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GEOLOGY AND HYDROLOGY OF GUAM, MARIANA ISLANDS

MARINE GEOLOGY OF GUAM

By K. O. EmErY

ABSTRACT

During the summer of 1952 a study was made of the marine
geology of Guam. Soundings of the outer slopes showed the
presence of four well-defined submarine terraces, at average
depths of 55, 105, 195, and 315 feet. The risers between ter-
races have slopes ranging from 5° to 44° with no differences
of steepness for areas off reefs and areas off bedrock of the
island. The slope topography below a depth of 50 to 100 feet
is mantled by at least a veneer of loose calcareous sediments
whose content of algae and reef coral indicates derivation
from shallow water at the reef edge.

Cocos Lagoon at the south end of Guam is an area of irregular
floor having a maximum depth of 43 feet. The deepest area is
floored by the finest sediment. In areas bordering the reef
and in other shallow parts the lagoon sediments are chiefly
coarse coral sand. The composition of the lagoon sediment is
similar to that of sediments from the reef flat with constituents
derived almost entirely from calcareous organisms in the fol-
lowing decreasing order of frequency: coral, calcareous red
algae, shells, Halimeda debris, and Foraminifera. This order
is much different from that of atolls in the Marshall Islands,
owing to the shallower depth and the larger ratio of reef to
lagoon area.

The fringing reef, particularly in the southern half of Guam,
is cut by deep channels of several types. All are located off
river mouths and have continuous gradient downward from
the head to the reef edge, where several reach a depth of about
100 feet. The walls are steep, locally vertical, and consist of
reef coral as far as could be determined. The bottom is of
poorly sorted mud, sand, and gravel of either bioclastic or
volcanic origin, depending on locality. Study of the water in
the channels showed that even when the rivers are in flood
their muddy water, because of its lower density, moves sea-
ward atop the clear undiluted sea water of the channels.
Thus, the muddy fresh water does not now inhibit coral
growth in the channels, but probably did so in the past when
the reef was thin and growing upward to its present level.
The great depth and the muddy substrate prevent choking of
the channels by coral growth now.

Several reef flats were studied in detail. They are flat and at
a level just below mean lower tide, except where coral and
algal growth have raised the surface, particularly along the
outer halves. The inner portions consist chiefly of sand, locally
held in place by vegetation. The composition of the sand is

similar to that of the lagoon floor, but it exhibits less local
variation in texture and composition. Distribution is con-
trolled by the growth sites of contributing organisms, by waves
and currents, and to a minor extent by sand-feeding organisms.
The water atop the reef flat varies diurnally in oxygen content
in response to respiration and photosynthesis. Heating of the
water and use of carbon dioxide by plants during the daytime
result in an increase of the degree of supersaturation of cal-
cium carbonate in the water above that in the open sea.
Possibly some chemical deposition of calcium carbonate occurs,
but it is quantitatively unimportant as compared to bioclastic
sediment.

Beaches inshore of reefs are characterized by dominance of
calecareous bioclastic sand in contrast to the volcanic beach
sands at the mouths of rivers which generally debouch in small
coastal bays. The sand of beaches is better sorted than that
of reef flats, owing to the winnowing action of waves. The
beach slopes average 814°, about the same as oceanic beaches
of the mainland. The upper parts of exposed beaches were
eroded to a depth of about 1 foot during 2 typhoons of 1952
and 1953. Beachrock is relatively rare at Guam as compared
to atolls, and examination of interstitial waters of the beaches
showed the reason. The water is brackish, especially at low
tide, owing to escape of ground water from the Ghyben-Herzberg
lens, and such water proved to be undersaturated with caleium
carbonate in contrast to supersaturated sea water that occupies
the pore spaces of atoll beaches.

Rocky shores have many nips, rimmed terraces, and solution
basins, all possessing shapes and surface textures that must
have been produced dominantly by solution. Chemical studies
of the water, however, showed that at all times the water was
apparently supersaturated with calcium carbonate and thus was
unable to dissolve limestone. A vertical gradient in the degree
of saturation exists, however, suggesting that the water in
contact with the rock surface may be undersaturated. In addi-
tion, much of the calcium may be complexed and not free to
enter into diurnal carbonate and bicarbonate reactions.

INTRODUCTION

Guam, the southernmost of the Mariana Islands, lies
at lat 13°28" N., long 144°45’ E. It is the largest of
the group, with a maximum altitude of 1,334 feet,
maximum dimensions of 32 by 11 miles, and an area
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of about 246 square miles of which about 10 percent is
reefs and lagoons. The northern half is a limestone
plateau whereas the more rugged southern half con-
sists mostly of lava flows, conglomerates, and water-
laid tuffs. At the south end is a small lagoon enclosed
by a barrier reef; most of the rest of the coast is bor-
dered by fringing reefs (General Geology, chapter A).

The climate is typical of the oceanic trade-wind
areas, uniformly warm and of fairly high humidity. As
shown by figure 1, most of the year’s average of about
90 inches of rain falls during the late summer and
early fall. From January to March the northeast
trade winds blow steadily, but in April, May, and
June they are variable, though still easterly. Winds
during the summer and fall are more variable, mostly
from the southeast, and often related to intertropical
fronts. The trade winds cause the predominant swell
to come from the northeast. Similarly, they produce
the North Equatorial Current, a broad westward-mov-
ing oceanic current, part of which is split at the north-
east corner of Guam into two branches which flow
around the island to rejoin off Apra Harbor. Some
details of the surface flow are indicated by current
studies made by the Pacific Island Engineers (1951).

According to Reed (1952) Guam was settled as early
as about 1500 B.C. by Chamorros, who retained their
habits and culture unchanged until influenced by
Europeans. Numerous village sites have been found
and the island is believed to have once supported a
population of perhaps 50,000. Though these people
traveled extensively and obtained much of their food
from the sea, little of their marine lore seems to have
survived. Most of the natives now living at Guam
have little to do with the ocean, except for net fishing
and spear fishing from shore or on the reef flats.

On March 6, 1521, the Mariana Islands received their
first European visitor, Ferdinand Magellan, who made
a landfall and stayed for 3 days at a presently un-
known point, possibly Umatac Bay near the south end
of Guam. Because of the activities of the natives, Ma-
gellan named the islands, “Islas de las Ladrones,” or
“Isles of Thieves.” From 1565 to 1815 the annual Ma-
nila galleons stopped at Umatac for fresh water while
en route to the Philippine Islands. Colonization of
Guam, however, began only in 1668 with the landing of
Augustinian Father Sanvitores and a party of priests
and soldiers. Resistance of the Chamorros toward con-
version to Christianity and lack of resistance toward
European diseases soon resulted in virtual extermina-
tion of the native population. During the 18th cen-
tury immigrants from the Philippines and Carolines
partly repopulated the island. Among the famous
pirates and explorers who visited the island in this pe-
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riod were Woodes Rogers, William Dampier, Alexan-
der Selkirk, John Clipperton, George Anson, Samuel
Wallis, Comte de la Pérouse, and Adelbert von Cha-
misso. 1In 1898 Spanish occupation was ended, and the
United States administered the island, through the
Navy. Except for the period of Japanese occupation
between December 1941 and July 1944, Guam has since
remained under control of the United States.

Because Guam is the largest landmass and the best
resupply point in that part of the Pacific Ocean, it has
been visited by many scientific expeditions, chief of
which from the oceanographic point of view are those
of the Challenger, Albatross, Nero, Manshu, Carnegie,
Bowditch, and Challenger I1. Virtually all the work
in submarine geology by these expeditions was restricted
to the deep-water portions of the area. Work on the
reefs before the present studies was done by Stearns
(1940), Cloud (1951), Tayama (1952), and others.
Little study, however, had been made of the interven-
ing shallow areas of lagoon floor and fringing slopes.

The present investigation of submarine geology was
superimposed on a survey of the land geology conducted
by the personnel of the U.S. Geological Survey under
the leadership of J. I. Tracey, Jr. Fieldwork was
confined to the period June 26 to August 27, 1952 and
the manuscript was submitted in 1954.

During the fieldwork, studies were made of the fol-
lowing general aspects of submarine geology: island
slopes, lagoon floor, channels through the fringing reef,
surfaces of barrier and fringing reefs, beaches, and
rocky shores. The available time in the field was such
that the investigation was necessarily a reconnaissance,
yet it produced considerable new information owing to
the application of new techniques. Some of the re-
sults are of particular interest because of their relation
to the geology of atolls of the Marshall Islands, pre-
viously studied by the same general methods (Emery
and others, 1954).
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as members of the Geological Survey, Harold G. May
periodically measured beach slopes and David B. Doan
aided in making chemical analyses. Together with J.
L. Tracey, Jr., J. T. Stark, and S. O. Schlanger, they
also helped to make studies of water on the reef and in
solution basins over two 24-hour periods. The excel-
lent seamanship and spirit of cooperation of Lt. W. C.
D. Keehn, commanding officer of U.S.S. Abnaki
(ATF 96), and Lt. J. H. Danenhower, of U.S.S. Metaco
(ATF 86) made possible the taking of detailed sound-
ing profiles off the reefs. Appreciation is also due the
Allan Hancock Foundation of the University of South-
ern California, which made available a field chemical
kit and also provided laboratory facilities for the study
of sediments.

REGIONAL BATHYMETRY AND GEOLOGY

GENERAL TOPOGRAPHY

Along the entire western margin of the Pacific Ocean
is a series of connected arcuate topographic forms that
are called tectogenes. Each consists of a deep trench
that is convex seaward and is bordered on the landward
side by a ridge, parts of which rise above sea level to
form a chain of islands. Locally, as is in the Mariana
Islands region, several such ares are concentric. The

outer one is generally an active seismic zone with hypo-

centers at progressively greater depths in a landward
direction. The islands are dominantly andesitic, in
contrast to the basaltic rocks of the abyssal zone farther
seaward; thus, they mark the position of the andesite
line (chapter C). These various relationships were
more fully discussed by Hess (1948), one of the foremost
students of tectogenes.

The trenches of the tectogenes are the deepest points
of the ocean, and with the development of adequate
echo-sounding equipment they have received increased
attention. Since 1945 progressively deeper points have
been found in various Pacific trenches by the Ameri-
can ship Cape Johnson, the Danish ship Galathea, and
the British ship ('hallenger II. The latest maximum
depth was found in the Mariana Trench near Guam
(lat 11°19” N.; long 142°15” E.) during October 1951
by HM.S. Challenger II. Using supersonic equipment
a maximum accepted depth of 5,940 fathoms, or 35,640
feet, was obtained (Carruthers and Lawford, 1952;
Gaskell and other, 1953). In the same area the bathy-
scaphe 77ieste reached bottom at 35,800 feet on Janu-
ary 23, 1960 (Piccard and Dietz, 1961).

Guam is only one in the chain of islands on the con-
caveside of the Mariana Trench (fig.2). Other islands
from south to north are: Rota, Aguijan, Tinian, Sai-
pan, and a dozen small ones. Between and near the
islands are many separate reefs, banks and seamounts,

OF GUAM, MARIANA ISLANDS

nine or ten of which are shown by the detailed chart
of 3,700 square miles of sea floor near Guam (fig. 3).
One of these, Santa Rosa Reef, lacks only 21 feet of
reaching the water surface. It is evident that the
islands of the chain represent only a few of the high
points on a very irregular ridge. A better apprecia-
tion of the irregularity of the submarine topography
can be gained by examination of a fathogram made
between Saipan and Guam (fig. 4).

SLOPES AND TERRACES

The slopes east of Guam that lead down into the
Mariana Trench are fairly simple, smooth, and gentle.
The average declivity from the shoreline of the east
side to the 6,000-foot depth contour is about 4°. There
is a considerable steepening of gradient between the
shoreline and the 1,200-foot contour so that this sec-
tion averages about 11°. The slopes of the west side,
in contrast, are complex, and off the south half of
Guam they are steep, averaging about 1414° between
the reef edge and the 6,000-foot contour. This asym-
metry is more obvious in the profile of figure 5.

A series of detailed profiles (numbered 1 through
40) of the upper portions of the submarine slopes of
the island of Guam were measured (fig. 6; pl. 1) to de-
termine the steepness and whether terraces are present.
The positions of these profiles are indicated on the in-
sert map of plate 1. Profiles 6 and 7 were made by
hand sounding from a skiff, but all others are from
sonic soundings obtained aboard two large tugs U.S.S.
Abnaki (ATF 96) and U.S.S. Metaco (ATF 86), that
were made available by the Navy Base at Guam. Pro-
files 1 through 5, 8 through 13, and 33 through 40 were
made from U.S.S. Metaco, and 14 through 32 from
U.S.S. Abnaki. The latter ship carried the better echo
sounder; the windward profiles, therefore, were ex-
tended to greater depths than the leeward ones. The
echo sounder on U.S.S. Metaco was of the automatic
recording type (fig. 6), but on both ships soundings
were also read visually from the flashing dial at 10-
second (or 10- to 70-yard) intervals. Position fixes
were obtained at l-minute intervals, using pelorus
bearings on two to six shore objects. For lack of sur-
vey beacons, control was based mostly on tangents to
islands and cliffs, on mountain peaks, or on man-made
structures which had been mapped either by the U.S.
Navy Hydrographic Office or by ourselves. No slope
or velocity corrections were made, though each would
have tended to increase slightly the steepness of the
profiles.  Three profiles had inaccurate positions,
which left a total of 40 for making physiographic in-
terpretations. These profiles and the soundings on
which they are based were plotted only to a distance
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FIGURE 2.—General bathymetric chart of region (adapted from Hess, 1948). Contour interval is 6,000 feet (1,000 fathoms). Shaded insert
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of 2,000 yards from shore (pl. 1) because positions at 29, and 31. This terrace was not crossed in profiles
greater distance were considered of lower accuracy. 28, 32, and others, yet it is evident that there must be
The landward ends were carried as close to shore or a flattening at some depth shallower than the shallowest
into as shallow water as was deemed safe for the ships, depth that was reached on these profiles. In many
considering the conditions of wind and sea. profiles one or two additional but deeper flattenings

Inspection of the profiles (fig. 6; pl. 1) shows the may be observed, for example, profiles 12, 21, 27, and
common presence of a flattening, or terrace, at the shal- 39. These flattenings have slopes of 0° to 4°, in con-
low end of most profiles, as, for example, profiles 2, trast to the steeper slopes of 5° to 44° on the steps be-
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The presence of a submarine terrace at 55 feet is of
particular interest, for at a corresponding depth of 48
to 50 feet a terrace is found both inside and outside the
present reefs at Bikini, Eniwetok, and Rongelap Atolls
in the Marshall Islands. Stearns (1945) mentioned a
terrace at about 60 feet at Espiritu Santo Island in the
New Hebrides group. Evidently another terrace also
exists at the same depth (Norman Newell, 1953, oral
communication) at Andros Island in the Bahamas and
at Raroia in the Marquesas. A terrace at about 60 feet
may also occur off Japan (Hiroshi Niino, 1952, oral
communication) and off Oahu, T.H. (Stearns, 1935).
Soundings around San Nicolas Island off southern Cali-
fornia revealed terraces at the following depths: 55 to 65
feet, 110 to 130 feet, 160 to 180 feet, 230 feet, and 330 to
340 feet (Norris, 1951). Elsewhere, deposits of coarse
sediment may mark the level of the sea when the 60-foot
terrace was cut. Off San Diego, Calif., beveled strata
of Cretaceous age at a depth from 60 to 120 feet and sev-
eral areas of coarse iron-stained sand from 30 to 180
feet mark former low stands of the sea (Emery and
others, 1952). Similarly, in the Mediterranean Sea,
Bourcart (Umbgrove, 1947, p. 108) has found parallel
strips of gravel at depths shallower than 50 meters.
The presence of related features at the same depth else-
where in the world would seem to indicate that the 55-
foot terrace at Guam is a representative of a very wide-
spread eustatic feature. Knowledge of topography at
these depths is scant, for they are too deep for most land
geologists to study and too shallow for most marine geo-
logists. Off gently shelving coasts such a terrace is
generally obscured by later sediments, and off a steep
rocky coast navigation so close to shore is dangerous.
According to Dietz and Menard (1951), depths of 60
feet are generally well below wave base, a belief shared
by the writer; the terrace, therefore, is not a present-day
but an ancient one.

The 815-foot terrace is also a common one, for its
depth probably corresponds to the level of marine
erosion during glacial times at which a flat surface was
cut, forming a platform for the growth of present atoll
reefs (Emery and others, 1954). The same level is also
known at other places in the world (Dietz and Menard,
1951) as the site of submarine terraces. The interven-
ing 105- and 195-foot terraces are less known, though
representative terraces have been found near those
depths oft California.

As shown by the upper part of figure 7, there is no
relationship between the number or depth of the ter-
race and the presence or absence of reefs. The terraces
and the steepness of the steps between them also are
independent of the kind of bedrock and the known
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structure., Iven the slope between 0 and 55 feet is un-
related to voleanic or reef rock, as shown by diving by
Tracey, Schlanger, and others.

SEDIMENTS

Generalized charts of the Pacific Ocean floor show
that the sediments near the Mariana Islands consist
of either “coral mud and sand” or volcanic mud and
sand, both of which grade downward and outward into
Globigerina ooze, which in turn grades into radiolarian
ooze and red clay at very great depth (Murray and
Renard, 1891; Hanzawa, 1928; Revelle, 1944). A sam-
ple from near the deepest oceanic sounding by the
Challenger I1 in 1951 is diatomaceous (Wiseman and
Hendey, 1953). A more detailed picture of the distri-
bution of sediments is presented in figure 8, covering
the same geographic area as figure 3. Although Chal-
lenger I1 and Albatross took no bottom samples with-
in this area, U.S.S. Nero took 29 samples in 1899
(Flint, 1905). Five other samples near the entrance
of Apra Harbor are shown on Japanese Hydro-
graphic Bureau chart 2105 (1985) “Guam Island
and Plans,” and are presumed to have been
obtained by Japanese ships. Six additional samples of
the deeper slopes were taken aboard U.S.S. Abnaki
during the course of this study, making a total of 40
deep-sea samples for figure 8. Figures 9-12 are en-
largements of four of these samples.

The samples show that reef debris is fairly well
restricted to depths less than 3,000 feet, except off Apra
Harbor, where, perhaps because of tidal currents, it
may extend down to 6,000 feet. The tops and upper
slopes of Santa Rosa Reef and Galvez Bank probably
consist of similar debris, though no samples are avail-
able. At greater depth and distance from shore the
sediment is Globigerina ooze, except for 4 samples of
voleanic mud, which may possibly have been derived
from the small conical seamount that is located about
15 miles northwest of Guam.

More detailed information on the composition of the
upper part of the slopes is available from samples
taken by handline aboard a launch (SES 800) at depths
as great as 315 feet off Mamaon Channel and by winch
aboard U.S.S. Abnaki (ATF 96) from depths between
570 and 1,170 feet. Positions of the latter samples are
shown in figure 8, and brief descriptions of all are in
table 1. It is notable that Halimeda segments are
abundant in most samples even to the greatest depths.
Because Halimeda lives only in the photosynthetic zone



AND HYDROLOGY OF GUAM, MARIANA ISLANDS

145°00°

50

40

20

O

10Ol 2345678910

STATUTE MILES

Reef debris

Globigerina ooze

Sample position

|
145700

FiGURE 8.—Distribution of deep-sea sediments near Guam, compiled from various sources.











































































B37

MARINE GEOLOGY OF GUAM

‘6T ISNSny ¢ pus Af I Jo S£0AIns SurnInp JBY JOAI JUSdEB[PB PUB [PUUBY) 03BJ JO Iajvm Jo Louarvdsued} pur

2S61 1SNONY €

‘AupIoryd ‘eamrvIadwiog,—'CE TUAOLT

¢g61 AN 12

—
00E 00T oot 0

T&mﬁx«i o0Y
%, &&fﬁé SN

AON3YVASNVYL TINNVHO 0DVd

I

s
AN e/
= / ~,
)
£
¢ nT B
£ /
M. N
MEE NI 'SONIQVIY YSIa IHOO3S
|3

1334 NI 'SONIQVIY 3SIA IHOO3S
‘AONIYVSNVYL TINNYHO 09vd

Molfeys 00} wonog

. 34&»\«31:/}\’/\\/«
Y

r-
7 _—
SQUVA 00 00E 00g 001 0

, )
o :NFAE E\N.Sc?ffi:

m.iﬁ :
N

| W N

£

£

N

N

|
£ ANVSNOHL ¥3d SLvd NI
m ALINIMOTHO TINNVHO 09vd

S —
SayYA 00¥ 00E 00z 001 0

rmmc I i cp s A,

‘ALINIMOTHO TINNYHO 09vd

M ONYSNOHL ¥3d S1¥Vd NI
3
i3

P — ——-

SQUVA 00% 00E 00z 001 o

h3
RARYER

L
e V”x M LA LAUAAAS AR

LIFHNIYHY4 $33¥930 NI
"IUNLYYIdWIL TINNVHD O9Vd

LIFHNIYHY4 §334930 NI
W ‘YN LYEIdWIAL TINNYHO 0DVd




B38 GEOLOGY AND HYDROLOGY

and channel a brown color and reduced the transparency
to about a third of that previously noted. A few water
samples collected from 20 to 30 feet below the surface
were clear.

On the day after the second survey a heavy rain pro-
duced a discharge of river water nearly double that of
the previous day. Unfortunately, before the survey
could again be repeated the discharge fell to less than
that of 3 August, and the chlorinity and transparency
increased to values greater than that of the second
survey. However, data were collected on vertical
changes of water characteristics along the axis of the
channel (fig. 36). Subsurface samples were obtained
by lowering a corked and weighted bottle on a string
to the desired depth, then pulling out the cork by a
quick jerk of the string, which was tied both to the
cork and the bottle neck. Temperature was measured
by inserting a thermometer into the bottle as soon as
it was brought aboard. Temperature was measured
also with a bathythermograph, but the results were less
satisfactory owing to the small depth and temperature
scales of the instrument.

The results of the third survey proved that the water
of the river overrode the sea water of the channel from
the river mouth to the reef edge where its character was
obscured by mixing through wave turbulence and diffu-
sion. The subsurface water samples again were clear, in
contrast to the brown muddy surface ones. The tem-
perature, chlorinity, and transparency of the two kinds
of water contrasted so greatly that a more detailed study
of the stratification was made from a bridge located
about 300 yards upstream from the river mouth. The
vertical section at the bridge (table 7) shows a sharp
interface between the depths of 2 and 2.5 feet.

TABLE T7—Water characteristics at Pago Bridge, 5 August 1952

Depth (feet) Turbidity Temperature | Chlorinity
(°F) (®/o0)

High___________ 78.3 1.15

_____ do.__.______ 78.3 2. 09

Clear. _____.____ 82.6 | _________

do___._____ 82.8 | ____.____

do_________ 82. 8 18. 83

___________ 82. 8 18. 68

ORIGIN

The channels are best developed off the mouths of
the largest rivers. Their floors slope outward to depths
of 60 to 100 feet at the reef edge, and consist mostly
of sediment having both detrital and organic constitu-
ents. Clay and silt is abundant, but sand and even
gravel are present; Halimeda debris and coral domi-
nate the organic fraction along the sides and at the
mouth of the channel. After a rainstorm the fresh

OF GUAM, MARIANA ISLANDS

water moves seaward atop the sea water in the chan-
nel, and the underlying sea water remains clear and
free of sediment.

Gravel in the sediments of the channel floor and
of clear water under the layer of turbid fresh water
indicates that transportation in suspension is not the
only route or even the major route for sediment that
reaches the outer end of the channels. The soft fresh
character of the sediment shows, however, that it is
of recent or present-day origin. Thus, much of the
sediment transportation may be along the bottom as
turbidity currents or mudflows.

The unaltered chlorinity and lack of turbidity of
the bottom water even after a hard rainstorm shows
-that growth of reef-building organisms at the bottom
is not prevented by present-day excesses of fresh river
water. A more tenable hypothesis for the channels
is that first they were shallow gaps in a fringing or
barrier reef opposite river mouths at the depth of maxi-
mum lowering of sea level during one of the glacial
epochs. As sea level rose the reef kept pace by organic
growth, except at points opposite river mouths where
the fresh turbid river water prevented or slowed
growth. After sea level had risen to a point where
the gap in the reef was deep enough to be below the
influence of fresh turbid water, it was too deep for
enough sunlight to reach the bottom for effective photo-
synthesis. The soft unstable bottom is now an impor-
tant factor by providing no solid substrate for attach-
ment of reef-building organisms. It does not seem
likely that complete filling of the larger gaps can occur
by growth of the reef-building organisms even if sea
level were to remain stationary for a long time. How-
ever, partial filling may occur at depths below the level
reached by fresh water and above the soft shifting
bottom.

The channels and gaps in the reef are similar in
many of their characteristics to those of the atolls.
Kuenen (1947) proposed that the deep channels through
atolls were initiated by rise of sea level too rapidly
for reef growth on the slowly growing leeward side
to keep pace. Once the floor of the channel became
deep, the lack of sunlight would prevent its being
filled. From work in the Marshall Islands, Emery,
Tracey, and Ladd (1954) reached similar conclusions.
Thus, it is probable that the deep channels of atolls,
barrier reefs, and fringing reefs are of similar age
and related origin.

REEF SURFACE
TOPOGRAPHY

Reefs extend around nearly the entire perimeter of
Guam and range in width from a few feet to about
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sand is unusually ‘fine grained for reef-flat sediment
containing no volcanic debris. Why the black sedi-
ments should originally be finer with a probably higher-
than-normal organic content is not known, but holo-
thurians evidently have discovered that fact themselves
because they seem to be more abundant in the areas of
black hydrogen-sulfide-bearing sand than elsewhere.

TABLE 10.—Brown sands of reef flat near Tumon Bay

Type of sand

Ordi- Brown Black

nary
Sample_ .. ___________________ 60 62 268 269
Median diameter_ _millimeters._ . 0.64 | 0.64 | 0.69 0. 25
Trask sorting coefficient_ ______ 1.33 | 1.36 | 1. 42 2. 00
FeO___ _____________ percent. _ J11 ) .17 | .09 .10
FeyOsy o _______ do___. .20 . 39 .20 .19
Organic carbon.._______ do.___ . 06 .05 .04 .06
Nitrogen..___________.__ do____ .00 | .00 | .04 .00

It is believed that the hydrogen sulfide is formed
through activities of sulfate-reducing bacteria (Emery
and Rittenberg, 1952) during the process of oxidation
of organic matter that ordinarily is most abundant in
finer grained sediments. Reaction of hydrogen sulfide
with iron from organic matter or limonite is known to
form black iron monosulfides, which accounts for the
blackness of the subsurface sediment. Exposure of
this sediment through organic activities or wave action
should result in oxidation of the iron to limonite or
a related brown iron mineral, which need not be present
in large quantities to contribute a brown color to the
sediment. As this color is clearly a surface stain, it
can easily be removed by abrasion between grains on
the beach, so that the unstained beach sands are of the
same grain size as the brown sands a few feet away.

Chemical analyses (table 10) fail to support this
theory, for they show no definite change in the ratio
of FeO toFe,Oy; perhaps because in the analyses it is
necessary to include the iron within the grains as well
as that of the surface stain. Similarly, the organic
carbon and nitrogen are so low that differences are not
reliably indicated by these chemical methods.

EFFECTS OF HOLOTHURIANS

Whenever the reef surface is sandy, it supports
scattered holothurians. Parts of the landward side of
the reef at Tumon Bay have an average of perhaps 1
per square yard, but on the reefs at Agana, Pago, and
Achang Bays and Tarague Beach holothurians are
much less abundant. More than 95 percent of the

GEOLOGY AND HYDROLOGY OF GUAM, MARIANA ISLANDS

holothurians are Holothuria atra Jager, as identified
by Elizabeth Deichinan, of the Museum of Comparative
Zoology, Harvard University.

The geologic work of holothurians is of two types:
transportation and alteration. Transportation fol-
lowed by deposition and mixing oceurs through travels
of the animal in search of better feeding grounds, the
sediment being liberated in the form of fecal castings.
Also important geologically is the alteration of sedi-
ment as it passes through the digestive tract of the
animals. Some preliminary investigations in the Mar-
shall Islands (Emery and others, 1954, p. 100) showed
that the acidity of the intestinal tract modifies cal-
careous sediment by solution of the smaller grains
(largely parts of the calcareous binding alga, Jania)
that have a greater surface area per unit volume than
have ordinary sand grains. Grain-size measurements
by Bertram (1936) seem to lead to a similar conclusion.
These results differ from those of Yamanouti (1939)
who found no change in the sediments ingested by
holothurians at Palau. Further study to resolve these
differences was in order at Guam.

On 6 and 22 Augnst a series of pH measurements
were made on holothurians of Tumon Bay (table 11).
The results show that the intestinal fluids are much
more acid than the sea water in which the holothurians
live and that mixing of the fluids with the calcareous
sand in the intestines causes the sediment to become
progressively more acid during its passage through the
intestine. At the same time, of course, the acid in the
intestinal fluid becomes neutralized by reaction with the
caleium carbonate. The pH of the calcareous material
proved to be variable and subject to change during ex-
posure to air; the measurements therefore, had to be
made quickly. To find the pH of the fluid alone,
holothurians that contained little or no sediment at
the times were selected. Values of 6.9 pH are fully
capable of dissolving calcium carbonate at the existing
temperature and chlorinity. Even lower pH’s of 5
to 6.7 were found in specimens of Stichopus mobii from
Bermuda (Crozier, 1918) and in various holothurians
from Palau by Yamanouti (1939). Experiments by
Mayor (1924) at Tortugas, Fla., showed that a speci-
men of S. mobii dissolved calcareous sand at a rate
of 414 grams per year, supposedly about 1 percent of all
the sediment that it ingests. Probably modification
of the sand is by chemical action alone because the in-
testines are too thin and weak to exert mechanical
pressure to fracture sand grains, and in fact Crozier
and other investigators have even found living Fora-
minifera, copepods, and other small animals in the
feces of holothurians.
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TEMPERATURE, IN CHLORINITY, IN OXYGEN, IN
DEGREES FAHRENHEIT PERCENT MILLILITER PER LITER

STATIONS ACROSS REEF FLAT AT AGANA BAY
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account of the amount of water nor of its movement.
If two places on the reef have the same oxygen con-
centration but at one place the water is 1 foot deep and
at the other 2 feet, the water column at the second place
contains twice as much oxygen as that of the first place.
If the waters had not moved over a period of time, the

oxygen production at the second place would have been
double that at the first one.

GEOLOGY AND HYDROLOGY OF GUAM, MARIANA ISLANDS

At Agana Reef movement of the water is a compli-
cating factor, but it does not obscure the conclusion
that oxygen production occurs during the day and
consumption at night. If the water on the reef were
not dammed on one side by the island and were able
to flow into a lagoon, the production and consumption
of oxygen per square meter per hour could easily be
computed by determining the total gain or loss of oxy-

AIR TEMPERATURE, IN
DEGREES FAHRENHEIT
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FIGURE 48.—Air temperature and tide curves during the study of reef water at Agana Bay.
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gen as the water passed across the reef. This method
was used by Sargent and Austin (1949) in their study
of the reef at Rongelap Atoll. An alternate method
that can be applied at Guam is to assume that the water
remains on the reef and to compute the gain or loss of
oxygen between observations on the basis of the change
of concentration in an average volume of water above
a square meter for that period.

A graph, constructed from many such computations
(fig. 49}, shows the change in total oxygen content. of
the water throughout a 24-hour period. Because no
consideration is taken of the transportation of oxygen
by currents, the picture is not exactly that of oxygen
production and consumption per square meter of reef.
However, it is a fairly close approximation because of
the slowness of the currents (roughly 5 percent of

CHANGE OF OXYGEN CONTENT OF WATER, IN MILLILITERS
PER SQUARE METER PER HOUR
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those at Rongelap Atoll), their large component par-
allel to shore, and the Iateral uniformity of the reef
flat. The lag in change of oxygen content across the
reef may be best explained as partly due to landward
transportation of water from an area of greatest oxygen
production and consumption on the outer half of the
reef. The lag is about 7 hours, a reasonable time con-
sidering the low velocities of the oblique currents.
The changes of total oxygen content at stations 3 and
7 are compared with values obtained by Sargent and
Austin in figure 50. One immediately notices the sim-
ilarity in oxygen consumption at night. A few values
of figure 49 are lower than those of stations 3 and 7,
down to about minus 350 milliliters per square meter
per hour. It would appear from the comparison that
the reef at Agana is perhaps slightly more densely

PERCENTAGE SATURATION OF
WATER WITH OXYGEN

PERCENTAGE SATURATION OF WATER WITH CaCOs
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at Rongelap Atoll.

populated by animals than the reef at Rongelap Atoll.
Values observed during the day, however, are very
different in the two areas. At Agana, the water re-
mained much longer above the reef and formed a thin-
ner layer. As a result the oxygen produced by
photosynthesis had to be dissolved in a smaller volume
of water. In addition, the thin layer of water was
warmed more than at Rongelap, which lowered the solu-
bility of oxygen. So little oxygen could remain in
solution that during the daytime the water became
supersaturated, even to more than 200 percent (fig. 49),
and an unknown amount of oxygen must have escaped
to the atmosphere.

CALCIUM CARBONATE

In general, reef flats are fairly smooth, except for
irregularities that are produced by growing or dead
coral, and they lie between low tide and a foot or two
below tide. These characteristics indicate that exten-
sive erosion of the reef material by solution does not
occur. Thin sections of the reef rock from the Mar-
shall Islands were found by Tracey (Emery and others,
1954) to contain a fine-grained filling of interstices
that was believed to be a chemical precipitate of calcium
carbonate. However, chemical precipitates are not a

GEOLOGY AND HYDROLOGY OF GUAM, MARIANA ISLANDS

major component of the present reef surface as com-
pared to organic skeletal material.

The chemical data that were collected during the 24-
hour study of Agana Reef are sufficient to permit com-
putation of the percentage saturation of calcium car-
bonate in the reef water using Smith’s (1941) values
for solubility product. As shown by figure 49, the
water atop the reef was apparently supersaturated
from 114 to 5 times, averaging 3 times the content of
calcium carbonate at exact saturation. The lowest
values occurred at night or during times of low tide
when dilution by interstitial water of beaches was
apparent. The highest values were in the daytime
and also at low tide when water was isolated for several
hours in pools near the outer edge of the reef. Over-
saturation of tropical waters with ealcium carbonate
has long been a problem of oceanographic interest, and
it is no great surprise to find that such is true also
of water on the reef flat. Further discussion of this
problem will be given under Solution Basins.

BEACHES
COMPOSITION

The beach sands of Guam are of two main types.
White or buff sands that consist of caleareous organic
remains comprise more than 75 percent of the beaches.
The other sands are light brown to black, owing to the
inclusion of appreciable quantities of detrital volcanic
minerals.

Beach sands were collected from 58 beaches (fig.
51.1), at approximately high-tide level. The percent-
age of voleanic material in 53 samples was determined
by digestion in cold dilute hydrochloric acid. The
weight loss after decantation of the spent acid is con-
sidered to be the bioclastic portion; the insoluble
fraction is the voleanie portion. Insoluble bioclastic
debris, such as siliceous sponge spicules, and soluble
detrital matrial, such as limestone granules, are so
minor as to have a negligible effect on the percentages.

From figure 518 and tables 13 and 15 it may be
observed that virtually all the beach sands in the
northern half of the island are entirely of bioclastic
origin. This is reasonable considering that this end of
Guam is almost entirely of limestone, which can supply
little detrital sediment, and that there are no surface
streams. A sample of clayey silt from the floor of
Janum spring contained 80 percent insoluble material
that had evidently been carried by ground water from
an area of volcanic rocks, perhaps from near Mount
Santa Rosa. Though not a true beach sand, this sample
is included here because of its intertidal position.
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LOCALITIES OF BEACH SAMPLES 2 PERCENTAGE INSOLUBLE RESIDUE ©
AND BEACH PROFILES IN BEACH SANDS
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A more complex provenance exists in the southern
half of Guam where the surface rocks are dominantly
of volcanic types, and where large streams that drain
the area debouch at the heads of coastal embayments.
Characteristically, the sands at the heads of these em-
bayments contain large percentages of insoluble, or
volcanic, grains (fig. 42). Samples from each of two
such areas contain 91 percent volcanic grains. Between
the embayments relatively straight coasts lie inshore
of wide reef flats. These areas have beaches composed
of bioclastic sands that generally contain less than
2 percent insoluble grains, or none at all. Evidently,
the bioclastic sand from the reefs is washed ashore
to the adjacent beaches and little of it enters the em-
bayments, particularly embayments of the type whose
sides have only narrow reefs. In turn, the volcanic
sands that are brought by streams are prevented from
leaving the embayments by wave wash from the sea.
Little detrital sand is contributed by sea cliffs because
they consist chiefly of limestone, or, where of volcanic
rock, they ave protected from much wave erosion by
the quiet water of wide reef flats.

A third and intermediate beach environment exists
on the west coast between Umatac and Agat (fig.
514-C) where the volcanic rocks reach the coast and
form sea cliffs that are subject to wave erosion. In
this area almost the entire beach is supplied with sedi-
ment from both land and the reef flat. As a result
the beaches consist of a mixture of bioclastic and vol-
canic sediment with neither being overwhelmingly
dominant.

The volcanic sand grains were separated from the
calcareous ones as insoluble residues and split into
heavy and light fractions in acetylene tetrabromide.
Identifications were made with a petrographic micro-
scope and frequency estimates with a binocular micro-
scope. The predominant detrital mineral is serpentine
that is present as brown to green rounded masses
having specific gravity varying between slightly less
than to slightly more than acetylene tetrabromide, so
that serpentine occurs in both the light and the heavy
fractions. Presumably it is an alteration or weather-
ing product of olivine. Hornblende, augite, and oli-
vine are common ; magnetite fairly common; and biotite
and an opaque spinel, picotite, relatively rare. The
light minerals consist of plagioclase, voleanic glass, and
some quartz. Percentage frequency of minerals in two
beach sands are included in table 13. Chemical andlyses
of the acid-insoluble fraction of the two detrital beach
sands are given in table 14. The results show higher
Fe,O;, higher Al,Q;, and lower MgO than might be
expected from the mineral composition. Possibly this
is a reflection of the basic nature of the rocks of Guam
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and the variable composition of the olivine, augite,
hornblende, and serpentine minerals derived from these
rocks.

TABLE 13.—Composition of beach sands, in percent

Beach locality ___.__.________ 5 6 11/ 15/ 20f 23] 31 36| 41| 43| 53
Sample. ... _________.__.___ 63| 59! 83{ 32( 26| 109| 193 7 2{ 201 78
Organic carbonate___._______ 100| 100| 100] 100| 100{44.3 | 100/61. 5 [98.0 | 100(98.0
Foraminifera.___ o] 5 120 1 1) 2 2|1 0 8| 2
Shells - ooooooo 25| 38 10| 20| 4415
Fine sand and silt. 200 of Of of oOf1
Halimeda debris. 5 1 1] 15/ 20/ 0

35/ 55| 77| 50| 20(65

Caleareous red alga 10| 5| 10| 14| 15|17
0

Spinel (pic_ot
Rock fragments_ -
Not determined ... _._|.-. - JRIN I P,

Miscellaneous. ... 0 0 0 00
Tnorganic...._______.__ 0 0 0o 0 0155.7
Glass and quartz ... cmee| e aa] 2.3
Feldspar_______..________ pmecfmm e mmn e ]-oo2]20. 1
Serpentine..________ 33.2
Biotite..__- .0
Hornblende 7.6
Olivine.__. 10.9
Augite- - 14.3
Magnetite 6.0
1.9
3.5
.2

TABLE 14.—Composition of detrital beach sands—partial
chemical analyses

[Analyses by Mitsui Chemical Co., Tokyo, Japan]

Partial analyses, in percent

................. 23 36

T i 4
Si0s o e 50. 2 46. 4
FerO5 oo e 10. 8 16. 6
ALOs - 12. 8 13. 3
Crzog _______________________________ .6 .2
CaO. .l 7.8 7.9
MO . 9.8 8 6
Ky0. LT '8 "3
NagO. oo 19 "9
94. 5 04, 2

The acid-soluble fraction of the samples is virtually
entirely of bioclastic origin, for it consists of the cal-
careous hard parts of both animals and plants (table
13). The dominant constituent proved to be coral.
Shell fragments generally constitute the next most com-
mon constituent, followed by calcareous red algae and
Halimeda debris. Foraminifera are definitely a minor
constituent of the beaches along the shores of Guam it-
self, but they dominate on the beaches of Cocos Island
(fig. 41), just as they do on beaches of the similar low
islands of most atolls.

TEXTURE

Texture, or grain size, is another important character-
istic of sediments. Because the beach sands contain
little silt and clay, a rapid method of making size
analyses by settling through a long column of water
was employed (Emery, 1938). These measurements
permitted the construction of a cumulative grain-
size curve, from which the 25, 50, and 75 percentiles
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were read. The 50 percentile is the median diameter,
and the 25 and 75 percentiles were combined into the
Trask sorting coeflicient, So=v/@25/Q75 (Trask, 1932,
p. 67-76). The degree of accuracy of results is indi-
cated by inadvertently repeated analyses of several
samples, yielding the following median diameters: sam-
ple 26—1.03, 1.04; sample 33—0.70, 0.76, 0.84; sample
37—0.32, 0.38; and sample 41—0.52, 0.56. Sands that
contain pebbles had to be partly analyzed by sieving be-
cause grains of more than 4-mm diameter cannot be
passed through the settling tube. Also, sediments that
consist of fine silt or clay were analyzed by the standard
pipette method.

The median diameters and sorting coefficients were
determined for the 58 samples that were collected from
the approximate level of high tide at as many beaches
and for 24 samples from the approximate low-tide level
(table 15). The slope of the beach at 25 localities is
also listed.

For each of the 24 pairs of high-tide and low-tide
samples except one, the low-tide sample is coarser in
spite of the fact that the beach is steeper at the high-
tide level. Somewhat similar results were found by
Bascom (1951) for mainland beaches of the west coast
of the United States. He interpreted his results as
meaning that the coarsest particles remain concentrated
at the plunge point just seaward of the backrush, which
is the point of maximum turbulence. This cannot be
the complete explanation at Guam, however, for the
sand of the reef flat is not consistently either finer or
coarser than that of the beach at low tide (table 9).
Evidently, the wave motion on the foreslope and upper
part of the beach has either comminuted the coarser
grains or winnowed out and redeposited there the finer
ones from the reef flat. This belief is supported by
the progressively better sorting from reef flat to high-
tide zone, with mean values of 1.95, 1.86, and 1.34, re-
spectively. Knowing the median diameter, but not the
position of a sample relative to tide level, it would
be impossible to estimate correctly the slope of ancient
beach deposits.

Examination of table 15 and figure 52 shows that
in general the samples that contain the highest percent-
age of insoluble residue have the smaller median diam-
eters. The relationship is such that for samples that
contain less than 3 percent insoluble material the mean
median diameter is 0.48 mm, in contrast to 0.29 mm for
samples having more than 3 percent insoluble material.
This must mean that the detrital grains are finer than
the organic ones, a fact that is also evident from the
histograms of several selected samples (fig. 53).
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TABLE 15.—Characteristics of beach sands

Median di- | Trask sorting Slope,
Insolu- | ameter, in coefficient in degrees
ble millimeters
Beach locality Sample re(sidue
per-
cent) | High { Low | High | Low (| High | Low

tide | tide | tide | tide | tide | tide

0.3 ... 156 | .
.27 0.76 | 1.16 | 2.58 6.8 0.0
16 feo. 150 oo
.23 .64 | 1.22| 191 7.2 .0
.23 .89 1.38) 1.83 7.1 5.1
.26 .64 | 133 1.33 7.7 4.0
.26 .34 160 | 222 5.7 .0

26 .45 | 1.25) 1.85 9.1 .0
.21 .79 123 5.34 8.4 .0
45 | ) PO 1 T PSR PR I,
.34 .61 | 125 1.91} 15.0 1.7
.38 | 1.04| 1.26( 3.80 | 10.5 .0
P73 PR 0+ R, RO, R
.24 38 L13{ 1.10| 12.4 .0
.26 45| 1.23 | 124 10.7 .0
.59 38| 1.3 | 1.50 | 11.9 .0
.35 4 145 2.24 7.9 3.3
.70 71 L22| 2.65| 1L7 3.4
D) T PR OGS SO RS P,

103 foeaee- b5 20 TR PO [

49 | 1.63| 1.27| 2.30| 10.7 4.0

39 Jeeamoo 117 fee e o

33| 1Lo01| 1.67| L39 8.5 0

25 | D T RO PRSI PR,

[ 74N F—— P - 2 S PO (R,

42 | U R PSR P

33 54| 1.46 | 1.30 7.1 2.5

18 [ooeoa- L09 [ e feeaaaas

43 60 | 1.33 | 1.54 6.0 0

b B R VO T PR PRSI

b1 —— 3,08 [~ocmoomfamacamn[amaamn

21 82| 1.29| 1.86 8.9 2.4

VO E—— > R (R R

[ 7/ — ) ;A DRV PR A
12 - 158 faoom oo cmmm e liecaama
36 |- 365 Jaemooc e emaea
57 78 | 130 | 1.78 10. 4 0
25 |oeee- ) 1Y PR I PR,
54 1,141 1,27 ] 1.8 5.0 3.1
{0 P— 1.54 [noccmo | meee
45 |- 128 |aeommefemmme e
(VN ) i 2 VR R FUS,
47 leeeaee b 75 RN SR
40 |--oooo- D IR 3 W ORI (R PN
70 |-eaem- b7 U 3 (RN PR R
A | 1.22 faoceaen 6.9 |amcaeoe
-7 — L.56 Jeecmo e cmm e fmmammen
(3 P— ) Wi PO SR (P,
[ £ 2 SO (R FEVIRPRRPIN PRI O,
63 . 162 e e e
63 91 1.62 | 1.76 3.3 0
) ;3 I 1.68 oo
21 1.16 1.17 2.32 8.0 5.0
40 |--coaae 117 Jemaccfrmammcn e
(i3 R 203 |- e
98 |omoo- 153 |ccm e e
Mean values. |- 2 .39 .73 | L34} 1.86 8.4 0.0
SLOPES

Profiles of the beaches at 25 localities (figs. 514,
54) were measured, using a simple survey method, to
expand the present sparse information about beach
slopes of reef areas and also to be able to evaluate the
effects of subsequent typhoons on beaches of Guam.
At each site a bench mark or arbitrary base level was
set up by driving a 20-penny nail into the base of a
coconut or casuarina tree growing near the shore. A
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SLOPE OF BEACH, IN DEGREES

PERCENTAGE INSOLUBLE RESIDUE
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*— Sample at high-tide level .

°o— Sample at low-tide level r

100

7 Median diameter of samples having >3 percent insoluble=0.29 (20)
Median diameter of samples having <3 fercent insoluble=0.48 (24) ,

* — Sample at high-tide level

50 .

0 .

1092 8 7 6 5 4 3 2 1090807 0.6 05 0.4 0.3 0.2
MEDIAN DIAMETER, IN MILLIMETERS

F1GURE 52.—Relationship of mean diameter of beach sands to the percentage insoluble residue and to beach slope.
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C, calcareous material

60— F, feldsparl —
S, serpentine
H, hornbiende
O, olivine
A, augite
Q, quartz and glass
B, biotite
M, magnetite
50 P, spinel picotite ]
R, rock fragments
N, not identified
[ ]
.40 .
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E c Locality 23
8 Sample 109
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GRAIN DIAMETER, IN MILLIMETERS

Ficure 53.—Histograms of two beach sands that contain large percentages of detrital sediments.

The size distribution of the commoner

detrital minerals ig also indicated.

profile was run directly seaward from this bench mark.
For this work 2 poles were needed, each 6 feet long
and marked off in feet and tenths of feet. The poles
were held in a vertical position 1 length, or 6 feet, apart
in a line at right angles to the shore with the bottom
end of each resting on the sand surface. The ob-
server holding the landward pole read off the distance
below the top of his pole of the point that was alined
with the top of the seaward pole and the horizon. This
distance is the difference in height of the beach at the
two sites. It was recorded along with notes on the
general grain size and other description of this 6-foot

portion of the beach. The next setup of the poles was
6 feet farther seaward, and this was followed by re-
peated setups generally until the profile was carried to
the rocky reef tlat or into the surf zone.

The chief source of error is that of accidentally
thrusting the poles into the sand. This can be either
a positive or a negative error depending on which pole
was pushed into the sand. Several of the profiles
ended on fairly flat reef rock about 100 feet seaward of
the bench mark. Repeated measurements of 6 such
profiles showed a mean difference of 0.2 foot, which
might be considered the error of measurement. Actu-
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BEACH PROFILES

60 GUAM
® 4 FEET 4 <L ocality number
e Cacadtica Sq\Bench mark - Sand samples-._
Q P atk g
9% g 67, Reef rock-
66 2. 92 8 g oo o Iower Iow water T
PO b 30 40

VERTICAL EXAGGERATION x 2
Dates of survey
*— 28 June to 2 July 1952
x x3-9 January 1953
o ©013-17 August 1953
Mean tide range, 1.6 ft
Spring tide range, 1.9 ft

46
,—ﬁ

50 FEET

FicURE 54.—Beach profiles at localities of figure 514.
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ity, and food demand than the smaller ones; thus, the
question of size distribution is a complex biologic
problem,

The correspondence of the curves of abundance of
limpets with the profile of the nip suggests a relation-
ship such that the presence of the limpets is either a
partial cause or a result of the nip. Many of the limp-
ets occupy small holes of the same shape and size as
their shells; it may be inferred, therefore, that acids
from life processes have etched the holes in the lime-
stone. If this conclusion is correct, the pH of the
water between the limpet and the rock should be lower
than about 7.5. Measurements of pH were made by
holding the soles of freshly collected limpets against
the electrodes of a pH meter. Readings for 50 limpets
ranged between 5.7 and 7.5, with a mean of 7.2. It
seems probable, therefore, that the dissolving action
of limpets may be a major factor in producing nips;
where there are more limpets, there are more holes
which coalesce and deepen the nip faster than at the
top and bottom of the nip where limpets are less abun-
dant. A few nips that contained no limpets may have
been formed at an earlier date and then the limpets
died out, or those nips were formed in a different way.
In this connection, it should be noted that a nip, similar
in all respects to those in limestone, was found in basalt
at the base of the cliff beneath Fort Santo Angel at
Umatac.

Other organisms, such as boring green algae, chitons,
worms, sponges, and crabs, may also be important
agents in developing the nips by biochemical and me-
chanical actions (Bertram, 1936). All would find the
intertidal environment of the nip a more favorable
habitat than the dry rock above or the loose sand below,
so that any activity directed toward rock destruction
should produce a nip or indentation in an originally
vertical rock surface.

RIMMED TERRACES

Steplike terraces occur along the base of many of
the cliffed coasts of Guam where protecting reefs are
narrow. The top step of each series is generally near
the highest point that is reached by waves or by their
spray on relatively calm days. Each step is in reality
a hollow saucer bounded on one side by the wall of
the next higher rimmed terrace or by the sea cliff and
elsewhere by a horizontal or even-crested rim that re-
tains water, like the geyserite terraces of Yellowstone
Park.

The terraces belong to two main groups on the basis
of size. The smaller, but more common, type occurs
on gently sloping parts of the rock near the base of the
cliffs where they are washed over by waves at high tide
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(fig. 60). The rim height and water depth generally
is less than 2 inches, and the width and length are only
a few feet. More spectacular are the large terraces,
some of which are 3 to 6 feet deep and have rims of
the same or somewhat greater height and smooth to
irregular floors. The diameter of such terraces may
exceed 20 feet, and their shapes range from round to
angular. The rims themselves vary in thickness gen-
erally between about 3 and 15 inches, with greater
thickness characteristic of the higher rims. These
terraces reach much higher above the sea than the
smaller ones, even to about 10 feet above low tide (figs.
58, 59), but all can be reached by spray at high tide.
Tayama) 1952, p. 225-227) described at Guam and
Tinian “rimmed pools,” which included both rimmed
terraces and ordinary solution basins. Similar features
have been recognized elsewhere by other workers who
do not agree on the mode of origin, perhaps partly
because there is more than one origin. ILister (1891)
considered that rimmed terraces at Tonga are built up
by red encrusting algae which grow more vigorously
at the edges; however, his report is brief and his field
study relatively incomplete. Kuenen (1933, p. 82-83),
Umbgrove (1947), and others have reported that rim-
med terraces are composed of the same kind of rock as
the rest of the reef flat, and thus are of erosional
origin. These two modes of origin are diametrically
opposite, for in one the terraces are being raised
whereas in the other they are being lowered. Because
of the uncertainty of the origin of rimmed terraces,
several days were devoted to their study at Guam.
Most of the work was done at Tagachan Point, north
of Ylig Bay. Briefer studies were made just south of
Pago Point, southwest of Inarajan village, and finally
at Unai Halaihai on Saipan. Three lines of investiga-
tion were followed: geologic, biologic, and oceano-
graphic.

The geologic evidence is that of rock type and
surface character of the rock. Inspection showed that
the mass of the rock in the rims and even most of
the top surface of them consists of the same limestone
that forms the sea cliff and the small nip commonly
present behind the terraces. The surest means of rec-
ognition of this rock was the presence of brownish filled
joints or limestone veins that could commonly be traced
continously down the cliff and across the floor of a
pool and its confining rim (fig. 61). Also signifi-
cant is the fact that no rimmed terraces were found
adjacent to cliffs consisting of volcanic rocks, but only
off the limestone ones. Examples of the smaller type
of terraces having floors and rims of tuff have been
observed at Hanauma Bay on Oahu, Hawaii, and they
may also exist at Guam, though if present they are
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rare. Particularly in the areas below water level the
surface is commonly irregular and pitted. This means
that the chief erosive agent must be solution rather
than abrasion, and in fact, few of the pools contained
pebbles or cobbles that might serve as abrasive tools.
Some of the lower pools, where water movement must
sometimes be vigorous, do contain rounded cobbles and
even true potholes which indicate that for these pools
abrasion is a factor.

The biologic evidence concerns both plants and ani-
mals. Swimming and floating forms of both groups
have only an indirect, or biochemical, function com-
pared to the sessile forms that, in addition, may add to
the rocks by attaching their skeletons or may destroy
it by boring activities. Most apparent of the attached
organisms are fleshly algae such as Gelidiella acerosa
(Forssk.) Feldm. & Hamel, small filamentous species
of Cladophora and Boodlea, and the jointed coralline
Jania tenella Kitz. These live wherever they are at
least partly covered by water, and are most abundant
where there is a steady renewal of water either by
splashing inward from the sea or by flowing outward
from the pool through a low point on the rim. In the
latter site the plants commonly grow so densely as to
retard the flow of water. On death most of these plants
completely disintegrate. Probably more important are
several species of thin encrusting lithothamnioid and
peyssonelioid algae that also live most profusely where
water renewal is greatest. Though these algae are
inconspicuous, on death they leave a thin deposit over
the rock surface; thus, they tend to build up the rim,
especially at low points. Nowhere, however, was more
than a small fraction of an inch of the algal deposit
noted, with the thickest deposits consisting of litho-
thamnioid algae. Boring green algae also are present,
but 1t is doubtful that they contribute appreciably to
rock destruction in the rimmed terraces.

The animals have a more complex function in the
origin of the rimmed terraces than the plants, for some
of them are rock builders, whereas others take an active
role in rock destruction, and most have no direct influ-
ence on the rocks. The most abundant forms are worms,
identified by Olga Hartman, of Allan Hancock Foun-
dation and vermetid mollusks, identified by Myra Keen,
of Stanford University (table 21). The chief rock-
building animals are the vermetid mollusks, which form
a deposit locally several inches thick. The deposit can
be recognized by its content of more than 50 percent of
purplish-brown curved tubes 1 or 2 mm in diameter.
Because of their shape, these tubes have often been
considered in the field as deposits made by worms. Like
the algae, these mollusks prefer areas of moving water,
and their thickest, and presumably fastest accumulating
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deposits, occur at low points of the rims. Locally, the
deposits may be several inches thick, forming a patch
for a broken wall, an overhanging section on the inside
of the wall, or a spoutlike spillway for overflowing
water. One worm, Spirobis, builds coiled tubes on the
rocks; but these are small, rare, and of no significance
in the local rock building. Worms that deposit cal-
careous tubes seem to be rare in the tropics, and only a
few tubes were found in the sediment samples from
Guamn.

TaBLE 21.—Animals from rims of rimmed terraces

Builders| Borers |Nestlers
Vermetid mollusk:
Spiroglyphus sp. (Pago Bay form)___| X | _____|.____.
Polychaetous annelids:
Bunice afra Crossland______________|_.___._|[.__.__ X
Palola siciliensis (Grube) . ___ . ______|._.____ X .
Lysidice collaris Grube__ ___________| _____ X o
Perinereis obfuscata Grube__._______| ____._[.____. X
Pseudonereis gallapagensis Kinberg. __|______ D G
Platynerets dumeriles (Audouin and |._____|._____ X
Edwards).
Loimia medusa (Savigny)_ .|| ____ X
Terebella Sp- - - - oo X
Chrysopetalum ehlerst Gravier_ ______| _____|._____ X
Polyophthalmus pictus Dujardin_ - ___|______|______ X
Syllis gracilis Grube._ . ____________ | ___|o..__ X
Possibly two other syllid species_ .- - |- .- __{ ... X
Spirorbis (dextral).__ _ . ___.__.__.___. ) G P
Miscellaneous:
Sipunculid worms, several species.___|-_____ D S
Boring sponge_ . .. .| X aoaa-
Isopods, 8 speeies.________ . |oeoo_ oo . X
Amphipod, 1 speeies- .. |eeocoo|oooooo X
Shrimp, 1 Species. . - oo oo oo X
Chitins . _ oo X
Limpets_____ || _ X
Barnaeles___ . ____ . _________._._.. ) G P S
Insectlarva._ .. __ || .. X

The third and last kind of evidence examined was
water composition. Measurements of temperature,
chlorinity, alkalinity, hydrogen-ion concentration, and
oxygen content were made in the afternoon and before
sunrise on different days to allow the time of high tide
to change (table 22). The results clearly show a diur-
nal variation of these properties greater than that of
reef water and similar to that found in the solution
basins that are discussed below. During the daytime
photosynthesis by the plankton and attached plants
produces an excess of oxygen, so much in fact, that it
was not unusual to observe bubbles of oxygen rising
to the surface, showing that the water was more than
saturated with oxygen. In producing the oxygen, car-
bon dioxide was used up and its loss is shown by raised
pH and lower alkalinity. This change must mean that
if the water enters the pool in a saturated condition
in the morning, some of its calcium carbonate must be
deposited during the daytime. As no deposits were
found, it is inferred that they are in the form of a
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granular precipitate that is later washed out of the
pool or is dissolved.

Photosynthesis ceases at night, and both plants and
animals use oxygen in respiration. As a result, the
oxygen content decreases, and the carbon dioxide con-
tent, increases. The latter change is shown by de-
creased pH and increased alkalinity. In comparing
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values of the rimmed terraces with those of the reef
water (fig. 47), it must be borne in mind that the reef
water undergoes similar, but less extreme, changes
owing to the smaller population of plants and animals
that live on the reef. Conditions in water of the open
sea are less changeable, but simultaneous open-sea sam-
ples could not be obtained.

TaBLE 22.—Characteristics of water in pools of rimmed terraces

Temperature | Chlorinity Oxygen Alkalinity Saturation Height above
Date Time (@] (®/oo) pH (milliliters | (milliequivalents| of CaCOj3 Dimensions low tide
per liter) per liter) (percent) (feet)
24 July___..____ 1500 88. 5 18. 78 890 |- __ 2. 20 620
5.l 0400 85. 0 1878 | 820 | - 2. 45 850 [J22/ by 22/ by 5" 8
24 . 1500 90. 5 18. 66 9. 00 7. 38 2. 20 680
25. 11111 0400 85. 0 18.66 | 8 22 445 2. 44 830 [}25 by 25" by 67 6
24 ___ 1500 98. 0 18. 28 9. 10 11. 01 1. 83 340
25 1111 0400 85. 0 18.28 | 8 21 448 2, 40 300 |}10" by 10" by 57 8
23 Aug______.__ 0600 82. 4 18. 42 8. 00 . 87 2. 68 200 | 30’ by 7/ by 12/ _.
23 .. 0600 83. 5 18.47 | 8.12 3.71 2,47 250 | 20’ by 15’ by 4'/__

The main mass of water of the pools is not sufficiently
acid even at night to cause solution of calcium car-
bonate at the existing high temperature. However,
greater changes of acidity must exist on the floors and
walls of the pools where the ratio of plant and animal
tissue to water volume is relatively large. The sessile
plants and animals, in addition to producing most of
the change in water characteristics, prevent by their
bulk much mixing of water; the changes of the water
characteristics in the middle of the pool must therefore
be small compared with the changes near the rocky
bottom and sides. Thus, even though the main mass
of water cannot dissolve limestone, the water at the
boundaries may be able to do so.

In conclusion, it seems evident that pools are floored
and rimmed chiefly by limestone that has been hollowed
out by solution through biochemical changes of sea
water that are produced by life processes of plants and
animals. If for some reason, one point of the rim
becomes lower than the rest of the rim, the concentrated
flow of water onutward through the gap leads to espe-
cially favorable conditions for growth of plants and
animals. Fleshy, filamentous, and jointed algae help
plug the gap, but permanent patching is done by ver-
metid mollusks and encrusting red algae. In no rim
that was observed did the organic deposit constitute
more than a minor part of either the height or perim-
eter of the rim. Consequently, the term “worm-algal
terrace” is a misnomer, even more so because the worms
that are present are borers rather than builders. It is,
therefore, suggested that the noncommittal term
“rimmed terrace” be applied to these features. The
features at Guam are destructional, controlled by local

construction, and the overall history must be one of
lowering rather than of raising of the coastal zone.
Otherwise, the top of the rim would not consist chiefly
of limestone. It is, of course, possible that similar
features that occur elsewhere may be of dominantly con-
structional origin and comparison of the two types
would be of interest. In fact, David B. Doan found a
small constructional rimmed terrace near Iaputo Point
where the configuration of the shore causes very fre-
quent washing of sea water over the rocks, which gives
rise to a growth environment similar to that of the low
point of a rimmed terrace,

SOLUTION BASINS

A problem of considerable interest for limestone
shores is that of the caleium carbonate equilibria in the
sea waters; whether solution or deposition is taking
place. Geologic evidence, in the form of flat-floored
basins, mrregular serrated sloping or vertical surfaces,
and absence of abrasion characteristics, indicates that
solution must occur; however, at the high temperatures
of tropical seas early chemical studies showed that the
sea water is apparently incapable of dissolving lime-
stone, being already supersaturated with calcium
carbonate.

In 1946 Emery showed that water in tide pools in
caleareous sandstone of a temperate climate is capable
of solution at night when respiration of plants and
animals increases the total carbon dioxide content of
the water. During the daytime, the photosynthesis by
planktonic and attached plants results in production of
oxygen and loss of carbon dioxide, whereby the water
is made so basic that calcium carbonate is deposited.
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acid. This reasoning is borne out by the fact that the
alkalinity measurements do indicate the existence of
additions to the calcium concentration in water of solu-
tion basins at night and losses during the daytime.

CONCLUSIONS

In marine geology there is a well-developed inter-
relationship between topography, water characteristics,
sediments, and biology whereby each is partly controlled
by, and itself partly controls, the other three fields.
These relationships are especially obvious at Guam.
On the extensive reef flats the topography is subdued—
mainly a flat area at a level just below low tide. Its
flatness is believed to be the result of solution of parts
that once stood exposed above low tide, together with
filling of holes by loose bioclastic sediments and by
organic growth. This flatness, in turn, permits the
movement of waves and tidal and wind currents which
carry the sediment to fill holes, to build the beaches,
and to dump some excess over the reef edge to slide
down the slopes. The shallow partly rocky surface
provides places for attachment, and the continously
resupplied water brings food to growing organisms
that eventually become sediment.

In Cocos Lagoon the quiet deep water behind a small
barrier reef permits the settling of finer sediment than
can remain atop the reef flats. Similiar sediments
should accumulate until the surface reaches a position
just below low tide and a wide reef flat is formed.
These sediments are bioclastic: coral is the chief con-
tributor followed by calcareous red algae, shells,
Halimeda debris, and Foraminifera. This order of
composition is the same as that of the reef flat, and
with the observed pattern of distribution it is a supple-
mentary indicator of derivation largely from the reef.
The predominance of coral and calcareous red algae
over Halimeda (unlike Bikini Atoll) is a reflection
of the shallower depths of Cocos Lagoon and of the
higher ratio of reef area to lagoon area than at Bikini.
Probably the floor of the lagoon is inherited from a
lower relative stand of the ocean, of which several are
also indicated by submerged terraces on the fringing
outer slopes of Guam.

Around the island the reef is cut by transverse
channels of several types. Nearly all the channels are
located off the mouths of streams. It is believed that
the channels owe their existence to the flow of fresh
muddy water across the thin beginning reef during
one or more of the stages of lowered sea level. At
present the muddy river water, even after rainstorms,
flows in a thin sheet across the top of the channels and
over the adjoining reef flats. The underlying sea water
is left clear and undiluted, and thus capable of support-
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ing coral growth, where the depth to the bottom is not
now too great. The soft muddy bottom of some
channels also prevents attachment of organisms. These
muds are an indication of the absence of wave action
at the bottom of the channels, and it is believed that
the sediments, which are largely of volcanic derivation,
make their way along the channel floor from the river
mouth at the landward end in the form of mudflows
or possibly turbidity currents. At most river mouths
the beach sands also consist dominantly of volcanic
rock and mineral grains, completely unlike the bio-
clastic beaches inshore from reefs.

The final form and composition of any landforms,
including islands such as Guam, are controlled by
the relative importance of erosion versus deposition.
For all practical purposes the two processes are sep-
arated at the low-tide level. Erosion by surface or
subsurface fresh waters dominates the upper levels
of islands, with solution by sea water restricted to the
intertidal zone. Though wave and current erosion does
reach below sea level, the effect is greatest at very
shallow depths and during the storms even somewhat
above sea level. The dominant process below sea level
is deposition, during which both organic growth and
bioclastic sediments are important factors. In time and
in the absence of diastrophism or changes of sea level,
the continued erosion above sea level and deposition
below it should determine the final shape of Guam—
ultimately a broad flat reef having a shallow core of
voleanic rocks in its center.
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