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74 PAPERS FROM THE DEPARTMENT OF MARINE BIOLOGY.

Apart from this grove of Pisonia trees and a half-dozen coconuts planted by
Governors Tilly and Terhune in 1oz and 1920, there are only two other species
of plants upon the islet. These have been identified by Professor William A.
Setchell, and are a pink-flowered creeping Boerhaavea diffusa with stems rarely more
than 3 feet long, and a thick-stemmed succulent Portulaca nov. sp. with small
yellow flowers. Both of these plants grow fully exposed to the sun on the coral
breccia and calcareous sand which surrounds the Pisenda grove, and none is found
under the shade of the trees. i

On the southeast side of Rose Islet the sand-beach is reduced to from 1 to g
feet in width at low tide, and cliffs of coquina from 5 to 8 feet high front the sea
(g 6). A few feet inland this rocky ledge rises to a height of about 11 feet above
high-tide level. The Pimnia grove appears to be confined to this region of coquina
rocksnd does notesrend-tomamy-preat extent over the loose calcareous breceia which
has been washed in npon—the-isiet in time of storm.

The tree-covered rocky center of the islet is composed of a coquina consisting
chiefly of wave-worn fragments ot lithothamnium and also rare and occasional frag-
ments of broken coral, such as Favites, Porites, Symphyllia, Pocillopora, and still
more rarely Acropora. Embedded in it are many wave-worn half-valves of Tri-
dacra and gasteropod shells, and spines of Echini such as Cidaris were found, as
was also the much corroded ulna and part of the skull of a small cetacean about the
size of a blackfish, the latter being embedded in the coquina about 8 feet abowve
high-tide level. A large amount of organic matter, dark brown in color and derived
from the decomposed roots of the Pisonia trees, permeates this coquina to a depth
of several feer. All of the fossils found embedded in the coquina are forms now
living on the reef-flat, which have simply been tossed on shore by the waves.
Professor C. B. Lipman found that this coquina in contact with the soil contains
12.05 per cent of phosphoric acid. B -

On the wave-washed southeastern shore of Rose Islet some modern beach-rock

has been formeitand projecis a few inches above high-tide level; but this is more -
recent-than-the. rocky matrix of the islet, which is now emerged-about 11 feet -

above high-tide level.
Sand Islet, which lies north of Rose Islet, is a mere accumulation of fragments
of lithothamnium, shells, and broken coral and is devoid of vegetation and only

“about 5 feet above high-tide level. The sea must wash completely over it in time

B T T Sy

Several hundred boobies (Sula), most of which had half-grown young, were
nesting on the coral breccia of Rose Islet (fig. 7), while others had constructed
nests of sticks high among the branches of the Pisonia trees. A few boatswain-
birds with eggs were also nesting in the trees, and several nearly grown young
of the noddy (4nous) were running over the ground, while adult noddies and
sooty terns visited the island at night. Frigate-birds were hovering over the island,
but none were nesting. Wilkes states that the noddies and sooty terns were
nesting on Rose Islet on October 7, 1839, and these species were still nesting when
Governor Terhune visited the island on January 10, 1920.
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A small brown-gray rat was abundant and specimens of it were presented to
the Bishop Museum in Honolulu, where they were identified by Mr. J. F. G.
Stokes as being a Malayan form which appears to have become widely spread over
Polynesia, being possibly introduced by the early Polynesians themselves, who
esteemed them for food, and took much delight in hunting them for sport. Apart
from these very tame and abundant rats, the only other animals we observed were
a small brown, short-tailed lizard, identified by Dr. Thomas Barbour as Lepido-
dactylus lugubris (Dumerl and Bibron), and which is widely distributed over
Polynesia, and the larva of a sphinx moth of the genus Celerio (Oken) feed-
ing upon the Portulaca. A few gnats and an occasional house fly which may
have been introduced from the U. S. 5. Fortune were the only other insects we
observed.

The upper surface of the atoll-rim which encircles the lagoon is a hard, smooth-
floored flat with but little loose sand upon it, and in most places it is awash at low
tide, although in others it projects as a hard, smooth ledge about a foot above low
tide of the neap tides.

This hard, smooth upper surface of the atoll-rim, veneered everywhere by a
layer of lithothamnium, is characteristic of the wave-washed surface of offshore
and barrier reefs of the Pacific. The condition over a fringing reef is quite dif-
ferent, for here loose fragments are washed inward from the seaward edge and
backed up against the shore. Thus the whole surface, excepting only the wave-
washed outer edge, is covered with small, loose fragments which could not remain
upon an atoll-rim or a barrier reef, for they would soon be washed off into the
lagoon. The relatively loose nature of the material forming the shoreward parts
of fringing reefs at once distinguishes them from offshore reefs. Professor W. M.
Davis's attempt, following Darwin, to institute a class of “offshore fringing reefs”
is not justified, the structure of the two forms of reefs being widely different.
As a matter of fact, reefs along Pacific sliores are either barrier reefs or fringing
reefs, and one is never in any doubt in distinguishing the one from the other.

Hundreds of large blocks of limestone lie scattered over the flat, wave-washed
rim of Rose Atoll (fig. 2). These loose boulders are quite uniformly about g.5
feet high, and only when tilted are they any higher (fir. 3). In addition to these
boulders there are a few others which are mushroom-shaped and still remain
attached to the floor of the atoll-rim, of which indeed they form an integral part.
One of the most remarkable of these mushroom-rocks lies to the eastward of Rose
Islet, and is supported upon so slender a pedicel that it would seem as if the next
storm must cause it to topple over. In many places over the flat, wave-washed
floor of the atoll-rim one finds remnants of pedicels which orice supported “mush-
rooms.” In addition, some of the boulders have become secondarily cemented to -
the floor of the flat by the growth of lithothamnium around their bases. The
largest boulder we observed lay loosely upon the reef-fat east of Rose Islet and
was somewhat tilted by being jammed against another rock. It was 12 fect
5 inches long, 8 feet wide, and 7 feet 6 inches high, and as its specific gravity was
2.3, it apparently weighs 46 tons.
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The appearance of these boulders supports the view that the atoll-rim was
once about 6 or 8 feet higher, in respect to sea-level, than at prﬁcnt, and has
been cut down to present sea-level in recent times. The “negro heads™ are simply
mushroom rocks which have been completely undercut, so that they now lie luuse]:,r
upon the floor of the flat.

It can be seen that the surface of the present reef-flat consists chiefly of
lithothamnium, a beautiful bright pink wvariety of which (Porolithon) forms a
veritable veneer almost to the exclusion of other forms of life. Professor Alexander
H. Phillips made an analysis of this lithothamnium and found it to contain 74.4
per cent of calcium carbonate and 19.47 per cent magnesium carbonate. Also,
rock from the solid floor of the atoll-rim west of the main entrance to the lagoon
gave 83.86 per cent of calcium carbonate and 14.36 per cent of magnesium car-
bonate, while a large loose boulder from the same region consisted of 77.28 per
cent of calcium carbonate and 18.3 per cent of magnesiuvm carbonate. Professor
C. B. Lipman found that the largest erratic boulder on the reef-flat east of Rose
Islet contained 79.5 per cent calcium carbonate and 14.54 per cent magnesium
carbonate. It will be recalled that Hoghom found the magnesium carbonate in
various species of Lithothammium to range from 5.6 to 13.19 per cent. (See
J. W. Judd, Funifuti Report, 1904, p. 377.) Also, in 1917, F. W. Clarke and
W. C. Wheeler (U. S. Geological Survey, Professional Paper No. 102, p. 44)
analyzed 16 species of calcareous algz of the genera Lithothamnium, Archero-
Iithamnium, Lithophyllum, Amphiroa, Phymatolithon, and Goniolithon and found
the calcium carbonate to range from 73.63 to BE.11 per cent, while the magnesium
carhonate ranged from 10.03 to 25.17 per cent. The same authors (loc. cid,
p. 11) found that in madreporarian reef-corals the calcium carbonate is more than
gg per cent and the magnesium carbonate less than 1 per cent; whereas in alcyo-
narian corals, exclusive of Heliopors, the magnesium carbonate ranges from 6.18
to 13.79 per cent, thus being comparable in amount with its proportion in litho-
thamnia.

It thus appears that the loose boulders lying upon the atoll-rim have the same
general chemical composition as the living lithothamnium of the rim itself, and are
remarkable in that they contain a large amount of magnesium. In fact, these
boulders are only remnants of the old rim, which was once about 6 or 8 feet above
sea-level, but has been almost entirely planed down to the level of the present
surface of the ocean, leaving only an occasional mushroom-rock or a pedicel as a
vestigial remnant of the old rim.

Inspection shows that the solid rock of the atoll-rim and also the boulders
lying upon it consist chiefly of Lithothamnium compacted into a mass of chalky
whiteness superficially resembling dolomite and having a specific gravity of about:
2.3, thus being higher than that of a pure coral limestone, the specific gravity of
which would range from 1.85 to 2. A pure dolomite containing 45.65 per cent of
magnesium carbonate should have a specific gravity of about 2.9.

There are a few fossil corals, chiefly Poctllopora, embedded in the rock of the
atoll-rim and the boulders, but the whole visible rock of the atoll consists so largely
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of Lithothamnium that we may call it a “Lithothamnium atoll” rather than a
“coral atoll.”

The flat upper surface of the atoll-rim is in most places planed off nearly to
low-tide level, but it is veneered with a vigorous growth of a beautiful pink Litho-
thamnium which has been determined by Professor W. A. Setchell as Porolithon sp.
closely allied to P. craspedium. In most places this Lithothamnium forms irregu-
lar, more or less connected patches growing on the smooth, hard floor of the flat.
West of the main entrance to the lagoon, however, it grows in long, nearly parallel,
flat-topped, overarching ridges, all parallel with the line of the wave-fronts of the
breakers as they surge over the reef (fig. 3). These ridges are about 6 inches high
and from 6 inches to several feet in width and with channels of similar width
between them. .

ithothamniuwm grows in greater profusion over the reef-rim of Rose Atoll than
in any other Pacific reef [ have seen, but apart from the single species of pink Litho-
thamnium there are remarkably few organisms growing in the shallows of the reef-
flat. Occasionally we find a pale olive-green Porites, allied to P. futea M. Ed. and
H., and there are a few small stocks of Favites or Symphyllia; but deropora and
Pacillopora, which are the dominant forms in most breaker-washed recf-flats of
the Pacific, are practically absent from Rose Atoll, except at the extreme edges of
the atoll-rim fronting the lagoon or the sea, where a few stunted specimens of
these penera occur.

I did not find upon the Rose Atoll reef-rim a single specimen of branched
Acropora related to 4. muricata, nor did 1 see Aeropora hyacinthus,or 4. leplocyatius,
which are dominant forms on the seaward edges of reefs clsewhere in Samoa.

Holothuria were fairly comman, as were also small specimens of the giant clam
Tridacna, and among echini a few Cidaris and black, long-spined Diadema were
seen; and the bright-green scaweed Caulerpa was here and there found in the troughs
between the ridges of Lithotkamnium; yet apart from the single species of pink
Lithothamnium, all other organisms were a negligible factor on the upper surface
of the atoll-rim.

It is important to observe that among the hundreds of loose boulders scattered
over the flat upper surface of the atoll-rim there are a few which still retain their
connection with the floor of the flat and project above it as “mushroom™ rocks,
thus indicating either that the atoll-rim has risen 6 to 8 feet or that sea-level has
sunken to this extent. The evidence, however, tends to sustain the view that sea-
level has become lowered and not that the atoll-rim has risen, for there is no visible
tilting of the 1im; and moreover, all the volcanic islands of American Samoa are
surrounded by a bench of volcanic rock which is uniformly about 10 feet above
present high-tide level and is backed by sea-cliffs, thus suggesting that these islands
have remained stationary while sea-level has become lowered.

In this connection it may be of interest to observe that with the exception of
Mangareva, which is volcanic, and Makatea, which is elevated coral limestone, all
of the atolls of the Paumotus exhibit a bench of old limestone now several feet above
present high-tide level. It will also be recalled that David and Sweet, in their
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A.—Rose Atoll from about a mile off northwest entrance to the lagoon, showing hill-like
contour of grove of Pisania Lrees,

B.—Boulders on recf-flat cast of Rose Islet.

C.—Boulder on resf-flat west of main entrance to lagoon, showing rows of Archeolithe-
thamnium growing in shallow water of reef flat.
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A.—Coquina ledge on southeast side of Rose Talet.
B.—Booby with two voung, one much older than the other,
near edge of the Pisonia grove of Rose Islet.

FLATLC 28

resting on the breccia
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ROSE ATOLL, AMERICAN SOMOA. 79

SUMMARY,

The visible part of the rim of Rose Atoll is composed of Lithothamnium rather
than of coral, and is chiefly constituted of the same pink-colored species of Litho-
thamnium (Porolithon) now found growing over the shallows of the reef-flat.

The atoll-rim was once at least 8 feet higher than the present sea-level, and
has been largely planed down to present sea-level by the (possibly lowered) ocean
of modern times,

In common with Rose Atoll, all the volcanic islands of American Samoa indi-
cate thatsea-level was at least 8 feet higher than at present.

The rack of the atoll-rim contains from about 14 to 19 per cent of magnesium
carbonate, due to its being composed largely of Lithothamnium, but not due to any
appreciable dolomitization of the limestone after its formation,

45 fossil corals and Lithothamndum are found in the highest parts of the rem-
nants of the old Atoll-rim, it appears that the climate of American Samoa was tropi-
cal at the time when the sea may have stood at least 10 feet higher than at present.
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THE GEOLOGY OF AMERICAN SAMOA. o7

developed by the seaward thrust of the continental crust-block, of which Australia
and New Zealand and their island satellites are the emerged parts. In any case the
similarity of these troughs to the foredeeps farther north leads to the inference
that the formation of the southern troughs was genetically associated with the
continental border. If the local subsidence responsible for the Tonga Deep was
continued into modern times, the Samoan ridge may be presumed to have been
carried down with it. Local sinking of this kind is obviously not to be expected in
the Pacific archipelagoes, far from any continent.

The stressed condition of the earth’s crust, in and around the Tonga Deep,
is shown by the high seismicity of the region. The older stone buildings of Samoa,
such as the church at Asili and the Missionary Society headquarters at Leone, are
badly cracked by earthquake shocks. For many years the seismographs of the Apia
Observatory have recorded such vibrations. As yet we lack evidence as to whether
the crustal slips represent further deepening of the Tonga trough or represent
readjustments of the crust in consequence of deformation completed during the
Tertiary orogenic revolution.

PREVIOUS WORK ON THE GEOLOGY AND GEOGRAPHY OF
AMERICAN SAMOA.

In the Abhandlungen der bayerischen Akademic der Wissemschaften (math.
phys. Classe, Band 24, 1907, pp. 509-541), I. Friedlaender has given the best
general account of Samoan peology yet published. The petrography of his collec-
tions is described by M. Weber on pages 289-310 of the same volume. Friedlaender
‘appended a bibliography, practically complete for the date of writing. Later pub-
lications, by A. G. Mayor, R. T. Chamberlin, and the writer, appear in the Year
Books and special publications of the Carnegie Institution of Washington.!

The United States Navy Department has prepared excellent contour-maps of
Tutuila and the Manua subgroup on the scale of 1 : 40,000. All of these appear on
Chart No. 2924, issued by the Hydrographic Office at Washington. The aceom-
panying Plate A, a reduced copy of the chart, also shows the many soundings made
around Tutuila out to the depth of 100 fathoms. Owing to the kindness of Dr. G.
W. Littlehales, hydrographer of the department, the writer was able to use these
valuable maps in manuscript form. The geological map of Tutuila (Flate B) is
based on one of these manuscripts.

During his stay in Samoa, Friedlaender made a special search for continental
rocks such as'granite, pneiss, schists, and quartzite. Apart from ship’s ballast and
imported stone implements, he found none. The experience of the present writer
and of his colleagues has been the same,  Except for thin veneers and intercalations
of limestone, the island group seems to be wholly voleanic. Friedlaender notes the
possibility that the volcanoes of the Hawaiian and Samoan chains may rest on
peanticlines, analogous to that which is known to form the foundation of the Fijian
volcances. There is no direct evidence favoring this hypothesis; it seems as likely

15en abeo The Grofopy of Western Samica, by J. A Thomeoa, New Zealand Journal of Sciency and “Techoology, vol. 4.
IP2I, PR 4058 ’
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that the Samoan ridge is entirely due to volcanic extravasation. The relation of
the Samoan chain to the Tonga Deep, above suggested, is not opposed to the second
explanation of the great nidge.

~_Friedlaender described analogies between the Hawaiian and Samoan chains.
At the eastern extremity of the northern chain is its largest island, Hawaii, with
two Vents active in recent years; at the opposite end is an atoll. At the western
extremity of the Samoan chain is its largest island, Savaii (the name being the
Samoan equivalent of the word * Hawaii ™), with two vents which were active since
1500; at the opposite end of the chain is-Rose Island, an atoll. The progress of
erosion in the different Hawaiian islands shows a rather systematic increase of age
for the island surfaces, in order from east to west. Here the analogy is more remote,
for the lavas of Tau appear almost as fresh and undamaged by erosion as the staple
lavas of Savaii. Between Tau and Olosega islands is the site of a submarine eruption,
in 1866, again showing that the eastern half of the Samoan chain has witnessed
volcanic discharge more recently than that registered at even the youngest vents of
Tutuila, in the middle part of the chain. Tutuila is the most deeply eroded of all
these islands, unless Rose atoll represents the case of the complete planation of a
volcano formerly standing well above sea-level. Eastern Upolu is in part dissected,
but on the whole the erosional relief of Upolu is at a stage intermediate between
the erosional reliefs of Tutuila and Savaii.

Friedlaender (p. 533) sketched the geology of the different islands, and empha-

sized his observations on the eruption that took place at Matavanu, Savaii, at the
time of his visit. In regard to the three largest islands he stated:

The east-west directions of the mountain summits and the north-south directions of the
igneous dikes are clearly apparent in each case. All three islands agree in showing that a
principal crater is not present, that the western part of each island is the younger, and that
at the eastern extremity of each island, a tuff crater, vounger than the prncipal island and
apparently of submarine origin, has been developed. '

GEOLOGY OF TUTUILA AND AUNUU ISLANDS.

CONDITIONS OF FIELD WORK.

The strongly dissected surface of Tutuila is covered with a dense tropical
jungle, except along the shores and in the comparatively small inland areas devoted
to cocoanut, taro, and breadfruit plantations. (Plate 1.) Were it not for the
numerous native trails, exploration of the interior would mean slow and tedious
work., Most of the surface rock is deeply lateritized, good outcrops usually appear-
ing only in stream courses or along the steep cliffs. Structural and petrographical
studies are made much more satisfactonly along the shore, where outcrops of strong
rock are nearly continuous; hete, too, the trails are the best in the island. Thus, in
spite of the jungle, 8 weeks sufficed for a fairly good reconnaissance of Tutuila.

It may be added, for the benefit of future explorers, that shelter and native
food can be secured in almost every bay, the extraordinarily hospitable natives hav-
ing occupied the shore wherever there is the least semblance of a harbor for their
little fleets of outrigger canoes. White man's supplies can be had at Pago Pago
and at Leone, the two best centers for field work.,
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erosion, would be later events in the development of the east-west section of Pago
Pago Bay.

Further, it is possible that the drainage was initially concentrated in depres-
sions caused by moderate explosions along the axigof the bay. In that way the
relatively great size of this drowned valley could be understood, even on the sup-
position of an almost purely erosional origin. The problem is, then, only partly
solved. The safest judgment seems to be that the valley occupied by Pago Pago
Bay is essentially an erosional feature, engraved in a structurally complex mass of
rocks, including the Matafao breccia. The bay itself is most simply explained as
due to the drowning of the valley when Tutuila subsided; a small part of its
depth may be due to stream erosion during one or more glacial stages of the Pleisto-
cene, when the base-level was specially low.

GEOLOGICAL HISTORY OF TUTUILA AND AUNUU ISLANDS.

From the alignment of the Samoan Islands and their much more numerous
volcanic vents, the ultimate cause of the basaltic eruptions is probably to be traced
to a fissure or belt of fissures traversing the suboceanic crust and at least 300 km.
in length.  The reasonableness of this assumption appears only after an inductive
study of the world’s volcanic chains, and will not be discussed here. The remark-
able degree of parallelism among the volcanic chains of the mid-Pacific sugpests a
common condition for the development of their respective belts of fissuring. This
gencralization represents a fundamental problem as yet unsolved. Groll’s and other
modern maps of the Pacific isobaths show a large number of northwest-southeast
wrinkles on the Pacific floor, with amplitudes of from 1,000 to 1,200 or more meters.
Are these warps due to stresses set up in the sub-Pacific crust by ancient torsion of the
carth? The subsequent adjustments of the crust toward a geoidal figure might be
expected to produce local tensions along northwest-southeast lines,

A combination of moderate upwarping and volcanic eruption has possibly been
responsible for the initiation of the Samoan and other ridges of the Pacific floor,
though the steepness of the upper slopes points to a volcanic origin for the higher
part, and the greater part of the volume of each ridge. The oldest exposed lavas

_of Tutuila are probably as old as the Pliocene; the youngest are clearly Recent.

Eruption of dominantly basaltic lavas is the first actually demonstrated stage
in the evolution of Samoa. The oldest visible lavas of Tutuila, however, include
not only the primitive basalt but alzo the interbedded products of its differentiation—
mafic basalts, trachydoleritic types, and possibly andesitic basalts. The latter rocks
were due to local-and temporary changes of magma, and the true basalt has been
erupted at intervals, from the beginning of discoverable Samoan history almost
to the date of the last eruption. During geologically recent times normal basalt
has flowed out at many points in the Manua subgroup as well as in western Samoa.

In Tutuila the long stage of basaltic development was followed by the series of
major explosions that produced the Pioa and Marafao breccias. Soon after came
the eruptions of the Pioa rhyolite and the Matafao, Papatele, Afono, and Vatia
trachytes, which seem to have been erupted contemporaneously or nearly so. These
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rock bodies, filling necks and craters and to some extent dike-fissures, opened in the
older lavas and breccias, are best regarded as differentiates of primitive basaltic
magma. As in Hawaii, the Society Islands, ete., the alkalic types of Samoa are in
such volumetric and chemical relations to the basalt that no other hypothesis ap-
pears tenable.!

The trachytic eruptions took place so long ago that the alkalic bodies and
their enveloping rocks have been considerably denuded. During the denudation
no voleanic vent appears to have been active in Tutuila. The detritus resulting
from the erosion was carried cut to sea and built into a broad shelf which completely
. encircled the volcanic torso.  From the magnitude of the erosive work, one must be
inclined to date-much of it as far back as early Pleistocene, if not Pliocene, time.

When the ocean-level fell, because of the formation of the Pleistocene ice~caps,
the Samoan islands, then existing, like most others in the open ocean, probably lost
their defense by vigorously growing coral reefs. For a long period the shelf deposits
and the weak reef-rocks already formed were subjected to re-gradation by the
powerful waves and currents of the Pacific. Thereby the surface of the shelf was
lowered, the shelf slightly broadened, and the volcanic part of Tutuila more or less
strongly cliffed.

With the return of glacial water to the ocean, the sea-level rose, the temperature
and other conditions for reef-growth improved, and an interrupted barrier reef was
built near the edge of the shelf. This reef is probably to be assigned to an inter-
glacial stage of the Pleistocene period. / :

The next important event was subsidence, to the extent of 45 to 65 meters,
speculatively related to the deepening of the adjacent Tonga Deep. The movement
appears to have been differential, so that the surface of the barrier reef is now not
quite level. The old lagoon shows corresponding variations of depth, in spite of
gradational processes. In part the drowning of the Tutuila valleys is referred to
this subsidence.

After the sinking, eruption was renewed. Perhaps the first result was the
formation of a composite cone, just north of Aunuu Island, the relics of which, as
west-dipping flows and tuffs, are preserved along the Tutuila shore between Utumea
Point and Cape Matatula. However, there is a bare possibility that this cone was
formed synchronously with the Aunuu Island cone.

Clearly later than the subsidence was the eruption of the Leone basalt from one
or more fissures which roughly paralleled the island axis. The lava flowed over the
ghelf between Tafuna and the mendian of Leone, and attained such volume as to
fill a part of the lagoon where it was about 4o fathoms deep. Soon after the fissure
eruption, perhaps within a few days, the two tuff cones at Steps Point and prob-
ably also the Aunuu Island cone were built up. The vents at Steps Point passed
through old coral reefs, for fairly abundant fragments of corals and other fossilifer-
ous reef limestone ocecur in the tuffs.? These craters are situated just over the area

L R. A. Daly, Jour. Geol., vol, 15, 3911, p. 289; Ipmeoms Rocks and their Origin, 1914, p. 595 I, 'W. Cross, Prof. Paper,
e, 88, T & Geol Survey, 15, p. B7.

-y
¥ Mo delomive was found smong the fragments, one of which, analyeed by Professor Phillips, gave gt per cent Cal00y
and 1.55 per cent MU0y (spee. Mo, 2840}
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where old reef-rock would be expected if a barrier reef had been actually drowned
by general subsidence of the island.

At the close of this latest eruptivity, the sea-level stood about & meters higher
than at present. There it remained long enough for notable marine erosion of
pyroclastics and massive lavas on all sides of Tutuila. The resulting cliffs ranged in
height from 10 to 100 or more meters and are still largely intact. The waves could
exert their full force on the island, because, as first observed by Mayor, there were
no reefs then growing on Tutuila. The later, probably eustatic, sinking of sea-
level to the extent of about 6 meters, exposed the new rock-benches and sea-caves.

Finally, the conditions again became right for the vigorous growth of corals,
and narrow reef fringes and patches have been formed along the shores of Tutuila
and Aunuu islands; how far the contemporaneous growth of corals has locally
shallowed the water over the drowned barrier, as at Taema Bank, is unknown.
The widths of the reefs, interpreted with the known rate of coral growth, are
compatible with the conclusion that the custatic shift of sea-level took place not
more than about 4,000 years ago. The living reefs are accordingly ascribed to the
latter part of post-Glacial time. The reason for the lateness of the colonization by
the corals initiating these reefs remains a mystery. The interruption in reef
growth may well be due to chilling and the special muddying of the shore waters
during the glacial stage or stages following the inter-Glacial development of the
barrier reef; but there seems to have been also some special influence at Tutuila,
which prevented the prompt occupation of its shores by corals in the Recent period.

Wave-cutting, the formation of beaches, spits, and landslides, the further
widening and deepening of valleys, and coral growth are processes now modifying
Tutuila.

OBSERVATIONS ON THE MANUA SUBGROUP OF ISLANDS,

Through the courtesy of the late Governor W. J. Terhune, the writer was
enabled to reach Ofu, Olosega, and Tau islands by taking passage on the United
States naval tug Fortune. A few days were permitted for a reconnaissance of the
geology of the three islands; in this work Dr. Mayor gave valued help. Rapid as
the examination had to be, some of the results seem worthy of record.

TAL.

Tau is 10.8 km. in length, by 6.8 km. in mazimum width (Plate a). Its
summit, at 3,056 feet (931 meters), is nearly central. From that point the surface
descends northward, eastward, and westward in relatively smooth curves, in
principle like those characteristic of Savaii, Hawaii, and other young, exogenous lava
domes. The map shows the descent on the south to be precipitous for nearly 350
meters, this cliff running in a course nearly parallel to the shore of the broad bay on
the south side of the island. From the foot of that cliff the slope is gentle for the
distance of about a kilometer, but there the surface drops precipitously, 450 meters,
into the sea. The writer was not privileged to study this slope. Friedlaender
states that the two precipices appear to represent the walls of volcanic sinks (Ein-
sturzkratern). His suggestion is of interest as indicating possible homologies with
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the great slippings or founderings which seem to have been responsible for the
present shapes of Olosega and Ofu islands.

The shore cliffs of northern Tau range from 50 to 150 meters in height. Their
bases are now being attacked by the surf, but faulting may have been partly
responsible for these cliffs also. If wave-cutting were assumed to be the sole cause,
it would be difficult to explain the much feebler development of cliffs at the eastern
(windward) end of Tau. On the other hand, the whole island was nipped by the
waves when sea-level stood about 6 meters higher than at present. At that time
the western shore was benched, with the formation of cliffs 20 to 80 meters high
and of rock-benches now standing 2 to 3 meters above high-tide level (Plate 8, ).
The correlation of the benches with those of Aunuu and Tutuila has already been
noted. fs

The constructional form of Tau has been very little changed by stream erosion,
in spite of rapid gradients. The deepest gorge observed is about 5 meters in depth.
Except the cliffs above-mentioned, the chief breaks in the generally smooth profiles
are those due to a few low crater-rings at the higher levels. Lateritization of the
lavas rarely attains the depth of more than a few centimeters.

Healthy patches of coral occur here and there along the shore, but no con-
tinuous fringing reef has been recorded on Tau. |

The reconnaissance covered merely the shores and shore-trails of western Tau,
All the igneous rocks collected proved to be typical basales bearing abundant
olivine. The flows vary from 5 to 25 or more meters in thickness. Many have ropy
surfaces; a few were seen to contain lava tunnels with lava stalactites. Other flows
are clinkery, tending toward typical aa or block lava.

Beds of tuff or agglomerate are rare, Tau being essentially the product of suc-
cessive flows of basalt. However, at the northwest corner of the island, the flows
are overlain by two tuff craters, which have been breached by the sea. Each cone
has a crater about oo meters in diameter. The tuffs, in places agglomeratic, are
composed of fragments of much altered basalt and of coralliferous limestone;
locally, numerous nodules composed of interlocked olivines (go per cent) pyroxene
(6 per cent) and magnetite (4 per cent) were observed.!

It may be noted that geological exploration in Tau is now difficult on account of
the nearly complete destruction of the forest by the hurricane of 1915, The force
of that wind may be appreciated from the reported fact that the sheet-iron roof of a
Tau church was carried bodily to Olosega, a distance of about 8 km. Wholesale
felling of trees, followed by the speedy growth of jungle in the * down timber® has
made travel exceedingly slow and laborious.

OFU AND OLOSEGA.

Ofu and Olosega are twin relics of a single basaltic island which in size was
originally comparable with Tau (Plate #). From(Nuu islet to the most easterly
cliff of Olosega is a distance of 9.2 km. Ofu measures 5.4 by 3.0 km.; Olosega, 4.5

® As st the Sreps Poine cones on Turwils, the Emestone fragmens in the Tau tufe have moe been dolomitiesd, One

specimen (Mo, 2648} gave Professor Phillips g2.38 per cene Calt) and 1.06 per cene MO0y anather (Mo, 262a) (A
per cent Callly and (L2 per cent MOy, S e
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by 2.9 km. A tide-way, 200 meters in width, separates them. The maximum
heights of Ofu and Olosega are respectively 484 and 639 meters (Plate 8, B).

Each island is strongly cliffed on all sides. Yet more clearly than in the case of
Tau, the greater precipices are not essentially the product of wave-cutting. The
western slope of Ofu and the eastern slope of Olosega, though somewhat furrowed
by stream erosion, largely preserve the constructional profiles of a volcanic cone.
The foot of each of these slopes has been benched by the waves, the true sea-cliffs
reaching heights of 100 meters or more. The northern and southern slopes give
magnificent panoramas of rugged, cliffy slopes, reaching heights of goo to 6oo
meters. 1hese are particularly impressive to east and west of the strait between the
main islands, where the rocks form a shark’s-tooth ridge of fantastic outlines
(Plate g). The whole forms one of the grandest sights in the ocean, recalling the-
famous Nuuanu Pali near Honolulu.

Three different explanations of these Samoan precipices are conceivable. The
curved ground-plan of each set of cliffs suggests an origin in a double evisceration
through volcanic explosion, each ragged wall being the emerged part of the rim of a
caldera. Or each wall might be considered a fault-scarp, the limit of a sink,
analogous to the sinks at Kilauea or Mokuaweoweo in Hawaii. Thirdly, the cliffs
might be considered to be the scars left by two gigantic landslips, involving, here
again, the bodily or piecemeal foundering of large fractions of the original island.

If the caldera hypothesis were correct, some débris of the great explosions might
be expected to appear on the constructional slopes of Ofu and Olosega. This test
was applied to the eastern side of Olosega (Plate g, o). The volcanic rocks were
there found to be deeply lateritized, and furrowed by shallow, stream-cut valleys,
which themselves have been truncated at the west-facing cliffs. This topographic
- relation clearly resembles that shown by the truncation of the much deeper valleys
of southeastern Oahu at the Honolulu Pali. The shallow runways of eastern Olo-
sega, even within 1co meters of the line of truncation, are locally veneered with
large and small, hard, typically water-worn pebbles of basalt. The scattered
gravels were obviously rounded by streams which, not long ago, headed far to the
westward of the line of truncation, on high ground. One can not avoid the con-
clusions: that the broad southern embayment embraced by the two islands was
very recently occupied by a high conical mass of land; and that the present surface
of eastern Olosega is practically identical with that there existing just before the
original Ofu-Olosega Island underwent its catastrophic change. On this surface, so
well preserved, not a trace of recent explosive débris could be found. The caldera
hypothesis is, therefore, extremely improbable, for an explosion on the scale de-
manded could hardly fail to lodge many rock-fragments on the undamaped surface
of the volcano. The freshness of the gravels disproves the idea that the débris of
explosion could, since the explosion, have become so weathered as to merge with the
prevailing laterite and thus become hard to distinguish.

It is not so easy to decide between the merits of the sink and landslide hypo-
theses. The former implied some failure of the underpinning, because of deep-
seated changes after the original cone was built—a process which has ruled at many
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volcanic centers. As Lindgren has suggested, the majestic cliff of Molokai, in the
Hawaiian group, was apparently formed in this way. A similar mechanism may
have developed the Honolulu Pali, where actual faunlt-planes (though of small
throw) can be observed. Neither in Ofu nor in Qlosega was such direct proof of
ordinary faulting discovered.

The evidence for or against explanation by landslides is largely buried under
the ocean water. Detailed soundings might give the facts enabling a choice between
this and the sink hypothesis. Until that choice is warranted, it seems safe to
describe Ofu and Olosega as remnants of a single island which has been recently
dismembered through partial foundering. The events of 1888 at Bandai-San,
Japan, prove that steam explosions may induce or accompany land slipping on a
gigantic scale, but the proof of such codperation in the Samoan case has not been
forthcoming. The facts above cited tend rather to exclude explosion as an important
factor in the formation of these spectacular cliffs. About two-thirds of the original
island has probably sunk out of sight. Whether the cause of the foundering was
deep-seated (forming true sinks) or was centered on the special plasticity of out-
sloping rock-layers in the body of the original cone (forming landslips) must be
left for future investigation. Similar problems are suggested by the topography of
Tau, as of many other volcanic masses in the Pacific. An example is seen in the
Haleakala “rent™ of Maui, interpreted by J. D. Dana as possibly a case of an
arrested landslip.!

Ofu and Olosega, in contrast with Tau, are principally composed of pyroclastic
material—basaltic agglomerates and tuffs. Basaltic flows are irregularly inter-
bedded and, in their turn, dominate at the northwestern end of Ofu and at the
southeastern end of Olosega. In the former area, north and south of Aloafaon, the
basalt is poor in olivine. Elsewhere clivine is generally abundant, in well-formed
phenocrysts. High up on the southeastern face of Ofu, a thick flow is composed of
coarsely porphyritic olivine-basalt of striking appearance; it forms huge blocks in
the talus.

At the shore, directly south of the summit of the razor-back ridge in eastern
Ofu is a typical volcanic neck. Elliptical in cross-section, it measures about 25 by
45 meters in horizontal diameters. The neck is constituted of a coarse, massive,
olivine-gabbro porphyry which is chemically like the flow just mentioned. The
flows and agglomerates traversed by the neck, and probably the porphyry itself,
are cut by a dike of olivine-free diabase bearing nodules of basic plagioclase.

The great precipices, especially those on the south side of each island, are riven
by a multitude of thin trap or basaltic dikes. These are usually nearly vertical
and trend north 60% to 70° east. At the shore, on the east side of the strait between
the main islands, the basaltic flows are cut by 2o dikes in a single cross-section only
2c meters long. Dike networks are common in the Olosega cliff, which reminds
one strongly of the precipice on Rakata Island of the Krakatoa group. In fact,
the slipping or foundering at Ofu and Olosega has given an excellent opportunity
to study the internal structure of a typical basaltic cone of the explosive type.

L. I, Dans, Characieririies of Foleanoer, thor, p. 278,
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Both Ofu and Olosega are rather deeply lateritized, as well as somewhat dis-
sected by streams, but, because of the more fragmental and porous nature of their
rocks as compared with the strong, massive flows of Tau, it is unsafe to conclude
that Tau is younger than these other islands.

The brown tuff-cone of Nun Island is evidently very young. It is being
attacked on all sides by the waves, which have cut three Gothic-arch tunnels
clear through the islet. The tunnels vary from 70 to 100 meters in length; through
them the surges rush with picturesque effect.

BEACH-ROCK IN SAMOA.

In general the beach sands of Samoa, whether calcareous or silicious, are loose
and not consolidated. Locally, however, the sands have been more or less firmly
cemented, forming “beach-rock.” On Tutuila examples may be seen (see Plate a);
at the angle of Pago Pago Bay, where the axis of this wide inlet turns westward;
opposite Tower Rock and also about 600 meters north of that point; near Amaua;
between Alofau and Round Bluff; along the eastern shore of the island: at the
entrance to Vatia Bay, western side; in Amanave Bay; and at Leone, Along the
southwestern shore of Ofu Island, beach-rock identical in habit with the caleareous
beach-rock of Tutuila and with material collected at Tortugas, Florida, was found.

In most cases the Samoan beach-rock is medium to coarse, calcareous sand,
cemented with calcium carbonate. At Vatia the detritus is a very coarse con-
glomerate composed of wave-worn pebbles and trachytic boulders, up to a meter in
thickness, mixed with coral débris and shells; the cement again calcareous, The
Leone beach-rock consists of an olivine-rich sand, derived from the neighboring
ledges of tuff and fresh lava, together with a small percentage of calcareous, detrital
fragments; the whole cemented by calcium carbonate.

The lithification has affected the beach materials between high-tide level and a
level a few centimeters below that of the low spring tides. At every locality the
length of this lithified part of the beach is not more than a few hundred meters, the
beach-rock at each end passing rather abruptly into the ordinary, mobile sand or
gravel. A similar relation to the loose sand is seen in cross-sections. Each mass of
beach-rock is thus a plate of lenticular cross-section, from a meter or less to about
2 meters in maximum thickness; usually from 3 to 10 meters in width; and from 100
to 300 meters in length. The plate dips seaward, at nearly or quite the same angle
as the surface of the unconsclidated beach at each end.

The cause of the lithification is an old problem, encountered by geologists
working on the shores of the eastern Mediterranean, Brazil, the Florida Keys, and
many parts of the tropical Pacific. A few months before visiting Samoa, the writer
had been studying the problem, as illustrated at Tortugas, Florida, where Dr.
Mayor had indicated its importance and arranged facilities for the study. The
mode of cementation at Tortugas was not to be easily discerned, so that the dis-
covery of a sensibly identical type of beach-rock and also a radically different type,
in Samoa, was welcomed as giving wider opportunity to test the various published
hypotheses of origin.
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The nature and amount of the cement naturally claims first attention. Tests
with cobalt nitrate, checked by microscopic examination, showed this to be
aragonite in all Florida and Samoan samples, including the volcanic-sand rock at
Leone. This introduced carbonate occurs in needles that project at high angles
to the surfaces of the sand grains, in much the same way as the aragonite tufts in
the cavities of the Funafuti coral-rock, described by Cullis.t The needles in the
beach-rock are invariably very small, ranging from about ©.02 mm. to 0.06 mm.
in length. Though the aragonitic deposit in some cases had a ruling thickness of
only o.05 mm., these rocks were well bonded. In no instance could calcite be
identified in the cement itself, The amount of the cement varies within the same
limits as at Tormgas, where determinations were made in 1919; these will serve also
for the Samoan beach-rock.

During the process of measuring the porosity of the Tortugas rock, the specific
gravity of the loose beach-sand was also determined. This incidental result may be
worthy of statement. Fine-, medium-, and coarse-grained samples were taken at
the laboratory wharf, at the north end of Loggerhead Key. They were composed
essentially of fragments of coral, shells, and calcareous alge, without any visible
silicions material whatever. The few chitinous grains may be neglected. Five
samples gave respective specific gravities (28° C.) of 2.77, 2.83, 2.84, 2.86, and 2.88,
with an average of 2.837. Since the specific gravity of calcite is about 2.72 and
that of aragonite about 2.94, the sand was seen to contain nearly equal proportions
of the two carbonates.

The porosity of the sands from the same locality was found to average nearly
40 per cent.

Three measurements of the porosity of old beach-rock, collected at the light-
house dock on the east side of Loggerhead Key, gave 14.7, 14.8, and 16.5 per cent.
These values are fairly characteristic of the more thoroughly indurated beach-rock
at Tortugas. The porosity of the average beach-rock is higher, and that of the
recently (since 1910) and more imperfectly lithified material at the laboratory
wharf is of the order of 35 per cent.

With these data, checked by study of thin sections, the cement of the Tortugas
rock was found to vary between the limits of 5 per cent and about 3o per cent of the
volume of the whole rock. Thin sections showed that lithification is already pro-
nounced when the cement amounts to only 7 per cent of the rock, by volume.

The foregoing figures well serve, in principle, also for a quantitative description
of the Samoan beach-rock. Such correspondence in the nature and amount of the
cement, the constant relation of beach-rock to tide-levels and beach-slope, the
narrow range of thickness for the beach-rock plates, and, as noted below, a constant
relation of the plates to offshore shelves exposed to the power of the open ocean, all
sugpest a common cause for this kind of lithification. That the cementation has
not been essentially due to the solution and re-deposition of the detrital material
itself is shown in the Leone case, where the detrital grains are olivine, augite,
tachylite, and other silicious materials, with a very small percentage of carbonate

1 C, G, Cullis, Eepors of the Royal Society Commirtes om Funafun, 1gaq.
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grains. Moreover, a comparison of the Floridan and Brazilian beach-rocks proves
that the lithification is not a direct function of the amount of detrital carbonate in
the sands. The former, composed of practically pure carbonate sands, are no
better consolidated than the Brazilian rocks made up of dominant quartz.t The
Leone rock clearly suggests another source for the carbonate represented in these
cements. :

A field relation, common to all the Samoan occurrences, is the restriction of the
beach-rock to points well exposed to ocean waves and situated to landward of
shallow shelves of some width: it was never found along shores protected from
heavy wave-action during exceptional storms. The same is true wherever the
writer has seen beach-rock along the Florida coast. The remarkable developments
on the Bahaman and Brazilian shores seem to be similarly conditioned. Further,
Dr. Mayor stated orally that, during his extensive travels in tropical seas, he had
never seen beach-rock on other than exposed shores.

Another generalization may be made for the Samoan examples. The formation
of beach-rock is there independent of the topography just back of the beach. The
lithification has been brought about immediately in front of high, steep cliffs as
well as in front of low flats; at points far from any fresh-water stream; and at
points close to the mouths of creeks or in front of poorly drained, low ground.

Branner? summarized his explanation of the Brazilian beach-rock, thus:

The hardening of beach sands may be produced in the following ways:

1. By carbonated rain-water dissolving out the lime carbonate in the upper portions
of calcareous sands and depositing 1t in the lower portions.

2. By the escape of carbon dioxide from the sea-water when the surf breaks upon the
beaches.

3. By the escape of carbon dioxide from sea-water where it is warmed by the tropical sun.

4. By the submanne escape of carhon dioxide about volcanic vents.

These processes may have contributed somewhat to the hardening of the Bramlian
reefs, but they do not seem competent to account for them altopether. These theories are
especially incapable of accounting for the lithification of beaches behind older reefs.

The distribution of the consolidated beaches of northeast Brazil leads to the inference
that the consolidation is directly related to the density of the sea-water. The geology and
chmatic conditions over the adjacent land are, however, important factors in the hardening
of the reef sands. It seems probable that the consolidation of the reef sands would not take
place if the rainfall were large enough and constant enough to keep the mouths of the
streams open and the water of the streams fresh. -

In a region of concentrated rainfall and long drouths the nver mouths become tempo-
rarily closed, and the abundant aquatic and other life in the lagoons thus formed con-
tnbuted to the organic acids of the waters, which, upon penetrating the wall or dam of
beach sand, first dissolves the lime, and then redeposits it when it comes in contact with
the dense seawater on the ocean side. In this manner some portions of the beaches have
been hardened, while others have remained incoherent.

Branner's hypothesis can not apply at Tortugas, in the Bahamas, or in Samoa,
where the climatic and topographic conditions are not of the kinds postulated.
The density of the sea-water is of course important, but, since tropical waters secm

1 1. C. Branner, Bull. Museam Comp, Zool., vol, g, 1004, p. 155,
2 1. C. Branmer, Bull. Mus, Comp. Zool., wol. 44, 1004, p. 194,
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everywhere to be practically saturated with calcium, local lithification is evidently,
as Branner remarked, due to a more special control.

In some respects Field's explanation is similar.  His brief statement may be
quoted in full:

- My theory is that after an exceptionally severe storm, during which fresh sand is
| swept upon the beach in places and the beach itself scoured in others, the bulk of the key
sands above tide-water level are saturated with a strong (rain-water) sclution of calcium
carbonate. This solution continues to trickle out through the beach sands, at ground-water
level, for several days and, upon exposure to the air, deposits calcium carbonate in the
| spaces between the bits of shell, thus forming the “beach rock.” The precipitation of the

lowering of the solubility of the CaC0y. The fact that the “beach rock™ can not owe its
origin to the action of putrefying matter in place, such as sea weeds, etc,, is, I believe,
proved by the total absence of any carbonaceous material in the rock itself.t

Field’s hypothesis was intended by him to cover the problem only so far as it
refers to the Florida beach-rock and its true homologues. However, its application
to Tortugas itself raises difficulties. It offers no explanation of the local, sporadic
development of beach-rock along the keys. The seepage of rain-water obviously
affects the whole of each beach, yet many Florida beaches show no trace of lithi-
fication at all, or inclose but quite limited patches of the rock. Like Branner's |
hypothesis, it does not explain the temporary nature of the conditions leading to the
cementation. In Florida, Brazil, and Samoa, new beach-rock is not now being
formed at many points, where in fact the beach-rock is in process of destruction by
the waves.

It is incredible that the purely calcareous beach-rocks of Florida and of Samoa,
in essentials perfectly similar, have been formed by quite different processes. The
writer was able to make a direct test of the Field hypothesis, as a conceivable
explanation of such rock, at Siufaga village, on the shore of Tau Island. The village
lies on a narrow strip of coral sand, fronted by a storm-beach and backed by a low,
swampy, heavily vegetated flat. From the rainy, volcanic slopes farther inland,
much fresh water enters the swampy belt and percolates through the coral sand.
The seepage is so rapid that the sea-water is kept largely excluded from the inter-
stices of the storm-beach. Hence the natives are able to get potable water at low
tide, by scooping out holes in the sand just in front of the lapping waves and nearly
a half meter below mean-tide level. The conditions specified by Field's hypothesis
seem, thus, to be here ideally met; yet there is no lithification of this beach. The
case at Siufaga also shows that Branner's hypothesis can not be valid there.

Field's explanation can not, of course, apply in the case of the olivine sand at
Leone; nor will it do to assume a different cause of lithification, for the aragonitic
cement of the Leone rock and the peneral field relations are too similar to the
beach-rock at Tortugas. As Branner concluded, the topographic and climatic
conditions of the Brazilian coast are not favorable to the explanation of the famous
stone reefs by the seepage of rain-water falling on the corresponding beaches.

3 B. M. Field, Camegie Inse. Wash,, Year Book Mo, 18, 1910, p. 198

/ CaC0, is probably due-to the relief of pressure, the escape of CO,, and the consequent
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A different line of thought was suggested to the writer by the fact first observed
by Dr. Mayor and his associates at the Tortugas laboratory. The destructive
hurricane of 1910 piled a large amount of calcareous sand on the site of the labora-
tory wharf. Much of this sand seems to have been torn out of the broad shelf
offshore. Less than two years afterwards, the sand between tide-marks had already
become lithified to a depth reaching a maximum of about 75 cm., resulting in an
clongated lense of typical beach-rock. The cementation took place under the
cover of 25 to 100 cm. of sand, which was not lithified. By 1919 the cover was
largely removed and much of the beach-rock itself was already cut away by the
surf

This sequence of events has led to the inquiry whether beach-rock in peneral
owes its origin to the sudden driving of shelf sands on to the shore by major storms.
The observed relations of beach-rock plates to shelves and the open ocean, as above
described, agree with this suppestion. Some of the Samoan plates are situated at
the inner edges of reef flats which are significantly covered with negro-heads in
special abundance; the latter demonstrating former wave-action of extraordinary
violence. If such facts from the field be assumed to show that hurricane control
has been important, one is naturally led to consider what special property of shelf
sand might initiate the lithification.

Ordinary beach sands are comparatively free from organic material other than
clean fragments of shells and skeletons. On the other hand, shelf sands in the
tropics are charged with considerable amounts of decaying animal and vegetal mat-
ter and with living bodies. To pet some idea of the amount of carbonaceous mate-
rial in the sand of the Tortugas shelf, a larpe sample was secured, with the use of a
diving helmet, about 100 meters from the laboratory wharf, at a depth of about
2.5 meters, While digging up the bottom sample, some of each shovelful (perhaps
one-fifth) was lost. The rest was fractioned and treated with caustic alkali; the
soluble, organic material was found to be roughly 5 per cent of the sample by weight.

The shelf sand cast on the shore by a hurricane is, then, likely to be specially
“dirty.” Bacterial decomposition of this organic matter must tend to cause a
precipitation of calcium carbonate from the sea-water which slowly creeps through
the sand because of tidal and other changes of level. Incipient cementation of the
sand may be postulated as a reasonable consequence.

However, bacterial action does not seem competent to explain all of the
cement in average beach-rock, making up 10 to jo per cent of the whole volume.
It is practically certain that the original mass banked up by a great storm would not
contain enough decomposable organic matter. On the other hand, the bacterial
decay is conceived to be important as a fixing agent; the initial cement, so developed,
suffices to prevent differential movements among the sand grains until other, quanti-
tatively more potent, causes of precipitation have had time to do their work.

Several chemists have shown that tropical sea-water is saturated with calcium
carbonate under ordinary surface conditions. Is it not possible that the new, clean
carbonate, formed by putrefaction, may act as a nucleating agent and cause further
precipitation of the cement? Two other conditions for supersaturation are more



140 FAPERSE FROM THE DEPARTMENT OF MARINE EIOLOGY.

obviously to be considered. At low tide the sand and inclosed sea-water are heated
by the sun’s rays, carbon dioxide escapes, and calcium carbonate must be thrown
out of the sea-water solution. Secondly, the sea-water of the breakers and the
water moving slowly through the beach sand are mixed with air. Under the vary-
ing pressures produced by the waves, air is forced through the interstitial water, As
Johnston and Williamson point out, such aeration should lead to supersaturation.t
The precipitation resulting from the two causes is practically confined to the thin
layer of the banked-up sand, lying between high-tide level and a level a little below
low-tide mark—exactly the position where beach-rock occurs. So long as the
initially cemented sand keeps its proper relation to the breakers, and is, for example,
not too deeply covered with imported sand, the cement can thicken and grow more
resistant to blows; until the original interstices have become more or less completely
filled. On the other hand, the conditions of shore erosion may lead to the destruc-
tion of the new bank before a strong rock could be formed.

This hypothesis seems to explain the characteristic hthuluglcal features of
beach-rock; its sporadic appearance on tropical beaches; its relations to wave-belt
and tides; its limited thickness; and the seaward dip of the plates or lenses of beach-
rock. That ordinary, clean sands are not cemented is explained by their incessant
or periodic movement through wave-action, and by the lack of any special cause
for bonding, preliminary to the more important cementation through the aeration
and heating of the sea-water. Field's objection, that, on the hypothesis just
outlined, there should be a notable proportion of decomposable organic matter in
a given sample of beach-rock, whereas he finds it to be absent, is not well taken;
for the actual cleanness of the beach-rock is just what would be expected if bacterial
decomposition had been thorough.

The offered explanation evidently needs checking by experiment. In May,
1919, with the help of the staff of the Marine Laboratory at Tortugas, a large cask
was filled with shelf detritus, dug up at a point offshore from the laboratory. The
sides and ends of the cask were perforated, to permit of the easy flow of sea-water
through the mass, and the whole was buried at the proper depth in the beach. It
was hoped that, after a year or two, the cask might be opened, with the object of
seeing whether its contents had become in any degree cemented together. Un-
fortunately, the hurricane of September, 1919, tore up the cask and carried it several
hundred meters along the key. There left exposed to the air, this material can not
be used as a test. The experiment should be duplicated. On the other hand, this
hurricane itself improved upon an artificial experiment. Like that of 1910, it threw
up on the beach a large quantity of shelf-sand, which, a year afterwards, was found
by Dr. Mayor to have been hardened into beach-rock.

1. Johnaton and E. Tk Williamson, Jour, Geal,, vol. 24, 1916, p 739
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SUMMARY.

- The principal conclusions of this paper may be thus summarized:

1. Of the Samocan chain of volcanoes Tutuila and the Manua subgroup of
islands have been studied. Tau, Ofu, and Olosega are essentially basaltic through-
out. In Tutuila, an exogenous lava~-dome, basalt dominates, but its differentiates—
trachydoleritic basalt, trachydolerite, trachyandesite, limburgite, highly mafic
olivine-gabbro, alkalic trachyte and alkalic quartz-trachyte (thyolite)—are also
represented. The more alkalic bodies have the forms and structural relations of
volcanic necks, endogenous domes or crater-fillings, and dikes, which cut the
dominant basaltic flows.

2. In chemical composition the average basalt of Tutuila is almost identical
with the average basalt of Hawaii and approximates to the average plateau basalt
of the world.

3. The alkalic trachytes, trachyandesite, and trachydolerite of Tutuila are
regarded as differentiates of ordinary basalt, a magmatic type common to both of
the so-called * Pacific” and * Atlantic” suites. Once again the division of igneous
rocks into ““Pacific” and “ Atlantic™ suites is seen not to be supported by either
geographical or chemical relations.

4. The cause of the differentiation of alkalic trachyte from basalt represents
an unsolved problem. The influence of volatile matter—water or carbon dioxide
or both—in special abundance may be an important control in the process, but
actual proof of this has not been forthcoming. The origin of the abundant pyroxenc
andesites elsewhere is a closely related question.

5. At least in part the Pioa dome of Tutuila is a gquartz-bearing trachyte,
approaching a true rhyolite. The quartz is micropoikilitic and identical in habit
with the quartz of closely similar quartz-trachytes of Ascension Island and of East
Africa. The Pioa rock exemplifies the very rare cases where free, “ primary” quartz
has been found in lavas of the open-Pacific region, and is perhaps farther removed
from visible terranes of “continental™ rocks than any other lava bearing primary
quartz hitherto recorded in the Pacific. The question is raised whether the edge of
Australasia really extends as far east as Samoa. :

6. A possible explanation of the common eruptive sequence—basalt, trachyte,
basalt—at volcanic centers is proposed.

7. Three new examples of rapid change of color of igneous rocks, when exposed
to the air, are described.

8. At the surface of each layer the tuffs of Tutuila were hardened immediately
after deposition. This lithification is another problem awaiting solution.

9. Physiographically speaking, Tutuila is the oldest of the Samoan islands.
Its oldest supermarine lavas are no younger than an early stage of the Pleistocene
period and may be Pliocene, if not older. The youngest eruptives are quite recent.
From their degree of dissection the Manua group of islands may be assumed to date
from late-Pleistocene or Recent times.

10. Tutuila has subsided some tens of meters. Its sinking seems to have been
connected with the formation of the adjacent Tonga-Kermadec Deep.
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11. After that subsidence the shores of Tutuila, the Manua group of islands,
and Rose atoll have emerged about 6 meters. The emergence appears to be dueto a
world-wide sinking of sea-level, not more than 4,000 years ago.

12. Before the 6-meter emergence Tutuila was not defended by coral reefs, as
Mayor discovered. The cause of their absence is not understood, though it may
be associated with the conditions of the last glacial stage of the Pleistocene period.
. 13. The facts observed in Samoa are consistent with the writer's Glacial-control
theory of the living coral reefs, but these islands do not offer definite criteria for any
general explanation of the reefs. Emphasis is once more laid on the reasonableness
of assuming that atolls and barrier reefs were very rare or even non-existent before
the first glacial stage of the Pleistocene period, and that the platforms now crowned
with atolls and barrier reefs are shelves and banks, largely detrital, formed during
pre-Glacial fime because of the absence of reefs other than those of the fringing class.
A cause of the narrowness of all pre-Glacial (fringing) reefs is suggested.

14. The remarkable topography of the twin islands, Ofu and Olosega, finds
satisfactory explanation in a double foundering. Until the submarine relief is
determined by soundings, it does not seem possible to decide whether the foundering
was due to ordinary faulting or to landsliding on a grand scale.

15. The origin of beach-rock is discussed in the light of field and laboratory
studies at Tutuila, at the Manua group of islands, and at Tortugas, Florida.
Preference is given to the view that the formation of beach-rock is controlled by the
action of major storms, which quickly pile up shelf-sediments along the littoral.
In their new position these sediments are liable to rapid lithification and are thus
unlike beach sands of the usual type.



