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GLOSSARY

[Most definitions were taken from: Bates, R. L., and Jackson, J. A.,
Editors, 1980, Glossary of geology, 2d edition: American Geological Insti-
tute, Falls Church, Va. 749 p.]

A-Frame. The “A”-shaped steel frame mounted on the stern of a
vessel from which oceanographic instruments are towed.
Acoustics. The study of sound and characteristics of its transmis-
sion through various media.

Airgun. A sound source for seismic reflection and refraction pro-
filing powered by compressed air.

Anemone. A marine organism, often attached to the bottom, re-
lated to corals, jellyfish, and plant-like colonies of hydroids.
Apparent crater. The locus of the zero-difference contour sur-
rounding a crater; that is, the locus of points along which the
effects of an explosion can no longer be detected when the preevent
contours are compared with the postevent contours.

Apparent velocity. In refraction seismic surveys, the velocity
obtained with one unreversed profile.

Arrival. Refers to the appearance of energy on a seismic record.
Backreef. In this study, the side of the reef away from the sea and
toward the lagoon.

Bathymetry. In this volume, depth of the sea floor beneath the sea
surface.

Beachrock. A friable to well-cemented sedimentary rock, formed
in the intertidal zone in a tropical or subtropical region, consisting
of calcareous debris (from corals and coralline algae) cemented
with calcium carbonate; often a thin, clearly stratified, seaward-
dipping calcareous sandstone found on sandy coral beaches.
Bench. A long, narrow, relatively level or gently inclined strip or
platform of land, earth, or rock, bounded by steeper slopes above
and below.

Check shots. In this volume, air-gun shots fired in the water above
a hole drilled in the crater or lagoon bottom while a hydrophone
was lowered down the borehole with the objective of obtaining the
sound velocity of the drilled strata.

Chronostratigraphy. The branch of stratigraphy (the study of
sedimentary rock layers) that interprets the geologic record by
determining the age and time sequence of the rock strata.
Cobble. A rock fragment larger than a pebble and smaller than a
boulder, having a diameter in the range of 64 to 256 mm (2.5—
10in.).

Common depth point (CDP) shooting. A type of seismic profil-
ing designed for multiple subsurface coverage to establish common
depth points to key mappable horizons (reflectors) using several
hydrophones in a long, linear array. The data acquired using this
technique require computer processing and give better results in
most cases than less sophisticated techniques.

Coral knoll. In this volume, small patch reefs.

Cuesta. A hill or ridge with a gentle slope on one side and steep
slope on the other, created by the outcrop of a dipping sedimentary
layer.

Debris. Used in this volume for sedimentary material that has been
moved from its original position and deposited elsewhere by a
nuclear explosion.

Decibel (dB). A unit of sound intensity equal to 20 times the
common logarithm of the ratio of the pressure produced by the
sound wave to a reference pressure.
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Deconvolution. A data-processing technique applied to seismic-
reflection for the purpose of improving the visibility and resolution
of reflections.

Diffraction. A record of seismic data produced by diffracted en-
ergy. Such records commonly result from a termination of reflec-
tors and are characterized on seismic records and sections by a
distinctive curved alignment pattern of reflections.
Disconformity. An unconformity in which the bedding planes
above and below the break are essentially parallel, indicating a
significant interruption in the orderly deposition of sedimentary
rocks, generally by a considerable interval of erosion or nondepo-
sition, and usually marked by a visible and irregular erosion sur-
face of low relief.

Distal. Sedimentary deposits formed farthest from the source area;
in this volume debris derived from the explosion that is farther
away from ground zero than the remainder of the debris. (See
proximal.)

Ejecta. Airborne debris from an explosion.

Eocene. An epoch in the lower Tertiary Period, after the Paleocene
and before the Oligocene, about 38 to 55 m.y. before the present.
Event. A nuclear explosion.

Fault. A fracture along which there has been displacement of the
sides relative to one another parallel to the fracture.

Fish. In this context an instrument containing electronic equip-
ment, such as a sidescan sonar, usually towed in the water behind
the ship.

Fluted. Scalloped

Fold. A bend in strata or any planar structure.

Forereef. The seaward side of a reef.

Frequency spectrum. A description of the distribution of energy
within a frequency range; used to characterize acoustic or seismic
devices.

Galvo-camera. A device that records seismic signals; commonly
used for evaluating performance during operations.

Geometric center. In this volume, the point that is equidistant
from points of equal elevation that lie on opposite sides of the
crater.

Geomorphology. The study of the shape of the sea floor or land
forms.

Grainstone. A mud-free (less than 1 percent of material with
diameters less than 20 micrometers), grain-supported, carbonate
sedimentary rock.

Granule. A rock fragment larger than a very coarse sand grain and
smaller than a pebble, having a diameter in the range of 2 to 4 mm.
Grooves. See spur and groove structure.

Ground zero. The point directly under an explosion.

Gully. A small ravine.

Hogback. A ridge produced by highly tilted strata.

Holmes and Narver datum. Equivalent to mean low water spring
minus 0.18 m, or 0.6 ft. See mean lower low water.

Holocene. One of two epochs in the Quaternary Period of geologic
time that dates from final retreat of the ice sheet, about 8,000 years
ago, to the present.

Horizon. An interface indicative of a particular position in a strati-
graphic sequence, commonly a distinctive very thin bed.
Hydrophone. A pressure-sensitive acoustic detector designed for
use in liquid elastic wave-propagating media such as water. An
underwater microphone.



IVY grid. A geographic-rectangular coordinate system, devised in
1951, named after Project IVY of the nuclear test program and
used for subsequent testing and surveys of the atoll. Coral head
OSCAR, about 4 miles west of Runit Island in the Enewetak
lagoon, was selected as the source of the IVY grid and was given
a value of 100,000 N. and 100,000 E., in international feet.
Isobath. A line on the bottom of equal depth below the sea surface.
Julian Day. The day of the year in sequence to 365, or 366 in leap
year.

Laser theodolite. A surveying instrument that measures distances
to a high level of precision.

Line-of-sight tube. In this volume, a helium-filled tube used for
photographing nuclear explosions from several kilometers away.
Lithostratigraphy. Sequence of sedimentary rock layers that are
defined by physical or mineralogic characteristics.

Mean lower low water (MLLW). A reference level to which
soundings are corrected. In this volume, MLLW is equivalent to
mean low water spring minus 0.6 feet, which is the Holmes and
Narver datum for Enewetak.

Micrometer (jum, or micron). One millionth of a meter.
Millisecond (ms). One thousandth of a second.

Miocene. An epoch of the upper Tertiary Period, following the
Oligocene and before the Pliocene; 5 to 22.5 m.y. ago.
Morphology. The physical form of the sea floor or exposed lands.
Multichannel seismic system. A seismic system that records re-
turned seismic energy on several hydrophones spaced along a
linear array. In this study, 12-channel and 24-channel systems
were used.

Multiple reflection. A seismic wave that has been reflected more
than once, commonly used for the trace of a seismic echo that has
reflected from the water surface and back from the sea bottom.
Norwegian floats. In this study buoys to which the hydrophones
were attached during the refraction seismic study.

Nose. The projecting end of a hill. Usually, in this volume, a
projection on the wall of a crater.

Nuclear device. Any device capable of producing a nuclear explo-
sion.

Operation Crossroads. An extensive study of the physical char-
acteristics of Bikini and Enewetak Atolls intiated in 1946 prior to
testing of nuclear devices.

OSCAR. A patch reef in the Enewetak lagoon assigned as the
origin of the IVY grid used during operations and later mapping to
locate most structures, vessels, and so on.

Overburden. Loosely consolidated upper part of a sedimentary
deposit.

Overwash deposit. Sediment deposited by water landward of a
berm crest that does not flow directly back into the sea.
Packstone. A sedimentary carbonate rock whose granular material
is arranged in a self-supporting framework but that also contains
some matrix of calcareous mud.

Patch reef. Small, thick, generally unbedded lenses of limestone
and dolomite that rise from the lagoon floor up to several tens of
meters and occasionally reach the sea surface.

Pebble. A rock fragment larger than a granule and smaller than a
cobble, having a diameter in the range of 4 to 64 mm.
Physiography. The study of the genesis and evolution of land
forms.

Pleistocene. One of two epochs in the Quaternary Period of geo-
logic time that dates from approximately 8,000 to 1.8 m.y. before
the present.

Profile. A cross-sectional representation. A subbottom profile, or
seismic-reflection profile, is a cross-sectional image of subsurface
sediments created by a series of acoustic echoes. The reflections of
a sound pulse at the sea surface, or within the water column, are
recorded and displayed next to each other. The sea bottom and
reflecting surfaces within the bottom sediments are depicted as
dark lines or areas that indicate subbottom stratigraphy and struc-
ture. Acoustic-, or seismic-reflection profiles are usually some-
what distorted because the vertical scale is a measure of reflection
time rather than vertical distance and the speed of sound is variable
in different media, varying with density and with porosity of sed-
iments, for example.

Promontory. In this volume, a bluff or prominent hill of sediment
projecting from the crater wall.

Proximal. Closer; in this context, debris from the explosion that
is closer to ground zero than the remainder of the debris. (See
distal.)

Ray. Lineament of debris usually extending radially from the
center of a crater.

Raypath. The imaginary line along which wave energy travels—
always perpendicular to the wave front in an isotropic medium.
Reef flat. A stony platform of dead reef-rock, commonly strewn
with coral fragments and coral sand, generally dry at low tide and
formed as the summit of the reef above low tide.

Reef plate. Rock formed of cemented reef rubble that occurs in a
band several hundred meters wide lagoonward of the living reef.
Reef rock. A resistant massive unstratified rock consisting of the
calcareous remains of reef-buiding organisms, often intermingled
with with carbonate sand and shingle, the whole deposit cemented
by calcium carbonate.

Reentrants. Any indentation in a landform whether above or
below the water surface.

Reflector. A velocity discontinuity that reflects seismic energy.
Riprap. A layer of large, durable fragments of broken rock spe-
cially selected and graded, thrown together irregularly or fitted
together to prevent erosion by waves or currents.

Scarp. An escarpment, cliff, or steep slope of some extent along
the margin of plateau, terrace, or bench.

Secondary crater. Small crater formed by falling ejecta from an
explosion.

Seismic. Commonly used as an adjective to describe sound in
frequency ranges of about 20 Hertz to 500 Hertz.

Seismic refraction shooting. A type of seismic survey based on
the measurement of the travel times of seismic waves that have
moved nearly parallel to the bedding in high-velocity rock layers,
to obtain the depth to the layer and velocity of sound in the layer.
Seismic streamer. A linear array of hydrophones towed behind a
ship to receive the energy from a sound source that has been
reflected from rock layers below the bottom. The geometry of the
array suppresses noise relative to seismic signals.

Seismogram. The record made by a seismograph whether record-
ing natural earthquake waves or sound waves generated by an
explosion or other sound source.
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Seismology. The study of the structure of the Earth by both natural
and artificially generated seismic waves.

Side echoes. Sound echoes from a reflector off to the side rather
than directly below a hydrophone. Side echoes are usually un-
wanted and confusing signals.

Sidescan sonar. An acoustic device that sends signals out to each
side and receives echoes from the sea floor that are then mapped.
The oceanographic equivalent of airborne side-looking radar.
Sideswipe. Spurious data occurring in seismic refraction shooting
when sound energy that travels along a transmission path beside
the source-receiver set-up arrives before signals that traveled di-
rectly beneath it.

Single-channel seismic system. Usually a high-resolution seismic
system that records only on one channel.

Solution unconformity. A break in the sedimentary record pro-
duced by dissolution of carbonate strata during subaerial erosion.
Sonobuoy. A buoy, usually free-floating, that contains a hydro-
phone and a radio transmitter that broadcasts acoustic signals re-
ceived by the hydrophone. Used in seismic refraction surveying.
Source signature. The wave form of the outgoing pulse from an
acoustic source such as an air or water gun.

Spur and groove structure. A comb-tooth structure common to
many reef fronts, best developed on the windward side, and con-
sisting of elongate channels or grooves a few meters wide and
deep, separated by seaward-extending ridges or spurs.

Stacking velocity. In seismic reflection surveys, the constant ve-
locity for an overlying medium that would most nearly give the
observed normal moveout for a horizontal reflector. It is deter-
mined from normal moveout values in velocity analysis. Also
called normal moveout velocity.

Strike. The direction or bearing of a horizontal line in the plane of
an inclined stratum, joint, fault, or other structural plane.

Structure-contour map. A map that portrays subsurface configu-
ration by means of structure-contour lines (lines of equal depth).
Subcrop. The areal extent of a truncated subsurface rock unit that
succeeds an unconformity.

Swale. A slight depression in a generally level surface.
Syncline. Generally concave-upward fold of which the core con-
tains stratigraphically younger rocks.

Talus slope. A steep slope formed by accumulation of loose rock
fragments; especially such a slope at the base of a cliff, formed by
the coalescence of several rockfalls or alluvial cones.

Terrace. Relatively flat, horizontal or gently inclined surface,
sometimes long and narrow, bounded by a steeper ascending slope
on one side and by a steeper descending slope on the other.
Thalweg. A line joining the deepest points of a channel.

Track lines. The representation on a map of the path of the survey
vessel.

Transient crater. That part of the crater removed during the first
few milliseconds of an explosion.

Transparent. Used to describe rocks that contain insufficient ve-
locity discontinuities to cause seismic energy to be reflected.
Transponder. A device which can transmit and receive signals.
Unconformity. A break or gap in the sedimentary record where a
rock unit is overlain by another that is not next in stratigraphic
succession, that is, some strata are missing either due to nondepo-
sition or erosion.

Wackestone. A mud-supported carbonate sedimentary rock con-
taining more than 10 percent grains (particles with diameters
greater than 62 micrometers).

Watergun. A source of acoustic energy for marine seismic survey-
ing that creates a signal by rapidly forcing water under high pres-
sure into the ocean.

Selected Abbreviations Used in this Report

cm, centimeter

cm/s, centimeters per second
dB, decibel

ft, feet

gal/min, gallons per minute
G.m.t., Greenwich mean time
Hz, hertz

in., inch

kg, kilogram

kHz, kilohertz

kJ, kilojoule

km, kilometers

kn, knots

kW, kilowatt

\%] Abbreviations

Ib, pound

L/min, liters per minute

m, meters

MLLW, mean lower low water
mm, millimeter

ms, millisecond

m/s, meters per second

nmi, nautical miles

psi, pounds per square inch

s, second

V.E., vertical exaggeration
|vm, micrometer

UTM, Universal Transverse Mercator
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Introduction to the Volume

By D. W. Folger

Abstract

From June 17 to September 20, 1984, the physio-
graphic and subsurface effects of thermonuclear explosions
were studied in two submarine craters created during nuclear
testing in 1958 at Enewetak Atoll, Marshall Islands. The first of
a three-phase field program included echo-sounding, sidescan-
sonar, and single-channel seismic-reflection profiles; the sec-
ond included sea-floor observations and bottom sampling by
scuba and research submersible; and the third included multi-
channel seismic-reflection profiles, seismic-refraction profiles,
and additional sea-floor observations and sampling. In this
report are the results of the 1984 field work supplemented with
some preliminary data acquired during an extensive follow-up
drilling program conducted during 1985.

OAK Crater

OAK crater is a large circular depression that has a max-
imum radius to the 5-m (16 ft) isobath of about 600 m (1,970 ft)
and a maximum depth of 60 m (197 ft). The geometric center
of the crater lies about 100 m (328 ft) southeast (lagoonward)
of ground zero where the 8.9-megaton device was exploded on
a barge located at the lagoonward edge of the reef in 4 m (13 ft)
of water. Both bathymetric and sidescan imagery show that a
flat, circular crater floor is surrounded by a complex of hum-
mocks and terraces probably formed by slumps and mass
movement that took place after the initial crater was formed.
Along the reef, the crater is bordered by a series of scarps
several meters high. Around much of the lagoonward side, a
blanket of debris extends about 850 m (2,789 ft) from ground
zero. An estimate of crater volume based on preblast and post-
blast bathymetry is 23.6x10° m3 (833x106 ft®). High-
resolution single-channel seismic-reflection profiles reveal the
detailed geometry of two strongly reflecting layers that are
shallower than about 60 m (197 ft) below sea level and less
than 20 m (66 ft) subbottom in the area around the crater. The
upper of these reflectors in most areas cannot be traced closer
to ground zero than 600 m (1,970 ft) except to the south where
an inward-dipping flap extends as close as 400 m (1,310 ft).
The lower reflector commonly can be traced about 550 m
(1,804 ft) from ground zero but may extend as close as 440 m
(1,444 ft). With multichannel seismic-reflection data a small
segment of the lower reflector can be traced within 250 m
(820 ft) of ground zero.

The multichannel profiles define the distribution and de-
formation of deeper reflectors. These profiles show that an
acoustically transparent pond of sediments, apparently chaoti-
cally mixed debris and postevent deposits, in the crater center
extends to a depth of 110 m (361 ft) below sea level or 50 m
(164 ft) below bottom. In most of the crater the transparent
sediments extend 400 to 500 m (1,312—1,640 ft) from ground

zero and are inferred to outline the transient crater. A zone of
intense fracturing extends 70 m (230 ft) below the base of the
transparent sediments to 180 m (591 ft) below sea level. A
strong acoustic reflector that lies about 95 m (312 ft) below sea
level outside the crater is downwarped to 115 m (377 ft) about
300 m (984 ft) from ground zero, where it becomes too frac-
tured to map. Downwarping of deeper reflectors decreases to
about 10 m (33 ft) at a depth of 280 m (919 ft) below sea level.
Seismic refraction data suggest that fracturing may extend as
deep as 425 m (1,394 ft).

Extensive diving by submersible and scuba revealed a
transition from fine sediments in the center of the crater to
boulder-sized detritus in talus slopes on the reefward side of
the crater. In the hummocky area between the crater floor and
rim are small hills consisting of coarse, dark-brown detritus
which is similar to sediment cored about 230 m (755 ft) below
the crater floor. This material may have been transported up-
ward through fractures during dewatering due to the compres-
sional effects of the blast and postevent subsidence. Evaluation
of analytical methods for correlating debris samples with cored
samples suggests that the original depths of the debris samples
may be estimated to within 6 m (20 ft) using strontium isotopes.

Scuba observations in waters less than 30 m deep (98 ft)
show that the reefward margin of the crater subsided as much
as 21 m (69 ft). Rock strata along the reefward rim of the crater
most commonly dip toward ground zero. In one area west of
ground zero they dip away from the crater and may be part of
an upturned flap. This dip implies that the transient crater
margin in that area may be as large as 550 m (1,804 ft).

KOA Crater

The crater was excavated entirely from reef rock, reef
plate, and beachrock by a 1.4-megaton device mounted in a
water tank on Teteiripucchi Island. Five other nuclear tests
were conducted nearby including the largest (10.4 megatons)
exploded in the atoll. The radius of KOA crater from ground
zero to the 5-m (16 ft) isobath averages about 500 m (1,640 ft),
and its maximum depth is 33 m (108 ft). Bathymetric maps and
sidescan-sonar imagery show that the crater floor is elliptical
with the long axis oriented northeast. Between the crater floor
and rim, the bottom is hummocky and comprises numerous
slump masses. Some manmade objects that were emplaced as
part of the original testing program are clearly visible in
sidescan-sonar imagery on the southeastern side of the crater.

Multichannel seismic-reflection profiles show that a
transparent pond of sediments in the center of the crater ex-
tends to a depth of about 80 m (262 ft) below sea level or
47 m (154 ft) below bottom. As at OAK, these sediments are
interpreted to be chaotically mixed debris and postevent de-
posits that filled the transient crater. The profiles do not define
the perimeter of these deposits. A zone of intense fracturing
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appears to extend to a depth of 140 m (459 ft) below sea level and
laterally 300 to 500 m (984—1,640 ft) from ground zero. A reflector
at 75 m (246 ft) below sea level warps downward at about 500 m
(1,640 ft) from ground zero to a depth of 100 m (328 ft) at about 200
m (656 ft) from ground zero; beyond 200 m from ground zero the
reflector is obscured by intense fracturing. Deeper-lying reflectors
that correlate across the crater suggest that acoustically detectable
fractures and downwarp are not present below 230 m (755 ft); cores
indicate that fractures may persist as deep as 297 m (974 ft).
Submersible and scuba observations revealed only a few
scarps around the margin of KOA. The crater floor is covered with
coarser sediment than at OAK because of the continuing influx of
abundant detritus from the adjacent reef to windward. The dives

PURPOSE

The thermonuclear explosions, detonated in the Mar-
shall Islands from 1952 to 1958, were the only events con-
ducted at or near sea level before the nuclear test-ban treaty
required that all further testing be conducted underground.
Thus, these are the only sites available to assess the effects
of such large explosions on surface and subsurface geology.

This study was initiated at the request of the Defense
Nuclear Agency (DNA) to acquire detailed information on
the size, morphology, and deformation depth of two sub-
marine nuclear craters, OAK and KOA, located on the north
side of Enewetak Atoll (fig. 1). The report represents the
first part of a two-part study that responded to the DNA
request. It comprises a geological and geophysical assess-
ment of the surface and subsurface geology based on data
collected at Enewetak from June 17 to September 20, 1984.
The second part comprises mainly a drilling and coring
program carried out from January to August 1985. Only
preliminary results from the second part are included in this
report.

DATA ACQUISITION

Sea-floor and subbottom characteristics discussed in-
clude: (1) bathymetry (depth below the sea surface), phys-
iography, and the distribution and character of materials on
the bottom or to a depth of about 10 m (33 ft) below bottom,
and (2) the depth, distribution, extent, continuity, and seis-
mic velocity of acoustic reflectors below the bottom. We
acquired bathymetric data, sidescan-sonar imagery, and
single-channel seismic profiles on the first leg (June 17 to
July 4, 1984); sea-floor descriptions, bottom samples, and
cores on the second leg (July 14 to August 12, 1984); and
multichannel and refraction seismic profiles and additional
sea-floor descriptions and bottom samples on the third leg
(August 21 to September 20, 1984).

Vessels used to support the program included
Egabrag 11, Delta, Halimeda, the “Mike” boat, and various
whalers (fig. 2).

also documented the locations of manmade objects on the south-
eastern side of the crater, including a concrete test platform, a
line-of-sight tube support, vertically emplaced railroad rails that
had been used to support causeways and a collimator station, and
other debris such as cables and riprap. Two sets of rails, one found
in water as deep as 18 m (59 ft), and another in about 6 m (20 ft)
of water, apparently were originally continuous but were separated
by postevent slumping. By moving the deep set eastward and join-
ing it to the shallow set, the effects of the postevent slump can be
eliminated. This places riprap west of the last rail about 430 m
(1,411 ft) from ground zero, which probably is a good estimate for
the maximum transient crater radius in the southeast quadrant of
the crater.

Preliminary data from the second part of the study
concerning the character and age of subsurface samples are
integrated mainly into chapters C, D, E, and G.

SETTING

Part of the Marshall Islands group, Enewetak Atoll lies
approximately 4,600 km (2,500 nmi) southwest of Hon-
olulu; it is elliptical in shape with its long (40 km, or 22 nmi)
axis oriented northwest and the short (28 km, or 15 nmi)
axis northeast. Most islands in the atoll are located along the
northeast side, which faces the prevailing trade winds
(fig. 1). More detailed discussions of settings that pertain
specifically to acquisition of different data sets are included
in each chapter.

During this study, positions on Enewetak Atoll were
determined using the IVY grid as well as geographic coordi-
nates of latitude and longitude. The IVY grid is a planar
coordinate system established during the postwar nuclear
testing program, which has been used subsequently to locate
structures and test sites. It is an orthogonal grid, measured
in feet, based on site OSCAR, a coral head in Enewetak
lagoon (fig. 1), which was assigned the position of 100,000
ft N. and 100,000 ft E.

As the result of satellite observations used to locate
five transponder stations, we relocated the geodetic position
of site OSCAR. (See table 1.) This position will be further
refined by the Defense Mapping Agency (DMA) through
analyses of the corrected satellite orbits. The former posi-
tion of OSCAR is 11°32'20.254" N., and 162°17'10.944" E.
The new position of OSCAR is 11°32'07.432" N., and
162°16'49.408” E. or, in space, 762.21 m (2,500.7 ft)
southwest of the old position. The latitude and longitude of
the atoll and craters on our maps have been changed accord-
ingly and do not agree with positions shown on older charts.

We have used the names of islands after Tobin (1973)
in Freisen (1982). (See table 1.) Of the 43 nuclear tests
conducted on Enewetak Atoll, we include in table 2 a list of
the 8 craters studied or referred to in this volume.
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Figure 1. Map showing the location of Enewetak Atoll, the locations of craters (shown by crosses), and of islands
(in black) on submerged reef. Names in parentheses are site names, which are listed in table 1. Letters, such as A,

B, and C, are the first initials of each site name.

PREVIOUS WORK

Operation Crossroads, initiated in 1946 prior to test-
ing of nuclear devices on Bikini and Enewetak Atolls, in-
cluded extensive geologic, geophysical, oceanographic, and
biologic studies of the area. The principal products of these
investigations were many papers assembled as U.S. Geolog-
ical Survey Professional Paper 260. The first of these ap-
peared in 1954 (Emery and others, 1954); others were pub-
lished over the next 15 years. This enormous volume of
papers and the references cited include most of the scientific

work concerned with the area prior to 1970. Subsequently,
in addition to many studies concerning radiation effects on
biota (see Friesen, 1982, and references cited), geologic and
geophysical surveys of the craters and crater areas were
conducted during a series of projects designed to understand
the mechanisms of cratering (Circeo and Nordyke, 1964;
Henny and others, 1974; Couch and others, 1975; Ristvet
and others, 1978; Tremba and others, 1982). Their work
documented many characteristics of the craters vital to
understanding cratering mechanisms, but it also left many
questions unresolved concerning the geometry of craters.
This study was designed and carried out to provide answers
to these unresolved questions.
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Figure 2. Vessels used during this study. A, Egabrag Il—
41-m (135 ft) mud boat and principal platform for all
phases of the study. B, Mike boat—15-m (50 ft) landing
craft used for shallow-water surveys and for transporting
equipment and personnel. C, Delta—4.6-m (15 ft) sub-
mersible capable of diving to 366 m (1,200 ft). D, Hal-
imeda—a 7.6-m (25 ft) inboard-outboard which was the
main platform for shallow drilling and scuba. £, Whaler—
6-m (19 ft) outboard, one of four small boats used for
submersible tracking, shallow-water surveys, and trans-
porting equipment and personnel.

PARTICIPANTS

On the first leg of the cruise, U.S. Geological Survey
(USGS) personnel included D. W. Folger and J. M. Robb,
cochief scientists, and G. K. Miller, K. F. Parolski, and
D. S. Blackwood. Navigators from Meridian Ocean Sys-
tems, Inc. (MOS), included R. C. Hollar, party chief, and
A. Pearce, S. L. Thoresen, and M. Milburn. E. L. Tremba
and B. L. Ristvet were observers for DNA. H. V. Wood-
worth of the Defense Mapping Agency, with the assistance
of E. L. Tremba, helped to calibrate the navigation system
transponders, and he also relocated several critical positions
on Enewetak and Lojwa Islands within the IVY grid at the
outset of the first leg. On the second leg, U.S. Geological

Survey personnel included E. A. Shinn, chief scientist, and
R. B. Halley, J. H. Hudson, J. L. Kindinger, M. W.
Hempenius, D. W. Folger, and D. J. Roddy. Operators of
the submersible included R. A. Slater of GEOCUBIC, Inc.,
and D. N. Privitt of MARFAB. Because of his experience
in submarine carbonate terrains, Slater also served as a
principal scientist. The Defense Nuclear Agency observer
was B. L. Ristvet. Navigators from MOS included R. C.
Hollar, R. F. Johnson, and S. L. Thoresen. Many observers
from the Defense community made orientation dives on the
submersible during this leg (see appendix, chap. F). Be-
tween legs 2 and 3, at DNA’s request, additional sidescan
and bathymetric surveys were conducted in nearshore areas
with the Mid-Pacific Laboratory’s Mike boat (landing
craft). D. W. Folger and K. F. Parolski of USGS and S. L.

4 Sea-Floor Observations and Subbottom Characteristics, OAK and KOA Craters



Table 1. Comparison of names of islands and coral heads (site names) assigned before and during nuclear tests with

those used by the natives

[Table is taken from Freisen (1982). Names used before nuclear testing are from Bryan (1971). The native names from Tobin (1973) are used

in this report]
Native Names From From From Tobin,
U.S. Hydrographic Office Bryan 1973
Site 1946 1968 1971 Native names &

ALICE Bogallua Bogallua Peony BOKOLUO
BELLE Bogombogo Bogombogo Petunia BOKOMBAKO
CLARA Ruchi Eybbiyae Poinsettia KIRUNU
DAISY b Lidilbut Primrose LOUJ
EDNA* b b Rambler BOCINWOTME®
EDNA'S DAUGHTER b b b b
FLORA* Elugelab b Sagebrush b
GENE* Teiteiripuechi b Sunflower b
HELEN* Bogairikk Bogeirik Violet BOKAIDRIK
IRENE Bogon Bogon Zinnia BOKEN
JANET Engebi Engebi Fragile ENJEBI
KATE Muzinbaarikku Mujinkarikku Arbutus MIJIKADREK
LUCY Kirinian Billee Aster Blossom KIDRINEN
PERCY b b b TAIWEL
MARY Bokonaarappu Bokonarppu Bitterroot BOKENELAB
MARY'S DAUGHTER b b Bluebonnet b
NANCY Yeiri Yeiri Buttercup ELLE
OLIVE Aitsu Aitsu Camellia AEJ
PEARL Rujoru Rujiyoru Canna LUJOR
PEARL'S DAUGHTER b b Carnation b
RUBY* Eberiru Eberiru Columbine ELELERON
SALLY Aomon Aomon Clover AOMON
SALLY'S CHILD b b Dandelion b
TILDA Biijiri Biijire Daisy BIJILE®
URSULA Rojoa Rojoa Delphinium LOJWA
VERA Aaraanbiru Arambiru Gardenia ALEMBEL
WILMA Piiraai Piirai Goldenrod BILLAE
YVONNE Runit Runit Hawthorn RUNIT
SAM b b b BOKO
TOM b b b MUNJOR
URIAH b b b INEDRAL
VAN b b b b
ALVIN Chinieero b b JINEDROL
BRUCE Aniyaanii Japtan Jasmine ANANILJ
CLYDE Chinimi Chinimi Lavender JINIMI
DAVID Japtan Muti Ladyslipper JAPTAN
REX dJieroru Bogen Lilac JEDROL
ELMER Parry Parry Heartstrings MEDREN
WALT b b b BOKANDRETOK
FRED Eniwetok Eniwetok Privilege ENEWETAK
GLENN Igurin Igurin Lantana IKUREN
HENRY Mui Buganegan Mimosa MUT
IRWIN Pokon Bogan Mistletoe BOKEN
JAMES Ribaion Libiron Oleander RIBEWON
KEITH Giriinien Grinem Oca KIDRENEN
LEROY Rigili Rigile Posy BIKEN
OSCAR (coral head) b b b DREKATIMON
MACK (coral head) b b b UNIBOR

¥As confirmed by the Enewetak people during the Ujelang field trip of July 1973.

PNo name reported.

CBOKINWOTME and BIJIRE are preferred according to current literature and are so spelled in this

report.

*Original island destroyed by nuclear tests except for small portions of EDNA, HELEN, and RUBY.
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Table 2. List of nuclear test events cited in this volume
[Characteristics after Freisen, 1982; B. L. Ristvet and K. L. Mills IIl, written commun., July 1985; E. L. Tremba, oral commun., July 1985. ———,
no information available)

. Average .
Event Date Location Height of burst Y ield apparent vy g,"d co-
(kilotons) . ordinates
radius
MIKE ---------- Oct. 31, 1952 Surface, Flora 3.1m 10,400 887 m 147,754 N.
(10 ft) (2,910 ft) 67,789 E.
NECTAR-------- May 13, 1954 Barge, Mike crater - 1,700 - 147,750 N.
67,790 E.
LACROSSE ----- May 4, 1956 Surface, Yvonne 24m 40 6l m 106,885 N.
(8.0 ft) (200 ft) 124,515 E.
SEMINOLE ----- June 6, 1956 Surface, Irene 2.1m 13.7 99 m 149,897 N.
(7.0 ft) (324 ft) 75,237 E.
APACHE-------- July 8, 1956 Barge, Mike crater R - - 148,063 N.
69,227 E.
HURON -------- July 21, 1956 Barge, Mike crater - -—— - 148,304 N.
70,015 E.
KOA ------oe--- May 12, 1958 Surface, Gene 0.8 m 1,400 658 m 149,360 N.
(2.67 ft) (2,160 ft) 71,120 E.
OAK ----------- June 28, 1958 Barge, lagoon 1.75 m 8,900 875 m 124,981 N.
(5.75 fv) (2,870 ft) 36,108 E.

Thoresen of MOS carried out the work. On the third leg,
USGS personnel included J. A. Grow, chief scientist, J. J.
Miller, T. F. O’Brien, D. R. Nichols, and D. H. Mason
and, from Seismic Data Systems, Inc., T. Owens. During
the latter part of the leg, Shinn, Halley, Hudson, and
Kindinger returned to complete the scuba observations. In
addition, a bottom sampling program was carried out from
a6.4-m (21 ft) whaler by USGS personnel T. W. Henry and
B. R. Wardlaw. MOS navigators included R. F. Johnson
and S. L. Thoresen. DNA observers included E. L. Tremba
and R. F. Couch. Captain R. L. Wilson was master of the
Egabrag II during the entire field program.

Shore personnel who played large roles in the proc-
essing, analysis, and synthesis of data included H. D. Ack-
ermann, J. C. Hampson, L. A. Tavares, D. S. Foster, R. A.
Woellner, V. F. Paskevich, E. L. Wright, J. E. Dodd, B. H.
Lidz, M. W. Lee, W. F. Agena, J. M. Williams, P. A. Davis,
P. M. Bridges, R. P. Major, K. R. Ludwig, and Z. L. Peter-
man of USGS and R. A. Goldsmith, S. B. Volkmann, and
J. R. McCullough of the Woods Hole Oceanographic Institu-
tion, and R. K. Matthews of Brown University.
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Chapter A

Bathymetry of OAK and KOA Craters

By D. W. Folger, J. C. Hampson, ]. M. Robb, R. A. Woellner, D. S. Foster, and L. A. Tavares!

INTRODUCTION
Purpose

Bathymetric data, collected as part of Project EASI
(Enewetak Atoll Seismic Investigation) by Tremba and
others (1982), provided definition of most geomorphologi-
cal features in OAK and KOA craters. However, a bathy-
metric survey was requested with much closer line spacing
so that greater data density could be exploited by sophisti-
cated image-processing techniques developed at the U.S.
Geological Survey’s (USGS) Branch of Astrogeological
Studies in Flagstaff, Ariz. These techniques have the poten-
tial to provide much more resolution to assess the extent,
distribution, and thickness of debris, and to define the char-
acteristics of the crater rims, walls, and floors in greater
detail. Therefore, we acquired bathymetric data on 25-m-
spaced (82-ft-spaced) lines, which was the closest spacing
practicable in view of the echo-sounder beam width, naviga-
tion errors, and ship maneuverability. Our purpose was to
integrate bathymetry with sidescan-sonar data, so that more
detailed information on the morphology of these submarine
craters could be provided. The bathymetric data were used
as guides for the acquisition of all other geophysical data,
submersible and scuba observations, and siting of sample
stations and drill sites.

Setting

The 48 small islands and coral heads that rise above
the reef make up an area of only 7 km? (2 nmi?), contrasting
markedly with the area of the lagoon which totals about
1,000 km? (292 nmi?) (fig. 1). The bottom of the lagoon,
sounded in 1944 by the U.S. Navy (Emery and others,
1954), comprises three physiographic provinces: (1) a ter-
race, as wide as 4.8 km (2.6 nmi); (2) an almost perfectly
elliptical, flat-floored basin that has a maximum depth of
62 m (210 ft) in its northwestern half, and (3) several thou-
sand patch reefs or coral knolls. Some of these knolls come
within a few meters of the lagoon’s surface; most, however,

1All authors are with the U.S. Geological Survey, Branch of Atlantic
Marine Geology, Woods Hole, Mass. 02543.

lie below about 36 m (120 ft) of water (Emery and others,
1954) (fig. 1).

Both OAK and KOA craters lie on the north side of
the atoll. The 8.9-megaton OAK device formed the western-
most of the craters; it was detonated over the terrace close
to the reef, on a barge that was anchored in water approxi-
mately 4 m (13 ft) deep. Present depth of ground zero is
close to 60 m (197 ft). OAK was created in an area which
has been little disturbed by other blasts. The nearest other
crater, MIKE, which was not studied in detail, lies about
12 km (6.5 nmi) to the northeast. The much smaller (1.4-
megaton) KOA device was fired on Teiteiripucchi (Gene)
Island close to the sites where five other tests had taken
place—of which MIKE was the largest (10.4 megatons)
fired in the atoll. KOA obliterated the island, and ground
zero now lies under slightly more than 33 m (108 ft) of
water.

Previous work

The extent of echo sounding by the Germans, or sub-
sequently by the Japanese when they were in possession of
the atoll, is unknown. In 1944, the U.S.S. Bowditch con-
ducted an extensive survey of the entire atoll, and more than
180,000 sounding depths were plotted (Emery and others,
1954) (fig. 1). Some additional data were added during
Operation Crossroads in 1946. Lead line and echo-sounding
surveys were conducted in the area of OAK crater prior to
and after the test in 1958. This survey apparently consisted
of at least 23 lines run normal to the reef at about 90-m-
spacing (300-ft-spacing) that were rerun subsequent to the
detonation. At KOA, three lines were run through ground
zero before and after the detonation, but apparently there
was some problem with navigation as the before-and-after
lines were not in the same locations (B. L. Ristvet, oral
commun., October 1984). The most extensive and most
recent survey conducted prior to this study took place during
Project EASI, which started in 1979. Approximately 260
km (140 nmi) of data in a grid with line spacing ranging
from 100 to 140 m (328—450 ft) were collected in the OAK
and KOA crater areas and near Enjebi (Janet) Island
(Tremba and others, 1982).

Bathymetry of OAK and KOA Craters Al
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Figure 1. Map showing bathymetry of Enewetak Atoll. Letters (A, B, and C) next to islands represent the first letters of
site names. (See table 1, Introduction to the volume.) The map has been generalized and simplified after Emery and
others (1954) on the basis of soundings collected by U.S.S. Bowditch . Contours in OAK, MIKE, and KOA are based on

soundings collected in this study.

METHODS

Echo-sounding data (figs. 2, 3) were acquired in both
craters from three different vessels: MS Egabrag II, Mike
boat (landing craft), and a 6.4-m (21 ft) whaler (fig. 2,
Introduction to the volume). Most data were collected from
Egabrag II along 25-m-spaced (82-ft-spaced) lines during
the first leg of the cruise. Data collected during the multi-
channel leg augmented the data base. Smaller vessels were
used mainly nearshore in shallow water. Each vessel was
positioned with a Motorola FALCON-IV Miniranger Sys-
tem (accuracy *+3 m, or 10 ft) which was set up and oper-
ated by Meridian Ocean Systems of Ventura, Calif. The

navigation net was controlled by five transponders located
atop towers on Biken (Leroy), Bokoluo (Alice), Enjebi
(Janet), Lojwa (Ursula), and Enewetak (Fred) Islands
(fig. 1). The transponder towers were tied into the IVY grid
net by H. V. Woodworth of the Defense Mapping Agency
using a laser theodolite and were found to be consistently
within 4.5 m (15 ft) of the positions previously established
by Meridian personnel using Motorola Satellite Navigation
Systems.

We mounted an Atmospheric Instrumentation Re-
search (Model AIR-DB-1A) digital barometer aboard
Egabrag II to record variations in atmospheric pressure. To
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Figure 2. Point plots of echo soundings along tracks of all ves

sels used to acquire bathymetric data in OAK crater. Closer

points in spacing most often reflect areas of more variable bathymetry. GZ=ground zero.

monitor the 1.5-m (5 ft) tidal fluctuations, we deployed two
Sea Data tide gauges, one in OAK crater and one in KOA
crater. No atmospheric pressure correction was necessary
because variations were too small to affect the level of the
water in the lagoon significantly or to require a correction to
the pressure-depth acquired with the tide gauges. We also
found that measured values differed by as much as 0.6 m

(2 ft) from NOAA (National Oceanographic and Atmos-
pheric Administration) tide table predictions for the Enewe-
tak lagoon.

To acquire bathymetric data, we used a Raytheon
719B depth-recording system (200 kHz, 534 pulses/minute,
accuracy of +2.5 cm, with a beam width of 18° at —10dB).
Echo-sounding data were processed in the USGS laboratory
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Figure 3. Point plots of echo soundings along tracks of all vessels used to acquire bathymetric data in KOA crater. Closer
point spacing most often reflects areas of more variable bathymetry. GZ=ground zero.

at Woods Hole, Mass., to create a digital data base and
detailed bathymetric maps. The procedure, as shown in
figure 4, begins with three data sets: (1) a computer data
base of time (G.m.t.) and depth pairs from the echo-
sounding records (bathymetric data); (2) tide-gauge data
(also in time and depth); and (3) navigation data (time and
position). The separate data sets merge when the tide data
are used to standardize the depths to mean lower low water
(MLLW) (mean low water spring minus 0.18 m, or 0.6 ft)
and when the navigation data are used to interpolate a posi-
tion for each tide-corrected, time-depth pair. The resulting
position-depth pairs were further edited on the basis of map-

crossings and computer contouring. Figure 4 shows a loop
for this stage that can be repeated until all data have been
processed and errors minimized. In the last phase, we used
the corrected position-depth data to create a final contour
map and a digital data base on magnetic tape for further
processing. Appendix 1 describes the programs used in
processing.

The echo-sounding data were digitized on a magnetic
graphics tablet linked to a Hewlett-Packard HP-1000 com-
puter and were processed using an in-house package of
seismic data analysis programs. The echo-sounding profiles
collected in the field are printed in feet, based on a built-in

A4 Sea-Floor Observations and Subbottom Characteristics, OAK and KOA Craters



conversion using 4,800 ft/s (1,463 my/s) as the speed of
sound in water. The conversion to meters was applied by
recalculating travel time and then converting to meters on
the basis of a sound velocity of 1,542 m/s (5,060 ft/s). This
velocity was derived from tables published by Chen and

Millero (1977) and from water temperature (isothermal at
28.5 °C) measured aboard the submersible.

The tidal variations in KOA and OAK craters, shown
in figure 5, are within a few centimeters of each other. Most
of the bathymetric data were collected within the time period

Bathymetric Tide Navigation
data: data data
200-kHz echograms digital cassettes digital tapes
Digitize Read tide data Read navigation tapes;
Bathymetry, cassettes and Convert IVY coordinates
Time (G.m.t)& process to Time (Gm.t.) to latitude and longitude
Depth (ft) & Depth (cm) files compatible with mapping
routines.
/ Y Y
Plot each digitized Establish mean lower Plot raw navigation, check
profile for check low water data for each for completeness, errors.
tide gauge (Appendix 2)
Y
\\\g Correct Julian Day errors,
Apply tide correction to time-series errors, bad
bathymetry (baseline = mean fixes, etc.
lower low water)
i
y Sort into subfiles by vessel
Convert echogram feet to two- & data collection system
way travel time (4,800 ft/s). y4
Convert two-way travel time to Convert to Track line plots
meters (1,542 m/s) binary/condensed for research
format
\ Y
Merge tide-corrected depth
and time with corrected lat-long
and time
Correct errors, \
if any »| Extract and compile digital data
] base of all lat-long-depth values
\ Y
Check crossings and Plot crossings for Grid and contour
preliminary contours for [*Jerror check data base
bathymetry and navigation T
errors N

[Eeverse lat-long conversion

Y

\

Final contour maps
IVY & lat-long

Final digital data base

lat-long - depth (m) - IVY N (ft) - IVY E (ft)

L N

sidescan mosaic

3-D projections To USGS, Flagstaff, To archive and other
Ariz.: merge with DNA users

Figure 4. Procedure used to process bathymetric data.
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of the tide record shown in figure 6. The maximum tide
range is about 1.3 m (4.25 ft). The tide-gauge data were
linked to MLLW by tide tables for Enewetak supplied by D.
Simpson (written commun., October 1984) of NOAA (ap-
pendix 2). This is within 0.03 m (0.1 ft) of the Holmes and
Narver datum. In figure 6, MLLW falls at 720 cm, yielding
a tide correction from —0.25m (—0.82 ft) to —1.55 m
(—5.08 ft).

The navigation data were converted from IVY grid
coordinates to latitude and longitude to be compatible with
the USGS processing and mapping programs. The results
were identical to latitude and longitude conversions pro-
vided by the navigation contractor, Meridian Ocean Sys-
tems. The conversion was reversed in the final phase, and
IVY coordinates were added to the position-depth pairs in
the digital data base.

900
875 |
850 1

825 A

=800 -
&

A few maps in subsequent chapters contain general-
ized versions of 5-m (16 ft) bathymetry for orientation only.
These may differ in some areas by as much as 50 cm (1.5
ft) from the versions that appear throughout this chapter,
which should be used as the reference for any questions
regarding water depth.

In OAK crater we collected 400 km (216 nmi) of
bathymetric profiles, and in KOA we collected 150 km
(82 nmi). Additional lines not in the crater areas both inside
and outside the atoll totalled 717 km (388 nmi).

RESULTS
OAK Crater

OAK crater is a large circular depression (fig. 7) with
an average apparent diameter of 1,750 m (5,740 ft) and a
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Figure 6. Tide-gauge data from KOA crater used to correct all of the echo-sounding records collected during the first leg of the
survey to approximate mean lower low water (MLLW), which is equivalent to mean low water spring minus 0.18 m (0.6 ft).

G.m.t.=Greenwich mean time.
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Figure 7. Map showing the bathymetry of OAK crater. Contour interval is 1 m. GZ=ground zero.

maximum depth of 60 m (197 ft) (B. L. Ristvet and K. L.
Mills, III, written commun., July 1985). The 8.9-megaton
device that formed the crater was fired on a barge moored
in 4 m (13 ft) of water (Circeo and Nordyke, 1964). The
reported location of ground zero is at IVY grid coordinates
124981.4 N. (11°36'14.9” N.) and 36108.02 E.
(162°06'6.6" E.). However, the geometric center of the
crater for all isobaths as shallow as 40 m (130 ft) lies about
100 m (330 ft) southeast of ground zero as noted previously
by Tremba and others (1982). Examples of similar offsets
between ground zero and the geometric center for high-
explosive craters generated on slopes have been observed
(R. F. Couch and B. L. Ristvet, oral commun., June 1985).

Preevent Bathymetry

Preevent and postevent bathymetric maps for the
OAK area, constructed by Holmes and Narver, were based
on lead-line and echo-sounding data apparently acquired
along 90-m-spaced (300-ft-spaced) lines laid out at right
angles to the reef. The preevent bathymetric map (fig. 8),
digitized from a copy of the Holmes and Narver map pro-
vided by B. L. Ristvet, covers an area of 3.24 km? (0.94
nmi?), and includes all of the crater but little of the surround-
ing area.

The northwest half (reef side) of the preevent map
comprises reef plate with superimposed sand bars. At the
breaker line was a 0.5-m (1.6 ft), almost linear scarp which
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Figure 8. Map showing the preblast bathymetry in the area of the OAK site (taken from Holmes and Narver, quography
and Hydrology, Site 25, Alice Reef, July 31, 1956). Gridding parameters are described in appendix 1 of this chapter.

GZ=ground zero.

was indented by a small embayment (fig. 8) beside a
promontory of similar size. From the 1.5-m to 6-m (5-20 ft)
isobaths, a narrow, gently sloping (1.6°) shelf ranged in
width from 107 m (350 ft) to 290 m (950 ft).

The southeast half of the map comprises the reef
slope, lagoon floor, and numerous mounds, which were

probably mostly patch reefs. The slope was steepest (15°) in
the northeast part of the map area and more gentle (4°) to the
southwest where it descended to the lagoon floor as a series
of terraces. According to the Holmes and Narver map
(fig. 8), it was incised by a 15-m-deep (50-ft-deep) gully
with a steep (23°) headwall; the gully flattened out over a
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distance of about 305 m (1,000 ft) to lose its identity in 38 m
(125 ft) of water. At the foot of the slope, the bottom slopes
gently (0.8°) toward the center of the lagoon where it is
interrupted by 19 mounds, or patch reefs, that rise as high
as 12 m (40 ft) above the bottom and range in diameter from
about 60 m (200 ft) to 300 m (1,000 ft). These appear to
vary in shape from elliptical to triangular, a result which is
doubtless in part due to the sampling density.

Present Bathymetry

We have contoured the crater on 1-m (3 ft) spacing,
but we have thinned out some isobaths in the steeply dipping
areas so that the reader can see details that otherwise would
have been masked by the concentration of lines (fig. 7).
However, on the annotated versions (figs. 9, 10), we have
included all the contours to accentuate the variations in
slope. Note that ground zero lies on the extreme northwest-
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Figure 9. Map showing the bathymetry of OAK crater, the locus of some isobaths used to locate the geometric center (GC)
of the crater, and other important physiographic features. Average perimeter of apparent crater is after B. L. Ristvet and K. L.
Mills, written commun., July 1985. Letters A and B are localities referred to in the text.
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ern edge of the crater floor. The crater is almost equally
divided through its geometric center with half extending into
the reef and half extending into the lagoon. This symmetry
about the geometric center of the crater is worth highlighting
and is illustrated in figure 9.

The crater floor is almost perfectly circumscribed by
the 59-m (194 ft) isobath which has a radius of 100 m
(330 ft) from the geometric center. Similarly, northwest and
southeast of the geometric center, much of the 50-m (164 ft)
isobath, which outlines the top of a slope (inner slope,
fig. 10) surrounding the crater floor, lies along a circle with
aradius of 183 m (600 ft). The distance of the 50-m (164 ft)

o
g 162°5' 30" g 162°6'E

isobath from the geometric center increases equally in both
southwest and northeast directions (symmetrically) to 250 m
(820 ft) due to the presence of two broad terraces.

Farther up the crater side, the approximate top of the
outer slope (fig. 10) lies in waters 35 to 40 m (115-131 ft)
deep and varies little from a circle with a radius of 390 m
(1,280 ft) from the geometric center. Another circle with a
radius of 463 m (1,520 ft) lies close to the bottom of the
main scarp that surrounds the reefward edge of the crater
and also follows closely the crest of the lagoonal crater rim;
and another with a radius of 573 m (1,880 ft) lies close to
the top of the same scarp and follows a lower secondary
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Figure 10. Map showing bathymetry of OAK crater with physiographic provinces outlined. GZ=ground zero.

GC=geometric center.
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Figure 11A. Map showing bathymetric profiles that pass through or close to ground zero (GZ) in OAK crater. Dashed

where inferred from bathymetric map.

ridge lagoonward of the rim crest. These circles all illustrate
that many of the physiographic characteristics of the crater
are symmetrical about the geometric center.

We also have shown on figure 9 the average perimeter
of the apparent crater, with a radius of 875 m (2,870 ft),
from ground zero as defined by B. L. Ristvet and K. L.
Mills, HI (written commun., July 1985).

On the basis mainly of slope changes, we have di-
vided the crater area into eight major physiographic

A12

provinces (fig. 10) and will discuss each in sequence from
the crater center outward.

Crater Floor

The flat to gently undulating floor of the crater has a
diameter of 200 m (650 ft) and reaches a maximum depth of
60 m (197 ft) below MLLW, which is the Holmes and
Narver datum (figs. 10; 11, lines 203, 204; 12, line 75). The
crater is circumscribed by the nearly circular 59-m (194 ft)
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Figure 11B. Ground zero location projected orthogonally into lines. Contour interval is 5 m.

isobath (figs. 9, 10). As noted above, ground zero lies on
the northwest edge of the crater floor, and the geometric
center lies almost precisely at its center. A low ridge extends
across the crater floor close to the geometric center (see
figs. 7; 12, line 75) possibly representing a central crater
uplift.

Inner Slope

Surrounding the crater floor is a slope that rises as
steeply as 17° to a depth of 50 m (164 ft) along much of the
crater’s northwest and southeast sides (figs. 7; 10; 11, line
204; 12, line 75). The steepness of this slope is only ex-
ceeded by the steepness of the scarps that lie along the
reefward margin of the crater edge in much shallower water
(5-30 m, or 16-98 ft) and of a scarp on the craterward side
of a debris mound that lies about 425 m (1,394 ft) southeast
of the geometric center. The area ranges in width from 37
to 95 m (120-310 ft) and is well defined on both its lower
and upper boundaries. At the upper boundary, the steep
slope flattens out abruptly into the area of inner terraces
where slopes are as low as 1°.

Inner Terraces

This area ranges in depth from about 40 to 50 m
(130-164 ft), and the distance from lower to upper
boundary, or width of the province, ranges from 61 to
220 m (200-720 ft). The long axis of the upper boundary is
oriented northwest-southeast and lies about 427 m (1,400 ft)
symmetrically on either side of the geometric center; the
short, equally symmetrical axis lies about 340 m (1,115 ft)
on either side of the geometric center.

The area is characterized by variable bathymetry that
ranges from flat to reversed slopes, that is, slopes that dip
away from the geometric center, to a few areas where slopes
are as great as 10° into the crater (figs. 7; 10; 11, lines 203,
204, 209; 12, lines 75, 77). The noses and reentrants all
suggest that the area comprises overlapping slumped bodies
of sediment. The finer details of the bathymetry observed
from the submersible, and their significance to cratering
mechanics, are discussed in chapter F of this volume.
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Figure 12A. Map of OAK crater showing location of bathymetric profiles in and around the crater that are
oriented parallel to the reef. GZ=ground zero. Contour interval is 5 m.

Outer Slope

This is a narrow area 10 to 128 m (33-420 ft) wide in
which average slopes are steeper (approx 5°) than in adja-
cent areas. It does not represent a major discontinuity in the
physiography of the crater, but it clearly separates the hum-
mocky terraced areas on either side of it (figs. 10; 11,
line 204). It may represent a poorly developed or partially

buried slump scarp. On the reefward side of ground zero, it
appears to be truncated by the bottom of the rim scarp. The
steepest slopes (28°) lie on the southeast side of the crater
where a large debris mound (fig. 9, site B) rises abruptly
from the terraced area. Adjacent to it, a flat-floored channel
about 30 m (100 ft) wide cuts through the outer slope and
extends from the crater more than 500 m (1,640 ft) into the
lagoon (figs. 9, 10).
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Figure 13. Bathymetric profiles collected nearshore around the reef margin of OAK crater. GZ=ground zero. Contour

interval is 5 m. Vertical exaggeration for all profiles is x6.2.

Outer Terraces

Much of this area is similar in bathymetric expression
to the inner terraces. It lies at the foot of the steepest scarp
in the crater and probably also represents a melédnge of
slumped material. It comprises three areas that are as wide
as 150 m (500 ft) in which slopes range from flat, to a few
degrees away from the geometric center, to as much as 9°
toward the geometric center (figs. 10; 11, line 204). The
upper boundary of this area is the most abrupt in the crater
where it abuts the steep rim scarp. However, the boundary
between it and the adjacent rim slope on the lagoonward side
of the crater is more arbitrary, and we have drawn it on the
basis of both slope change and isobath orientation.

About 12 poorly developed gullies incise the sides of
the crater from the outer terraces to the crater floor (fig. 9).
Most extend into waters that are no shallower than 40 m
(130 ft). Their positions may be structurally controlled. (Sec
chap. C, this volume.)

Rim Scarp

The steepest slopes in the crater, up to 30°, lie along
its reefward side (figs. 9; 10; 11, lines 203,
204; 12, lines 900, 58; 13, lines 111B-D, 113). In some
areas, submersible and scuba observations revealed that the
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slope comprises vertical to overhanging ledges and talus
slopes. (See chap. F and H, this volume.)

The inner margin of the scarp ranges from 400 to
520 m (1,300-1,700 ft) from the geometric center, and the
outer margin ranges from 590 to 640 m (1,930-2,100 ft).
However, the width is misleading because the scarp is sep-
arated on the western side of the crater by a terrace that is
about 60 m (200 ft) wide. The large, southwestern segment
of the crater rim appears to have moved toward the geomet-
ric center, presumably in at least two parts. A similar terrace
broadens the rim scarp on the northwestern side of the crater
(fig. 10).

Rim Slope

These two areas are bounded on the upper or outward
sides by a line connecting the highest points along the
crater’s lagoonward rim, except along the base of the rim
scarp on its western side (fig. 10; 11, line 209). Its outer
margin lies about 400 to 500 m (1,300-1,640 ft) from the
geometric center, which is close to the distance (550 m, or
1,800 ft) that Tremba and others (1982) found it from
ground zero. On the east side of the crater, the highest point
on the rim is at or slightly shallower than 35 m (115 ft); on
the southeast side, the top of a large debris mound lies at
32 m (105 ft), and on the south-southwest side the crest lies
at the same depth.

The two arcs thus form the lagoonward crater rim and
doubtless consist of abundant debris from the crater possibly
uplifted in part by thrusting. (See chap. C and D, this vol-
ume.)

Debris Blanket

This large area of irregular bathymetry or rough bot-
tom is physiographically little different from the rim slope;
thus, both areas are probably underlain by abundant debris
from the crater (figs. 10; 11, lines 203, 204, 209; 12, lines
79, 89). The outer perimeter of much of this material lies on
a circle about 750 m (2,460 ft) from the geometric center
and 850 m (2,800 ft) from ground zero. On the southeastern
side, two lobes that border the 90-m-wide (300-ft-wide)
channel (figs. 9, 10) extend to the southeast about 1,000 m
(3,300 ft) from the geometric center.

The physiography of the debris blanket suggests that
much debris was blown out into the lagoon directly opposite
from the reef. This is not surprising, considering the relative
elevation and resistivity of the two sides. Delineating the
debris on the basis of bathymetry alone in the lagoon is
difficult because of the 80-or-so patch reefs that are present
in the area (figs. 7, 9); however, the physiographic analyses
are supported by the subbottom data. (See chap. C, this
volume.)

The circular to elliptically shaped patch reefs range in
maximum diameter from 46 m to 243 m (150-800 ft) and
range in height from a few meters to 19 m (62 ft) above the

lagoon floor. The patch reef or debris mound (fig. 9, site A)
nearest the crater center lies about 390 m (1,280 ft) from it
and rises about 9 m (30 ft) above the adjacent channel floor.
It may be capped by debris. East of it, on the other side of
the channel, lies a larger complex of debris (fig. 9, site B)
and patch reefs.

Comparison of Preevent and Postevent Bathymetry

Features in the preevent Holmes and Narver bathy-
metric map correlate well with those on our map outside the
crater area. For example, the contours on the slope northeast
and southwest of the crater are in close alignment on both
maps, and eight of the patch reefs are close to the same
location and height, although their shapes differ signifi-
cantly (fig. 8). The character of the crater area shows many
differences.

The blast removed most of the slope area, including
the deep gully shown on the preevent map near ground zero.
Almost 600 m (1,970 ft) of reef or reef plate northwest of
the crater center were disrupted, blown away or down-
faulted. The only manifestation of the gully in the present
bathymetry may be at the southwest comer of the box-
shaped valley on the southeast side of the crater where the
flat-floored channel cuts through the crater rim. Although
that channel may show some structural control (see chap. C,
this volume), it probably developed because two large patch
reefs (305 m (1,000 ft) long, 10-12 m (35-40 ft) high)
(fig. 8) funnelled some of the blast between them. The west-
ernmost of the two patch reefs appears to have been mostly
destroyed or buried, whereas part of the eastern one appears
to be intact. The large (150 m long by 90 m wide, or 490 ft
by 300 ft) mound of material noted above (see fig. 9, site B),
now lies adjacent to it on its craterward side and rises 9 m
(30 ft) above the preblast surface. Neither this additional
material nor the mound (debris or patch reef) at site A,
figure 9, appear on the preevent map.

The preevent map does not extend far enough to the
southeast to evaluate the two long ridges (rays?) that appear
to terminate about 1,200 m (3,937 ft) from the crater center.
On the opposite side of the crater (reef side), the box-shaped
valley at 40 m (131 ft) coincides almost precisely with the
peculiar reentrant on the preblast reef. Why, or if, this
occurrence influenced the crater geometry is not clear.

We have constructed an isopach map (fig. 14) that
shows the difference in terrain between the Holmes and
Narver digitized preevent bathymetric map (fig. 8) and our
bathymetric map (fig. 7). In the unstippled area, our depths
are greater than the values shown by Holmes and Narver;
material has been removed and(or) the bottom depressed. In
the stippled area, depths are less than those shown by
Holmes and Narver; material has been added and(or) the
bottom has been uplifted or bowed up outside the crater
area. Our computer-calculated value of 23.6 % 106 m? for the
total volume of the crater is close to the crater volume
estimated by Mills and Ristvet (in Ristvet and others, 1978).
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parameters are described in appendix 1 of this chapter. GZ=ground zero.

Three-Dimensional Computer Images of OAK Crater

Perspective views of OAK crater are shown in figure
15. To accentuate the relief of the saucer-shaped crater,
we have used a vertical exaggeration (5X).

The views from the southwest and northeast clearly
show the large volume of material removed from the reef.

They also show the difference in the reef slope on either side
of the crater—steep to the northeast, more gradual to the
southwest, which, based on the Holmes and Narver map
(fig. 8), is close to the precrater physiography of the slope.

Views from the southwest, and particularly from the
southeast (fig. 15B), highlight the terrace, which has the
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Figure 15. Three-dimensional images of OAK crater: A, from the southwest, B, from the southeast, and C,
from the northeast. Vertical exaggeration is X5.




appearance of slumped material on the reefward side of
the crater.

All four views show the thickest part of the debris
blanket around the lagoonward side of the crater and the
physiography of the apparent inner and outer rim crests
(fig. 9). The extent of thinner debris accumulation may co-
incide with the 40- to 45-m (131-148 ft) depth range outside
the thick debris at the crater edge. The channel through the
crater rim opposite the reef that crosses this area also is well
depicted on all four images. The integrated sidescan-sonar-
bathymetry data in chapter B (this volume) clearly show
greater detail and texture of the crater, debris, and patch
reefs.

KOA Crater

This nearly circular crater was formed in 1958 by a
1.4-megaton device detonated in a water tank on Teit-
eiripucchi (Gene) Island. The crater, now covered by a
maximum of 33 m (108 ft) of water, was excavated entirely
in the lagoon terrace and has an average apparent radius of
658 m (2,160 ft) (B. L. Ristvet and K. L. Mills, III, written
commun., July 1985) (fig. 17). The adjacent MIKE crater,
southwest of KOA, was formed by a 10.4-megaton device
6 years previously. Three smaller devices, NECTAR in
1954 and APACHE and HURON in 1956, were detonated
subsequently in or at the edge of MIKE crater (fig. 17).
SEMINOLE, also detonated in 1956, lies just east of the
map area (fig. 17).

KOA ground zero is located at IVY grid coordinates
N. 149360; E. 71120 (11°40"17" N.; 162°11'59” W.). The
bathymetry of the crater is less complex than that at OAK
crater because the blast excavated the KOA crater entirely
from reef rock instead of from reef and lagoon sediments.
Much of the debris blanket fell on the reef and nearby
islands. Some of it, especially on the shallowly submerged
southeast margin, probably was swept back into the crater
immediately after the blast by rushing water and subse-
quently by waves associated with storms. Little information
can be drawn from the debris blocks because their source in
the area could have been from any of five events.

The radius from ground zero to the 5-m (16 ft) isobath
along the northeast crater rim averages about 500 m
(1,640 ft). The crater is fairly symmetrical about ground
zero, but isobaths deeper than 25 m (82 ft) are elliptical with
the long axis oriented parallel to the reef trend (northeast).
The 30-m (98 ft) isobath, for example, is about 210 m
(690 ft) from ground zero in the northeast and southwest
directions but only about 110 m (360 ft) from ground zero
in the southeast and northwest directions, whereas the 15-m
(50 ft) isobath is almost circular about ground zero. Bathy-
metry is complex at the southwest margin of the crater
where it abuts MIKE crater (figs. 16, 17).

We have divided the crater into four major physio-
graphic provinces, from the crater center outward. These

include: (1) the crater floor; (2) the inner slope; (3) terraces;
and (4) rim scarp. In addition, other scarps, debris mounds,
and an intercrater channel have been outlined (fig. 18).

Crater Floor

We have included the gently sloping area below the
30-m (100 ft) isobath as the crater floor. The flattest part of
the floor lies mostly southwest of ground zero. To the north-
east, it rises to the 30-m (100 ft) isobath in a 0.9° slope from
ground zero over a distance of about 200 m (656 ft). The
crater floor is elliptical in shape and symmetrical about
ground zero, with the long axis extending about 200 m
(656 ft) to the northeast and southwest and the short axis
extending about 100 m (328 ft) to the northwest and south-
east (figs. 16; 18; 19A,B).

Inner Slope

The transition from the crater floor to the inner slope
is easy to define. Slopes increase to as much as 9° southeast
of ground zero and about 4-5° elsewhere (figs. 18; 19A,B:
lines 116, 304). The slope change that characterizes the
outer boundary of this area is well defined except northeast
of ground zero where our choice of its position is somewhat
arbitrary because it changes little from crater floor to rim
scarp (figs. 19A,B: line 507). The outer boundary is asym-
metric about ground zero—335 m (1,100 ft) to the northeast
and only about 235 m (770 ft) to the southwest. The width
of the area varies from about 120 m (400 ft) northeast of
ground zero to zero southeast of ground zero where the toe
of a probable slump impinges on the crater floor (fig. 18).

Terraces

Most of the crater bottom lies within the area desig-
nated as terraces. It is complex physiographically, having
slopes as steep as 6° ranging to slopes in the more common
terraces and low mounds where the bottom is flat and some-
times even slopes away from ground zero (figs. 18; 19A,B:
lines 116, 304; 20A,B: lines 541, 539, 538, 507). These
terraces are similar to those in OAK crater and, as there,
appear to make up a complex of slumped material.

Most of the flatter areas lie northwest and southeast of
ground zero. These broaden the crater in this direction so
that much of the upper boundary is almost equidistant from
ground zero. The area thus is as narrow as 20 m (66 ft) to
the southwest and as wide as 300 m (985 ft) to the northwest
(fig. 18). The outer perimeter of the northwest, northeast,
and southeast quadrants lies between 400 and 475 m
(1,300-1,550 ft) from ground zero. However, it is inter-
rupted by small scarps and offset by the position of the
broken rim scarp above it. About 10 poorly developed gul-
lies incise the area more or less evenly around the crater
(fig. 17).
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Figure 16. Map showing the bathymetry of KOA crater. GZ=ground zero. Contour interval is 1 m.

Rim Scarp

The change in slope between the terraces and the rim
scarp is the most abrupt in the crater, ranging up to a max-
imum of 18° and commonly about 12° (figs. 16; 18; 19A4,B:
lines 115, 116, 120). The area is mostly between 30 and
60 m (100-200 ft) wide, although broader areas are present
along the transition into MIKE crater. The scarp is continu-
ous around the northern margin of the crater where its outer
perimeter lies consistently close to 500 m (1,640 ft) from
ground zero. It appears to have deepened about 15 m (50 ft)

on the western side of the crater. On the southeast and south
sides of the crater, the scarp is broken and offset into the
crater to within about 365 m (1,200 ft) of ground zero; due
south of ground zero, it is apparently buried or undeveloped.

The terrace between the broken part of the scarp is
about 75 m (246 ft) wide, which is close to the distance
(60 m, or 197 ft) that the rim scarp is offset on the west side
of OAK crater. Presumably, it was continuous in both
craters and has been separated by faulting. Of particular
relevance to this interpretation is the separation of railroad
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Figure 17. Map showing the bathymetry of KOA crater, the circularity of some isobaths, and some important physiographic

features. Crosses show ground zero (GZ) locations of KOA and
is after B. L. Ristvet and K. L. Mills, Ill, written commun., july

rails discovered and mapped on the bottom of KOA crater
by the submersible and by scuba divers. (See chap. H, this
volume.) These rails appear to have been in a continuous
line when they were set prior to the blast. They now are
separated by a distance of about 50 m (164 ft) on the bottom
of the crater in the same sense and in the same area that the
rim scarp apparently is offset.

Two smaller scarps, one outlined in the northern part
and one outlined in the southwestern part of the terraces area
(fig. 18), may have been part of the rim scarp complex.
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other events. The average perimeter of the apparent crater
1985. Contour interval is 1 m.

Debris Mounds

Two large debris mounds project into the southwest
side of the area of terraces (fig. 18). They both rise to about
15 m (50 ft) above the floor of KOA and 8 m (26 ft) above
the floor of MIKE. Within the 25-m (82 ft) isobath, the two
mounds are about 300 m (985 ft) wide in the northeast
direction and about 130 m (425 ft) wide in the southwest
direction (fig. 18). The site of the test known as HURON
(fig. 17; see also table 2 of the Introduction to the volume)

d KOA Craters
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Figure 18. Map showing bathymetry of KOA crater with physiographic provinces outlined. GZ=ground zero. Contour

interval is 1 m.

which was fired in 1956, 2 years prior to the KOA event,
lies only 60 m (200 ft) southeast of the smaller of the two
debris mounds. If a crater was formed, it apparently has
been obliterated by KOA'’s blast and debris. The top of this
mound lies 500 m (1,640 ft) from KOA’s ground zero, the
same distance as does most of the outer edge of the rim scarp
(figs. 17, 18). Southeast of the mounds, the bottom rises at
about 2—-3° in the broad expanse of reef plate that forms the
southern margin of the crater. One part of it that rises more
steeply (8—9°) may be part of the rim scarp between KOA
and MIKE (fig. 18).

Inter-Crater Channel

This narrow (21 m, or 70 ft) channel rises 6 m (20 ft)
above KOA's crater floor to a depth of between 25 and 26 m
(82-85 ft) which is only a meter or two above the flat floor
of MIKE crater (figs. 16; 18; 20A,B: line 507) to the south-
west. Why it has not filled with sediment is not clear; per-
haps it is kept open by tidal currents. To the northwest, the
steep (9-10°) slope appears to be part of the deepened rim
scarp, above which the bottom flattens out in the gradual
(2°) ascent to the exposed reef and islands.
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Three-Dimensional Computer Images of KOA Crater

Perspective images of KOA are shown in figures
21A-C. A 5X vertical exaggeration was used to accentuate
the details of the physiography.

The view from the southwest (fig. 214) depicts the
relation of MIKE to KOA and shows more features on the
crater walls than the others. The terraces are perhaps the
most striking features. The impression that the terraces are
related to slumps, particularly those on the northeast and
southwest sides of the crater, is clearer in the perspective
images.

SUMMARY

The radii of the two craters from their ground zero
(KOA) or geometric center (OAK) to the 5-m (16 ft) isobath

differ by about 90 m (295 ft); OAK’s radius is 590 m
(1,935 ft), and KOA’s 500 m (1,640 ft). OAK is almost
twice as deep (60 m, or 197 ft) as KOA (33 m, or 108 ft).
Mainly because of the depth difference, the average slope
from the floor of OAK to the 5-m (16 ft) isobath is 5.2°,
whereas in KOA it is only 3°. However, on the southeast
side of OAK, where water was 40 m (131 ft) deep before the
blast, the average slope is only about 4°. Both crater walls
are steepest around the outer parts, but in OAK, the slope is
steeper and extends deeper around the reefward side.

Much of OAK is symmetrical about a point that is
100 m (330 ft) southeast of ground zero. KOA’s ground
zero is the symmetrical center of the crater, but below 15 m
(49 ft) of depth, isobaths are elliptical with the long axis
oriented northeast-southwest. The scarps and terraces on the
walls of KOA and OAK suggest that faulting and slumping
are common and have affected the shape and size of both
craters.
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Figure 21. Three-dimensional images of KOA crater: A, from the southwest, B, from the southeast, and C, from
northeast. Vertical exaggeration is X5.
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Appendix 1. Annotated flow chart showing procedure used to process bathymetric data and
description of depth-data contouring

Appendix 2. NOAA tide tables for Enewetak
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APPENDIX

1: Annotated Flow Chart

Key: wupper case annotations = programs on USGS, Woods Hole HP-1000 computers
lower case annotations = programs on USGS, Woods Hole Pacifics computers

comments in parentheses
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digital tapes
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Y Y ¥
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Correct Julian day errors,
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Apply tide correction to
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3

Convert echogram feet to two-
way travel time (4,800 ft/s).
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v_

Sort into subfiles by vessel

Y

& data collection system

Convert two-way travel time to Convert to Track line
meters (1,500 m/s) binary/condensed| MOSTS plots
format
Y Y
Merge tide—corrected depth SCNV4
and time with corrected lat-long
and time
EDIT *
Correct errors,
if any ——|_> Extract and compile digital data RDAGS
‘\ | base of all lat-long-depth values
PREKR
MAPGN T * PIXLR or SORT

Check crossings and
preliminary contours for
bathymetry and navigation
errors

Plot crossings for
error check

Grid and contour GRIDS
data base CONMG (subroutine of MAPGN)

]
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IReverse lat-long conversionl ivforshort

Final digital data base
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Y

Final contour maps
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|3-D projectionsl
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APPENDIX 1: DEPTH-DATA CONTOURING

Computer gridding and contouring have been the primary
techniques used in creating maps of depth data; this includes
bathymetry, structure contours and unit thickness. Gridding en-
compasses a body of statistical techniques used for interpolating
depths between track lines in order to create a “grid” of evenly
spaced values. Contouring is the mathematical technique for exam-
ining groups of values in the “grid” and “fitting” a surface, repre-
sented by contours, to those values. Note that even a single contour
represents a surface, because it has an upslope and a downslope
side.

GRIDS, a program written at the U.S. Geological Survey,
Woods Hole, Mass., is used for gridding depth data. The user must
first select and create a specific map base (that is, one with scale,
projection, boundaries, and margin widths). The map base is
created by the mapping program, MAPGN. The depth data are
then projected onto the map base using the program PREKR. In
addition, the user must decide on grid parameters including (1) the
size of grid matrix squares in centimeters (appropriate for the map
scale being used), (2) the overall size of the grid, as number of
squares in the X and Y directions, and (3) the positioning of the
grid on the map base, as an offset in centimeters from the bottom
(Y-offset) and from the left side (X-offset) of the map (including
margin widths).

GRIDS must handle large arrays of depths in order to inter-
polate values for any given square in the grid. Because of limita-
tions in the HP-1000 computer’s working memory, the data is
sorted in the Y direction and read in strips, moving up the Y scale
by adding a row at the top of the strip and dropping a row from the
bottom. The HP-1000 memory capacity determines how many
rows may be searched at once, on the basis of data density within
each row. In cases where some sections of the data are very dense,
the number of rows that can be searched may be of insufficient
width to achieve smooth interpolation. This situation is improved
using the program PIXLR which averages redundant or duplicate
points, thinning out the densest portions of the data, and sorting.

GRIDS permits varying the interpolation parameters. These
are: (1) RMAX, (2) IOCT, (3) NPMAX, (4) SM. (1) RMAX is the
maximum radius to search for points to interpolate a depth. RMAX
also defines half the number of rows to be loaded into computer
memory, and hence it is limited by the memory capacity. RMAX

was always at least 6 times the size of the grid squares. (2) IOCT
is a 0/1 off/on switch that determines whether GRIDS searches in
a simple circle (=0) or searches each octant (eighth circle) individ-
ually (=1). We always use a 1. (3) NPMAX, with IOCT=1,
represents the maximum number of points to find from each octant
for the interpolation. (4) SM is the smoothing factor, indicating
how to weight points according to distance from center of the
search radius. “0” is no weighting for distance; that is, simply an
average of all the points gathered based on RMAX and NPMAX.
This translates into maximum smoothing, averaging out small de-
tails of terrain. “10” is a steep weighting for distance, where points
found within approximately 0.1 RMAX completely outweigh dis-
tal values, and smoothing is minimized. We used SM=8 for
bathymetry, which translates to: any soundings found within a grid
square override soundings from outside that grid square.

With the grid parameters and interpolation control values
set, GRIDS proceeds to create what is in essence a piece of graph
paper with numbers (depths) in all squares located within RMAX
of a sounding. These maps of depth data created by GRIDS can be
contoured or compared with other grids. Specifically, two grids
created with the same grid parameters can be subtracted, square for
square (using the program SUBGD::3302). This technique was
applied to arrive at a map showing the difference between preblast
and postblast bathymetry and the maps of unit thickness above
reflectors 10 and 20.

CONMG, a subroutine of the mapping program MAPGN,
creates the contour maps. CONMG reads the output of GRIDS or
SUBGD and creates a MAPGN file of contours. CONMG permits
selection of the contour interval, the contour labeling interval, the
label size and format, and the angularity of contours connecting
points. In addition, contouring can be restricted to selected por-
tions of the grid or selected depth ranges. With the exception of the
contour angularity control, called DEL, the variables are straight-
forward. DEL varies the curvature put on a contour connecting
three or more points that are not in a straight line. Setting DEL
equal to 2 yielded smooth curves without causing interference
between adjacent contours.

Based on the above information, the precision of computer
contours on a map is seen to depend on the size of the grid squares
that were contoured and on the distribution of the data used to
interpolate values for these squares. This information is derived
from the gridding parameters and by examination of the point plot
(that is, data distribution) for the specific region and data set in
question.
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APPENDIX 2: NOAA Tide Tables for Enewetak

ENEWETAK (MARSHALL ISLANDS) T.M. 180 E, DATUM = MLLW

TIDE PREDICTIONS (HIGH AND LOW WATERS) JUNE, 1984

REFERENCE STATION IS: KWAJALEIN ATOLL+ MARSHALL IS. TeM, 180 E.
HWTIME = -7 HWHT .00 HWR =  +,77

LWTIME = -3 LWHT «00 LWR = +.,77

CONS = «30

NOAA, NATIONAL OCEAM SERVICE

Hu

STANDARD TIME

DAY TIMF HT o TIME HT o TIME HT. TIME HT.
1 F 451 H 4,9 1123 L .8 1713 H 3.9 2304 L 1.0
2 SA 528 H 4,9 1204 L W9 1753 H 3.7 2341 L 1,2
3 Sy A0 H 4,7 1247 L 1.1 1836 H 3.5
4 M 24 L 1.4 651 H 4,5 1338 L 1.3 1931 H 3.3
5 Tu 111 L 1,6 744 o 4,2 1438 L 1.5 2037 H 3,2
& W 217 L 1,9 851 H 4,0 1553 L 1,6 2207 H 3.2
7 TH 352 L 2.1 1015 H 3.7 1713 L 1.6 2328 H 3.4
8 F 534 L 2.0 1143 H 3.7 1819 L 1,5
9 SA 4y H 3.7 656 L 1.7 1253 H 3.7 1915 L 1,3

10 Su 137 H 4,1 757 L 1.4 1353 H 3.8 2000 L 1.2

11 M 222 H 4,4 848 L 1,2 1441 H 3.9 2042 L 1.1

12 TU 303 H 4,7 933 L 1.0 1523 H 3.9 2119 L 1.0

13 W 342 H 4,9 1012 L .9 1603 H 3.9 2156 L 1.0

14 TH 417 H 4,9 1051 L .9 1640 H 3.8 2232 L 1.0

15 F 454 H 4,9 1128 L .9 1715 H 3.7 2305 L 1.1

16 SA 529 H 4,8 1208 L 1,1 1753 H 3,6 2339 L 1.3

17 Sy 604 H 4,6 1242 |, 1,2 1830 H 3.4

18 M l6 L 1.5 641 H 4,3 1322 L 1.4 1910 H 3.3

19 TU 58 L 1.7 718 H 4.0 1404 L 1.6 1958 H 3,2

20 W 132 L 1.9 803 H 3.8 1455 L 1,7 2058 H 3.1

21 TH 239 L 2.1 900 H 3,5 1555 L 1,8 2217 H 3.1

22 F 4oz L 2.3 1012 H 3.3 1703 L 1.9 2336 H 3,2

23 SA S4n | 2,2 1133 H 3.3 1806 L 1.8

24 Su 29 H 3,5 656 L 2.0 1244 H 3.3 1859 L 1,7

25 M 129 H 3.7 752 L 1.8 1340 H 3.4 1944 L 1,5

26 TU 209 H 4,1 837 L 1,5 1428 H 3,5 2026 L 1.4

27 W 249 H 4,3 919 L 1.2 1510 H 3,7 21n% L 1.7

28 TH 226 H 4,6 359 | 1,0 1550 H 3.8 2143 L 1.1

29 F 402 H 4,0 1039 .8 1631 H 3.8 2221 L 1.0

30 SA 4432 H 4,9 1120 L .8 1711 H 3.8 2302 L 1,0
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ENEWETAK (MARSHALL ISLANDS) TeMe 180 Eo DATUM = MLLW

TIPE PREDICTIONS (HIGH AND LOW WATERS) JULY, 1984

REFERENCE STATICON IS: KWAJALEIN ATOLL, MARSHALL 1IS. TeM, 180 E,
HWTIME = -7 HWHT = .00 HWR = +.,77

LWTIME = -3 LWHT = .00 LWR = +,77

CONS = «30

NOAA, NATIONAL OCEAN SERVICE

STANDARN TIME

DAY TIME HT, TIME HT . TIME HT, TIME HT .
1 su 523 H 5.0 1200 L .8 1753 H 3.8 2344 ¢ 1.0
2 M 604 H 4,9 1242 | .8 1836 H 3.7
3 TU 26 L 1.2 649 H 4.7 1327 L 1.0 1925 H 3.7
4 W 116 L l.4 734 H 4.4 1415 L 1,2 2019 H 3.6
5 TH 212 L 1.6 829 H 4.1 1510 L 1.4 2122 H 3.5
& F 32u L 1.8 933 4 3.7 1€14 L 1.5 22329 H 3.5
7 SA 452 L 1.9 1054 H 3.4 1724 L 1.6 23%9 H 3,7
8 Sy 627 L 1.9 1218 H 3.3 1830 L 1.6
9 M 108 H 3,9 Tuy L 1.7 1329 H 3.3 1921 L 1,5

10 Tu 204 H 4,2 842 L 1.4 1430 H 3.4 2021 L 1.4

11 W 249 H b4 928 L 1.2 1515 H 3.5 2106 L 1.3

12 TH 331 H 4,6 1010 L 1.1 1558 H 3.6 21u6 L 1.2

13 F 4or H be7 1045 L 1,0 1632 H 3.7 2222 L l.1

14 SA bys H 4,8 1120 L .9 1708 H 3.7 2258 L 1,1

15 SuU 518 H 4.7 1153 L 1.0 1741 H 3.7 2333 L 1.1

16 M 382 H 4.6 1224 1.0 1814 H 3.7

17 TuU 7L 1.2 625 H 4.5 1255 L 1.1 1848 H 3.7

18 W 41 L l.4 656 H 4,2 1325 L 1.3 1923 H 3.6

19 TH 117 L 1,6 728 4.0 1359 L 1.5 2002 H 3.5

20 F 159 L 1.8 806 H 3.7 1436 L 1.6 2047 H 3ol

21 SA 247 L 2,0 851 + 34 1524 L 1.8 2151 H 3,3

22 Su hoE L 2.2 987 H 3,2 1628 L 1.9 2315 H 3,3

23 M Sup L 2.2 1134 H 3.0 1751 L 1.9

24 Tu 39 H 3.5 723 L 2.0 1308 H 3.1 1904 L 1.8

25 W 14¢ H 3,9 824 L 1.7 1414 H 3.3 2005 L l.6

26 TH 230 H 4,? 911 L 1.3 1502 H 3,5 2051 L 1,3

27 F 315 H 4,6 g9%2 L 1.0 1545 H 3.7 2135 L 1,1

28 SA 356 H 4,9 1031 L o7 1625 H 3.9 2218 L 9

29 sSuU 437 H 5,0 1110 L .6 1703 H 4.1 2257 L o8

30 M 518 H 541 1147 L S 1742 H 4,2 2339 L o8

31 TU 58% H 5.0 1224 L .6 1822 H 4.2
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ENEWETAK

(MARSHALL ISLANDS)

TeM.

TIDE PREDICTIONS (HIGH AND LOW WATERS)

REFERENCE STATION IS:

HWTIME = -7 HWHT
LWTIME = -3 LWHT
consS = « 30

KWAJALEIN ATOLL,

NOAA, NATIOMAL OCEAN SERVICE

STANDARD TIME

DAY TIME HT.
1 W 21 L 9
2 TH 103 L 1,1
3 F 151 L 1.4
4 SA 249 L 1,7
5 Su 4p9 L 2,0
6 M 606 L 2,1
7 TU 47 H 3,7
8 W 156 H 3,9
9 TH 247 H 4,2

10 F 326 4,5

11 SA 401 H 4,6

12 SU 432 H 4,7

13 M 02 H 4,8

14 TU 30 H 4,7

15 W 55R K 4,6

16 TH 18 L 1.1

17 F 47 L 1.3

18 SA 119 L 1.5

19 Su 15e L 1,8

20 M 252 L 2,1

21 TU 439 L 2,3

22 W 712 L 2,1

23 TH 124 H 3,7

24 F 222 H 4,2

25 SA 205 H 4,6

26 SU 2uy H 4,9

27 M 422 H 5,1

28 TU 500 H 5,2

29 W 53% H 5,1

30 TH 5 L .6

31 F 44 L .9

A34

180 E.

AUGUST, 1984
MARSHALL IS,

.00 HWR =  +.,77

.00 LWR = +,77
TIME HT . TIME HT.
633 H 4.8 1301 L o7
715 H 4,5 1340 L 1.0
758 4 4,0 1423 L 1.3
848 H 3,6 1510 L 1.6
959 H 3,2 1618 L 1.9
1148 H 2.9 1750 L 2,0
747 L 1,9 1335 H 3.0
850 L 1.6 1438 H 3.2
930 L 1,3 1521 H 3.4
1002 L 1,1 1553 H 2,6
1033 L 1.0 1625 H 3.8
1059 L .9 1653 H 4,0
1127 L .8 1722 H 4,1
1152 L .8 1747 H 4.1
1218 L .9 1816 H 4,1
625 H 4.4 124% L 1.1
651 Y 4.1 1309 L 1.3
721 H 3.8 1338 L 1.5
750 H 2.5 1410 L 1.7
835 H 3.1 1455 L 2.0
1018 2.8 1627 L 2.2
1300 H 2.9 1841 L 2.1
818 L 1.7 1414 H 3,2
903 L 1,3 1459 H 3,6
938 | .9 1534 H 3.9
1015 L W€ 1611 H 4,2
1049 L y 1647 H 4,5
1122 L W3 1721 H 4.6
1155 & U 1758 H 4,6
612 H 4,8 1229 L .6
649 H 4,4 1301 L .9
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ENEWETAK (MARSHALL ISLANDS) T.M. 180 E. DATUM = MLLW
TINDE PREDICTIONS (HIGH AND LOW WATERS) SEPTEMRER. 1984
REFERENCE STATION IS: KWAJALEIN ATOLL. MARSHALL IS, Telig
HWTIME = -7 HWHY = «00 HWR = +477
LWTIME = -3 LWHT = .00 LWR = 4,77
CONS = « 30
NOAA, NATIONAL QOCEAM SERVICE
STANDARN TIME
DAY TIME HT, TIME HT. TIME HT, TIME
1 SA 125 L 1.2 725 H 3.9 1335 L 1.3 1950 H
2 Sy 215 L 1.7 803 H 3.4 1410 L 1.7 204% H
3 M 226 L 2ol 901 H 2.9 1500 L 2.1 2217 H
4 Tu 611 L 2.2 1159 H 2.6 J715 L 2.3
5 W 39 H 3,5 808 L 1.9 1404 H 2.9 1933 L
6 TH 156 H 3.0 8%3 L 1.6 1446 H 2.2 2024 L
7 F 241 H 4.1 919 L 1.3 1515 H 3.5 2103 L
8 SA 318 H 4,4 946 1.1 1541 H 2.8 2134 L
9 su gy H 4,6 1008 L 9 1603 H 4,1 2204 L
10 ™ 411 H 4,7 1032 L .8 1628 H 4,3 2231 L
11 TU 437 H 4.7 1055 L ol 1653 H 4.4 22%8 L
12 W 504 H 4,7 1117 L o7 1718 H 4,5 2325 L
13 TH 527 H 4,6 1141 .8 1743 H 4,5 2352 L
14 F 553 H 4.4 1202 L 1.0 1806 H 4.4
15 SA 18 L 1.1 617 H b,1 1224 L 1.1 1833 H
i6 SU 47 L 1.3 643 H 3.8 1247 L 1.4 1902 H
17 M 122 L 1.6 710 H 3.5 1314 L 1.7 1929 H
18 Tu 210 L 2.0 750 H 3.1 1346 L 2.0 2043 H
19 w 358 L. 2¢3 928 H 2.7 1513 L 2.3 23N9 H
20 TH 704 L 2.1 1308 H 2.8 1830 L 2.3
21 F 1¢8 H 3,7 803 L 1.6 1407 H 3.3 1947 L
22 SA 205 H 4,2 842 1.2 1444 H 3.8 2034 L
23 Sy 246 H 4,6 917 L .B 1518 H 4,2 2117 L
24 M 326 H 4,° aug L 2 1550 H 4.6 2154 L
25 Tu 402 H 5.1 1021 L .3 1624 H 4.9 2232 L
26 W bzp H 5.1 1053 L . 1657 H 5.0 2309 L
27 TH 513 H 4,9 1123 L o U 1729 H 5.0 2346 L
28 F S48 H 4,6 1155 L .6 1804 H 4,8
29 SA 24 L 8 620 H 4.2 1223 L 1,0 1838 H
320 SU 103 L 1.2 654 H 3.7 1250 L 1.4 1915 H
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Chapter B

Sidescan-Sonar Survey of OAK and KOA Craters

By D. W. Folger!, J. M. Robb', J. C. Hampson!, P. A. Davis?, P. M. Bridges?, and D. J. Roddy?

INTRODUCTION
Purpose

The sidescan-sonar survey provided critical informa-
tion on the distribution, trends, and texture of scarps, frac-
tures, slumps, and bottom sediments associated with the
craters and the debris accumulation around OAK crater. The
sidescan-sonar survey also provided an on-site map-quality
image (a field-prepared mosaic) to guide submersible and
scuba surveys.

Echo soundings provide quantitative measurements of
the surface of a submarine crater, but such data are limited
to points directly beneath the tracks of a ship. Information
needed to fill in details between ship tracks requires another
technique. Side-looking radar or even oblique aerial photo-
graphs are appropriate for subaerial craters. Radar cannot be
used for submarine features, however, and sophisticated
submarine optical systems such as Angus (Ballard and
others, 1984) could not be used in this study due to poor
visibility (as reported by Tremba and others, 1982). There-
fore, we used a sidescan-sonar system, the acoustic equiva-
lent of side-looking radar.

Previous Work

The sidescan-sonar survey that was undertaken as part
of the EASI (Enewetak Atoll Seismic Investigation) project
provided no useful data. To our knowledge, no other
sidescan-sonar observations in the craters have been made.

Field Methods

Most of the sidescan-sonar data were collected aboard
Egabrag Il on tracks spaced 75 m (246 ft) apart. We ac-
quired data along a total distance of 75 km (40 nmi) in OAK
and 19.6 km (10 nmi) in KOA (figs. 1, 2). Additional tie
lines were run in the lagoon between the craters, and short
extensions of lines were run into shallow water by the land-
ing craft (Mike boat) in both craters. Most data were ac-
quired with a Klein Model 422S-101 AF transducer unit
mounted in a 545-kg (1,200 1b) fish. Data from the landing
craft were acquired with similar transducers, but they were

1U.S. Geological Survey, Branch of Atlantic Marine Geology, Woods
Hole, Mass. 02543

2U.S. Geological Survey, Branch of Astrogeological Studies, FlagstafT,
Ariz. 86001

mounted on a smaller fish. The port and starboard transduc-
ers have a horizontal beam width of 1°, a vertical beam
width of 40°, an output frequency of 100 kHz, a 0.1-ms
pulse length, and a resolution of 0.15 m. The stability of the
large transducer vehicle in the water was a major contributor
to the excellent record quality that allowed us to construct
usable mosaics in the field. We used 100 m (330 ft) of range
on either side of the fish, giving us about 30 percent overlap
in each direction from line to line. Data were displayed on
a Klein 531T three-channel wet-paper recorder. Analog sig-
nals were recorded on magnetic tape using a Honeywell
14-track recorder and 1-inch (2.54 cm) magnetic tape.

Although the best detail is generally obtained by tow-
ing the transducer fish close to the bottom at 10 percent of
the instrument’s range, we were forced to run it at shallower
than optimal depths in the confined space of KOA and
among the many patch reefs surrounding OAK. During
cloudy weather, coral heads were difficult to see, maneuver-
ing room for Egabrag II was constrained, and we had to
terminate lines short of some critical nearshore areas in both
craters. To overcome this problem, we subsequently
mounted the sidescan-sonar system on the Mike boat (fig. 2,
Introduction to the volume), and used a smaller, less stable
fish that could be controlled quickly by hand. However,
rapid changes in depth produced noisier records in some
areas, especially within KOA.

Following the Egabrag phase of the sidescan-sonar
survey, the analog paper records were photographed at the
Mid-Pacific Laboratory on Enewetak by D. S. Blackwood,
and photographs were assembled into mosaics. These were
then rephotographed and printed at Enewetak at scales ap-
propriate for immediate field use aboard Egabrag, Delta,
and Halimeda.

Image Processing

Subsequent to field operations, to enhance the
sidescan-sonar images and to create map-quality mosaics
using processed navigation and bathymetric data, the analog
recordings of sidescan-sonar data on magnetic tape were
digitized using a MASSCOMP MC-500 computer. A 30-
kHz digitizing rate was used over 180 ms of the 200-ms scan
interval, with every third point recorded, giving about 1,800
points per scan, for an average lateral pixel dimension of
about 7.5 cm (3 in.). At the usual ship speed of 4 kn (about

Sidescan-Sonar Survey of OAK and KOA Craters B1
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Figure 1. Tracks of vessels along which sidescan-sonar data were acquired in OAK crater. GZ=ground zero. Contour

interval is 5 m.

2 m per second), the vertical, or along-track, pixel dimen-
sion was about 40 cm (16 in.).

The digital sidescan-sonar data were processed at the
U.S. Geological Survey’s (USGS) laboratories in Flagstaff,
Ariz., using a VAX-11/750-based computer system and a
Ramtek interactive display unit. The computer programs
used have been developed primarily within the USGS.

Processing steps included noise removal, slant-range
correction, aspect-ratio correction, and application of a con-

stant contrast stretch so the data could be assembled in a
mosaic. Film transparencies of each sonar track were pre-
pared at scales appropriate for airbrushing.

The noise removed took the form of (1) random elec-
tronic noise introduced by various hardware systems, and
(2) speckle noise that is inherent in all sonar and radar data.
Most of the random noise was visible as solid white or black
horizontal lines and, with the Mike-boat data, some vertical
lines. The position of either line or sample noise was deter-
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Figure 2. Tracks of vessels along which sidescan-sonar data were acquired in KOA crater. GZ=ground zero. Contour interval is

5m.

mined and recorded by examination using an interactive
display screen coupled to the computer. The line noise was
removed from the digital data by duplication of adjacent
lines (either vertical or horizontal). The duplication is unno-
ticeable in the image because of the high resolution of the
data, but the duplication must be done prior to the slant-
range correction because the latter would distort the noise
and make its later removal extremely difficult.

The speckle noise was removed by applying a median
digital filter to the data. Preliminary tests showed that the
minimum-sized boxcar filter (2-by-2) was sufficient to re-
move this noise. A 2-by-2 boxcar refers to the imaginary
box configuration of the filter that runs laterally along each
line of image data from the top to the bottom of the image.
During this moving filter process, the value of each pixel
(known as the digital number, or DN) in the four-pixel box
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is taken from the original image data base and accumulated
in computer memory, and a median DN is selected. The
resultant median value represents the new DN value for the
upper left corner value of the box. This value is then placed
in a blank image database at the original image position of
the upper left pixel of the box. The advantage of the median
filter over other digital filters is that it eliminates DN spikes,
either as anomalously high or low values in the original
data, but maintains as much of the information content of
the original data as possible.

The next step was slant-range correction, which re-
quires knowledge of the height of the sidescan fish over
bottom. Because the height over bottom varied and the
built-in altimeter unit in the sidescan-sonar fish had failed
near the start of the operation, we recovered these values by
digitizing the first arrival of the sonar image. This procedure
produced a file of across-track pixel positions for each line
of image data, which was then used in the slant-range calcu-
lation to determine where pixels within a particular line of
original image data should be located in an undistorted im-
age. These positions were then used to extract pixels along
a particular line of original image data and to place them at
their true relative positions in a blank image file. The across-
track resolution of the resultant image data was degraded to
about 30 cm (12 in.) from the original 7.5 cm (3 in.).

RESULTS

The sidescan data from OAK were of significantly
better quality than those from KOA crater. This result prob-
ably was due to several factors that included: (1) restricted
area in KOA for maneuvering the ship; (2) more reverbera-
tion noise in KOA data due to the crater’s smaller size and
enclosed geometry; and (3) more use in KOA of the smaller
fish which had to be raised and lowered rapidly and was
consequently more noisy. To illustrate the quality of the
field sidescan-sonar data, we have included the mosaics of
the two craters that were constructed at Enewetak from the
analog records (figs. 3, 4). The mosaics include 5-m bathy-
metric overlays for orientation. The field mosaics show
many characteristics that make interpretation of sidescan
data difficult, such as the boundaries between strips of im-
agery recorded along each track, variations in directions of
shadows depending on fish location, and complex patterns
of noise. Digitizing and processing has minimized these
characteristics and enhanced the definition of targets, espe-
cially in such areas as the inner crater. The processed,
digitized sidescan data provided the principal input to the
airbrush-enhanced sea-floor images of the two craters
(figs. 5A-C; 6A-C).

OAK Crater

For the field mosaic, photographs of sidescan-sonar
images were glued up with the look direction toward the

reef. Accordingly, more details are visible on the northwest
side of the crater than on the southeast side (fig. 34). Most
major features are present on this mosaic, but many smaller
features are not. The steep slopes on the reefward side of the
crater show as the most intense reflections in the area. Few
details of the numerous scarps that make up the slope are
resolved. The debris blanket surrounding the lagoonward
side of the crater is defined by a texture that is unique and
appears nowhere else in the image. The flat-floored valley
that cuts through the crater wall and broadens as it crosses
the debris blanket is clearly apparent southeast of ground
zero. Outside the debris blanket the ubiquitous patch reefs
appear as conical mounds. In contrast to these features, the
crater floor and crater walls out to a distance of about 260 m
(850 ft) from the geometric center of the crater show few
targets or reflectors.

The airbrush-enhanced version of the sidescan-sonar
data (fig. SA) was also set up with lighting from the south-
east. Light areas thus represent, for the most part, surfaces
that slope toward the viewer, and dark areas represent sur-
faces that slope away from the viewer. Intermediate be-
tween the two are areas with relatively flat, smooth bottom.

The third step was the correction for aspect ratio.
Because the speed of the ship varies, the along-track spatial
resolution of pixels in the original data set also varies and
does not match the across-track resolution. This discrepancy
gives the effect of different vertical and horizontal scales,
and the slant-range correction alone will not produce an
undistorted image. The aspect-ratio correction was calcu-
lated using the navigation data associated with each scan
line to compress or expand the along-track data, setting the
output-image data to an aspect ratio of 1.0, so that along-
track and across-track scales were equal.

After noise, slant-range, and aspect-ratio corrections,
the resultant data were interactively examined to determine
the digital stretches necessary to make images of overlap-
ping strips appear to be taken under the same electronic
“lighting” conditions. These stretch values were then em-
ployed by the electronic photowrite device to make film
transparencies of each sonar strip at the appropriate scale for
preparation of airbrush maps.

Airbrush maps of the digitally processed data were
constructed at Flagstaff, Ariz. The maps were created by
overlaying the film transparencies of the digitally processed
data and the navigation track lines and the 1-m contour
bathymetric map, and reproducing the locations and shad-
ings of features shown on the digitally processed data strips
as a single mosaic having a constant lighting direction. To
construct the airbrush maps, the relief shading of the grander
features of the areas, the craters and the reef or reef plate,
was derived from the bathymetric contours as well as from
the sidescan-sonar images. The true position of individual
features, such as the patch reefs around OAK crater, were
taken from the bathymetric maps because the position of
echo-soundings below the transducer mounted in the ship’s
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hull was more closely controlled than were the sidescan-
sonar data, which were taken from a submerged fish at the
end of a variable-length cable. The locations of features on
the airbrush maps are probably within about twice the speci-
fied navigational error, or within about 10 m (33 ft) of their
true positions. The images were reviewed and modified for
compatibility with sea-floor observations made from the
submersible and by scuba divers. Thus the airbrush-
enhanced images represent the most comprehensive integra-
tion of data in the report.

The excellent quality of these products will greatly
enhance the interpretation of the other data sets. They come
too late to modify figures in other chapters prepared for this
report, but they should provide valuable input to future
analyses of these and other craters.

We shall discuss the details of the airbrush-enhanced
sidescan-sonar map of OAK in sequence from the crater
floor outward, on the basis of the physiographic provinces
defined by the bathymetry in chapter A of this volume.
Those provinces include the crater floor, inner slope, inner
terraces, outer slope, outer terraces, rim slope, rim scarp,
debris blanket, and lagoon floor (fig. 5C). For purposes of
this discussion, we have not altered the boundaries deter-
mined from the bathymetric map to fit the features depicted
on the airbrush map except for the outer boundary of the
debris blanket. Five-meter (16 ft) bathymetric contours have
been overlain on the airbrush map for orientation (fig. 5SB).

Crater Floor

Inside the boundary of the crater floor, the bottom
appears to be flat and featureless (fig. 5C). The small rise
near its center, shown by the bathymetry, apparently is of
insufficient relief to be detected by the sidescan-sonar. The
perimeter of the crater, drawn on the basis of the bathymet-
ric change in slope, lies slightly inside the steepest slopes
interpreted from the sidescan data.

Inner Slope

The steep sides of this province are clearly defined on
the airbrush map, particularly near its inside perimeter,
where they have greater sonar expression than near its outer
perimeter (fig. 5C). Valleys incise the slope, particularly on
the southern and eastern sides. About half of the valleys
revealed here are coincident with valley thalwegs shown in
figure 9 of chapter A (this volume). The eastern side of the
crater’s inner slope appears to be breached, as if debris had
flowed in that direction, whereas the western side is compli-
cated by what appear to be downdropped areas. These areas
probably reflect variations in the style of mass-wasting from
the lagoon side to the reef side of the crater.

Inner Terraces

This broad area is characterized mostly by smooth
bottom in the northeast, northwest, and southwest quadrants

of the crater (fig. 5C). In the southeast quadrant the bottom
texture more closely resembles that of the debris blanket
farther from ground zero. The airbrush map shows three
channels that cut through the eastern side of this area. The
westernmost channel is obvious on the bathymetry, but the
other two are not as clearly defined. All three join into the
main channel that cuts through many of the major provinces
on the southeastern side of the crater. A large mass 310 m
(1,017 ft) long and 150 m (490 ft) wide of what probably is
mostly debris separates the main channel from its neighbor
to the north. In the other three quadrants of the area, prob-
able debris mounds are mostly no larger than 120 m (394 ft)
long and 60 m (197 ft) wide.

Outer Slope

The outer slope has a distinctive texture on the side-
scan data (fig. 5C) that is surprising, considering the subtle
change in slope that defines it on the bathymetry. Only in a
small part of the area east of ground zero is the bottom
smooth. Elsewhere, radially subparallel linear to arcuate
features crenulate most of the bottom. These are commonly
30 to 60 m (100-197 ft) long and are found around the
southwest side of the outer slope. Similar but fewer features
are present on the northeast and southeast sides. These fea-
tures are probably the promontories discussed by Halley and
others in chapter F (this volume) that give the slope a fluted
appearance from the submersible. On the north side of the
crater is an area about 140 m (450 ft) wide that appears to be
incised by small, subradial ravines or gullies.

Outer Terraces

The outer terraces of the northern and western areas
are characterized by a smooth bottom, like the inner terraces
in those quadrants (fig. 5C). South of ground zero, how-
ever, the area is about 50 percent rougher, more like a debris
surface, and contains several small, arcuate scarps up to
130 m (426 ft) long. In the northwest quadrant of the crater,
the natural reef slope projects into the area of inner terraces
about 375 m (1,230 ft) from ground zero, and no outer ter-
races region is present. The western area appears to be
complex, having reverse slopes and narrow scarps. The
boundary between the outer terraces and the rim slope is
marked by a change from smooth to rough relief and is clear
on the northeast flank of the crater but less clear on the
southwest flank.

Rim Slope

The two areas of the rim slope east and west of ground
zero are similar in texture, each showing about 50 to
70 percent smooth bottom. Both have scattered debris
mounds, which are mostly less than 18 m (60 ft) in diameter
(fig. 3C). However, in the southern part of the eastern area,
a large debris or patch-reef complex about 100 m (330 ft) in
diameter occupies most of the rim slope. A secondary crater
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about 20 m (65 ft) in diameter lies almost due south of
ground zero.

Rim Scarp

The high reflectivity of the rim scarp clearly depicts
the area of steepest slopes in the crater (fig. 5C). Alternating
light and dark bands, commonly only 6 to 8 m (20-25 ft)
wide, mark the scarps and terraces observed by submersible
and by scuba divers. These smaller scarps and terraces con-
trast with the areas where major terraces, as large as 60 m
(200 ft) by 375 m (1,230 ft), break the scarp into steps west
and northwest of ground zero.

The uppermost scarp west of ground zero shows about
40 small reflectors, less than 3 m (10 ft) in diameter, which
may be pieces of reef plate that have slumped into the crater.

Debris Blanket

The debris blanket is made up mainly of two arcuate
ridges rimming the lagoonward side of the crater. These
compose a broad debris complex that is more extensive to
the northeast than to the southwest and is divided by the
broad, flat-floored channel southeast of ground zero
(fig. 5C).

The boundaries of the debris blanket visible on the
airbrush map coincide well with those we could define using
the bathymetric map, except at the blanket’s southern ex-
tremity. There, according to the interpretation of the side-
scan data, the rough bottom typical of most of the debris
blanket terminates as much as 250 m (820 ft) closer to
ground zero than we drew it on the basis of bathymetry.
Figure 5C shows the boundary that conforms with the
airbrush-map interpretation.

Farther to the southeast, about 1,150 m (3,770 ft)
from ground zero, sea bottom having a similar texture to the
debris blanket covers an isolated area 325 m (1,070 ft) long
and 250 m (820 ft) wide. This area may be a mass of debris
that swept through the main channel to be slowed down or
stopped by several patch reefs, which it now mantles or
abuts.

Lagoon Floor

The predominantly smooth lagoon floor within the
study area is dotted by about 75 patch reefs (fig. 5C). The
diameter of the reefs varies greatly from 10 to 20 m (33—
65 ft) to greater than 100 m (330 ft). The fine-textured bot-
tom of the lagoon floor also comprises some complexes of
mounds similar to those in the debris blanket that may con-
sist of debris from the crater.

Farther than about 800 m (2,600 ft) southeast of
ground zero, the channel separates into two legs that extend
to either side of the large mass of debris noted above. There,
the channel floor is lineated with what appear to be erosional
furrows and grooves. Because the subbottom profiles show
the lagoon floor there to be underlain by chaotic reflectors,

those features do not appear to represent truncations of hori-
zontal bedding.

Two circular depressions, which appear to be second-
ary craters about 25 m (83 ft) in diameter, lie about 900 m
(3,000 ft) southwest of ground zero, on probable reef plate.

KOA Crater

Because KOA crater was blown out of an island, land
or reef plate makes up much of its perimeter. Debris accum-
ulations, similar to those at OAK, lie in shallow water or on
land where they cannot be seen; therefore the sidescan-sonar
mosaic only portrays the central part of the crater complex.

The same kind of strong echoes associated with the
scarps that are present along the reef side of OAK extend
around the north, east, and south sides of KOA (fig. 4). On
its southwest side KOA crater adjoins MIKE in an area of
complex topography where a third test, HURON, was con-
ducted in 1956 (Circeo and Nordyke, 1964; chap. A,
fig. 17, this volume).

In KOA only a few, small (less than 40 m, or 131 ft,
in diameter) targets were recorded on the analog records
deeper than the 25-m (82 ft) isobath (fig. 4). This is proba-
bly due in part to sediment infilling of the crater center but
also in part to the height off-bottom of the Egabrag-towed
transponder. Targets are more common on the analog
records especially to the southwest in the hummocky area
between MIKE and KOA. There, however, even the two
large conical mounds, which are so apparent on the bathy-
metric map, are not well defined.

Targets are abundant in water shallower than 20 m
(66 ft). The increased frequency of targets is, in part, a
result of having the transponder towed closer to the bottom
from the MIKE boat, but it is also due to the presence of
small scarps and debris from the main scarp that surrounds
much of the crater between the 5- and 20-m (16- and 66-ft)
isobaths.

In the northeast quadrant, the upper edge of the main
scarp is well defined near the 5-m (16 ft) isobath. In the
southeast quadrant, however, targets are complex and, ex-
cept for a few segments, show little coherence. The
airbrush-enhanced image was modified little with input
from submersible and scuba observations in the deep areas
of the crater because underwater visibility there was so
limited. However, around the margins of the crater, sea-
floor observations were useful in identifying and defining
some targets in detail, particularly the manmade structures.
As for OAK, the airbrush-enhanced image for KOA
(fig. 6A) was set up with lighting from the southeast.

We shall discuss the features portrayed on the air-
brush map in sequence from the crater floor outward, on the
basis of physiographic provinces defined by the bathymetry
in chapter A, figure 18, of this volume. These provinces
include the crater floor, inner slope, terraces, rim scarp,
debris mounds, and channel. None of the province

Sidescan-Sonar Survey of OAK and KOA Craters B13



ENHANCED SEAFLOOR
KOA CRATER

11°40'30"N

11°40'00"N

500 METERS

15?0 FEET g

146000 IVY GRID (ft)

U.S. GEOLOGICAL SURVEY }%

162°11'30"E

162°12'00"E

Figure 6A. Airbrush-enhanced image of KOA crater based on sidescan-sonar, bathymetry, and sea-floor observations.

GZ=ground zero.

boundaries in KOA crater have been altered for this discussion
of the sidescan data, but the boundaries of the rim scarp and
of the debris mounds have been modified slightly on the east-
ern margin of MIKE crater (fig. 6C). We show the airbrush
map with a 5-m bathymetric-contour overlay for orientation
and have labeled some of the target-echoes from manmade
structures on the eastern margin of the crater (fig. 68).

Crater Floor

The crater floor is smooth and subdued, doubtless
owing in part to the influx of material continually being
swept from the reef by the trade winds. The smoothest, most
featureless area appears to be southwest of ground zero,
suggesting that some material may be flowing from the
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shallower floor of MIKE crater into KOA through the nar-
row channel that connects them (fig. 6C).

Southeast and northwest of ground zero, the bottom
relief is more variable. To the southeast this variability is
apparently due to the toe of a slump which can be traced up
the crater side to the south-southeast across the inner slope
and terraces. Three possible blocks of debris about 10 m

(30 ft) in diameter that may have been derived from the
slump protrude above the crater floor in this area. To the
northeast a small channel, which may be another conduit for
the influx of detritus, debouches onto the crater floor. Relief
is more subdued to the northeast than near ground zero and
appears to be part of a sediment cone or slump associated
with a scarp that cuts across the inner slope and terraces and
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joins with the scarp that forms the northwest inner slope. We
might have drawn the perimeter of the crater floor farther to
the northeast, along the base of that scarp, if it had shown
better bathymetric expression.

Inner Slope

The province is clearly distinguishable on the side-
scan images, and its boundaries correlate closely with those

of the area as bathymetrically defined (fig. 6C). Only along
the northwest side does the airbrush map show a steeper
slope extending closer to ground zero. As noted above, the
sidescan data suggest that the lower boundary could have
been extended farther to the northeast than it was, on the
basis of bathymetry. Northwest of ground zero, the inner
slope shows low relief except for a small channel. East of
ground zero, bathymetry is more complicated where slump-
ing apparently has taken place. Southeast of ground zero,
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the province is apparently broken by a slide that impinges on
the crater floor and obscures the slope. To the southwest, the
province could be broken again by the narrow channel that
connects the floor of KOA and MIKE, but the character of
that channel, both on sidescan and bathymetry, is not dis-
tinctive close to the crater floor.

Terraces

The hummocky, complex nature of this large area is
clearly apparent on the airbrush sidescan image (fig. 6C).
West and northwest of ground zero, the inner half of the
province is relatively smooth, having only a few, low-relief
channels and mounds. The outer half is much rougher with
numerous scarps and hills. These two areas of contrasting
texture could be separated perhaps into inner and outer ter-
races by an outer slope as is the case in OAK. The large
scarp which has been outlined due north of ground zero
could be included within an outer slope province, but the
continuity of such a province is not as clear as it is for OAK.
East of that large scarp the relief smoothes out somewhat
where the area of the terraces is narrower and marked only
by sinuous features 30 to 60 m (100-200 ft) long. To the
northeast are indications of possible grooves and furrows
that trend northwest. East of ground zero, where the rim
scarp is broken or separated, are two hummocky ridges
oriented northwest, separated by a 10-m-wide (30-ft-wide)
channel. The physiography of this area is apparently com-
plicated by mass movement of sediment. Southeast of
ground zero are broad terraces about 60 m (200 ft) wide.
Superimposed on them are widely scattered mounds most
often less than 15 m (50 ft) in diameter.

The shallow boundary of the province southwest of
ground zero is not clear probably because the rim scarp
either didn’t develop or because it has been obscured by
sediment. A significant scarp projects in a southeast direc-
tion from the mounds into the terraces; it may be part of the
rim scarp.

Rim Scarp

West and northwest of ground zero, the bathymetry of
the rim scarp is complex and comprises many hills and
mounds that range from 3 to 40 m (10-130 ft) in diameter.
To the north are three narrow (10 m, or 30 ft) scarps that
make up the main scarp; east of them, details are lost in an
area of high reflectivity. East of ground zero, the rim scarp
appears to be offset by faulting or slumping. The sidescan
data reveal that hummocky masses extend for almost 150 m
(500 ft) south of the offset area. This hummocky area is
probably made up of slump blocks that moved toward
ground zero into deeper water. Whether or not it should be
included as the rim scarp is open to question. The dark
shadow of a scarp lies along the crater margin in a fishhook
shape, but the slope there is much less than within adjoining
segments which have been included within the rim scarp
province (fig. 6C). Southwest of the offset, the southern

section of the scarp is coherent for about 330 m (1,000 ft).
Then it breaks up into about three noses and reentrants and
loses its identity south of ground zero. The rim scarp based
on bathymetry was continued around the southeastern mar-
gin of MIKE, but that picture doesn’t fit the airbrush inter-
pretation well (fig. 6C). To the east of MIKE, the adjacent
flank of the large submarine ridge, which separates the
craters from the lagoon, is characterized by northwest-
trending furrows and ridges having a wavelength of about
15 m (50 ft).

Debris Mounds

The airbrush image of the debris mounds between
KOA and MIKE craters does not portray the mounds as
clearly as they are defined by the bathymetric contours
(fig. 6C; see also chap. A, fig. 18, this volume). The south-
western hill, which projects into MIKE crater, is better
defined than the northeastern hill, which appears to be made
up of a complex of smaller mounds. The mounds are flanked
on the northwest and southeast sides by two channels. The
southwestern hill terminates against a scarp on the south-
west side of KOA crater, whereas the one on the northwest
side connects the crater floors of KOA and MIKE.

Channel

The flat floor of the channel northwest of the mounds
is well depicted on the airbrush image, narrowing from
about 50 m (165 ft) wide in MIKE to only about 10 m (30 ft)
wide where it enters KOA (fig. 6C). A smaller tributary
channel joins the larger channel at a right angle from the
northwest and cuts through complex hummocky terrain that
probably consists mostly of debris.

Manmade Structures

The digitally processed sidescan data clearly show
echoes from several of the structures that were discovered
by the submersible and the scuba divers along the eastern
margin of KOA. These are identified in figure 68. The
clearest targets are the vertically emplaced railroad rails that
retained the causeway leading to the collimator station. (See
chap. H, figs. 33-36, this volume.) Though the rails on the
northeastern side of the causeway were best documented by
the scuba divers, enough material apparently was left on the
southwestern side to produce sonar echoes. Thus the
sidescan-sonar imagery appears to portray much of the
causeway. Similarly, parts of the concrete base of the colli-
mator station itself seem to be outlined (fig. 6B; see also
chap. H, figs. 33, 36, this volume). A line-of-sight tube
support is visible in shallow water (fig. 6B; see also
chap. H, fig. 33, this volume) as are various parts of the
concrete test station 360.01 (fig. 6B; see also chap. H,
figs. 29-33, this volume). To the south, the railroad rails in
about 6 m (20 ft) of water are well depicted (shallow rails in
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figs. 6B see also chap. H, fig. 33, this volume), but the
rails in deeper water apparently are at least partly obscured
by other echoes (chap. H, figs. 33, 38, this volume), some
of which may be due to the abundant coral thickets sur-
rounding them. In the same area two linear features trend
roughly toward ground zero (fig. 6B ); these features may be
cables that were observed by the scuba divers but were not
surveyed precisely. Several echoes similar to those derived
from the rails appear in other areas on the airbrush image.
Additional scuba observations must be carried out to iden-
tify them.

CONCLUSIONS

The airbrush-enhanced images based on sidescan-
sonar surveys, bathymetry, and sea-floor observations have
provided a comprehensive view of the physiography of the
two submarine craters that could not have been obtained by
any other combination of techniques.

In OAK crater, for instance, bottom texture, visible
on the sidescan imagery, clearly depicts the spatial distribu-
tion of the debris blanket. Similarly, the detailed character-
istics of the main channel southeast of ground zero that cuts
through the crater side provides important evidence that the
significant amount of material was transported from the
excavation to the adjacent lagoon floor. The clear portrayal
of the distribution of scarps, not only where they are most
common on the reefward side of the crater but within the
inner and outer terraces, will provide good evidence for the

mechanisms responsible for late-stage deformation of the
crater.

In KOA, the airbrush-enhanced image presents a
good picture of the distribution of slumped debris especially
in the southeast quadrant. It also suggests that the offset of
the rim scarp east of ground zero may be a complex of slump
blocks rather than a more simple offset as interpreted from
the bathymetry alone. Finally, the image provides a compre-
hensive view of some of the important manmade structures
that were surveyed by submersible and by scuba divers and
indicates the locations of other objects, not identified, that
might be equally useful in determining the absolute sense
and magnitude of ground displacement during and following
the KOA event.
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Chapter C

Single-Channel Seismic Survey of OAK and KOA Craters

By J. M. Robb, D. S. Foster, D. W. Folger, J. C. Hampson, and R. A. Woellner!

INTRODUCTION
Purpose

In and around the craters, the upper 30 m (100 ft)
of sediment includes a complex of debris distorted by folds,
faults, and slumps. Distinguishing the debris from naturally
deposited sediment and delineating the stratigraphy and ge-
ometry of both components is essential to understanding the
cratering mechanics of the Enewetak nuclear events. For
this purpose, we used a Huntec Hydrosonde Deep-Towed
Seismic System.

Previous Work

Previous attempts to acquire useful shallow subbot-
tom seismic profiles of OAK and KOA craters apparently
were not successful. A 3.5-kHz high-resolution single-
channel seismic system was used during Project EXPOE
(Exploratory Program on Enewetak), but Ristvet and others
(1978) included no profiles in their report. Subsequently, a
3.5-kHz EDO-Western Model-315 subbottom profiler with
8 kW of power output was used during Project EASI
(Enewetak Atoll Seismic Investigations). No profiles of
these data were presented by Tremba and others (1982),
although some illustrations of the profiles were included in
a classified report (E. Tremba, oral commun., July 1985).

METHODS

The Huntec Hydrosonde DTS (Deep-Towed-Seismic)
profiling system (fig. 1) produces a 500-Hz to 6-kHz wide-
band acoustic signal by using an air-backed, depth-
corrected, impulse-driven piston as a sound source. A 10-
element hydrophone having a 3-m (10 ft) aperture is towed
about 2 m (6.5 ft) behind the sound source; both are towed
at depth on a 545-kg (1,200 Ib) fish. The signal insonifies
an area of the bottom within about a 60° cone below the fish.
Towing both the source and receiver close to the bottom
achieves a better signal-to-noise ratio and horizontal resolu-
tion than conventional surface-towed profiling systems. The
transducers for the Klein 100-kHz sidescan-sonar system are
mounted on the same fish. The two systems can operate
simultaneously, although we operated them independently

LAll authors are with the U.S. Geological Survey, Branch of Atlantic
Marine Geology, Woods Hole, Mass. 02543.

for the most part to eliminate crosstalk and because the
optimum tow depths in the crater areas for the two systems
were not the same.

During operations, the Huntec fish was lowered over
the stern A-frame of Egabrag II (fig. 1). Its depth was
continuously monitored from a digital readout of a pressure
sensor on the fish and from the incoming paper record and
was controlled by the winch operator to avoid coral heads
and patch reefs.

The high-resolution seismic survey was carried out on
the first leg of Egabrag II operations during June and July
in 1984. Rain and clouds often reduced the visibility of
underwater hazards, resulting in the shortening or elimina-
tion of some desirable nearshore profiles. Low visibility was
less of a problem during subsequent legs when weather was
better and the crew more familiar with the area. However,
most of the time the wind was light and seas low, providing
ideal conditions for towing the fish at slow speeds (150—
200 cm/s, or 3—4 kn).

The Huntec boomer was fired at half-second inter-
vals, corresponding to about 1 m (3 ft) of advance at the
usual 200-cm/s (4 kn) speed. Data were electronically cor-
rected for fish depth and for heave, filtered between 1,000
and 2,500 Hz, and recorded on an EPC 3200 recorder at a
0.125-s sweep and on !/2-inch analog magnetic tape.

Interpretation Procedure

The towed submarine source-receiver configuration
of the Huntec system, while effective in acquiring shallow
subbottom data, produced a complex pattern of water-
surface and water-bottom multiples (figs. 2, 3). The se-
quence of signals includes a direct echo from the water
surface, a direct echo from the bottom surface, subbottom
reflections, then a second bottom and subbottom sequence
from the sound wave that had first echoed from the water
surface. These signals were followed by the more usually
encountered water-surface and bottom-surface multiples. In
most places, the second arrival (the pulse that had first
reflected from the water surface) obscured deeper subbot-
tom data.

Subbottom profiles were interpreted by tracing reflec-
tors on overlays that had been prepared using bathymetry
from the echo-sounding data. The bottom profile was
matched on the two data sets. This procedure corrected the
single-channel data to the navigational reference point under
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Figure 1. Huntec towfish suspended from stern A-frame aboard MS Egabrag Il. San Diego harbor is in background.

the echo-sounder and eliminated any water-depth discrepan-
cies between the two systems due to minor differences in
datum or artifacts of the electronic adjustments that were
made to compensate for changes in Huntec fish depth. Mul-
tiples were identified first and marked on the overlays to
avoid confusion with subbottom reflections.

We correlated reflectors from line to line by direct
comparison of depths and sediment thicknesses at line cross-
ings, and we closed correlation traverses to ensure consis-
tent interpretations. We digitized reflectors for machine
plotting using an automated digitizing table. For plots of
depths and sediment thicknesses, sound velocity was taken
as 1,542 m/s (5,060 ft/s) in seawater and as 1,650 m/s
(5,413 ft/s) in the shallow subbottom sediments.

RESULTS AND DISCUSSION

Grids of single-channel profiles were acquired in both
craters and on long tie lines between OAK and KOA crater
areas and Enjebi (Janet) island (fig. 4).

At KOA crater, because of the enclosing reef and
limited maneuvering room, data were only acquired along
eight lines, 75 m (250 ft) apart, parallel to the axis between
KOA and MIKE craters, and along two radial lines through
KOA ground zero on other azimuths (fig. 5). Copies of the
data are illustrated in figures 6A—F.

At OAK crater, we acquired data along 25 lines paral-
lel to the reef (strike lines), spaced 75 m (250 ft) apart; along
7 lines perpendicular to the reef (dip lines), spaced 305 to

C2 Sea-Floor Observations and Subbottom Characteristics, OAK and KOA Craters
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Figure 2. Huntec mid-water boomer: ray path with time. Dia-
gram explains the sequence of reflections that are received
from the sea floor and water surface by using a midwater-
towed sound source and hydrophone. The profiles have three
parallel traces (B1, B2, B3) and subsequent multiples (B4, B5,
and so on) that result from the illustrated ray paths. B2, which

366 m (1,000—1,200 ft) apart; and on two lines through
ground zero that lie at about 45° to the other two sets
(fig. 7). These profiles are shown in figures 8A-HH, in
sequence from reef to lagoon so that structure from line to
line can be compared. Each profile is shown as recorded at
sea, displayed by time along the ship’s track; hence some
are reversed in geographical orientation compared to others.
Line drawings of digitized interpreted profiles, corrected to
constant scale, are included with the photographs of the raw
data from OAK crater area.

The lagoon profiles, whose tracks are shown in fig-
ure 4, are illustrated in figures 9A 1.

KOA Crater

The event that created KOA crater was fired on a
small island that was obliterated by the explosion. Because

arrives simultaneously from two paths, commonly appears
strongest and obscures subbottom reflectors of the B1 path. B3
is usually weak. B4 and B5 are conventional multiples and
show greater slopes than the first arrivals. B=bottom reflecton;
S=surface reflection.

five other devices were fired in the area (MIKE, NECTAR,
APACHE, HURON, and SEMINOLE—see chap. A,
fig. 17, this volume), any debris that is mappable cannot be
attributed uniquely to the KOA event.

The profiles of KOA crater revealed only scattered
subbottom reflections; none could be mapped as a surface.
According to E. Tremba (oral commun., July 1985), data
acquired during the EASI project show mappable reflectors
below the shallow water outside KOA crater to the south, in
an area where we did not acquire any subbottom profiles.
Figure 10 shows the location of the fragmental reflections
detected during this study and the depth below bottom of
those reflections. Figure 11 shows line 701, which contains
the only strong subbottom reflector. This reflector lies be-
tween 8 and 12 ms (about 6-9 m, or 20-30 ft) below the
crater floor and apparently represents a change in the charac-
ter of the postshot deposits, possibly from debris to natural
sediments. The location of dipping acoustic patterns whose
source is not clear are also plotted on figure 10.
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Figure 4. Location map of single-channel subbottom survey aboard MS Egabrag Il, northern part of Enewetak Atoll, June and July
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OAK Crater

Reflecting Surfaces

We mapped two reflectors that underlie the back reef
and lagoon area surrounding the crater. They have been
disrupted or blown away near ground zero. The two reflec-
tors, termed R10 and R20, probably represent extensive,
buried solution unconformities. R10, the shallower of the
two surfaces, is a strong reflector and can be picked with
confidence. It is clearly traceable below sediments of the
lagoon floor to distances greater than 4.5 km (15,000 ft)
from the crater and even below many large patch reefs. R10
correlates with the Holocene-Pleistocene boundary (discon-
formity “1” between sediment packages 1 and 2; B. R.
Wardlaw, written commun., July 15, 1985).

Figure 12 shows point locations, and figure 13 shows
structure contours (elevation below sea level) on R10. Fig-
ure 14 shows thickness of overburden above R10.

The R10 surface ranges in depth from 3 m to 25 m
(10-82 ft) below bottom; most commonly, it lies about 4 to
5 m (13-16 ft) below bottom. It has subdued relief (see dip
profiles, figures 8Z—-HH) and slopes from the reef into the
lagoon. It overlies a sequence of sediments marked by weak
and discontinuous reflectors and locally incised by small
channels. The thickness of sediment between R10 and R20
ranges from 3 to 14 m (10-46 ft) (fig. 15).

The deeper surface, R20, is a weak reflector, ob-
scured in many places by multiples. It is best identified
where it truncates lagoonward-dipping sedimentary units
and is marked by apparent cuestas or hogbacks and depres-
sions of 1 to 4 m (3-13 ft), which appear to be parallel to
the reef. (See dip profiles, figs. 8Z-HH, especially line
201, fig. 84A). Figure 16 is a point plot showing the loca-
tions of digitized picks. Figure 17 shows structure contours
drawn on the top of the R20 reflector. R20 lies within upper
Pleistocene sediments (disconformity “2” within the upper-
most part of sediment package 2; B. R. Wardlaw, written
commun., July 15, 1985).

Deformation of R10 and R20 Surfaces

Figure 18 is a summary interpretive map showing the
craterward extent of R10 and R20 and some structural char-
acteristics of R10. It can be compared with the structure-
contour maps (figs. 13, 17).

R10 and R20 are folded near the crater. In most
places, they dip toward the crater, and terminate below the
accumulation of surface debris that surrounds the crater on
its lagoonward side; we also identified small upturned areas
of R10 (for example, line 203, about 0046, fig. 8CC;
line 210, about 2307, fig. 8DD; also shown by symbols on
fig. 18).
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