticles. The remainder, referred to as
sedimentary rock, is lithified materisl developed through cementation of
these clastic sediments and from the reef-building processes of corals, al-
gag, and other organisms. For purposes of studying and mapping, principal
varieties of sediment and sedimentary rock have been classified into easily
recognizable types, based primgrily on texture and secondarily on the major
contributing organiswms or rock ingredisnts

T e A e

aCCox dlng to particle s;ze, follov1ng whe Went orth clagsification of
detrital sediments. These groups ave {1) lime gravel, in which particles

are greater than 2 mm in diameter, (2) lime send, in which they are between
116 and 2 m, aad {3) lime mud, in which they are less than 1/16 mm. De-
posits of all three of these groups form significant parts of the atoll,

aad eech accumulates in characteristic situations, as will be described
later. Poth lime gravel and lime sand are concenfrated on the reef flats,
locally forming deposits from which the islands are built. They slso cover
mich of the lagoon floor. Lime muds, on the other hand, are confined largely
to the deepest parts of the lagoon. .

Two principal varieties of lime gravel are recognized. One is rsferved
to as boulder gravel, for it containsg angular blocks of reef rock, rounded
coral heads, or masses of coralline algae which are of boulder { >10-inch)
size. The other is formed almost exclusively of coral rubble, derived largely
from broken fragments of Acropora or elk-horn coral ranging from about 1/e
to 2-1/2 inches in length. “AYthough many mixtures or intermediate stages
between these varieties of gravel exist, the importance of recognizing them
as separate types is that the boulder gravel indicates the action of vio-
lent storme and accompanying large vwaves, whereas the much smaller coral
rubble iz transported also by normal waves and currents, and so is being
deposited almost continuocusly.

Lime sands of Kapingamarangl Atoll vary according to the organisms or
coambinations of orgenisms from which they have been derived. Those of the
beaches and shaliow OfiohO“e waters are composed largely of the small
crange foraminifer Aug ina madags 15 CaL riensis, the white wheel-ghaped
foraminifer Marginooori voriooraiis, or LOCH. Some beaches contain a high
percentage of white fragments of mollusk shelils; elsewhere beach ssnds
locally consist of tiny, unbroken pelecypod shells forming coquinas. Some
shallow-water lime sands, especially on the tops of pateh reefs, include
large amounts of +tiny coral fragments; and in waters more than 80 feet deen,
sands are formed almost exclusively of Tragments of #alipmeda {calcareous

green algae) or of the hemispherical pale-olive foraminiier Amphistegina
lesgonii,

e e i s s

Pumice is abundant on the backshore beaches of most islands. Much of
it is of granule or small-peoble size, but a few fragments are as much as 6
inches in diameter. Most of the pumice is light gray; some is black. Large
gpecimens commonly are well rounded, This material is so concentrated on
some backshores as to form essentially pure pumice layers.
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Lime muds inciude {1) some small deposits of silt (1/16-1/256 mn) de-
rived from shells or other organic structures and (2} extensive deposits of
very fine pale-olive cozes which are suicky when wet. The silts develop
largely at moderate depths in lagooa channels or other places where there
are currents strong enough to gather and transport them. The calcareous
oozes Torm only in the deepest parts of the lagoon bottom. They are com-
posed mostly of clay-sized particles of caleium carbonate but include per-
haps 10 percent of Foraminifera, largely of very small species not fournd in
the shaliower waters (discussed under "Sedimentation in the lagoon"). This
caleareous ooze has high plasticity and contsins a slimy residue of organic
matier congplicucus for its feltld odor when wetb.

The mineral composition of Kepingamarangi sediments as determined i/

1/ Analyses by A. J, Gude III, U. S. Geological Survey.

with X-ray diffractometer patterns shows wide variation depending upon the
type of organism that dominates any particular sample (table 3). It is sig-
nificant that the two comwon species of shallow-water Foraminifers are com-
posed of essentially pure caleite, and the common foraminifer below depths of
100 teet, Amphistegina lessonii, is of nearly pure calcite. In coutrast,
corals including Acropora and other common geners are virtually pure ara-
gonite except for a iittle calecite in their "dead" interior portions. Coral-
line algae of the genus Porolithon, which grow in abundance on the algsl
ridge of the outer reef, appear to be formed of calcite having a space-
lattice different from that of normal calcite and interpreted by Gude as
resulting from high magoesium content. Green algae of the genus Halimeda,
which form important coutributions to lagoon sediment below 80 feet, contain
about 98 percent aragonits itogether with small amounts of calcite. The bot-

tom calcareous cozes sre about three-Tfourths sragonite and one-fourth cal-
cite.

Bedimentary rocks.- Carbonate rocks of various types form the outexr
reel, parts of the islands on the cuter reef, and patch reefs within the
lagoon. Four mappable varieties of these rocks are recognized, based on
texture and structure. These are {1) coral and coralline algal limestone,
(2) aphanitic to stratified clastic limestone, (3) coral rubble limestone,
and {4) boulder conglomeratic limegtone. The firet and second types cannot
everywhere be distinguished because of recrystailization and other modifi-
cations resulting from secondary processes; the third and fourth, in many
places, grade from one into the other. Nevertheless, an attempt to recog-
nize and map these types must be made if the processes developing the atoll
are to be understood.

Limestone from corals and coralline algae forms the frameworik of the
auter reef and of the paitch reefs and can be sesen developling today wherever
contributing organisms are growing, especially along the outer margins of
the reefls. The rock developed from these organisms forms the pavement on
the present bevelled reef surface, It is difficult to examine in section,
however, because of 1ts extreme resistance o breakage and because of the
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scarcity ol exposed natural cuts into it. Samples from immedistely below
the pavement surface commonly show relict structures of organisms, as might
be expeclted, but meny appear aphanitic as & regult of secondary processes
acting on the calcium carbonate. Although hand specimens componly appear
to be low in porosity, the rock mass is cavernous and contains many cracks,
some of which are filled with clastic debris.

Aphanitic to gtratified clastic limestone forms an appreciable part of
the bedrock on all islands and occurs in many places on the reef flats as
pedestals and raised ridges considered to be relicts of former islands. Where
the rock is aphanitic, little can be determined concerning its origin. Where
planes of stratification remsin or are etched out on weathered surfaces and

characteristics of grain are preserved, however, the history of the rock can
“readily be determined. Dips of cross-strata and other characteristics show
close similarity to features of the unconsclidated deposits of island beaches,

Boulder conglomeratic limestone and coral rubble limestone are major
constituents of most islands on Kapingamarangi Atoll and form conspicuous
ledges and shelves along many of the seaward shores. The limestones are
easy to recognize becsuse the gravel within the lime matrix normally weathers
into prominence and, in some places, is extremely consplcucus because of
color contrasis. Boulder limestone includes angular blocks of reef lime-
stone, rounded coral heads, and masses of coralline algae of many sizes and
shapes similar to those in modern boulder ramparts. The coral rubble lime-
stone 1s formed entirely of small rubble in a lime matrix. These clastic
limestones are distinguished in mapping, as are their nonlithifled equiva-
lents, because of the different origins that they imply.

The varied mineralogy of different limestones on the atoll doubtless is
in part due to secondary processes of recrystallization and replacement.
Many of the differences, however, are directly attributable to differences
in the source materials. Foraminifera of which some rocks are composed are
calcitic, corals in other rocks are aragonitic, and algal deposits in still
others are high in magnesium {table 3). Therefore, fundamental genetic dif-
ferences may account for the different compositions of many of these youth-
ful limestones.

Ou & few islands phosphorite rather than limestone locally forms strati-
fied rock. Phosphorite, presunably developed from the guano of sea birds
through replacement of calcium carbonate, occurs on parts of Pumatahati,
Nunakita, and possibly a few other islands. It is an earthy, light-colored
rock resembling the local limestone in texture and structure, but commonly
lighter in weight owing to high porosity. Mineral studies by Gude with X-ray
diffraction patterns show that in some specimens the entire rock is composed
of a variety of apatite.
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Table 3.- Mineral composition of Kapingamarangi sedlmeats as dEbETMlHEd by
X-ray dlpfractlon vatterns :

Calcite A

Calcite B*

oy

Locality Horizon | Deseripticn Arsgonite
(feet) C -
Lagoon, W. of
Matiro 228 Calcareous ocoze 80 20
Lagoon, W. of iy
"Romia 150 Calcareous ooze 60 Lo
Lagoon, W. of .
Sokoro 216 Calcareous ooze TO 30
Lagoon, W. of : .
Tetau 224 Calcareous coze 8o 20
Lagoon, Tokahui 186 Sand (é{ ;§§é¢ng;) 100
Laegoon, Tokolala| 90 | Sand (Halimeds) 98 2
Lagoon,
Matamatong 5 Coral branch G9 1
Lagoon, _ St :
Matamatong 5 Core ofi coral . - 95 25
Reef flat, U
Touhou | Algal erust
(Porolithon) 100
Reef flat,
Touhou Algal crust ,
- (Janea) L 100 .
Beach, ' T O _
- Pungupungi isapdufshell-';"" L
 fragments) . 95 2
Beach, south ' ' -
" reef Send (A. mada- :
gascariensis) 100
Beach, south - A
reefl Sand
(Marg¢nopora) 100
Beach,
Matukerekere . Clastic coral,
| weathered 10 | 90
| !

*Calcite A is interpreted as normsl calciie; calcite B as magnesian

calcite.
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SOTLS

General statement.- Soils of Kapingamarangi Atoll are necessarily
young: the isiands ou which they occur are of recent origin. Most of the
soil profiles are classed as A-C profiles and consist of materials little
altered from the parent rock or sediment, covered by or mixed with varying
amounts of dark bhwnus. The soils show few features of well-developed hori~
zong such as normally result from long periods of decomposition of varied
source maverials.

Kapingamarangi solls characterisitically are well drained and alkaline.
They are largely mechanical mixtures of organic material and gravel, sand,
or fine calcium carbonate particles. They vary from dark brown to gray and
creamy white, according to the proportions of various constituents. Soil
profiles all have dark layers at the top and light-colored bedded rock or
sediment below, but some layers are separated by trangition zones of inter-
mediate color and compesition, whereas others are marked by abrupt change.

In order to obtain quantitative data on the soils of Kepingamarangl
Atoll, soll profiles were measured and samples for analysis were ccllected
from eight wells, dug in connection with ground-water studies, and Ffrom eight
test.pits. These profiles were distributed on seven islands as Tollows:
Werwa 3, Taringa 3, Parakshi 1, Pumatahati 3, Ringutoru 3, Tokongo 1, Riku-
manu 1, Conclusions resulting from studies of the soil profiles and of the
analyses of samples consitituie the babls for most of the following digcus=
sion on soils.

Perent materials of soils.- The simplicity of soils on the islaunds of
Kapingamarangi stems, for the most part, from the fact that they are formed
almost entirvely from only two basic ingredients -- (1) parent rock or sedi-
ment composed of calcium (and some magnesium) carbonate, and (2) hwmus from
vegetable matter. The carbonate material varies considerably in physical
form. Much of it is limestone which makes up all the bedrock; the rest of
it occurs as unconsolidated sediment including gravel, lime sand, and lime
mud. Large clastic fragments include blocks broken from the reef, coral
heads, and masses of coralline algae. Small gravel 1s almost entirely coral
rubble, Lime sand consists of shell Tragments and tests of Feraminifera,
with local contributions of the alga Halimeds and other organisms. The lime
mud appears to be principally from the decomposition of stratified rock or
of limestone blocks. All these clastic materials wixed with humus are rela-
tively little decomposed even though they are in an area of prevailing warm,
humid elimate. This indicates that the soil is very youthful.

Variations in the soils of Kapingesmarangi are in part due to differences
in the amount of original contamination and in downward filtration of vege-
table carbon into the calcareous host materials. High permesbility of much.
of the sediment, allowing rain water to enter readily, the penetration of
roots as found in most test pits, and the work of varicus animals all con-
tribute in varying degrees to downward mixing. In some places a 'transi-
tion" zone (A horizon) in which small percentages of carbonaceous matter
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are mixed with corsl rubble or lime sand has developed below the normal zone
of incorporated organic matier (A} horizon} to a distauce of 12 to 15 inches.
In other places no "trangition" zone is present.

Appreciable variations in the chemical character of the island soils
(table U4) were not detected in the present study. In general, the youthful-
ness of the parent limestone virtually precludes the possibility that any
appreciable concentrations of noncarbonate minerals have developed through
leaching or decomposition. On the other hand, local additions to the soil
may consist of pumice, bird guano, shells of crustaceans and echincids, or
skeletons of figh; +he overflows of sea water possibly have affected the soili
in some places, Backshore beaches composed largely or entirely of pumice
(tarile 5) are present on the lagoon sides of several islands, and some pumice
has been found in test pits, but its influence on vegetetion in general is
not known. Bird guano has contributed o the local development of phosphatic
s0il on some islands, especially Pumatahati, where according to native reporis
many frigate birds formerly roosted. Salts from sea water and sea spray that
loecglly meke soils highly saline have not left any couspicuous record of salt
crusts, probably because evaporation is low as compared with contributions of
fresh water; the salts do not seem to have affected large areas.

Alteration processes.- Factors conspicucus in bringing about the altera-
tion both of scils and of the parent materials of scils on Kapingamarangi
Atoll include those that remove substances, those that add substances, and
those that mix substances., In the first category, one of the most important
factors appears to be raln. Showers on the islands normally are short but
violent, and permeable surfaces allow most of the water to enter readily
with a flushing effect that probably accounts for the general lack of saline
residues. Also significant is the abundant evidence of solution work in
Limestone beds, probably largely the result of carbonic acid from plants,
which enables the migrating waters to dissolve carbonates.

At the low levels in the centers of scme islands, especially where pits
Tor growing puraks ~/ nave been excavated by the natives, ground water reaches

i/ A plant with a tubercus, starchy root, related to the taro.

the soil level and, iccally, appears at the surface of the ground. Where
this occurs, normel oxidation of organic matter is retarded or stopped by the
water and black mucks develop. The fresh-water lens, moving up and down in
response to tidael fluctuations, apparently has a considerable solvent effect
on calcium carbonate in the soil wherever it comes within range, as shown by
the calcium bicarbonate coutent of water samples from the wells.

Extranecus but significant elemente in the soil include nitrogen, added
by legumes and some types of algae. Calcium carbonate introduced through
evaporation does not seem to be important, for no caliches such as cceur in
arid or semiarid regions were observed, and fresh water above the water table
appears to be removing rather than contributing calcium carbonate.

A process that is especially important in the forming of soils through
the mixing of materials is the burrowing of certain animals. Especizlly
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conspicucus are. holes resulting from the activiiies of land crabs. System~
atic studies of the distribution and eflects of these animals on several
islends were made by William Niering of the 1954 Pacific Science Board party.
Probably also important though less apparent are the borings of earth worms;
observations oh the distribution of these were also made by Niering. The ef-
fects of roots @dn penetrating and bresking up soil materials were seen in the
sides of all wells and test pits. Rools are effective only in the wpper 1 or
2 feet of scil and sand, however, for their sbundance and size diminish rap-
idly with depth. Only a few were observed as deep as U4 feet.

Relation of soil to position on island.- Because seaward and Jagoomvard
parts of most islands on Kapingamarangi Atoll differ considerably in age, the
stage of goll development on each side likewise is varied. On large and
mediuwn-~-gized islands the seaward sldes are composed largely of limestone bed-
rock, believed to be reliet from deposits of a former and higher stage of sea
level, overlain in most places by rubble. In contrast, the lagoon sides of
these islands are formed of relatively recent beach and bar deposits such as
are developing teday along the lagoon shores.

Excavations representative of the seaward and lagoonward sides and ithe
centers of islands demonstrate the differences in theilr soil profiles. Wells
and pits. localed approximately 100 feet from cne lagoon beaches of Ringutoira,
Taringa and Werua Islands show soill layers of 22 , 2= and S5-inch thickoess,
respectively (figs. 12, 14 and 15). Soil layers measured near the centers of
the same islands are 8, 11 and 15 inches thick, and on the seavard sides 8,
1k and 32 inches. Smell islands like Rikumanu and Tokongo, compossd largely
of bedrock from an eaylier stage of sea level, probably correspond in age to
the seaward portions of the larger islands.  Commensurate with this age,
soil layers of 29 :inches on Rikumanu, and 18 and 7 dnches on Tokongo were
noted in test pits.{fig. 13). "

Buried profiles occur on the seaward sides of at least thres islands and
may be expected on others in corresponding positions. On Ringutoru, Taringa,
and Werua (Figs. 12, 1k and 15) the soil profiles include & relatively thin
upper layer of dark-browm scil, separated from a lower, much thicker soil by
9 to 24 inches of light-gray sediment, including sand, coral rubble, and
small amounts of humus. This light-colored layer is interpreted as repre-
senting an interruption in the soil development process, during which time
vaters deposited clastic sediments. It is postulated that this deposition
was a resuli of sheet wagh at a time of storm activity. Much sand and soue
rubble, but no very coarse materials, are included. Judging from The ap-
precizble thickness of the overlying layer of soil (4-9 inches), which is
comparable to that of the entire scil layer on the other side of the island,
and from the fact that buried profiles have not been found on the lLagcon
sides of any islands, a period longer than that reguired for development of
the present lagoon side is considered prcobable .for this interruption in soil
formation. Thus, although the buried profile may be the result of some rew
cent storm, more likely it dates back to the time of an earlier sea-stand.

Bxtremely youthful soil occurs locally where two islands have, within
historic times, become joined through sedimentation resulting from causeway
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Tgble Y4.- Elements in Kapingamarangi soils determined by semiquantitative specirographic method.
Analyses by Psul Barnett, U. S. Geological Survey. Elements reported by percent ranges.

Depth
Well (inches) 8i Al Fe T4 Mn P Ca, Mg Na, B Ba Cr Cu b Sr
01 .02 .1 Tot .o002 2 ,., -1 .2 .00L .01  .0005 .00L .0002 .5
Werua #5 I .02 .05 .2 found .00S 5 2 .5 .002 .02  .001  .002 .0005 1.0
005,002 .005  Wot 0002 5310 -5 2 001 0005 .0008 .000L Wot .5
Werua #5 20 .005 .005 .010 found .0005 1.0 1.0 .5 .002 .001 .0005 .0002 found 1.0
oL 0L .02 Mot .0008 | ot o -5 -2 .00L .002 .0002 .0002 .0002 .5
Werua #5 31 02 .02 .05 found ,0005 found 1.0 .5 .002 .005 .0005 .0005 .0005 1.0
E ~602 5 T .5 001 002 .0002 L0005 B
Taringa #2 5 <O o5 99 OO0 nos 1 2% 5 5 ooz .005  .0005 L0010 O .5
008 003 " 5 .5 .00L 0005 .000L .0005 5
Tarings #2 20 <01 005,005 <005 0 O 20 5 5 002 .0010 ,0002  .00LO 9 1.0
002 001 . 55 001 .0005 .000L L0008 5
Toringa #2 39 <% o005 .002 -9 ° 0 210 T TS oop L0010 L0002 L0005  ° 1.0
008 008 5003 =5 .00L .0005 .0005  .0002 s
Teringa #2 55 %% Loos .010 <% 0005 0 10 .5 5 o0 .o00 L0010 L0005 O 1.0
.002 008 ~5005 5.5 .00l L0005 L0001 L0005 5
Paringa #3 2 <% 005 .005 <992 o010 0 210 5 s oop L0010 L0002 L0010 O 1.0
008 00T BT 5008 L0005 -0002 5
Paringe #4386 <°O% 005 ,opp €905 0 0 210 35 .5 .005 .ooo O 0005  © 1.0
ST .01 0005 s L T L0005, 0005 5
Teringa 43 18 <O oo e 9% o010 5 P % 5 002 .005 0010 0010 ° 1.0
008 L0082 5T L001 L0005 L0001 0005 5
. . >
Terings 43 3% <O%  Loos .oos <9 O 0 10 ;'3 5 oop L0010 .0002 L0010 O 1.0
The following elements were also looked for but not found:
Sengitivity limit Elements
.00005 g
.0001 Be, Yo
0005 Co, Ge, Ni, P&
001 Bi, Ga, Tn, Mo, Wb, Sn, V, Y, Zr
,003 A, Pt
005 cé, Er, G&, Ir, La, Os, Re, Rh, Ru
,01 1i, Nd, Sb, Sm, TL, W
.03 Te, 7n
.05 As, Ce, Dy, Hf, Ta, Th, U
5 K

1.0 He



Table 5.- Pumice analyses; elements determined by semiquantitative

spectrographic method.
Geological Survey.

Gray pumice

Black pumice

Gray pumice

Analyses by Paul Barnett, U, S.
Elements reported by percent ranges,

Black pumice

Element* Matukerekere Hare Island Element* Matukerekere Hare Island
Si > 10 y 10 Cr .0001~.0002 | .000L-.0002
AL 310 > 10 Cu .0005-,0010 | .00L~.002
Fe 2.2-h,6 1-2 Ga .0005-,0010 | .0005~-.0010
e .2-.5 2.5 Ia .005-.010 ,005-,010
Mn .05-.10 .05-.10 Mo .001-.002 .001~,002
Ca 1-2 1.2 Nb .005-,010 .005-.,010
Mg .5-1.0 2-.5 Na. .005-,010 .005+.010
Na 1-2 1-2 Pb .0002~.0005 | .0002-,0005
K 1-2 1-2 Se .0005-.0010 | .0005-.0010
B .001-.002 .001-.002 ‘sr .05-.10 .02-.05
Ba .05-,10 .05-.,10 v .001L-,002 .001-.002
Be .0002-,0005 | .000L-.0002 Y .005-,010 .005-,010
Ce ,O1-.02 .01-.02 Yb .0005-.0010 | .0005~.0010
Co .0002-.0005 | .0002-.0005 Zr .02-.05 .02-.05

*¥The following elements were locked for but not found:

Ag, As, Au, Bi,

ca, Dy, Er, Gd, Ge, Hf, Hg, In, Ir, 1i, Ni, Os, P, P4, Pt, Re, Rh,

Ru, Sb, Sm, Sn, Ta, Te, Th, Tl, U, W, Zn.
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RINGUTCRU 1SLAND

{105 ft. from lagoon) {132 f1 from seq)
W, end N. of center N (seawat_’d) end

EXPLANATION
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5II
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>
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FIGURE 12— TYPICAL SOIL PROFILES N TEST PITS ON RINGUTORU AND PUMATAHATI ISILANDS
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RIKUMANU PARAKAH!
40 ft from shore. 136 f1. from lagoon shore
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FIGURE 13— TYPICAL SOIL PROFILES IN TEST PITS ON RIKUMANU,
PARAKAH! AND TOKONGO ISLANDS
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construction. Several illustrations of this process, in various stoges of
development, ave knowm; and the natives are Tully aware of the possibilities
of increasing the size of their islands by this method. One of the best ex-
amples of sedimentation resulting from the process is near the south end of
Hare Island, where a small islet has been attached and completely incor-
porated into the main island (fig. 8). Remnants of a stone causeway about
150 feet long are still visible in the middie of the area though sediments
have accumilated to a considerable height on both sides of it. BSeaward firom
the causeway an area about 300 feet long has been entirely filled in by
natural processes, locally with sand and eisevhere with mixed sand and rubble.
Soil hag not yet developed. On the lagoon side sand and rubble have been
piled up on the shoreward part, leaving a depresged area inland toward the
causeway; this low area is swampy and already has accumulated some bhlack
sticky mud.

According to scil nomenclature used on other atolls of the Pacific (Stone
1951, p. 19-37), most of the soil at Kapingemarangi probably should be classed
~as belonging to the "Shioya soil series." This is especlally true where the
soil has developed in the very young sediments on the legoon sides of islands.
In some places on the older, seaward paris of islands, development has gone
beyond the Shioya stage and greater, more concentrated accumulations of or-
ganic material have resulted in a darker soil. vhich pechaps should bhe assigned
to the "Arno soil series.” In these two soil types there is great textural
variation both vertically and laterally. Such variations, as shown in test
pits (figs, 12 to 15), include organic materials thet are relatively pure and
others that are mixed with lime sand, coral rubble, or limestone blocks.
Because nearly all the soils are developed on surfaces apove the water table
that allow rain water to pass through rapidly and thet sre conducive to
relative dryness, mangrove gwamps do not exist and muck or peat is searce.
Only puraka pits and a few bomb craters where water accumulates permanently
have an enviromment favorable to these soils.

Many illustrations of correlations between plant indicators and types
of s0ll and sediment are apparent on Kepingamarangi. The constant associa-
tion of Bcaevola with sandy beaches and of Guettarda with coarse rubble ram-

parts or with small islets covered by rubble are examples. This subject has
been studied in detail by William Niering and will be described by him.

DEVELOPMENT OF PHOSPHORITE

Phosphatic soils and rock phosphate or phosphorite occur at numerous
places on various islands of Kapingamarangd Atoll. The soils appear to be
very similar to other scils that are compesed of lime sand and humus, but
X-ray diffraction tests show that mineralogically they contain apatite in
addition to calcite and aragonite and that a few samples consist of apatite
only. The phosphorite or rock phosphate resembles in texture and structure
the limestone from which it developed, but commonly it is wvery light in
welght owing to high porosity. In many places it is various shades of brown,
and in general has a powdery, earthy appearance.

~19-



The origin of the phosphorite from the gudno of birds is attributed to
phosphorization of salts in the guano,  involving reactions with foraminiferal
or coral limestone. According to Aso (1953, p. 19} the principal components
of this type of phosphate normally are se001dary nalglurn phoeshate, CadPO&,
tertiary caleium phicsphate, Ca- PEOU> and caLc1um Larbondtn. Dresent in vary-
ing ratios. hus, the phosphate prcbably fepresents a staze intermediate
between fresh guano and tertiary calcium phosphate, the’ coqre151on taking
place under the influence of organic acid and carbonic scid gae. The esse
with which calcium carbonate is dissolved by phosphatlo solutlons is a sig-
nificant factor in this p rocess (Aso, 19“3, . lf) -

The dls+t“outLun of yhocphatnc solls and Dho;phofluf at Kepingamarangi
and the COHC@PL+au»ﬁﬂ of these products (table €) spbear to have a signifi-
cant relaulohshln to tre higtory of island develonmant. At Puwatahati
Island, test pit 1 rear the island center shows comglete phosphorization of
limestone in both:soil and strevified rock to a dcpth of 2 feet or more
(table 6). Test pit 2, farther ‘east on the same island, shows only a little
apatite p“esant, and that is near the surface. Nevertheless, the fact that
surface soll is arfected -in both places suggests recent development. High
concentration in the central area is expectable,’ for this island is reported
by the natives .to have been the roostlng place of Lawge numbers of frigate
"blrds for many years.

o Varying concentrations of phosphatic soil are recognhized on several
Cislands other than Punatahati. These irclude Taringa (table 6) and Werua
(table L) ana probably others for which analyses have not been made. The
lcealization of apatite near the soll surfaces on these islands suggests.
that its development may be relatively recent. Phosphorite comprising the
stratified rock on beveral other islands, however, clearly is of considerable
age, i.e., formed before the islands. had migrated to theilr present positions.
On Rznbutoxu and Rilkumanu, for instance, high-level remnants of stratified
rock considered to antedate the latest fall in sea level, and standing asbove
areas of soil on the island margins, are highly phosphorized. On Hare,
Nunakita, and Rikumanu, stratified rock that today is on the seaward shores,
beyond the outer fringe of vegetation, and 1s periodically covered by high-
tide waters, likewise is high in apatite (table 6}, ‘These deposits arg in-
terpreted as relicts from a time when they were in isiand interiors, such

as the frigate birds inhabit today, and when birds in numbers frequented the
areas.

GROUND WATER

General featureg.- The presence ‘on most smsll islands of fresh eor brack-
ish ground water floating on the rélatively heavy salt water within island
rocks and the lens shape normally assumed by such bodies of fresh water have
long been recognized by. hydrologists. The riame "Ghyben-Herzberg lens” com-
monly is used in referring to these lenses of fresh water (Stearnv and
Vaksvik, 1935, p. 23? «239}). -

Most of the 1slands on Kaplnbamarannl ALoll contain ground water of
varying degrees of freshness. On the larger islands this water is potable
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Table 6.- Percentages of apatite as determined by X-ray diffrasction analyses.
Data Trom James Gude, U, 8. Geological Survey.

Depth Apatite
Island Stratigraphic Position (inches) {percent) Comments ‘
Ringutoru i High-level remnant { 0 50 Relict bedrock.
] . :
Rikumanu ! High-level remnant | 0] T5 Relict bedrock.
: }
Rilumanu ] Stratified shore deposits | 0 20 Relict bedrock.
! i'
Rikumanu ; Stratified shore deposits i 0 Lo Relict bedrock.
|
: [
Munakita | Stratified shore deposits | 0 30 Relict bedrock.
! i
Hare ! Stratified shore deposits | 0 20 Relict bedrock.
Fumatshati | Soil, top % 3 100 Pit 1, near
: igland center.
Pumatahati | Upper bedrock i 5 100 Pit 1, near
g island center.
| | |
Fumgtahatli | Lower bedrock ! 20 100 Pit 1, near
: island center.
i i
Pumatahati | Top soil : L 2 IPit 2, eastern
interior.
Pumatahatl | Transition soil 11 2 Pit 2, eastern
interior.
Pumatahati | Unconsolidated 22 0 Pit 2, eastern
interior.
Taringa Top soil 5 50 Well 2, near
island center.
Taringa Transition soil 25 0 Well 2, near
island center.
Taringa Coral rubble iy 0 Well 2, near
' island center.
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and of sufficient quantity for domestic use. The natives have dug wells pene-
trating it in a nuwber of placeg, but in general they prefer cistern water
for drinking. This is fortunate, for the wells near the places of habitation
are apt to be polluted, In the village on Touhou, water from the community
well is used largely for washing purposes; much of it is carried in buckets

to bath houses but some is used in the immediste vicinity.

Because of drouths the supply of cistern water becomes low from time to
time and locally is exhausted, At such times the ground water of the islands
constitutes an importsnt supplementary supply of potable water. Factors that
control the location, gquality, and amount of this water are similar to those
that have been described in connection with the ground water of other atolls
(Cox, 1951; Arnow, 1954), but distinctive features of climate, lithology, and
terrain are responsible for local variations and make desirable an analysis
of the local water problems.

Objectives of investigation,- Ground-water studies on Kapingamarangi
Atoll) made periodicalily during June, July and August of 1954, were conducted
on four islands -- Taringa, Werua, Parakehi, and Hukuniu. These islands were
selected partly because of accessibility but largely because they were con-
sidered representative of the principal island types. Taringa is an exsmple

of a moderately long but narrow (600 £t.) island with stratified rock forming
the seaward shore and sand beaches the lagocn shore, Werua is similar but
congidersbly wider (1000 ft) and with more variation in topographic character
resulting from larger size. Parakahl is a small island (hGO ft x 300 ft)

the surface of which is formed entirely of uunconsolidated sediments., Hukuniu
is & very small island (250 Pt x 150 ft) in which stratified rock forms all
of the shores and algo the surface, except for a thin mantle of humus in

the interior, : K

The principal objectives of the ground-water investigation were to obtain
data on {1) the depth to water in variocus paris of the islands, (2) the amount
of change in water level as compared with tidal changes in adjeoining sea and
lagoon, (3) the amount of lag between the exiremes of tide and the corres-
ponding changes represented im well levels, (4) the effects of permeability
in different types of rock and in unconsolidated sediment, (5) the varia-
tions in ground-vater lenses resulling from differences in size of islands,
~and (6) the quality of the water resulting from various situations., All
these features have a close relationship to the availability and usefulness
of ground-water on Kapingamarangi. ‘ :

© Methods of study.- A series of eight wells -- three on each of the large
islands and one on each of the small islands -- were dug by native labor to
s depth below the lowest level of the water table for each area involved.
Records were made of the types of sediment penetrated (figs. 14 and 15) and
g staff gage was installed in each well for measuring water fluctuations.
Three times during the summer hourly readings were made for 2L-hour periods
to obtain from this series of wells relative measurements of the times and
extent of water fluctuations. Some water samples were analyzed in the field
for salinity and pH. Others, representative of all the wells, were brought

back to the U, 8. Geologicael Survey in Denver, where analyses were made by
John D. Hem.
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The wells on both Taringa and Werua Islands were dug in & row across the
islands from west {lagoon shore) to east {seaward shove) and about widway
along the length {north-south dimension) of each island. Locations of wells
are shown on maps {figs. 4 and 5). The spacing of the three wells relative
to the coasts on these islands was as follows:

lagoon to well I Well 1 to well 2 Well 2 to well 3 Well 3 {0 seg
7
Taringa 68 ft. 250 £t 160 £t i 195 £t

{Werua 65 ft 500 ft 300 ft % 125 £%

- - £

The single wells on the two small islands were dug near the centers. Io-
cations were as follows:

‘rom lagoon From sea

(W) side (B) side ¥From north side  ¥rom south side
Parakahi | 136 ft 283 ft 145 £t 156 £t
%Hukuniu 100 ft 164 £t o1 £t 54 £
i o

The wells on Tarings and Werua Islands ranged in depth from 4 feet 2
inches %o 7 feet 1 inch, depending oun the denth Lo ground-water at its low-
est stage. The two deepent wells were those adjacent to the seaward ccoast.
They were not located on boulder ramparts but on lower ground inland from
the ramparts. These wells were the most difficult to dig, for stratified
rock was encountered in each a little more than halfway down.

Depth to ground water.- As stated in the Ghyben-Herzberg principle, the
highest part of the fresh-water lens within the rocks of most small islands
is somewhat higher than sea level adjacent to the island, Becauvse the ratio
of fresh~ to salt-water density that controls this lens is approximately
Lo/4l, it follows that the elevation of fresh water above sea level is slight
on islands the size of those on Kapingararsngi. Cox (1951, v. 22) and Arnow
(197h, . 3) show that an average height of about a foot is to be expected
on the islands that they exsmined in different parts of the Marshall group.

Equipment was not adequate to measure the elevation of ground-water
lenses with respect to sea level at Kapingamarangi. It seems safe to assume,
however, that the elevation on any of those islands does not exceed 10 to
12 inches and in most places is far less. Thus, the water level on those
islands may be regarded as roughly equal to sea level, and the depth to water
in any well is approximetely equal to the elevation sbove sea level of the
surface at the well site. Because the lagoon margins of islands commonly
are slightly higher than the islarnd centers and because the seaward
margins are considerably higher than the lagoon margins, the depth to ground
water normally is greatest near the seaward margins of the islands and least
neav the centers. Figures 14 and 15, using low-water level as a datum plane
{not allowing for the increase in elevation in the island center that resulfs
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from the lens effect of the fresh water body), show the following depths to
the highest recorded water level:

Lagoon side Middle island Seavard side

Taringa ' L3 inches "~ 43 inches 58 inches J
L_Werua 43 inches ‘ 29 inches ' 66 inches !

The figures in the preceding table probably are rGPTESEQta ive of depths
required to reach the upper limits of water on all the larger islands at
Kapingamarangi, out to reach the level of permenent water (low-water level)
an additional & to.12 inches is reguired. Further, if wells are to be used
for domestic purpeses, allowances must be made for normal drawdown, for
lowering due to periods of little recharge and for adequate storage, so ad-
ditional depth is necessary. The depth should not be greater than necessary
to achieve the above objectives, however, or seli-water contamination of the
wells may cccur.

On the very small islands at Kapingamarangi, the water table commonly
is closer to the surface than on Taringa and Werua. This is due to lower
topography. However, the amount of fresh water {if present at all on these
swall islands) normally is much less and the degree of salinity higher than
on islands with large recharge surfaces,.as ohOWﬂ by the wells on Parai.an1
and Hukuniu Islands. -

. Variations in water level.- Fluctuwations in water level ih islands like
~ those of Kepingamarangi Atoll are principally of twe types. In one the
changes are gradual and are the result of.‘increases or decreases in the
amount of recharge; in the other the movement is cbserveble from hour to
hour and results from rising and falling tides that cause the salt water
under the fresh water lens to go up or down. Fluctuations due to gain or
logs in recharge were not detected during the period spent on Kapingamarangi
Atoil, though doubtless such changes were conbinuously affecting the water
levels of all islands, especislly the very small ones. On the other hand,
significant data were obtainéd on the effects of tide on ground-water levels.

Figures 1k and 15 show the total rise and fall of water levels in the
wells on Taringa and Werua Islands, respectively, as shown by readings taken
on June 28, July 30, and August 20. The low-water level for each well, as
measured with respect to the well bottom, was essentially the same for the
three dates. The high-water. levels, however, show merked differences, es-
pecially on Taringa, and these differences are directly related to tidal
fluctuations as indicated by tide records. The amount of rise in the two
vells located in island centers is slightly to moderately less than that of
the wells on the corresponding island margins. This difference undoubtedly
resuits from incomplete readjustment of the fresh-water lens, due to in-
creased fricticn from distance of travel, during the short intervals between
tidal changes. It supports the principle, pointed out for example, by Cox
(1951, . lh), that fluctuations in the water table of small islands are
inversely proportional to distance from the codst.
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Lag in rise and fall of ground water.- The elapsed iime belween attain-
ment of high or low stage by the tide in waters adjacent te an island and the
attainment of a corresponding high or low level by the ground waters in the
island is variable according to the size of the island, the permeability of
rock or sediment involved, and other lesser factors. In any event, this
elapsed time is represented by a definite lag, which on Taringa Island was 3
to i hours and on Werua 4 tc 5 hours (figs. 16a, 16b, 16c, 17a, -17b, 17c).
On the small island of Hukuniu, however, there was virtually no lag between
the time of high tide and high-water level {(fig. 18a and 18b). This is in=
terpreted as primarily the result of high permeability, as will be discussed
later, rather than merely the small size of the island.

Analysis of the charts showing tide and well fluctuations (figs. 16, 17,
18) shows that the lagoon tidal variation is consistently greater than the
variabion on the seaward side of the islands, but that in the areas studied,
the high and low tides arrive in both places at sbout the same time. Water
levelg in the wells on each island likewise show differences in amount of
fluctuation, but on each island they reach their peaks at approximately the
same time. These data suggest that differences in permeability as well as
in distances from the shore and in tidsl fluctuation at the shore are respon-
sible for differences in the amount of rise and fall of the water table in
any particular part of an island. Thus, in these small islands the fresh-
water lens acts ag a unit insofar as the time of rise and fall is concerned.

Relative permeability of sedimentary materials.- An asymmetry in the
permeability of atoll islands has been indicated in the work of numerous
geologists {Cox, 195%, p. 19). 1In most islands the lagoon shores are com-
posed of beach sands, whereas the sesward shores are compnsed of stratified
rocks, boulder ramparts, or both. The Cine-grained sediment of the lagoon
side is far less permesble than the coarse detrital fragments of the ram-
part or the cavernous limestone that constitutes much of the stratified rock.
Fluctuations in water table on atoll islands appear to be proporticnal to
the permeability of the sediment or rock through which the water moves.

On the islands of Taringa and Weruva the seaward coasts are formed of
stratified rock up to and sbove high~tide level and of narrow wvoulder ram-
parts above the rock. The ramparts are not significant insofar as the
movements of the fresh water lenses are concerned, for, as illustrated in
well profiles, all of the ground-water movement on this side of the islands
is within the stratified rocks. Furthermore, water from wells on the sea-
ward side is definitely brackish, mostly not potable, which suggests that
it enters through open cavities or cracks with free circulation rather than
by the slow percolation that constitutes intergranular movement in the sands.
In contrast, ground water on the lagoon sides of these islands is fresh and
drinkable almost to the beaches.

Parakahi and Bukuniu illustrate the effectis of permeability on the
ground water of very small islands., Well levels on Parakahi show approxi-
mately the same lag behind tide fluctuations as represented in wells of the
larger islands. The water, which is potable, mugt enter through sand de-
posits from any direction. In contrast, water level in the well on Hukuniu
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Island, which is formed almost entirely of stratified rock, reaches its high
and low points esseniially at the same times that high and low tides arrive.
Furthermore, the salinity of the water in this well is close to that of sea
water -- again suggesting easy access through large channels.

Effects of island size on lens.- Observation wells in the ceanters of the
two very small istends -- Parakahi (400 £ x 300 £t) and Hukuniu (250 £t x
150 £t) == suggest that, on these islands at least, permeability of the rock
or sediment, rather Lhaﬁ size of the island, controls the amount of water-
level rise and fall. Figure 18 shows that on Parakahi the rise is comparable
to that of wells dug in similar se=diments on the larger islands, whereas on
Hukuniu, wvhere caveraous stratified rock is lavolved, the rise is considers
ably greater, even approachlng in amount the corresponding total rise of the
tide. . .

The real significance of island size in regard to the fresh-water prob-
lem is whether or not a lens can develop and, if developed, can be maintained
in a particula’r area. Because continued operation of a lens depepds in
large measure on the amount of recharge, a sizable surface ares for catching
precipitation and a sufficient amount of precipitation are basic. In con-
sidering how small &an island may maintain a fresh-water lens, Parakahi
Island, in a region of only moderate rainfall, is noteworthy for having a
lens of fresh, potable water, Hukuniv, which is still} smalier, has highly
saline water Put this may be due as much to contamination from free circu-
lation througli open channels in limestone as to small size of the island,
Thus, only a rough guslitative measure of the minimum size requirement, fur-
nished by the example of Parakahi, is available for Kapingamarangi Atoll.

Guality of the ground water.- Water samples collected on August 20,
195k, from each of the eight test wells and analyzed by the U. S. Geological
Survey are summarized in table 7.

Data presented in table 7 illustrate that-well waters from Taringa and
Werua Tslands are progressively higher in chemical componenis, total hard-
ness, and percent sodium from the lagoonward to the seaward side of each
“island This trend almost certainly is related to the amount of mixing with
.sea water in each place and probably resuits from differences in permesbility
of island sediments and rocks. The cavernous nature of rock beds on the sea-
ward sides apparently allows relatively greater mixing than is posslbla in
the intergranular spaces of gsgnds on ohe lagoonward sides.

Comparison of water from the two smell islands ~-- Parakshi and Hukuniu --
shows differences- similar to those noted from one side to the other of the
large islands, but contrasts are greater. -These contrasts apparently also
result from veriations in permeability and in degree of mingling with sea
water.. water from the Parskahi well illustrates relatively poor mixing; thaet
in the Huﬁun;u well has nearly the composition of sea water,

The hardness of the well waters of Kapingamerangi Atoll undoubtedly re-
flects contributions of calcium and megnesium from iimestone and lime sand.
The hardness increases across Taxlnga and Werua from lagoon to sea, refliectw-
ing an increase in the degree of wixing of ground vater with sea water.
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Table 7.-

Analyses of water samples from test wells and

comparative data for normal sea waier.
(Analyses by U. 8. Geological. Survey)

Taringe Werua ‘Parakehi | Hukwniu | Normal

1 2 s e | s 6 1 7 1 8 luter

Chemical components (ppm) % | | .j' A |

Celoiun (ca) 89 17h | o255 fl132 | agh | 368 i 258 517 %00

Megnesium (mg) ol 63 | 249 § 12 § 13 | 20k i 5k 1,iéo 1;270

Sodium (Na) 38 566 2,010 %Aee 23 .1,5805 %00 § 9,390 10,560

Potassium (K) 2.4 18 75 i 3 2.by 55 %. 12 359 380

Sulfate (80),) 16 4.1 1 k5o E 1.2 b1l 288 %‘ 30 .; 2,290 2,650

Chloride {C1} 55 1,100 {3,810 Eeg § 18 2,98@% 875 7,500 18,980
Phyéical characteristics | %

Hardness (ppm) 320 £93 11,660 379 538 1,760% 866 E 6,060 6,215.

Percent sodium¥ 20 63 | 1o | 8 65? 50 é 76 79

1 i | :

¥Percentage of sodium among the principal cations (sodium, potassium, calcium, and
magnesium), all expressed as chemical equivalents.




These relationships are illustrated by the fact that calcium is much higher
than magnesium in the near-lagoon samples, reflecting solution of calcium
cavbonate and relatively little mixing with sea water, whereas calcium ex-
ceads magresivm only moderdtely in the near-sea samples, rellecting miwing
with sea water, which has s proportionately higher magnesium content.

The hardness of wabter from wells on the lagoon sides and in the island
centers ranges vetween 300 and 700 ppm, so they are much higher than for soft
waters (¢ 50-60 pom) as recognized in the United States. These waters wonld
require "water softeners” for domestic use in America. They are similsr io
qpal%ﬁy to waters from the northern Mewrshall Islands recorded by Arnow (1954,
p. T '

Water samples from test wells on Tarings and Werua Islands were checked
at various times during the summer for PH and temperature. The PH readings
ranged from about 7.0 to 7.3, and those from the relatively brackish waters
of wells on the seaward side were consigtently high, apparently reflecting
a slight alkaline increase from sea water wixing. Temperature readings for
all well waters were 27.5% to 28° ¢ (81.59-83° F) in the early mowrning, but
they commonly rose 1° or 2° ¢ during the warmer part of the day.

Water from wells on the lagoon margins of islands is generally more
potable than that from other parts and is easier to reach by digging. FProb-
ably all wells thus situated will furnish water of good quality which, if
protected from pollution, can be used to advantage by the Kapingans. The
Us 8. Fublic Health Service recommends 250 ppm of sulfate (SOH) and the saie
amount of chloride {Cl) as upper limits for waiter used in normal domestic
consumption, although water considerably higher in these components may be
used without apparent harm by people who have beccome adjusted %o it. Water
Trom the island centers is moderately good, but that on the seaward sides is
too brackish to be acceptable.

NEAR~SHORE CURRENTS

Currents moving along the shores of the Kapingamarangi islands are, in
part, normal longshore currents generated by waves and, in part, the results
of tides. They contribute to the work of ercsion and deposition; also they
are significant in maintaining ventilatlon within the lagoon, introducing
and circulating new sea water with each rise in tide. The tide rises & to 13
inches higher within the lagoon than it does on the seaward sides of the is-
lands (figs. 15, 17, and 18), probably because the passes between islands
form constrictions that limit the movements of water entering and leaving
the lagoon.

In order to cbtain specific data on the movements of nesr-shore currents,
records were tabulated opn the direction and relative rates of wmovement with
respect to nine islands (figs. 19 and 20)., Three of these islands -- Huna-
kita, Torongahal and Ringutoru -- are in the northern section of the atoll,
four -- Werua, Matirc, Hare, and Taringa -- on the eastern side, facing the
dominant wind direction, and two -~ Pumatahati and Matukerekere -~ on the
southern arc, To observe currents, fluorescein dye, which produces an orange
color readily observable even at a distance, was poured in the water. Move-
ments recorded at times of both rising and falling tides were plotted for
contrast.
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The results of observations on near-shore currents as sunmarized in
figures 19 and 20 show that on the seaward sides of mest islands tidal cur-
rents normally move in opposite directions from a central point, During
rising tides, however, longshore currents msy develop with sufficient
strength to direct all movement in one direction. The maps also show that
on the concave lagoon sides, near the sand beaches, which are protected by
horns or bars at the island extremities, movement of currents is exiremely
small at most times and has no dominant direction.

The wost significant current movements adgacenc to islands are those
passing along the gides between islands. These are especially effective dur-
ing rising tides. BSuch currents consistently travel tovward the lagoon, mov-
ing clastic sediments and building rubble and sand bars out into the lagoon
Tfrom the ends of esgch island., Furthermore, between the bars of adjacent ise
lands these currents produce submerged deltas that protrude well ocut into
the lagoon., The deltas are prominent in airplane photographs and are con-
spicuous even from a boat; normelly they are composed dominantly of coral
rubble in their hesdward parts and of foraminiferal sand in deeper waters
beyond.

Because bare reef flats and iittle sand occur seaward of the Kﬂpingama-
rangi islands, l/ relatively little sediment has accumulated on this side.-

l/ This is in contrast to the conditions on Nukuoro and certain other
atolls where Forsminifera (Caluarlna) live in abundance on the reef flat
outaide the islands and form extensive sand deposm%s.

Shores‘at and below sea level are largely of stratified rock, which shows the
effects of planation as should be expected from knovm current trends. The
few lime sands that wash into this ares normally do not remain bubt are moved
along by currents and waves through the gaps between lslands and thence into
the lagoon. Even coral rubble from the reef edge, which is introduced in
considerable amounts, appears Lo be transitory with respect to most séaward
shores. - Only the ramparts of boulders or rubble that stand dbove high-tide.
level and are Tormed by the waves of occasicnal large storms form 51Fn1f1-
cant dep051tc on geavard parts of the islands.

+In the nea*-shore waﬁers on. the lagoon sides of lslanqs, protected from
the prevalent easwerlJ winds by the .1slands themselves .and from tidal cur-
rents By the horns or bars at 1sland extremltles, the normal, extremely weak
and variable currents seem 1ncapab1e either of depositing or of removing
sediments of the beach. Most of these beaches are of foraminiferal sand and
the species represented appear to live in the shallow waters nearby, but
their accumulation and that of coral rubtble as found at Hare and some other
islands probably result from the occasional reversals in wind direction,
vhich bring waves from west to east across the lagoon. These wind reversals

result in a considerable pllxﬂg up of water and sediment against lagoon
shores of the islands. °

The 1sland of Pumatahatl, on the southern rim of the atoll and near the
western end of its islands, is unique in that its lagoon beach is formed al-
most entirely of coral rubble rather than sand and in that it has a well-
developed rubble rampart on the lagoon side (fig. 9). Both of these fea-
tures can be explained only as the results of the action of large waves
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caused by strong winds, Furthermore, the winds must have come from east to
west across the lagoon, for the source of rubble on the rampart and the
greatest concentration of rubble on the beach are at the eastern end. Such
- features developed on this island and nct on others probably because of its
far westerly position on the southern reef.

SEDIMERTATION IX THE LAGOON

The lagoon at Kepingamerangi covers an area of about 15.% square miles
and has meximum dimensions of 5 by & nautical miles (Nugent, 1945, p. 755).
Although it is roughly circular in plan, its symmetry is far from perfect
becavse of an almost straight southwestern side. Profiles of the lagocon
bottom, disregarding the many irregularities caused by patch reefs that rise
from it, are those of a shallow basin (fig. 21).  Even with the greatly ex-
aggerated vertical scale used in the sections, the siope appears gentle,
end sectiocns of near-shore areas (Fig. 22) and of Manin knoll (fig. 23),
made with the same vertical and horizontal scales, demonstrate the low-
angled slopes on wirleh sediments are zcounulating.

The deepest parts of the lagoon, in the north-central and easit-central
areas (fig. ol}, are recorded as 43 fathoms on U. 8. Navy Hydrographic Of-
fice Chart GOh2. The greatest depth wmeasured by the writer in more than
200 soundings was 40 fathoms (240 feet); however, this depth was reached
in at least five places, suggesting a relatively flat bottom. Because of
the slightly asymmetrical distrivution of the deepest areas, resuliing in
gentle slopes on the scuth and west sides of the lagoon, Nugent (1945, p.
756) postulated that Kapingamarangi "is apparently tilted to the noriheast.”
This feature of distribution can be equally well explained in other ways,
however, and the relative narrowness of the southwest arc of the atoll as
compared to the northeastern arc argues againsit the postuiate.

In order to obtain a detailed record of bottom sediments in the lagoon,
samples were collected systematically along many lines forming a modified
grid pattern, Both grab samplers and bottom drags were emploved during the
work, and in velatively shallow waters samples were cbtained by diving.
Approximately 250 samples, representative of essentially all parts of the
lagoon, were collected. Time has not yet permitted study of these samples
except in a general way, so details regarding their characteristics, dis-
tribution; and significance must awalt publication at a later date. Only
a generalized statement can be made at this time.

A relationship between type of sediment and depth of water {(fig. 25)
is apparent in the lagoon at Kepingamarangi. Of seven principal types of
sediment that are recogaized, six are restricted to relatively narrow iimits
in depth, forming a series of bands encircling the deepest parts of the
lagcon. The seventh type of sediment is a vhite silt, apparently formed
of comminuted shells, corals, and other debris; it is distribuited along the
paths of strong bottom currents at depths ranging from a few feet down to

at least 200 feet. The other sedimenis and their general ranges are as
follows:
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1. Sand dominantly of Foraminifera /Amphistegina madagascariensis
4'Orbigny, Marginopora vertebraiis Blainville, and Elphidium

craticulatum (Fichtel and Moil)/ == <50 feet; mostly 0-25

———~ m————

2. Band dominantly of clastic shell fragments -~ 10-50 feet; mostly
‘ 25-50 feet.

3. Coarse debris, largely of dead branch corals, acoummulated between
and below thickets of living corals -~ 30-.105 feet.
L. Accumulations of Halimeda wacroloba fragments -- 90-160 feet

!

{patchy).

5. Foreminiferal sand (Amphistegina lessonii 4'Orbigny) &/-- 120-210
Teet,

&/ Chiefl minor faunal elements are Helercstegina suborbicularis 4'Orbigny
and Overculina ammonoides (Gronovius); others associated are Spiroloculins
communis Cusimran and Godt, Cibicides lobstulug (Walker and Jacob), and

Planorbulinells larvata {Parker and Jones). Identified by M. Ruth Todd.

6. Calcarecus mud (contains aragonite needles and about 10 percent of
small Foraminifera) -« 150-240 fest.

Sedimentary bhelts within the langoon appear to represent, for the nost
part, the normal habitats of the various organisms involvad, for a large pro-
portion of samples show little of the mixing that would be expected if or-
ganisms had been transported by currents luto pockets of accumulation. Orange
foraminiferal sand of near-shore areas {(belt 1) grades cutward and downward
into white clastic sand of belt 2. Likewise, there is gradation between the
Halimeds mscroloba sand of belt 4 and the Amphistegina lessonii sand of belt
5. Corals, especially branching types that cover the pottom surface mainly
between depths of 30 and 90 feet, form an effective barrier in most parts of
the lagoon betuween the sediments above and below thece depths. Fragmente
of broken coral, many of them large, cover most of the lagoon flcor between
the living corals.

The calecareous mud which covers most of the lagoon bottom at depths be-
low 34 fathoms (204 feet), but which has been chtained from stations as
shallow as 25 fathoms (150 feet), is pale olive green and very plastic and
sticky when wet. Mineral analyses made with X-ray diffraction patterns &/
show that muech of this mud is aragonite, but it contains a small proportion

2/ Bnalyses by A. J. Gude ILI, U. S. Geclogical Survey.

of calcite. The caleite probably is atiributable to the Foraminifers in-
cluded. These form only a small percentage of the mud but are represented
by a rich faura including many geners and species. In a single sample from a
depth of 36 fathoms, Ruth Todd of the U. 8. Geological Survey noted 39 spe-
cies. She reports the following as crude estimates of the percentage of the
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total foraminiferal fauna:

Cibicides lobatulus (Walker and Jacob) ................ 20
Spiroloculina communis Cushian ™ and TodR. i civ s venrnns 20
Virgulina complanata Lgger _ 10
Textularia agglutinans 4'Ovbigny ).....i ........ PR i2
L. foliacea Heron-AllenréndﬂEarland§

Anmphistegina madagascagignsis ATOrbigny ). e e T £ 0

A. sp. (small, flat worm) )

"The remaining 28% is composed of about 32 additional species among
which one species each of Tretcmphalus, Globigerina, Cymbaloporettia, Loxo-
stomm, and Operculina meké up the bulk (perheps as much as 15 or 20% of
the whole fauna). The Globigerina is a planktonic form and the Tretomphalus
is an attached form with a planktonic stage. Cymbaloporeits and Cibecides -
mzy be attached, but are not necessarily always attached. ALl the others are
benthonic forms, so far as known.™

The origin of the calcareous mud is not known, and detailed studies of
it have not yet been made. Evidence at hand, however, suggests that the mud
is not derived primarily from the residue of sediments occurring at higher
levels. Although its composition is principally arasgonite, it is largely
surrounded by a belt of Amphistegina lessonii with a composition of normal
calcite., If the aragonite were derived from either coral or shell debris of
shallowver depths, the difficulty of explaining how it bypassed the surrcund-
ing calcite belt is encountered. On the other hand, the presence of scme
aragonite needles suggests the possibility that it formed as a chemical pre-
cipitate. .

The overall patiern formed by bLelts of sedimentation in the lagoon at
Kapingamarangi is, of course, much complicated by the many pstch reefs that
rise above the floor. Each of these has sediments on its top and sides of
varieties in keeping with the general depth ranges, except that vhere slopes
are especially steep the lower limits of various sedimentary {ypes extend
deeper than otherwise. Further complications in the pattern of sedimentary
belts are caused by bottom currents in certain areas, The vhite silis
characteristic of these current zones are especially well developed in and
near the mgin pass on the south, in a broad area bordering the south gide of
the atoll and within a mile of it, and in narrov zones bordering the westemn
and northern arcs. The east-trending deposits of current-transported silts
are prominent in airplane photogravhs of the southern part of the lagoon.

The problem of why belts of sediment comparable to those in Kapingama-
rangi lagoon are not recognized in other atolls merits consideration., A
likely answer is found in comparative depths: most other lagoons that have

. _32"



been sampled are shallower than the one at Kapingamarsngi. Aveilable de-~
seriptions indicate that belts corresponding to those of the relatively

shallow waters do occur, i.e., the belts of near-shore foraminiferal sand,
of clastic sand, and of coral debris. At Raroia, in the deeper paris (20-
25 fathoms), Newell {195k, v. 25) veports a lack of bottom mu@ but records

some accumulations of Halimeda. This distribution Dafa¢'°lu closely that
for corresponding depths at haplnﬁamdrangl. :

GECLOGY OF 17E PALCH REEZFS

The evenness of the bowl-shaped basin that containg the lagoon at Xaping-
amarangl is disrupted in many places by patch reei's that rise as mounds from
~its sides and floor. Many of these reefs are subcircular in plan, but others
care linear, and still others very irregular. They range in size from low
“knolls or pinnacles a few dozen feet across and 10 or 20 feet high to wide
platforms that are 100 feet high or more. ‘Among the fargest is Sokoro, whose
“top is 2,900 feet long awa 700 feet w1de, and Tokopel, which has an upper
surface anprox1mately 1,400 feet by © 1eet (ilg 26},

The total number of patch,reefs’is‘not“anWn, but 20 of those listed
are more than 500 feet long. Avallable mapa shoy approximately 75 of all
sizes, yet even this nuuber probably is Far from the total, for many very
small ones and others that do not reach Lhe quzface are not incliuded. Count-
ing of patch reefs is further confused Deoavge some reefs that appear sep-
arate at the surface are COAHGCLE@ ai ‘shallow deothb Of the appnroxwimately -
75 indicated on waps, 35 sre in waters deeper than 00 feet, including some
of the very large ones that rise from the deepest parts ol the lagoon. The -
other L0 patch reefs shown on. the waps are nostly small and occur in shoal
waters bordering the 1nner margln of Lhe atoll, espec1a¢1\ along its nortnern
and western sides. ' o

Nearly all the pateh reefs at Kaplngamaral ¢i have flat tops at or
slightly above low-tide. level, glvzng to each mound the' appearance of a
mesa rising up throubh the lagoon. Only on 5. Tew of ‘the submerged reefs-
do top surfaces appear to bé.somevhat rounded and irregular. Flat tops ‘are
characteristically deyelapeu.ana maintained in most pateh reefs because the
upward growth of organisms is controiled by tide levéls and the surface is
continually being bevelled by .wave action, The sides are steep, in geheral,
and commonly slope off at angles of 30° %o 0%, ‘They have the appearance of
being far steeper than this and locally seem to ‘be nearly veruzcal but mea-
surements show that most visual estimates are hl@h

The general shape of Manin knoll in the northeasterﬂ part of the lagoon
was determined from soundings (table 8), This pabch reef probably is typi-
cal of most at Kapingamarangi. Profiles (fig. 23) show that its scuthwest
side, in its steepest part, slopes down at about 50° within a vertical dis-
tance of k0 to 50 feet, and that the northwest side has a slope of about
LO®, These are extremes, and other sides of the reef have more gentle
slopes, including the southeastern sector, which extends as a slightly sub-
merged promontory or ridge far out into the lagoon.



Table 8. Depth (in feet) of légoon floor’sufrounding Manin patch reef

Diiiig;g gigmft)mh Direction froﬁ.reference pbinﬁ‘,' )
reef margin N4O°W | N1L0E| N5 OB NBOE| 859°E| 8 47°E | S6°8 | s 45% 83w
T 0o 2 > | 2 2" > | &x 2 2 2
5 o p2k |30 |18 18 f1e sk 12 |2
25 48 48 60 sk ] 2k 2L 90 b . L2
175 90 | Bk -~ 1 8o 30 - éo . {108 102 78
225 102 {102 96 ilo2 30 :'éé ”:";26 120 90
275 96 1106 |11k 11k ¢ 30} 2 1132 | 126 | 90

*Along submarine ridge, 128 feet ouﬁward from 2-foot margin.

The distribution and orientation of patch reefs in the lagoon seem to
reflect in large measure the trends of currents and waves. A cluster of
patch reefs, some of them large, near the ship's pass on the south side of
the atoll probably is directly related to the strong currents that maintain
good circulation in that area. The many small patch reefs immediately in-
side the northwestern and western arcs of the atoll apparently developed in
response to waves of maximum fetch before the dominant winds. Likewise a
general northwestward lineation of many reefs in the lagoon center probably
reflects this dominant wave directica. The fact that many of the patch
reefs are subcircular rather than elongate is belleved to be due to the
relative quietness of lagoon waters, allowing nearly egual growth in-all
directions, as suggested by Cloud {1952a, p. 21L40).

All of the patch reefs in deep water, and many of those in shallow, rise
from parts of the lagoon bottom that are covered with extensive deposits of
foraminiferal sand and calcarecus mud. The patch reefs themselves, however,
are largely mantled with growing corals. Dense thickets or forests of the
yellow, branching Porites andrewsi cover most of the sides, and both micro-
atolls and smaller coral heads, representing numerous species, cover ex-
tensive areas on the flat tops, especially along the margins. Typical coral
assemblages from three Kapingamarangi patch reefs, identified by J. W. Wells,
are listed in table 9. The list served to indicate the principal forms,
though others contribute to the reefs also. A comparison of these lists .
with those of Wells (l95h, p. 390-393) for the Marshall Islands shows that
all of the genera and all but two of the species of Kapingamarangi occur
alsc in the Marshall Islands.
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Teble 9.~ Some characteristic coral assaeublages on Kepingamarangi At toll,
determined by J. W. Wells

EB@; H 3 © ﬁJ] <
G808 BS] w w8 g %
’ HPhEl B8] 8glehl B
STIREINT IR IS
5 42 [ 08« LMl Se 1l g0
588 98| 881328124
o Po© @ g | @
) e ¥ G E
t - f e
Psammocora nierstreszi v.d. Horst ! X } |
. seriatopora HystriX Daaa _ [ X ©X
Poblllopora damicornis (Linnaeus) | % § X , X | j
T dstas Verrill i X 0 ox i
eydouzi M,E. & H. X, ! ! ’
Acronora corymbosa (Lemarck) x §
digitifera (Daua) x §
formosa (Dana) X I ox
striasta Verrill : | ioX
Varl&bllls leunz;nper) x , ! |
Astreopora myrlophthalma (Tamarci) o A
MOntipora composita Urcssland . o o ;
sp. ¢TI M. marshaJlens1s f _ . oo
Wellg ™ i S 0
prolifera Brueggemana N T ]
verriiii™ Vaughan " x o0 ! §
VerTucdsa Lamarck) L Cox | Pox
Pavona clavus (Dafay o ; ; ; ;
Herpolltha limax (Esper) A R g : B
. ef. G. traceyi Wells : ;X ;
Porites andrewsi Vaughan — X x| o |
tragosa Dana N T TS S S R
lutea M. E. & H. - ' | «x AR Pox !
Favia pallida (Dana) : ) o Pox Dox |
stelligera ’Dana) I P X 1 ox i
Favites abdita (B. & 5.) _ x Pox :
Plesiastrea veW51pora (Lamarck; ® E ? ; :
Platygyra rustica (Dana) . § XX
sinensis (M E. & H.) o x i § :
Merulina ampliata (B. & S.) f Cox b ox |
Cyphastrea mlcrophthalma (Lamarck) % b ox ox x|
felicpora coerulea {Pallas) o Pox b ow  ox
MiTTépsra pletyphylla H. & E. _ P b x by ox
- tenera Boschma . Coox b | Cox
! i {
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The surfaces of patch reefs, where not covered with living corals, are
either occupled by accumuiatlons o clastic and feoraminiferal sands or are
barren areas of dead coral. The proporticn of each is extremely variable
from reel to reef. The amcunt of dead coral area seewms to depend, in large
weasure, on the elevation of the reef top with respect to low-tlide level.
Tokohui and Timan, for example, are knolls with top surfaces 2 to 3 feet
lower than those of most associated patch reefs (fig. 26) and as a result
have no extensive areas of barren, dead coral. Their surfaces are largely
covared with well~Fformed corals. Few of the massive types ol coral have
dead centers or form microatolls, and many of the yellow, branching PoritQE;
which on cther knolls grow only on the margins and sides, are well developed
even near the centers of these reefs. In contrast, on Sokoro and Tiwawe
knolls, both of which stand well above low-tide level, extensive areas cof
dead, bevelled coral occur in the centers, and microatolls are common along
the tops (fig. 26).

Lime sand that accumulates on the upper.dides and tops of most pateh
reefs is similar to that accumulating at corresponding depths off the lagoon
heaches and lagoon reef margins of the atoll. This sand consists largely of
ovange tests of the foraminifer Amphistegina madagascariensis but contains
varying amounts of small clastic particles derived chiefly from mollusk
shells and corals. Some sand contains moderate amounts of loecally derived
Hallnmeds opuntia fragments. From field sketches of 10 representative patch
reefs (fig. 20), the characteristic distribution of sand 1s apparent. In
general, sand is concentrated in the centers and on the northeastern margins,
below which it commonly covers slopes down to depths of 20 feet or more.

The thickness of sand accumulations on most patch reefs does not appear to
be great (table 10}, and on some, where coral growth is especially luxur-
iant, sand is confined to small pockets. In contrast, Sokoro, Tokopel,
and a few other knolls contain sufficient sand to form bars of appreciable
size that rise well above low-tide level.

Table 10.- Thickness {in inches) of sand accumulations on pa%cg reefls
" Patch Reef | NE Margin ' Center o Avea
”“Tisu . _mum.-u,zg“m_“mmmw_mm - ém_“m___(m : i

Matamatong 11 7 -
Sokore - 18 16

Why sand that extends over the rims of the knolls is confined almost
entirely to the northeastern slones is not known. On other sides, vhere
thickets of branching corals are absent, the sloves normally are covered
with the debris of dead coral branches instead of sand.

As stated by Ladd and others (1950, p. 421), "the age, origin and
internal constitution of the knolls is not known, as no structure of this
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FIGURE 26-FIELD SKETCHES OF PATCH REEFS SHOWING
DISTRIBUTION OF SEDIMENTS AND CORALS
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tyne has ever been drilied.” Those writlers sugges t that the pateh reefs may
have developed through sporadic coral growth that was initiated during a
part of the Pleisltocene epoch, when sea level was much lower than now. Such
an hypothesis would fit very well the meager knowledge available concerning
the shepe of the lagoon basin, the extensive bottom sands and muds that are
helping to fill it, and the patceh reefs that rise to low-tide level within
the lagoon. Furthermore, the bevelled surlaces of dead corval, back from

the actively growing rims on most of the high knolls, strougly suggest that
like the outer yeef of the atoll they were higher than at présent not far
pack in history and have been truncated because of a receat drop in sea level.
From vhat may be cbserved of thelr slmple shape and structure, it seems
probable that these pateh reefs are gimilar in all essential respects to

the bicherms that have been described from many ancient degosits, especially
those of Silurian and Devoaian agze (Shrock, 1939).
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