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CLAY -- A sedimentologic term for a rock or mineral fragment or a detrital
particle of any composition smaller than a very fine silt grain, having a
diameter less than 1/256 mm (4 microns, or 0.00026 in., or 8 phi units).

COBBLE -- A sedimentologic term for a rock fragment or detrital particle
larger than a pebble and smaller than a boulder, having a diameter in the
range of 64 to 256 mm (2.5 to 10 in., or -6 to -8 phi units).

CONSOLIDATION -- Gradual or slow reduction in volume and increase in density
of a material mass in response to increased loads or compressive stress; e.g.,
the adjustment of a saturated material involving the squeezing of water from
pore spaces.

COMPACTION -- Any process by which a material mass loses pore space and
achieves a higher density, thereby increasing the bearing capacity, reducing
the tendency to settle or deform under load, and increasing the general
stability of the material mass (soil).

CRATER -- A typically bowl-shaped or saucer-shaped pit or depression,
generally of considerable size and with steep inner slopes, formed on a
terrestrial or planetary surface or in the ground by the explosive release of
chemical or kinetic energy; e.g., an impact crater or an explosion crater.

CRATER DIAMETER -- Distance measured from the crater rim, through ground zero,
to the opposite crater rim.

CRATER RADIAL -- A transect at any given azimuth extending from ground zero
outward; in this volume, the radials extend beyond the current edge of the
crater (i.e., beyond the crater rim crest).

CRATER RIM CREST -- Current highest point on the crater rim (sensu Roddy,
1977, fig. 1).

CRATER WALL -- Escarpment at the current edge of the crater, extending from
the (true) crater floor upward to the rim crest (sensu Roddy, 1977, fig.
1).

DEBRIS -- Used in this volume for sedimentary material that has been moved
from its original position and deposited elsewhere by the effects (direct or
indirect) of a nuclear explosion (Folger, and others, 1986, p. iv).

DIKE -- (See sedimentary dike.)

DISSOLUTION SURFACE -- See solution unconformity.

DISCONFORMITY -- A special type of unconformity in which the bedding planes
above and below the break are essentially parallel, indicating a significant
interuption in the orderly sequence of sedimentary rocks, generally by a
considerable interval of erosion (or sometimes of nondeposition) and generally
marked by a visible and irregular or uneven erosion surface of appreciable
relief.
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DISCONTINUITY or DISCONTINUITY SURFACE -- A bedding surface that represents
some sort of interruption in the normal sedimentation process, whatever its
cause or length; it is generally (but not always) a manifestation of
nondeposition and accompanying erosion (see disconformity, unconformity, which
are more specific terms).

DISTAL -- (Comparative term, equals farther) Said of a sedimentary deposit
consisting of finer grained clastics formed farther from the source area of
the sediment (see proximal.)

EJECTA -- In this volume, debris that was at some stage of its history blown
out of the crater as a result of the energy of the explosion itself (i.e.,
became ballistic or airborne).

EXCAVATIONAL CRATER -- As used in this volume, the crater that was formed by
the direct kinetic (ballistic and/or nonballistic) effects of the explosion
itself.

EXPOSURE SURFACE -- In this volume, a stratigraphic horizon marking the top
of a former surface subjected to subaerial conditions resulting from a sea-
level lowstand. The strata just below such surfaces commonly exhibit paleosol
fabries and structures. (See disconformity.)

FIX POINT -- A position or point established from terrestrial, electroniec, or
astronomical data.

FLOATSTONE -- Term used by Embry and Klovan (1972) in their modification of
Dunham's (1962) classification for carbonate rocks and sediments which contain
more than 10 percent larger (granule-sized and greater) grains and in which
these coarser grains do not support each other (see rudstone). In this volume
and in Henry, Wardlaw, and others (1986), the term is expanded to include both
allochthonous and autochthonous grain components.

FRAMESTONE -- Term used by Embry and Klovan (1972) in their modification of
Dunham's (1962) classification of carbonate rocks for a carbonate sedimentary
rock or sediment in which organisms themselves acted as framebuilders (e.g.,
intergrown reef corals, coralline algae) (see bafflestone, bindstone,
boundstone).

GEOLOGIC CRATER -- The crater that is defined by the zone of sonic
degradation.

GRADED BEDDING or GRADED BED -- A type of bedding or a bed in which each layer
displays a gradual and progressive change in particle size, generally from
coarse at the base of the bed to fine at the top. It may form under
conditions in which the velocity of the prevailing current declined in a
gradual manner, as by deposition from a single short-lived turbidity

current.

GRAINSTONE -- A term used by Dunham (1962) for a mud-free (less than 1 percent
of materials with diameters less than 20 microns), grain-supported,
sedimentary carbonate rock. The term has been expanded to include unlithified
carbonate sediments as well.
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GRANULE -- A sedimentologic term for a rock fragment or detrital particle
larger than a very coarse sand grain and smaller than a pebble, having a
diameter in the range of 2 to 4 mm (1/12 to 1/6 in., or -1 to -2 phi units).

GROUND ZERO -- (Abbreviated GZ) The point on the ground directly underneath
the explosive device.

KARST -- A geomorphic term for a type of topography formed on limestone and
other easily soluble rocks by dissolution and that is characterized by
sinkholes, caves, and underground drainage. (Adjective karstic; see
microkarst.)

LIQUEFACTION. -- The sudden large decrease of the shearing resistance of a
cohesionless material, caused by a collapse of the structure by shock or
strain, and associated with a sudden but temporary increase of the pore fluid
pressure (ASCE, 1958, Term 205). It involves a temporary transformation of
the material into a fluid mass.

MASS WASTING -- A general term for the dislodgement and downslope transport of
soil and rock material under the direct application of gravitational body
stresses. It includes slow displacement such as creep and rapid movements
such as earthflows, avalanches, and falls.

MICROKARST -- The small-scale dissolution features (e.g., solution-enlarged
vugs, solution-enlarged fissures or cracks, etc.) associated with karst,
generally on a hand-sample (i.e., core-sized) scale. (See karst; adjective
microkarstic.)

MUD -- An unconsolidated sediment consisting of clay- and/or silt-sized
particles; a mixture of silt and clay; the silt-plus-clay portion of a
sedimentary rock.

MUDSTONE -- A term used by Dunham (1962) for a mud-supported sedimentary
carbonate rock containing less than 10 percent grains (particles with
dimensions greater than 20 microns). The term has been expanded to include
uncemented carbonate sediments. (See grainstone, wackestone, packstone.)

PACKSTONE -- A term used by Dunham (1962) for a sedimentary carbonate rock
whose granule-and-coarser sized material is arranged in a self-supporting
framework, yet also containing some matrix of calcareous mud. The term has
been explanded to include uncemented carbonate sediments. (See mudstone,
grainstone, wackestone.)

PALEOSOL -- A buried, ancient soil profile, part of a soil profile, or a soil
horizon.,

PEBBLE -- A sedimentologic term for a small rock fragment or detrital particle
larger than a granule and smaller than a cobble, having a diameter in the
range of 5 to 64 mm (1/6 to 2.5 in., or -2 to -6 phi units).

PENECONTEMPORANEOUS -- Formed or existing at almost the same time as something
else.

PIPE -- Used in this volume, equals sedimentary dike.
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PIPING -- For this volume, movement of fluidized sedimentary materials and/or
water predominantly vertically through cracks, fissures, or joints to form
sedimentary dikes or pipes.

PROXIMAL -- (Comparative term, closer) Said of a sedimentary deposit,
consisting of coarser-grained materials formed nearer the source area. (See
distal).

REEF PLATE -- Rock formed from cemented reef rubble that occurs in a band
several hundred meters wide lagoonward of the living reef (Folger, 1986, p.
v).

RHIZOLITH -- In this volume, a commonly downward-branching, generally slender,
concretion-like mass interpreted to have formed around the root or rootlet of
a living plant. Equals rhizoconcretion, rootlet sheath (if hollow), and root
cast (if completely filled) of Bates and Jackson (1980) usage. These
structures commonly are (at least partially) filled with "tea-brown"

micrite.

RUDSTONE -- Term used by Embry and Klovan (1972) in their modification of
Dunham's (1962) classification of carbonate rocks for those that contain more
than 10 percent larger (granule-sized and greater) grains and in which these
coarser grains do support each other (see floatstone). The term also is used
for uncemented carbonate sediments. In this volume and in Henry, Wardlaw, and
others (1986), the term is expanded to include both allochthonous and
autochthonous grain components.

RUBBLE -~ In this volume, a deposit or mass of angular rock fragments, or the
angular rock fragments themselves.

SAND -- A sedimentologic term for a rock fragment or detrital particle smaller
than a granule and larger than a coarse-silt grain, having a diameter in the
range of 1/16 to 2 mm (62 to 2,000 microns, or 0.0025 to 0.08 in., or 4 to -1
phi units).

SAND VOLCANO -- An accumulation of sand (and coarser material) resembling a
miniature volcano or low volecanic mound, produced by expulsion of liquefied
sand (and coarser sediment) to the surface (either the sediment-air or -water
interface). These are the surface expressions of the sedimentary dikes or

pipes.

SATURATION -- That state of a soil or rock where the pore space is occupied by
a liquid (such as water) with no air (or other gaseous material) present
except as dissolved material.

SEDIMENTARY DIKE -- A sheetlike or tubular mass of sedimentary material that
cuts across the structure or bedding of preexisting strata in the manner of an
igneous dike. It may contain a variety of clastic materials derived from
various stratigraphic layers and is formed by the filling of a crack or
fissure from below, above, or laterally by forcible injection or intrusion of
fluidized sediments under abnormal pressure. For this volume equals pipe.



SEDIMENTARY INTERVAL -- (Introduced in Chapter 2) A term used for a major
division of the stratigraphic sequence on Enewetak. A sedimentary interval
consists of a set of two or more sedimentary packages, and each set is a major
physical stratigraphic unit that apparently reflects a major event in the
geologic history of the atoll.

SEDIMENTARY PACKAGE -- (Introduced in Chapter 2; abbreviated SP) The basic
physical stratigraphic subdivision used for subsurface mapping purposes and
construction of the physical stratigraphic framework on Enewetak.

SILT -- A sedimentologic term for a rock fragment or detrital particle smaller
than a very fine sand grain and larger than coarse clay, having a diameter in

the range of 1/256 to 1/16 mm (4 to 62 microns, or 0.00016 to 0.0025 in., or 8
to 4 phi units).

SLUMP -- A landslide, either subaqueous or subaerial, characterized by a
shearing and rotary movement of a generally independent mass of rock or earth
along a curved slip surface (concave upward) and about an axis parallel to the
slope from which it descends, and by backward tilting of the mass with respect
to that slope so that the slump surface often exhibits a reverse slope facing
uphill.

SLUMPING -- The gravitationally induced process that forms slumps.

SOLUTION UNCONFORMITY -- A break in the sedimentary record caused by
dissolution of a carbonate strata during subaerial exposure and/or by erosion
(Schlanger, 1963). The strata immediately underlying a solution unconformity
are commonly karstic (see karst).

SUBSIDENCE -- A local mass movement that involves principally the gradual
downward settling or sinking of the ground surface with little or no
horizontal motion. It may be due to one or more of a variety of causes.
Densification-derived subsidence is that portion of the subsidence that can be
explained fully by density increases of the sediments below the subsided
surface.

"TEA-BROWN" MICRITE -- In this volume, a descriptive term for moderate- to
dark-brown or rust-colored ("tea-brown"), fine-grained (i.e., silt-sized or
finer) carbonate material. Although used without genetic implication, "tea-
brown" micrite is commonly associated with paleosols, subaerial exposure
surfaces, and rhizoliths.

TRANSIENT CRATER -- In the broader sense, the crater defined at any point in
time; as used in this volume, the crater that existed post-dynamic rebound but
pre-wall collapse. (B.L. Ristvet and E.L. Tremba, personal communications.)

TURBIDITE -- A sediment or rock deposited from, or inferred to have been

deposited from, a turbidity current. It is characterized by graded bedding,
moderate sorting, ete.
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TURBIDITY CURRENT -- A density current in water, air, or some other fluid,
caused by different amounts of matter in suspension. Specificially, it is a
bottom-flowing current laden with suspended sediment, moving swiftly (under
the influence of gravity) down a subaqueous slope and spreading horizontally
on the floor of the body of water, having been set and/or maintained in motion
by locally churned- or stirred-up sediment that gives the water a density
greater than that of the surrounding or overying clear water.

UNCONFORMITY -- A general term for a break or gap in the sedimentary record
where a rock unit is overlain by another that it not next in stratigraphic
succession--that is, some strata are missing either due to nondeposition or
erosion. (See disconformity).

WACKESTONE -- A term used by Dunham (1962) for a mud-supported sedimentary
carbonate rock containing more than 10 percent grains (particles with
diameters greatert than 20 microns). The term has been expanded to include
uncemented carbonate sediments. (See mudstone, packstone, and grainstone.

ZONE OF SONIC DEGRADATION -- (Abbreviated ZSD; term introduced in Chapter
14.) That zone in which sonic velocity values are depressed below what would
be expected from the same strata prior to the nuclear explosion. The ZSD
represents units of rock and sediment that are fractured or shattered, mixed,
and otherwise disturbed significantly enough to retard the sonic velocities
(determined from the downhole, multichannel sonic logs) from their inferred
pre-shot values. (See geologic crater.)
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PACIFIC ENEWETAK ATOLL CRATER EXPLORATION (PEACE) PROGRAM
ENEWETAK ATOLL, REPUBLIC OF THE MARSHALL ISLANDS

Part 3: Stratigraphic analysis and other geologic and geophysical
studies in vicinity of KOA and OAK craters

CHAPTER 1:

INTRODUCTION TO PART 3 OPEN-FILE REPORT

by
Thomas W. Henryl and Bruce R. Wardlaw?

U.S. Geological Survey

GENERAL REMARKS

This volume is the third in a series of U.S. Geological Survey (USGS)
Open-File Reports presenting sets of geologic data, analyses, and
interpretations for Phase II of the Pacific Enewetak Atoll Crater Exploration
(PEACE) Program, conducted in cooperation with the Defense Nuclear Agency
(DNA). Field work for Phase II (also called the Drilling Phase) was conducted
Jointly by the USGS, DNA, and the Department of Energy (DOE) on Enewetak
Atoll, Marshall Islands (fig. 1-1) during the late winter through mid-summer
of 1985. Phase I (Marine Phase) field work was executed the latter part of
the previous summer by the USGS and supported by the DOE.

The purpose of the PEACE Program was to provide highly credible, multi-
disciplinary set of geologic, geophysical, and material-properties data in
order to identify crater dimensions and features for two high-yield nuclear
craters (KOA and OAK, see figs. 1-1 and 1-2, respectively) and to better
understand the dynamic processes that initially formed these craters and that
subsequently modified them. These data are essential to the Department of
Defense (DOD) to better understand the survivability of strategic defense
systems in the event of a nuclear attack. The reader is referred to Henry,
Wardlaw, and others (1986) and to Folger (1986b) for a more detailed
discussion of the role of the USGS in the PEACE Program, of the participants
and their responsibilities, of the setting of Enewetak and the Marshall
Islands, of the history of previous geologic investigations, and of the events
leading up to the program.

1 Office of Regional Geology, Reston, VA,
2 Branch of Paleontology & Stratigraphy, Washington, DC.
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USGS REPORTS

The PEACE Program originally was planned so that all field work was to be
conducted concurrently. The geologic and geophysical investigations executed
during the Marine Phase were to be done at the same time as the drilling and
downhole geophysical logging (Drilling Phase of current terminology). For a
number of reasons (see Henry, Wardlaw, and others, 1986, p. 26-27), it was not
possible to field the drilling part of the program until the middle of January
of 1985. This was approximately three months after the completion of the
Marine Phase. Information from the Drilling Phase provides the subsurface
geologic framework for the program and hence the ground-truth for the
overwater geophysical investigation (single- and multichannel seismic and
refraction studies) conducted during the Marine Phase. The conclusions drawn
at the end the field work for the Marine Phase of the program are the best
statements that could be made at that time. However, as in any scientific
investigation, these conclusions are subject to revision. Thus, the editors
emphasize the caveat that each of the USGS reports on the PEACE Program is a
progress report on the data accumulated and analyzed prior to that specific
publication. This statement also applies to the current report.

Most of the data sets and results of the Phase I (Marine Phase) are
presented in USGS Bulletin 1678, released in March of 1986 and cited in the
current Open-File Report as Folger (1986a).

Folger, D.W., ed., 1986, Sea-floor observations and subbottom seismic
characteristies of OAK and KOA craters, Enewetak Atoll, Marshall
Islands: U.S. Geological Survey Bulletin 1678, 301 p., 112 figs.,
glossary, 2 appendices.

Bulletin 1678 is comprised of a series of multiauthored chapters on the
bathymetry, the side-scan sonar survey, the single-channel seismic-reflection
survey, the multichannel seismic-reflection survey, the seismic-refraction
survey, observations from a two-man submersible, preliminary analyses of OAK
debris samples, and scuba observations of the OAK and KOA craters and
environs!t,

At the end of the Phase II field work for the PEACE Program, three USGS
Open-File Reports were anticipated that would present the data and results of
the Drilling Phase of the PEACE Program. However, because some of the Phase
IT data are still being analyzed by the USGS, a fourth Open-File Report will
follow the current volume.

1 Several investigations conducted during the Marine Phase were not reported
in Bulletin 1678. These are included, at least in a preliminary fashion, in
various Chapters of the current Open-File Report. These are: (1) the results
of the pilot borehole gravity study conducted in the deep, island-based
borehole (E-1) drilled by the USGS and the Atomic Energy Commission (AEC) in
1952 on Medren (ELMER) Island; (2) some of the sea-floor observations made
from the submersible during the Marine Phase; and (3) the bottom (benthic)
samples taken from the Enewetak lagoon in September of 1984.
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The first of the four Open-File Reports--referred to in this volume as
Henry, Wardlaw, and others (1986)--was released in August of 1986. 1Its
complete bibliographic citation is:

Henry, T.W., Wardlaw, B.R., Skipp, B., Major, R.P., and Tracey, J.I.,
Jr., 1986, Pacific Enewetak Atoll Crater Exploration (PEACE)
Program, Enewetak Atoll, Republic of the Marshall Islands; Part
1: Drilling operations and descriptions of boreholes in vicinity of
KOA and OAK craters: U.S. Geological Survey Open-File Report
86-419, 497 p., 32 figs., 29 pls., 13 tbls., 3 appendices.

In the report cited above, the procedures and drilling operations
conducted from the drill ship M/V Knut Constructor in the vicinity of KOA and
OAK craters (see figs. 1-2 and 1-3, respectively) in Enewetak lagoon are
discussed, the lithic (geologic) descriptions of core/sample from the
boreholes presented, and the drilling statistics and related data are
appended. This report also includes a section (Appendix 2) in which is given
the lithic (engineering) descriptions of the core/samples, compiled by the
drilling subcontractor, McClelland Engineers, Inc., of Houston, TX.

The second Open-File Report (Cronin, Brouwers, and others, 1986) was
released by the USGS in February and is a presentation of most of the
paleontologic and biostratigraphic data and analyses of the core/sample for
the PEACE Program. The complete citation for this report is:

Cronin, T.M., Brouwers, E.M., Bybell, L.M., Edwards, E.E., Gibson, T.G.,
Margerum, R., and Poore, R.Z., 1986, Pacific Enewetak Crater
Exploration (PEACE) Program, Enewetak Atoll, Republic of the
Marshall Islands; Part 2: Paleontology and biostratigraphy
application to OAK and KOA craters: U.S. Geological Survey Open-
File Report 86-159, 39 p., 20 figs., 12 tbls., 3 appendices.

This paper also includes discussions of the details of the biostratigraphic
framework for the upper 1,500 ft of section on Enewetak Atoll, the purpose of
the paleontologic investigations, the sample and laboratory methodology, the
data management, and the application of the biostratigraphy to crater-mixing
studies.

The third report in this companion series of USGS Open-File Reports is
the current volume. It consists of fourteen interrelated chapters entitled
and authored as follows:

Chapter 1: Introduction to Part 3 Open-File Report (Henry and Wardlaw).
Chapter 2: Stratigraphic Framework (Wardlaw and Henry).

Chapter 3: Strontium-Isotope Stratigraphy of Undisturbed and Disturbed
Carbonates (Ludwig, Halley, Simmons, and Peterman).

Chapter U4: X-ray Diffraction Mineralogy of Samples from Selected Boreholes
(Tremba and Ristvet).

Chapter 5: Organic Geochemistry Studies of Selected Boreholes (Ristvet and
Tremba).
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Chapter Insoluble Residues from Selected Boreholes (Ristvet and Tremba).
Chapter 7

Chapter 8: Preliminary Density and Porosity Data and Field Techniques of
Borehole Gravity Survey, OAK Crater (Beyer, Ristvet, and
Oberste-Lehn).

Chapter 9: Seismic-Reference Surveys (Tremba and Ristvet).

Downhole Geophysical Logs (Melzer).

Chapter 10: Benthic Samples from Enewetak Lagoon and Craters (Wardlaw, Henry,
and Martin).

Chapter 11: Additional Paleontologic Studies of OAK and KOA Craters (Brouwers,
Cronin, and Gibson).

Chapter 12: Radiation Chemistry of OAK and KOA Craters (Ristvet and Tremba).

Chapter 13: Additional Sea-Floor and Subbottom Characteristics of OAK and KOA
Craters (Slater, Halley, Folger, Shinn, and Roddy).

Chapter 14: Geologic Interpretation of OAK and KOA Craters (Wardlaw and
Henry).

The fourth USGS Open-File Report, anticipated early in calendar year
1987, will contain the results of the borehole gravity modeling and
miscellaneous other geologic and geophysical analyses that were ongoing at the
time that the current report was written. Results of the analyses of the
downhole geophysical logs and the material properties studies will be
published by one of the DNA contractors.

PROGRAM FIRSTS

The PEACE Program has produced a number of major technologic and
scientific breakthroughs or "firsts":

bd The first boreholes successfully drilled overwater within a high-
yield nuclear crater (and in a carbonate terrain with a high
recovery of sample and core).

hd The first side-scan sonar photomosaics of a water-filled nuclear
crater.
hd The deepest "continuous" core/sample borehole drilled in the

Marshall Islands (borehole OBZ-4, drilled to 1,805.2 ft below sea
level in 200 ft of water). The boreholes drilled in the early
1950's on Enewetak Atoll (Emery, Tracey, and Ladd, 1956) were the
deepest drilled; however, recovery from those boreholes was poor
and not continuous. Much of the lithic descriptions were from
cuttings.

hd The first successful borehole gravity measurements made on a coral
atoll and the first successful use of a slimline borehole gravity
tool overwater from a drill ship.

» The first detailed biostratigraphic analyses of near-reef facies of

an atoll, and the first widespread application of ostracodes in
biostratigraphic analyses of a coral atoll.
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SUMMARY OF PRINCIPAL CONCLUSIONS

The PEACE Program was a multidisciplinary geologic, geophysical, and
material-properties study. With this wide array of disciplines brought to
focus on program objectives, a much stronger set of conclusions can be made
about: (1) the initial development of excavational craters in generally
uncemented, water-saturated, carbonate terrains, (2) the subsequent, longer-
term (hours to months) modification of these craters by gravity-induced forces
set in operation by the detonations themselves, and (3) modification of these
craters--particularly KOA--by even longer term processes. Current work by the
USGS verifies many of the tentative major conclusions reached by Projects
PACE/EXPOE (1970-74) (Couch and others, 1975; Ristvet and others, 1978) and
EASI (1979-81) (Tremba, Couch, and Ristvet, 1982; Tremba, 1984), sponsored by
the Air Force Weapons Laboratory (AFWL) and conducted on Enewetak Atoll.
However, most of these conclusions are modified by the current
investigations.

The principal conclusions (i.e., those of greatest interest to strategic
planners within the DNA and the Department of Defense (DOD) from the USGS
investigations of the high-yield nuclear craters OAK and KOA are given below
and are amplified in subsequent Chapters of the current report, particularly
Chapter 14.

hd A number of the physiographic features observed in the submarine KOA
and OAK craters are similar to those in land-based, high-
explosive, low-yield nuclear, and terrestrial impact craters
created in generally air-saturated, silicate terrains.

had KOA and OAK are very similar to each other in size and shape. Both
had excavational craters significantly smaller than the apparent
craters.

b Long-term phenomena dominate the formation of the present crater

configuration. Major factors that modified the excavational
crater are:

« Major failure of the sidewalls of the excavational crater and
consequent enlargement of the crater laterally.

« Shock-induced liquefaction, consolidation, and subsidence in the
sub-crater region.

« Consequent subsidence of the region below and adjacent to the
excavation.

« Piping of liquefied materials, including pebble- and small
cobble-sized particles, toward and to the surface.




hd The current level of the base of the excavational crater (it was
lowered by consolidation and subsidence) beneath the present-day
crater is identified by:

+ Maximum depth of mixing of rock and fossil material from
different stratigraphic layers.

« Depth to the layer of highly shocked/pulverized sand (known as
the "transition sand"!) that produces a strong kick in the
natural-gamma logs partly resulting from presence of bomb-
produced ("refractory") radioactive isotopes.

« The multichannel-seismic-reflection profiles across the crater.
These cross sections provide a more continuous three-
dimensional picture of atoll sedimentary facies and
generalized crater features, but they can be misleading in
the absence of geologic data from the drill holes.

b Apparently large (but difficult to estimate) volumes of material
were brought to the surface or "piped" from stratigraphic levels
far below the base of the excavational craters in both OAK and
KOA. Some of this material was piped along conduits from as deep
as 900 ft below sea level.

« More material probably was brought to shallow subsurface or
surface levels in OAK crater than in KOA, which is
characterized apparently by a narrower vertical zone in which
piping occurred.

« Piped material comes from as low as biostratigraphic zone LL in
both craters (see Cronin, Brouwers, and others, 1986, and
Chapters 11 and 14 of current report.)

hd Base of zone of recognizable fracturing beneath each crater is
delimited by base of zone of sonic degradation (i.e., depth at
which downhole sonic-velocity logs return to normal from
depressed values). The base of the zone of sonic degradation
corresponds closely to the level at which strata are at pre-shot
elevations as estimated from stratigraphic analysis. The
refraction and multichannel-reflection data show a similar
although slightly greater depth to the base of the zone of
recognizable fracturing.

1 The transition sands are preserved only under the central part of the
crater (see Chapter 14 for discussion).
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b Determination of depth of origin of debris within crater-fill and
ejecta outside crater can be done with both strontium-isotope and
paleontologic analyses (see Chapters 3 and 11, respectively).
These techniques are complementary, each working best on
different types and classes of materials.

+ Most of the larger clasts of ejecta and debris are more easily
depth-zoned by strontium-isotope analyses.

« Micropaleontologic analyses, on the other hand, can more quickly
and inexpensively depth-zone large numbers of samples of
sand- and finer-sized material than can isotopic analysis.

+ Most ejecta/debris lithoclasts are altered diagenetically and
composed of calcite. Sr-isotope analyses can depth-zone this
material successfully; paleontologic analyses cannot readily
date such materials,

b Depth-of-origin studies can be combined with "shock-metamorphic"
studies of the same samples! and may yield a more detailed
picture of the pressure-regime distribution in the early-stage
development of the excavational crater than thought possible.

MISCELLANEOUS

Table 1-1 presents the distances and bearings between key boreholes along
various transects and radials for both OAK and KOA craters and general related
information. This table has been corrected for the best estimate of the
location of borehole OLT-14. It is emphasized that borehole OLT-14 was not
located by Meridian Oceans Systems (MOS) navigators using the Motorola
Miniranger System while this borehole was being drilled (see Henry, Wardlaw,
and others, p. 390-391). The best estimate of the location of this borehole
(IVY-Grid 123,569 ft N and 038,473 ft E) is based on a combination of
knowledge of water depth at the site (139.7 ft below H&N datum), the position
of the drill ship relative to several nearby prominent submarine features, and
the distance and direction that the ship was moved from the previous
borehole. The IVY-Grid location presented above is not the same as reported
in USDOE (1985) and in communications from the drill ship to various
interested parties stateside.

The key nomenclature presented for disconformities and discontinuities in
Chapter 2 and used in Chapter 14 of the current report is not the same as the
nomenclature labeled "major disconformity numbers" in the figures of the
multichannel-seismic profiles or cross sections across KOA and OAK craters by
Grow, Lee, and others (1986, for KOA, p. 14-19 and especially figs. 12B and
13B; and for OAK, p. 29-41 and figs. 22B through 30B and 31B through 34B).

The terminology for the stratigraphic horizons was being developed at the time
that the geophysical profiles were being analyzed. For clarification, the
reader is referred to Chapter 14 and specifically to Table 14-6.

1 These studies are being conducted at the California Institute of Technology.
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TABLE 1-1. -- Distances and bearings between key boreholes for PEACE-Program
crater transects (B.L. Ristvet, written communication, June 13, 1986;
amended oral communication, September 3, 1986).

DISTANCES/BEARINGS BETWEEN KEY BOREHOLES

- — - — — - — - — — - - — - - - - — - — - — - — - - — - - — - — - - - - - - - - - - -

BOREHOLE (FROM/TO) DISTANCE (FT) BEARING (DEGREES)
General:
0AR-2 TO KAR-1 34,211 067.5
O0R-17 TO KAR-1 43,677 061.2
OOR-17 TQO OAR-2 10,374 040.0
0BZ-4 TO KBZ-4 42,664 055.1
KOA Radial:
KBZ-4 TO KAR-1 8,499 179.5
KBZ-4 TO KCT-5 536 182.8
KCT-5 TO KFT-8 407 177.4
KFT-8 TO KDT-6 314 172.0
KDT-6 TO KET-7 141 177.2
OAK CRATER, Northeastern Radial:
0BZ-4 TO OQAR-2 4,454 51.0
0BZ-4 TO OCT-5 654 041.9
0CT-5 TO 0GT-9 385 041.8
0GT-9 TO OFT-8 88 056.1
OFT-8 TO OET-7 252 057.6
OET-7 TO ODT-6 343 053.8
0DT-6 TO OAR-2 2,727 053.8
0AR-2 TO OAR-2A 76 353.3
OAK Crater, Northwestern-Southeastern Transect:
0UT-24 TO 0BZ-4 864 143.1
0BZ-4 TO OPZ-18 329 125.4
0PZ-18 TO OKT-13 655 130.7
OKT-13 TO OIT-11 217 127.5
0IT-11 TO OHT-10 269 147.6
OHT-10 TO 0JT-12 336 081.5
0JT-12 TO ONT-16 290 056.0
ONT-16 TO OMT-15 386 128.6
OMT-15 TO OLT-14 309 121.8
OAK Crater, Southwestern (Borehole-Gravimetry) Transect:
0PZ-18 TO 0TG-23 759 219.6
0TG-23 TO 0QT-19 657 212.6
0QT-19 TO ORT-20 404 210.6
ORT-20 TO OSR-21 3,674 215.7
OSR-21 TO OO0R-17 562 212.0
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CHAPTER 2:
PHYSICAL STRATIGRAPHIC FRAMEWORK

by
Bruce R. Wardlaw! and Thomas W. Henry?

U.S. Geological Survey

INTRODUCTION

The history of previous geologic investigations on Enewetak Atoll is
discussed in detail in Henry, Wardlaw, and others (1986, p. 15-28).
Nevertheless, it is appropriate to summarize briefly here the results of the
earlier geologic studies that led to the development of the stratigraphic
framework that had evolved for Enewetak and Bikini prior to the PEACE
Program.

Previous Stratigraphic Studies. -- Drilling of three deep boreholes on
Enewetak Atoll in the early 1950's by the U.S. Geological Survey (USGS) and
the Atomic Energy Commission (AEC) revealed that about 4,500 ft of
sedimentary, carbonate cap overlies an olivine-basalt volcanic basement.

Those boreholes and two other deep holes drilled on Bikini a few years earlier
provided the primary data base for the first stratigraphic framework for
atolls in the central part of the Pacific Basin (Emery, Tracey, and Ladd,
1954). That the two sets of boreholes correlate closely demonstrated that
Bikini and Enewetak had similar geologic histories (fig. 2-1).

The stratigraphic sequence overlying the volcanic basement of Enewetak
and Bikini is characterized by thick units of leached, altered, cemented,
calcite-rich carbonate rock (predominantly limestone) alternating with thick
intervals of unleached, unaltered, uncemented, aragonite-rich carbonate
sediments (fig. 2-1). Emery, Tracey, and Ladd (1954) and Schlanger (1963)
noted that each of the cemented rock units grade downward into unaltered,
uncemented zones of sediment. Commonly, the tops of the lithified units are
sharp and exhibit dissolution and microkarstic features. Called "solution
unconformities" by Schlanger (1963, p. 994), their formation was attributed to
diagenetic changes that occurred at times when sea level was much lower than
at the present and the atolls were emergent. It was noted that these major
solution surfaces generally coincided with breaks in the faunal succession,
indicating that periods of nondeposition and probably even erosion had
punctuated the sedimentary history of the atolls.

1 Branch of Paleontology and Stratigraphy, Washington, DC.
2 Office of Regional Geology, Reston, VA.
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Additional shallow boreholes (i.e., less than 300 ft deep) were drilled
on the islands of Enewetak between 1970 and 1974 by the Air Force Weapons
Laboratory (AFWL). The two programs, PACE and EXPOE, under which the
boreholes were drilled, were designed to evaluate the generalized lithofacies
differences between the leeward, windward, and transitional islands of the
atoll and to evaluate the smaller scale geologic variation in borehole
transects taken parallel and orthogonal to the reef front in the areas of
interest to the cratering studies. The results of the PACE and EXPOE Programs
are presented in Tremba, Couch, and Ristvet (1982) and Couch and others
(1975), respectively. The general lack of lithofacies variation in transects
parallel to the reef front and the marked lateral facies changes between
boreholes in transects orthogonal to the reef front suggested that the atoll
subsurface could be modeled successfully by comparing reefward to lagoonward
facies (Couch and others, 1975, p. 23).

The PACE/EXPOE Programs did not include biostratigraphic analyses.
Nevertheless, the new data base permitted far greater lithostratigraphic
resolution in the upper 300 ft of section on Enewetak than the previous work,
and six solution unconformities ultimately were recognized (Ristvet, Couch,
and Tremba, 1980; see fig. 2-2 of current Chapter). These unconformities
sloped gently lagoonward from the islands and were also interpreted as old
subaerial-exposure surfaces correlatable with major glacially induced
lowstands of sea level. They are commonly characterized by paleosols
(laminated crusts, iron-staining, etc.), black manganese pore and cavity
coatings, and dissolution features (karst). The borehole transects documented
in the subsurface the general decrease in cementation from the oceanward edge
of the reef through the islands and toward the lagoon (fig. 2-2).

General Comments. -- Other investigations, not related to Enewetak, have
demonstrated that cementation occurs in two basic modes in a carbonate
sequence on a coral atoll: (1) as various types of carbonate cements related
to the exposure surfaces and the dissolution and reprecipitation of carbonate
by meteoric waters and the complex of subsurface air/water and fresh-
water/seawater interfaces and (2) as marine cements emplaced generally along
the reef front effectively armoring the exterior of the atoll. Exposure
surfaces can be atoll-wide or local, depending on a variety of factors, and a
complex array of cementation histories or overprints and depths of effects can
be produced by them.

Ongoing studies of the petrography, stable carbon and oxygen isotopesl!,
and mineralogy of the PEACE Program core/samples are permitting
differentiation of many of these factors and providing information on the
global sea-level events related to them. Combined with the biostratigraphic
and strontium-isotope correlations with the global geologic time scale, a more
comprehensive geologic history of atoll formation and evolution will follow.
However, the authors stress that these studies are ongoing, the data bases are
being refined, and the stratigraphic framework presented in this Chapter is
subject to revision.

1 By R.K. Matthews and T.G. Quinn, at Brown University.
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STRATIGRAPHIC FRAMEWORK

The stratigraphic framework presented in this Chapter results from
analyses of the lithic descriptions of the borehole core/samples from the
PEACE Program (Henry, Wardlaw, and others, 1986), an assessment of previous
stratigraphic investigations (i.e., Emery, Tracey, and Ladd, 1956; Schlanger,
1963; Couch, Fetzer, and others, 1965), including redescriptions of selected
EXPOE/PACE core and samples. Combined with this is the vital, complementary
information derived from the biostratigraphic analyses presented in Cronin,
Brouwers, and others (1986) and in Chapter 11 of the current report. This
biostratigraphic zonation is based on the studies of the evolutionary and
ecologic changes in the faunas, primarily ostracodes and foraminifers, from
the PEACE Program boreholes and selected EXPOE boreholes.

The authors point out that both the lithostratigraphic and
biostratigraphic frameworks were developed primarily from the PEACE Program
reference boreholes KAR-1, OAR-2/2A, and OOR-17. However, a series of
secondary "reference" holes were used to supplement the stratigraphie
framework, particularly in terms of the extent of the disconformities and
other discontinuities, the lateral variability of the facies, and the changes
in thickness of the various packages along various transects. These
"secondary reference" boreholes are those in which the stratigraphic integrity
of the sequence has not been affected by the nuclear explosions. In other
words, the stratigraphic interval considered in these "secondary reference"
boreholes is not mixed, although the horizons or surfaces themselves may not
be at pre-shot elevations.

The upper approximately 1,250 ft of section on Enewetak can be subdivided
conveniently into a series of eight sedimentary packages (SPs) or "formations"
that form the basic physical stratigraphic framework, as shown in Figure 2-3.
Figure 2-4 is a geologic cross section showing the correlation of the
reference boreholes from EXPOE borehole XEN-3, located on Enjebi (JANET)
Island in the northeastern corner of the atoll, west-southwestward through
PEACE Program boreholes KAR-1, OAR-2/2A, and OOR-17. Note on Figure 2-U4 that
both the sedimentary packages (delimited by solid lines) and biostratigraphic
zones (dashed lines), as would be expected, thicken and thin somewhat from
borehole to borehole. Nevertheless, the sedimentary packages can be
correlated easily from borehole to borehole (fig. 2-4), and these correlations
are verified by the biostratigraphic data.

Preliminary geologic ages of the major stratigraphiec units are also
depicted in Figure 2-3. These ages represent preliminary interpretation of
the paleontologic data.

The sedimentary packages (numbered 1 through 8 in fig. 2-3) are grouped
into three major divisions (sedimentary intervals I, II, and III) that appear
to reflect major events in the evolution of the atoll. The sedimentary
packages are generally bounded by what are apparently widespread, major
dissolution surfaces or disconformities, identified by eircled arabic numerals
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1 through 9 on Figure 2-3 and emplaced in parentheses in the text. Since the
disconformities likely represent major hiatuses in the geologic history of the
atoll, it is not surprising that they generally correspond to boundaries
between some of the biostratigraphic zones. The exception to the statement
that the sedimentary packages are bounded by disconformities are the three
sedimentary packages (SPs 4, 5 and 6) that form sedimentary interval II (the
organic interval), as discussed in a succeeding section.

In succeeding paragraphs, a generalized outline of the physical
stratigraphic framework is presented. Additional discussions of the
characteristics of each of the numbered disconformities, other sedimentary-
package discontinuities, and generalized facies changes within these SPs are
given later in the text.

Sedimentary Interval I. -- Sedimentary interval I ranges in age from the
Recent to the Pliocene and is subdivided into three sedimentary packages (SPs
1, 2, and 3, from youngest to oldest). The top of sedimentary interval I is
the contemporary land or sea-floor surface on the atoll, and disconformity (6)
marks the base of this interval.

The types of sedimentary facies and their distribution of the modern
sediments on Enewetak Atoll are discussed in Chapter 10 of this report. The
strata of SP 1 generally mirror these modern, surficial sedimentary facies.
In the reference boreholes that were drilled in the lagoon (KAR-1, OAR-2/2A,
and OOR-17), these strata consists of uncemented Holocene sediments that are
generally light-greenish-gray or yellowish-gray Halimeda, mollusc packstone
and wackestone. In the island-based boreholes nearest the lagoon, SP 1
generally consists of skeletal carbonate sands (grainstone) in the beach
areas, skeletal packstones to grainstones on the islands themselves, and
coarse-grained gravels and rudstones to floatstones on the oceanward margin.
In addition, the reef plate, which is marine-cemented reef facies, is part of
the armor that envelopes the atoll. The variation in the degree of
cementation in SP 1 (i.e., above the first disconformity in the section) is
clearly shown in Figure 2-2.

As seen in Chapter 4, SP 1 strata are characterized by a high proportion
of aragonite and high-magnesium calcite, attesting that these strata have not
undergone extensive fresh-water diagenesis.

The uppermost (youngest) disconformity, labeled disconformity (1) in
Figure 2-3, marks the base of SP 1 and divides the uncemented Holocene from
the underlying sequence of generally uncemented sediments that contain thin
cemented and leached zones of the upper part of the Pleistocene (SP 2).
Disconformity (1) is equivalent to the AA/BB biostratigraphic zone boundary.
Thus, the lithostratigraphic unit SP 1 and biostratigraphic zone AA are
coincident.

Sedimentary package 2 is divided into upper, middle, and lower parts by
disconformities (2), (3), and (4). Disconformity (2) corresponds to the DD/EE
biostratigraphic zone boundary, and disconformity (4) to the FF/GG boundary
(see fig. 2-3). Disconformity (3) is not as widespread (i.e., is not as
easily recognized and/or may not be developed in all of the boreholes) as the



other disconformities. Where identifiable as a discrete surface, it is at or
near the EE/FF boundary.

In the PEACE Program reference boreholes, SP 2 is generally very pale
orange although it approaches white especially just beneath the
disconformities where the strata have been leached. The marked decrease in
metastable aragonite and high-magnesium calecite and corresponding increase in
low-magnesium calcite in SP 2 compared with SP 1 is a striking feature of the
stratigraphic section and is documented in Chapter U.

Disconformity (5), coincident with the GG/HH biostratigraphic zone
boundary, marks the boundary between SP 2 and SP 3. This disconformity
separates the partly cemented sediments of the overlying Pleistocene section
from the well-cemented, generally well-lithified, strongly diagenetically
altered (leached) and karsted strata of the upper Pliocene. Sedimentary
package 3 is the most structurally competent stratigraphic unit in the upper
part of the section on Enewetak and greatly influenced the development of the
craters (see Chapter 14). Whenever SP 3 has been encountered in drilling (in
the early 1950's USGS/AEC boreholes and in the PACE/EXPOE and PEACE Programs),
it has posed formidible challanges to continued drilling and sampling because
of the large numbers of vugs, fissures, small caverns (many of them
undoubtedly sediment-filled), and other dissolution or karst features
contained in its upper part.

Sedimentary package 3 constitutes the bulk of biostratigraphic zone HH,
which extends downsection into underlying strata. The extensive diagenetie
alteration in this SP posed some problems in extracting identifiable
microfossils to evaluate the faunas (see Cronin, Brouwers, and others,
1986).
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